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D.1.0 OVERVIEW AND SUMMARY 

The Hanford Science and Technology (S&T) Project was initiated in 1998 as part of the 
GroundwaterN adose Zone Integration Project with the goal of coordinating and performing 
mission-oriented scientific research in support of decision making for environmental cleanup at 
Hanford. The S&T Project is now part of the Groundwater Protection Program at the Hanford 
Site. The S&T scope, as well as the major site milestones that it supports, has been described in 
·the Science.and Technology Roadmap for the Hanford Site (DOE 1999, 2000). The S&T Project 
consists of focused, site-specific investigations fimded by DOE-Richland Operations through the 
Groundwater.Protection Program, and the Environmental Management Science Program (EMSP) 
projects funded in fiscal year 1999 vadose zone and fiscal year 2002 subsurface science calls. 

The S&T ProJect has used the process of roadmapping, where problem holders (e.g., the U.S. 
Department.Qf Energy (DOE), Tribal Nations, regulators, stakeholders, and remediation 
contractors) come together with problem solvers (e.g., scientists and engineers from universities 
and the DOE national laboratories) to define the problems and establish a path to solution. The 
scope and outcomes of S&T activities, linkages of outcomes to .the Groundwater Protection 
Program or other Hanford Site projects, and the schedule, budget, and priorities for these 
activities are documented in the S&T roadmap, which was issued and revised (DOE 1999, 2000). 

This appendix contains research performed by three elements of the Hanford S&T Project: 
Representative Sites Research, Reactive Transport Modeling, and Vadose Zone Field 
Experiments. This scientific input to the waste management area (WMA) B-BX-BY field 
investigation peport represents a specific milestone in the S&T roadmap. The research has 
addressed important scientific issues associated with the chemical speciation of 
bismuth-phosphate metal waste; the retardation, chemical speciation, desorbability, and 
migration of strontium and uranium in the vadose zone; and hydrogeologic/soil physical features 
and processes control.ling lateral waste migratjon. These studies were performed to provide 
insights on water and chemical distribution, the future migration ofthe .BX-102 and B-110 
vadose zone plumes, and.additional contaminant fluxes to groundwater. · 

This appendix sUIIllllarizes key results of the S&T Project research that have important 
implications to: 1) conceptual and numeric models of water and waste migration in the vadose 
zone of the B, BX, and BY tank farm complex and 2) the potential for future migration as it may 
influence contaminant fluxes to groundwater, need for corrective actions, and management 
.activities and strategies for the in-ground contaminant inventory. The research is organized 
aroundfourtheme·areas in the summary that follows immediately arid in the body of 
Appendix D: 1) strontium geochemistry and transport at B-110, 2} uranium speciation and 
dissolution from BX-102 sediments, 3) fluid flow and transport in the B, BX, and BY tank farm, 
and 4) isotope tracking of the fate and transport of radionuclides. The research summaries in 
Appendix D represent status reports on the individual scientific activities. The research activities 
in this appendix have been underway for less than one year, and some for less than six months at 
the_ time of reporting, Most are not yet complete, but first order co:r;iclusions are evident and may 
be stated with confidence. In the interest of brevity, many details and supporting experimental, 
theoretical, and computational information has not been included in the scientific summaries that 
follow. Readers desiring full disciosure of methods and results are best directed to the 
peer-reviewed publications that are resulting from this work. 

AppD_l213 D-1 December 13, 2002 



., 

;J 
J 

·1 

1 

RPP-10098, Rev. 0 

D.1.1 KEY FINDINGS 

D.1.1.1 Strontium Adsorption, Desorption, and Transport in Pristine and Contaminated 
Sediment · 

1. The primary attenuation mechanism for strontium-90 in Hanford secliments is isotopic 
exchange with the labile, indigenous, stable isotopic pool. Most of the labile strontium 
repository exists on the cation exchange complex in the sediment. The cation exchange 
complex exhibits a concentration range of 20 to 60 µeq/g on B tank farm sediments. 
Indigenous strontium typically occupies 5 to 10% of the exchange complex. 

2. Distribution ratios measured for strontium on a variety of Hanford sediments (including 
two from the B tank farm) in sodium and calcium electrolytes varied from 1000 ml/g to 0 
in sodium electrolyte (0.001 to 5 mol/L sodium) and 58.9 ml/g to 0.68 ml/gin calcium 
electrolyte (0.0005 to 0.05 mol/L), attesting to the strong electrolyte ion effect on sr2+ 
adsorption. 

3. The ion exchange adsorption of sr2+ was enhanced in HCO3 electrolyte (the dominant 
anion in the B- i 10 strontium plume), presumably by formation of adsorbing SrHCO3 + 
complexes. NTA (nitrilo-triacetic acid, a possible complexant present in the B-110 
strontium recovery waste stream) had no effect on sr2+ ion exchange adsorption in HCO3 

electrolyte when its concentration was 1.5 mmol/L, but reduced Sr+ ion exchange 
adsorption by a factor of approximately 18 when NTA was present at 15 mmol/L. More 
specifically, the presence ofNTA at 15 mmol/L reduced the sr2+-Kii in B tank farm 
composite sediment in 0.015 mol/L NaHCO3 electrolyte from approximately 56 ml/g to 
3.16 ml/g. 

4. A multicomponent (Na+, K+, Ca2+, Mg2+, Sr2l cation exchange model was developed to 
describe the distribution of both stable strontium and strontium-90 between 
porewater/wastewater and sediment. Calcium is the most important competitive ion, and 
accurate calculations with the model require specification of the total, labile calcium 
concentration in the secliment; the distribution of calcium between water and the 
exchange complex; and the sediment exchange capacity. Sodium becomes an important 
competitive ion when its aqueous concentration exceeds approximately 0.1 mol/L. 

· 5. Approximately 75% of the sorbecfstrontium-90 in sample 26A was present iii an ion · 
exchangeable state and 25% was precipitated in a high magnesium-calcite. Many of the 
ion exchange sites exist within zones of smectite in the interparticle domain of basalt 
lithic fragments. Smectite is a weathering product of glass. The isotopic ratios of 
strontium in these ion exchangeable and carbonate-precipitated strontium pools were 
different indicating that they were not in isotopic equilibrium. 

6. The ion exchangeable strontium-90 was fully and rapidly exchangeable under the 
necessary ionic conditions. The desorption extent and its dependence on electrolyte 
composition was well described with the multicomponent exchange model. The ionic 
compositions and concentrations required to induce significant desorption 
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(e.g., 1 to 5 mol/L sodium and 0.05 mol/L calcium) were much higher than those 
currently existing in the R-110 plume. 

7. The use of a deionized water extraction to characterize the porewater concentration of 
strontium-90 probably underestimated its true in situ concentration through the dilution 
of the porewater electrolyte ions. The most accurate assessment of porewater · 
strontium-90 concentration would be obtained by sediment extraction using NaHCO3 at 
the approximate in situ concentration (e.g., 0.1 mol/L). The best estimate of the 90Sr-K<i · 
for the ion exchangeable pool_ under the existing in situ geochemical condition is 
5.62 ml/g. The effective in situ retardation factor would be quite high because the low 
volumetric moisture content. Additional measurements and calculations underway will 
further refine this value. · · 

8. Approximately 25% of the sorbed strontium-90 pool appears to be incorporated into a 
precipitated carbonate phase. This precipitated strontium-90 is not desorbable in sodium 
or calciuni electrolyte, and is essentially fixed unless subsurface pH changes to more 
acidic values. The precipitated strontiuin-90 appears to exchange very slowly with other 
indigenous stable strontium pools. 

9. The vadose zone strontium-90 plume currently appears stable and immobile. fufiltration 
of dilute meteoric waters could further increase retardation by the dilution of porewater 
Na+. An increase in porewater Ca2

+ could mobilize a portion of the adsorbed strontium-
90. 

10. A transport analysis using the ion exchange model developed above is needed to 
ascertain whether the current in-ground distribution of Na+ and str-ontium-90 is consistent 
with multicomponent ion exchange, or whether the mobilizing effect of a complexant 
such as NTA need be evoked. Such calculations are planned during fiscal year 2003. 

r D.1.1.2 Uranium Speciation and Dissolution from BX-102 Sediments 
1 ' ' .· 
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1. Uranium exists in all three BX-102 samples studied as uranium(VI). The uranium(VI) 
exists priniarily as a precipitated phase. The uranium(VI) precipitates are found as 
discontinuous grain coatings, filamentous intergrain deposits, and as micron size 
crystallites within mineral microfractures. . 

2. .. The spectroscopic signature of the precipitated uraniu.m(VI) as measured by X-ray 
absorption spectroscopy (XAS) and laser induced fluorescence spectroscopy (LIFS) is the 
same in all BX-102 samples studied. 

3. Various independent lines of evip.ence suggest that the precipitated phase is a 1 : 1 
uranium sheet silicate falling in the uranophane [Ca(H3O)z(UO2) 2(SiO4) 2•2H2OJ -
boltwoodite [(Nao.1Ko.3)(H3O)(U~)(SiO4)•H2O] mineralogic series. Ongoing studies 
will seek a definitive identification of the uranium(VI) phase. All lines of evidence also 
suggest that there is only one dominant precipitated uranium(VI) phase. 

4. The geochemical evolution of carbonate complexed uranium(VI) in the metal waste 
stream into precipitated uranium(Vl)-silicate is not fully understood and will remain 
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under study. The precipitation of metal waste bicarbonate in solid carbonate phases 
through sediment reaction, and sediment drainage leaving uranium(VI)-enriched capillary 
water films on silicate surfaces and within microfractures has probably played a major 
role. 

5. The precipitated uranium(VI) can dissolve from the sediments if water is added and the 
pH is above 8.5. The precipitated_phase exhibits solubility behavior like that of 
uranophane/boltwoodite, although mass transfer ofuranium(VI) from particle interiors is 
a limiting factor. In a system that is open to the atmosphere, the solubility of these 
phases increases from approximately 10-6 mol/L at pH 8, to 10-4 mol/L and above at pH 
values in excess of 9.0. From 40 to 85% of the precipitated uranium(VI) will dissolve at 
pH 9.5 in excess water, given sufficient time. 

6. The amount of the precipitated uranium(VI) pool that will dissolve appears predictable 
(with additional analyses), and is most dependent on pH, HCO3"CO3 concentration, and 
water content. Dissolved silicon is also· an important factor, but its concentration is 
nominally fixed by equilibrium with poorly crystalline sediment silica. The dissolution 
of the precipitated uranium(VI) phase exhibits strong kinetic behavior, requiring over 
100 d to reach equilibrium in a well-mixed system. Much longer periods for equilibrium 
may be expected in the vadose zone with low moisture content. 

7. Because of the psuedo-solubility behavior of the sediment uranium(VI) in the BX-102 
samples, there is no uniform I¼. ~ varies from 450 ml/g to 0.25 ml/g depending on the 
total uranium(VI) concentration, the pH, the carbonate concentration, and water content 
(or the rock-water ratio). The complex relationships between these factors are 
understood to large degree, K<t also varies with water contact or residence time, as the 
uranium(VI) silicate slowly dissolves to the equilibrium state. 

8. At the present time, most of the uranium(VI) inventory in the BX-102 samples studied is 
associated with the solid phase and is effectively immobile. However, the precipitated 
uranium(VI) phases do maintain appreciable solubility and, for that reason, the porewater 
concentrations of uranium(VI) are quite high. Spectroscopic measurements of the 
porewater indicate that the soluble pool exists as uranium(VI)-carbonato complexes. 
This soluble uranium(VI) pool will continue to migrate, albeit slowly, because of the low 
water content. 

9. The precipitated uranium(VI) phases in the BX-102 sediments are sufficiently soluble 
and reactive to function as long term source terms to infiltrating waters if allowed. 
However, the slow dissolution kinetics of the precipitated phases indicates that 
non-equilibrium behavior is likely to prevail. Water management will be key to limiting 
further contamination because the total solubility of the precipitated uranium(VI) phases 
are a strong function of water content or water:rock ratio. 

10. Direct spectroscopic measurements (by cryogenic laser-induced fluorescence . 
spectroscopy) of uranium in porewater from borehole 299--E-33-45 indicate that the 
residual mobile aqueous uranium species resulting from the metal waste spill are U02 
(CO3)i2

• and UO2 (CO3)3 4- complexes. Using thermodynamic models with the best 
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available database, the U02 (C03) 3 
4

- complex was computed and determined to be the 
dominant uranyl species in BX-102 metal waste supemat~. This species has persisted in 
porewater since the time of the metal waste spillage in 1951. 

D.1.1.3 Fluid Migrati~n in the BX Tank Farm (Preliminary Findings) 

1. Cores from the contemporary boreholes 299-E33-45, 299-E3-46, and 299-E33-338 and 
. logs from nearby Resource Conservation and Recovery Act (RCRA) wells i.ridicate the 
presence of continuous, small scale, silty fine sand layers at about 75 ft, 100 ft, and 
120 ft. The migration direction of the plumes proximate to tank BX-102 is generally 
consistent with the ~3% slope of these layers, which dip to the northeast. These layers 
alone, however, cannot explain the current distribution of contaminants to the east and 
northeast of fa.nk: BX-102. 

2. Injection experiments performed at the S&T Vadose Zone Transport Field Study test .site 
in the 200 East Area provide insights on the lateral migration process as it may have 
occurred in the BX tank farm. The S&T field experiments have documented cases of 

. lateral unsaturated fluid migration promoted by discontinuous, low permeability 
laminations/lenses in the H2 (Hanford formation). These observations support a 
conceptual model of moisture-dependent anisotropy, whereby fluids (metal waste in the 
case of the BX-102 spill) migrate horizontally along a conductive fine-textured 
lamination until it terminates, or its air entry potential is sufficient to allow breakthrough. 
The waste fluid migrates vertically after breakthrough, until encountering another wetter, 
condu9tive huµination that, again, promotes lateral migration. Lateral migration of tens 

. of meters from the point of origin is possible with this anisotropy mechanism. It appears 
that the mechanism of anisotropic flow could have contributed to the lateral migration of 
uranium in a: northeasterly direction from tank BX-101 to the west of tank BX-102. 

3. Large horizontal to vertical permeability ratios are necessary to model the observed 
lateral migration in the field. The apparent anisotropy is greater than observed in small 

· field samples; · 

4. Enh~c;ed l_ateral flow cannot be attributed to strong flow diversion at a few major layers, 
but is caused by strong anisotropy throughout the formation due to pervasive multi-scale 
layering of the sediments. 

D.1.1.4 Isotope Tracking of the Fate and Transport ofRadionuclides in Waste 
·Maiiagement Area B-BX-UY Sediments 

1. The uranium isotopic composition of the deionized water rinses of sediment samples 
from the uranium plume encountered in borehole 299-E33-45 are wiiform and probably 
represent the uranium isotopic composition of the 1951 tank BX-102 spill event. The 
uranium isotope ratios of growidwater samples from the uranium plume in the WMA 
B-BX-BY area (Dresel et al. 2002) lie along mixing lines between the composition of the 
299-E33-45 samples and natural background uranium, suggesting that the groundwater 
plume is primarily derived from the same source. 
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2. The uranium isotopic composition of the deionized water rinses from borehole 
299-E33-45_ samples are not consistent with the preswned isotopic composition of the 
1970 to 1971 tank B-110 leak (Jones et al. 2001), suggesting that the contamination in 
those sediments was derived from a different source. The isotopic _ratios are compatible 
with derivation from earlier fuel types (i.e., circa 1950). 

3. The stable strontium isotope ratios (i.e., strontium-87 /strontium-86) of deionized water 
rinses from the borehole 299-E33-45 (tank B-110) plume have been shifted towards the 
isotopic ratio of the sediments, indicating rapid exchange through dissolution of the 
silicate minerals in the sediments by reaction with the waste solutions. 
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STRONTIUM ADSORPTION, DESORPTION,_AND TRANSPORT 
IN PRISTINE AND CONTAMINATED SEDIMENT 

Strontium-90was a major fission product generated in high yield at the Hanford Site. Exhibiting 
a half-life (t112) .of 28.1 years, its overall activity in the irradiated uranium fuel was second only to 
cesium as an intermediate half-life contaminant. Strontium-90 has been disposed to many cribs, 
retention basins, and other soil sites in the 200 Areas where it has migrated to varying degrees 

· depending on the waste and sediment composition, and the volw:ile of liquid discharge. Its 
retardation in Hanford-sediment is considered moderate. To large degree, strontium-90 has been 
held up in the sediment column through sorption processes (DOE-RL 1993). Sizeable in-groW1d 
inventories of strontium-90 exist in numerous sites on the 200 Area plateau (Waite et al. 1991; 
DOE-RL 1997; Todd.2000). One major strontium-90 groundwater plume exists near the 
lOO~N Area as a result' of cooling water discharge to the 1325-N liquid waste disposal facility 
(Alexander and Johnson 1993). This sizeable groundwater plume, that discharges strontiuro-90 
to the Columbia River~ has been the subject of a pump-and-treat remedial action that has not 
been especially effective because of strontium sorption to the sediments. · 

Both strontium-90 and the natural, stable strontium isotopes [e.g., 84Sr (0 .. 55%),86Sr (9.75%), 
strontium-87 {6.96%). and strontium-88 (82.74 %)] exist in the environment as sr2+ exhibiting 
qualitative geochemical behavior comparable to the other alkaline earth cations ( e.g., Mg2+, ca2+, 
and BiJ. Strontium exhibits no redox behavior in the Hanford environment. Hanford 
sediments contain appreciable concentrations of indigenous strontium existing as stable isotopes 
in primary aluminosilicates, in detrital and authigenic carbonates, and as an exchangeable ion on 

. smectites and vermi~~lites in the silt and clay sized fraction of the sediment. The nominal 
concentrations of water and acid extractable strontium in Hanford sediments are typically 
10 3 µmol/g and 1 µmoVg, respectively. Contaminant strontium concentrations are invariably 
much smaller than the indigenous concentrations of stabie isotope strontium (e.g., by factors of 
103 to 104 times)~· with the consequence that the primary retardation mechanism of strontium-90 
is isotopic exchange with the cold strontium pool. The primary implication of the isotopic 
exchange reaction is that the Kd for strontium-90 will mitially tend toward the ~ of the labile, or 
exchangeable cold strontium pool, such as may exist on fixed charge sites on clays, or possibly 
amphoteric sites on weathered feldspars or other like phases. The strontium K<i may further 
increase with time as strontium~90 diffuses into precipitated strontium phases (such as strontium 
substituted CaC03(s)) in pursuit of isotopic equilibrium. Thus, it is necessary to understand the 
geochemical reactions controlling the distribution of the much larger strontium-86 and 
strontium-87 pool in order to understand and forecast the sorption/desorption behavior of 
strontium. 

Adsorption and precipitation reactions are generally responsible for the geochemical retardation 
of sr2+ migration. Ion exchange to phyllosilicates such as smectite and vermiculite and surface 
complexation to iron and aluminum oxides (Jackson and Inch 1983, 1989) are the most 
commonly implicated adsorption mechanisms. Strontium may also precipitate as carbonate, 
phosphate, and sulfate solids and substitute as a minor component via coprecipitation in other 
mineral phases such as calcite [CaC03(s)]. There have been several Hanford-specific studies of 
strontium sorption by various Hanford sediment types with emphasis on the measur~ment of I«!. 
and the quantification of factors affecting it (Routson et al. 1978, 1981; Serne and LeGore 1996). 
While the identification of adsorption mechanism was generally not a focus of this work, a 
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strong apparent dependence of Kd on sediment CEC, and electrolyte concentration and valence 
(Routson et al. 1981) points strongly to an ion exchange sorption process involving the 
phyllosilicate fraction of Hanford sediment. The mass action expression for cation exchange 
may be generalized as follows: 

vAXu + uBvt = uBXv + vAu+ 

where x· denotes one equivalent of the exchange complex, and Au+ and B v+ are two cations 
exchanging on x·. Ion exchange in the pristine and contaminated Hanford subsurface 
environment is a complex, mulitcomponent problem involving sr2+, Ca2+, Mg2+, and Na+. While 
empirical relationships have been developed to estimate strontium-~ (Routson et al. 1981 ), they 
do not incorporate all the important factors and, consequently, are not accurate. The details of 
the strontium-ion/isotopic exchange process on Hanford sediment require investigation to 
formulate more accurate transport models. 

AppD_l:1.13 D-8 December 13, 2002 

'--· 

~ 

I 

L 
,.... 
\ 

[ 

r 
I.. 

r 
t ... 

r 
[ 

L 

[ 
r 
I, .. 
r .. 

[ 
f 
L 



' ' 

r 
f . 
' .. 

-. 
{ 

l 
\. . ; 

r 

~ 
. ' 
' l . . : 

,,.... ,. ' 
i ' . , 

i-. 
I • 
:• 1 
; 
'· 

r. 
( . 

' 
i_ . 

r 
I . 
i__ , 

,-. 
' : ' t ~ 

n 
,-. 

L; 

-r ; 
' l _; 

I""\ 
I ' 
'. ! 
L. t 

r 
/ I 

l. : 

..-i ,_' 
I ; 

t I 

,., 
) 

RPP-10098, Rev. 0 

D.2.1 STRONTIUM IN THE B-BX-BY TANK FARMS 

In fiscal year 2001, the River Protection Project (RPP) placed borehole 299-E33-46 near tank 
B-110 to investigate a potential strontium-90 plume implied by spectral gamma monitoring of 
dryweils proximate to tanks B-107, B-108, B-110, and B:-111. Tank B-110 is a 530;000 gal tank 
that was suspected to have leaked approximately 25,000 gal between 1-971 and 1972 (Jones 
2001 ). Characterization of the borehole_ samples confirmed the presence of strontium-90 
between the depths of approximately 50 and 90 ft (Figure D.1 ), with a maximum concentration 
of 11,000 pCi/g of sediment. Tue strontium-90 plume was also associated with a plume of 
sodium-HCO3-F at.a concentration of sodium-HCO3 of 100 to 150 mmol/L (Figure D.2). No 
other contaminants in appreciable concentration were observed in this plume. Tue noted 
contaminant distribution in borehole 299-E33-46 was anomalous and not expected given the 
waste inventory records for tank B-110 (Jones 2001 and Section 3.2.2.4). The observed waste 
· constituents are now postulated to result from the leakage of PUREX strontium-recovery waste 
from a transfer line (Section 3.2.2.4). The strontium-recovery waste was believed to contain 
NTA (nitrilo-triacetic acid) and other organic complexants, but chemical analysis of the borehole 
sediments did._notdetect their presence. 

The S&T project has focused on the development of information to interpret the migration of 
strontium-90 in borehole 299-E33-46 and at other sites at Hanford. Two primary research 
activities were initiated on strontium geochemistry that are planned to be completed in October 
2002. The scientific and analytical issues involved in these have been found to be far more 
complex than originally anticipated. Status reports on these activities are given in the sections 
that .follow. The remaining research is expected to be completed in the first quarter of fiscal year 
2003. In the first activity, pristine sediments from various locations in the 200 East and 200 
West Areas, m.cludiug two composite sediments from different depth intervals in the B tank 
fa.rm, have been used in experiments to define a multicomponent ion: exchange model for 
strontium in sodium-HCO3 and sodium-NO3 electrolytes. For the second activity, contaminated 
sediments from the B-110 strontium plume were studied to identify: 1) the mineral phases 
hosting sorbed strontiurn-90, and 2) the desorbability of strontium-90 as a measure of the 
potential for future n:µgration. Although these activities are incomplete, important insights are 
provided on the geochemical behavior in the B-110 borehole. 
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figure D.1. The Depth Distribution of Strontium-90 in Borehole 299-EJJ-46 
(Near Tank 241*8-11-0) 
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Data and Figure front Serne et al. (2002b) 
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Figure D.2. Po_rewater Concentrations of Major Cations and Anions in Borehole 
299-E33-46.Shown in Reference to the Depth Distribution of Strontium-90 

Data from Serne et al (2002). 
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D.2.2 ION EXCHANGE STUDIES 

John M. Zachara1, Steven C. Smith 1, and Chongxuan Liu1 

1 Pacific Northwest National Laboratory, Richland, Washington 993 52 
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As noted in Section D.2.0, ion exchange appears to be the primary retardation mechanism for 
s:r2+ and strontium-90 in Hanford sediments. The ion exchange of Sr2+ may be depicted 
generally as: 

vAXu + Sr2+ = SrX2 + vAu+ (E.1) . 

where X- is one eqU:ivalent of fixed charge on the exchange complex and Au+ is one of several 
different types of exchangeable cations at the mineral sw-face that are compensating for fixed 
negative charge. The adsorption mechanism of strontium-90, in turn, may be viewed as an 
isotopic exchange process with stable strontium isotopes on the exchange complex: 

(E.2) 

There is no change in the total aqueous concentration of sr2+ with isotopic exchange, but there is 
a major redistribution in counts (Serne and LeGore 1996). The degree of partitioning of · 
strontium-90 is controlled by the concentration distribution ratio (e.g.,~) of stable strontium 
isotopes between the aqueous and solid phase. 

Hanford sediments ate generally coarse-textured and contain a small silt and clay sized :fraction. 
Their measured cation exchange capacity (CEC) is typically low (CEC = X-tot.a1 ~ 20-80 µeq/g) 
compared to surface soil, but is sufficient to strongly retard the migration of mono and divalent 
radioactive cations (e.g., strontium-90, cesium-137) released to the Hanford vadose zone in high 

· radioact1ve (e.g., > 107 pCi/L), but low molar concentrations (e.g., < 10·8 moVL). The low CEC 
of t:Iie· Hanford sediment actually translates to a significant molar concentration 
(~0.233 mol X-/L) when referenced to porewater in water saturated sediment. This solid-phase 
ion repository greatly exceeds the total ion composition of typical Hanford porewater and 
groundwater (0.001-0.01 mol/L). The exchange complex m Hanford sediment is saturated with 
ca2+, Mi+, Na+, K+, and sr2+ cations (in that approximate concentration order from left to right 
with Ca2+ being the highest), but the functional relationships between surface and aqueous cation 
distributions have not been quantitatively established. 

Key to the development of a predictive relationship for strontium~90 sorption is the 
parameterization of a multicomponent ion exchange model for s:r2+ that allows for the 
calculation of [Sr2+] and [SrX2], and hence Kd-Sr, as a function of the controlling system 
parameters: CEC and the total concentrations (aqueous plus adsorbed) of the primary 
competitive cations. In this section, results are presented of experiments to characterize the ion 
exchange process in a variety of Hanford subsurface sediments, including two composite 
materials from the B tank farm. The experimental objective was to parameterize a general 
multicomponent exchange model for Sr+ on Hanford sediment, like one that was developed for 
Cs+ (Zachara et al. 2002) that would allow tank farm-specific calculations when site-specific 
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values of CEC, C8tota1, Sr total, and others were used. Additionally, an evaluation was made of the 
effects of HC03 electrolyte and NTA (nitrilo-triacetic acid) as a complexant on sr2+ ion 
e~change to provide basis for the interpretation of strontium-90 migration in the B-110 plume. 
Experimental data is provided in this section in the form of adsorption isotherms and distribution 
ratios CK<i) (Section D.2.1) and the numeric multicomponent ion exchange model is developed in 
Section D.2.3. · 

D.2.2.2 Experimental Methods 

D.2.2.2.1 Conceptual Model. The multicomponent model may be described in the most 
general sense by the following mass action and material balance relationships: 

Mass action 

CaX2 + sr2\ aq) = SrX2 + Ca2+cav 

CaX2 +. Mg2\ aq) = MgX2 + Ca2
+(aq) 

CaX2 + K\ av = KX + Ca2
+Caq) 

KvNa-Sr = N(SrX2){Na+}2/N(NaX)2 { Sr2+} 

K vNa-Sr 

K vca-Sr 

Kvea-Mg 

Kvea.K 

(E.3) 

(E.4) 

E.5) 

(E.6) 

(E.7) 

( and similarly for Kvea-sr, Kvea-Mg,, and Kvea-0 where N( )= mole fraction of the noted exchange 
complex and{} thermodynamic activity. Other concentration terms may be used for the 
adsorbed species such as equivalent :fraction. 

Material balance 

CEC = XT =L, NaX + KX + 2CaX2 + 2MgX2 + 2SrX2 

(and similarly for Natota1, Mgtotal, Srtotat, and Ktota1) 

(E.8) 

(E.9) 

and all concentrations other than N are in aiol/L. See Sposito (1981a, b) and Sposito (1989) for 
additional details on ion exchange formulations. Similarly, algebraic relationships can be . 
defined relating concentration terms (e.g., [Sr2+] and [SrX2], and Na+ and [NaX]) and reaction 
constants above (e.g., KvNa-sr) to Kd in binary, ternary, and multicomponent systems 
(e.g., Liu et al. 2002). 

D.2.2.2.2 ~ Relationships. The distribution ratio[~ (ml/g) = adsorbed concentration 
(mmol/L)/aqueous concentration (mmol/mL)] is a commonly used measure of sorption affinity 
in Hanford soil andfor tr~sport models generally. The Kd is explicitly related to the ion 
exchange equilibria depicted in Section D.2.2.2.1 through algebraic relationships shown below. 
The relationship is straightforward for homovalent, calcium-strontium exchange, but more 
complex for heterovalent, ternary sodium-calcium-strontium exchange. In both cases, Kd is a 
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fW1ction of three controlling factors: 1) the cation exchange capacity (CBC), 2) concentrations . 
of competing cations, and 3) ion selectivity for the exchanger phase quantified by Kc or Kv, 

Binary reaction in binary system 

CaX2 + Sr 2+ = SrX2 + Ca 2+ KvorKc 

where y is the activity coefficient, Kc is the conditional exchange coefficient, and Kv is the 

Vanselow exchange coefficient, {} is the activity, Dis the concentration (µmol/L), and CEC is 
cation exchange capacity (µequivalent /g). 

i ;· Binary reactions in ternary system L .: 

r Note that for a ternary system, the selectivity coefficient must be expressed using equivalent 
L : fraction (E) as the surface concentration term in order to have an explicit expression for Kd. 

Either a conditional equilibrium constant (Kc) or the Gaines - Thomas selectivity coefficient 
_, (KGT) may be used. · 
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or 

CaX2 + Sr2+ = SrX2 + Ca 2+ 

2NaX + Sr2+ = SrX2 + 2Na+ 

Km(Ca-Sr)or Kc(Ca-Sr) 

KGT{Na-Sr)or Kc(Na-Sr) 

. h {Sr
2
+} K (N S) KGT(Na-Sr) {Ca 2

+} were a=--- a- r +---------
{Na2+ }2 GT KGT(Ca-Sr) {Na 2+}2 

h 
[Sr

2
+] K (N S) Kc(Na-Sr) [Ca2+] 

were a=--- a- r +--------
[Na2+]2 c Kc(Ca-Sr) [Na2+]2 

D.2.2.2.3 Materials Origin and Preparation. The Hanford fine sand composite (HFSC) was 
made by the mixing of subsamples from borehole B8814 (well299-W22-50 on the east side of 
the S-SX tank farm) over the depth interval of 62.5 to 96.0 ft below ground surface (bgs ). 
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The B tank farm sediments came from the placement ofRCRA monitoring well 299-E33-337. 
The upper composite was made by mixing samples from the depth interval of36 to 70 ft bgs, and 
the lower composite was made by mixing samples from depths of75 to 120 ft bgs. In practice, 
the two B tank farm composite sediments were found to be virtually identical. 

The three composite sediments were air dried and sieved to <2mm. All were characterized in 
terms of particle size distribution, mineralogy, cation exchange capacity, and exchangeable 
bases. 

Type I Experiments 

D.2.2.2.4 Sodium Acetate Extraction. A portion of the Hanford fine sand composite was 
treated to dissolve carbonate minerals and soluble salts by extraction with sodium acetate 
(Na-OAc). On day one, five 200~g aliquots of Hanford fine sand composite were transferred to 
separate 60 cm lengths of SpectraPor 7® (1000 molecular weight cutoff) cellulose dialysis tubing 
and combined with 200 mL of 1 mol/L sodium acetate solution, pH 5.0 with glacial acetic acid. 
The dialysis tubes were placed in a plastic container with excess sodium acetate solution. On 
day four, the lysate was replaced with 3 L of fresh sodium acetate solution. On day six, the 
lysate was replaced with deionized water. The treated soil was dialyzed for five additional days 
against deionized water to remove dissolved cations. On days eleven and fourteen, the lysate 
was replaced with 0.001 mol/L NaHCO3, pH adjusted to 7.5 with HN03• On day fifteen, the 
lysate was replaced with deionized water and was frequently changed to further remove 
dissolved cations. The final rinsing step with deionized water required approximately two to 
three weeks and was stopped when the lysate solution was < 5 µSiem after overnight contact. 
The suspensions were carefully removed from the dialysis tubing, combined in a plastic jar, and 
placed in an oven at 30 °C to hasten evaporation of water. When nearly all the water was 
evaporated, the sediment was removed from the oven and allowed to air-dry to constant mass. 

D.2.2.2.5 Preparation of Strontium-85 Spike Solutions. A stock 1 mol/L strontium solution 
was prepared by dissolving Sr(N03)2 in deionized water. Subsequent dilutions were made with 
deionized water to prepare strontium solutions of desired concentrations. Strontium-85, as SrCh 
in 0.5 mol/L HCl, obtained from PerkinElmer™ Life Science, was included in the spike solutions 
to track strontium behavior. 

D.2.2.2.6 Preparation of Strontium-85-NT A Spike Solutions. Stock solutions of 1 mol/L 
strontium were prepared by dissolving Sr(NO3)2 in either 0.15 or 0.015 mol/L Na3NfA. 
Subsequent dilutions of these stocks were made using the respective Na3Nf A solution to prepare 
solutions of desired strontium concentrations. Strontium-85, as SrCh in 0.5 mol/L HCI, obtained 
from PerkinElmer™ Life Science, was included in the spike solutions to track strontium 
behavior. 

D.2.2.2.7 Strontium Sorption in NaN03 or NaHC03 Electrolytes. Four NaNO3 electrolytes 
were used: 1, 0.1, 0.01. and O.OOi mol/L. The stock electrolyte solutions were prepared at a 
concentration 1.11 times the final target concentrations listed. A desired mass of sodium acetate 
treated Hanford fine sand composite was placed in a plastic reaction vessel; either 50 mL 
polycarbonate Oakridge® centrifuge tube or 250 mL polypropylene centrifuge bottle. The 
solid:solution ratios used for the sorption experiments were: 600 g/L (3.6 g/6 mL) in 1 mol/L Na, 
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100 g/L (0.6 g/6 mL) in 0.1 mol/L Na, 30 g/L (0.3 g/10 mL) in 0.01 mol/L Na, andJ g/L 
(0.3 g/100 mL) in 0.001 mol/L Na. An appropriate volume (90% of the target total fmal volume) 
of stock electrolyte solution was added to the soil followed by an appropriate volume of 
ssSr-labeled spike solution (10% of the target total final volume). 

Strontium sorption on the untreated Hanford fine sand composite and on the B tank farm upper 
and lower sediment composites in 0.015 niol/L NaN0J or 0.015 mol/L_ NaHCO3 was also 
investigated. The solid:solution ratio used with the Hanford fine sand composite was 30 g/L 
(0.3 g/10 mL) and 100 g/L (1.0 g/10 mL) with the B tank farm composites. These experiments 
were similarly conducted except the sediments were washed three times with electrolyte prior to 
addition of strontium-85-labeled spike solution. As previously described, the volume of sodium 
electrolyte with the sediment prior to addition of strontium was 90% of the target total final 
· volume. The intent· of washing the soil with electrolyte prior to addition of strontium was to 
rinse the soil of water soluble and readily exchangeable cations. 

D.2.2.2;,8 Strontium .. NTA Sorption in NaN03 or NaHC03 Electrolytes. The sorption of 
strontium-NfA on the B tank farm upper and lower sediment composites in. 0.015 mol/L NaNO3 

·or 0.015 mol/L NaHCO3 was measured. The stock electrolyte solutions were prepared as 
previously described. The solid: solution ratio was 100 g/L (1.0 g/ 10 inL). The sediments were 
washed three times with electrolyte prior to addition of strontium 85-labeled strontium-Nf A 
spike solution. As previously described, the volume of sodium electrolyte with the sediment 
prior to addition of strontium was 90% ofthe target total fmal volume. The initial solution NTA 
concentration was either 0.015 or 0.0015 mol/L. . 

D:2.2~2.9 Strontium Sorption in Ca(N03) 2 Electrolytes. Three Ca(NO3) 2 electrolytes were 
used: 0.05, 0.005, arid 0;0005 mol/L. The stock electrolyte solutions were prepared as previously 
described. The solid:solution ratios used for the sorption experiments were; 300 g/L 
(1.8 g/6 mL) in 0.05 mol/L Ca, 60 g/L (0.6 g/10 mL) in 0.05 mol/L Ca, and 10 g/L (0.3 g/30 mL) 
in 0.0005 mol/L Ca. The sediment was washed three times with the electrolyte solution prior to 
addition ofstrontium-85-labeled spike solution. 

D.2.2.2.10 Strontium Sorption in Mixed NaN03 and Ca(C03)2 Electrolytes. Strontium 
sorption to the B tank farm upper or lower sediment composites in combined 0.001 mol/L 
NaNO3 and 0.001 mol/L Ca(NO3)2 electrolyte was investigated. The stock electrolyte solutions 
were prepared. as previously described. The solid:solution ratio used for these experiments was 
50 g/L (1.0 g/20 mL). The sediment was washed three times with the electrolyte solution prior 
to addition of strontium-85-labeled spike solution. 

·. D.2.2.2.11 Equilibration. The suspensions were equilibrated overnight (~16 h) in an incubator 
shaker at 25 °C and 80 revolutions per minute. 

D.2.2.2.12 Sampling Scheme. Following equilibration, the suspensions were centrifuged for 
30 min at 5000 ref (relative centrifugal force) . The supernatant was sampied for strontium-85 
activity and pH. In sel_ect experiments, the concentrations of calcium, sodium, magnesium, and · 
strontium in the supernatant were determined by ICP analysis. 
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Type II Experiments 

lbis experimental design originated from the classic work of Jensen and Babcock (1973). 

D.2.2.2.13 Preparation of Strontium:Sodium Spike Solutions. A series of Sr(NO3)2 and 
NaNO3 solutions were prepared to yield Sr:(Sr+Na) ratios of 1.000, 0.800, 0.600, 0.400, 0.200, 
0.100, 0.050, 0.010, 0.005, 0.001, and O with total normality of0.1, 0.01, or 0.001 eq/L. The 
solutions were split into two equal volumes and one set was radio labeled with 85Sr (as SrC}z in 
0.5 mol/L HCI; PerkinElmer™, Boston, Massachusetts) and the other set was radio labeled with 
22Na (as NaCl in water; PerkinElmer™, Boston, Massachusetts). Solutions without strontium 
received no strontium-85 spike and solutions without sodium received no sodiuni-22 spike. 

D.2.2.2.14 Sediment Washing. Two grams of sodium acetate treated Hanford fine sand 
composite were weighed into tared 50 mL polycarbonate Oakridge® centrifuge tubes and the 
tubes re-weighed. One set of thirty tubes received 10 mL of the strontium-85 labeled spike 
solutions and another set of thirty tubes received 10 mL of the sodium-22-labeled solu~ions. The 
suspensions were gently mixed overnight (~16 h) in an incubator shaker at25 °C and 50 rpm. 
The suspensions \Vere centrifuged at 5000 rcffor 20 min and 8_mL of the clear supernatant were 
carefully removed and discarded. Eight mi of the same strontium-85 or sodium-22-labeled 
solution were re-added to each tube and the suspensions were re-equilibrated overnight under . 
identical conditions. The suspensions were centrifuged as described previously and 8 mL of the 
clear supernatant were carefully removed and discarded. The discarded supernatant was 
replaced with 8 mL of the same strontium-85 or sodium-22-labeled solution as before and the 
tubes re-weighed to determine the solid:solution ratio. 

D.2.2.2.15 Sampling of Equilibrium Suspension. Following the third overnight equilibration . 
of sediment with the strontium.-85 or sodium.-22-lab~led solution, the suspensions were 
centrifuged for 30 min at 5000 ref. One mL of supernatant was transferred to a gamma count 
tube to determine the activity of radiolabel in solution. The gamma samples were counted for a 
period of time so that the count error was < 1 %. After completion of gamma counting, the pH of 
the sample, was measured using a Microelectrodes® combination pH electrode. Seven mL of 
supernatant were transferred to a plastic syringe fitted with a 0.2 µm filter. The first J mL of 
filtrate was discarded and the remaining collected in a plastic vial for ICP analysis of select 
cations (e.g., sodium, calcium, potassium, magnesium, and strontium). 

D.2.2.2.16 Ammonium Acetate Extraction. Immediately following sampling of the 
supernatant, the tubes with sediment and ~2 mL of supernatant were weighed to detennine the 
mass of entrained solution. Eight mL of 1.25 mol/L ammonium acetate (Nl-4OAc) solution 
(pH 6.8 with acetic acid) were added to each tube andre-weighed to determine the mass of 
NI-LiOAc solution added. The suspensions were equilibrated overnight (~16 hours) as described 
previously. Following equilibration, the tubes were centrifuged at 5000 rcffor 1 hour. One mL 
of supernatant was transferred to a gamma count tube and counted for either sodium-22 or 
strontium-85 activity. Seven mL of supernatant were filtered and analyzed by ICP as described 
previously. A three-step sequential extraction of sediment by 1.0 mol/L NH4OAc in 4 tubes 
indicated that over 98% of the sorbed strontium-85 radio label was desorbed in the first 
extraction. 
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D.2.2.3 Results am:I Discussion 

D.2.2.3.1 Type I Ion Exchange Experiments. Known masses of pretreated or untreated 
Hanford sediments were placed into electrolytes of variable, but known, electrolyte 
concentration. Total electrolyte normality varied within an experiment by as much as 100% in 
the dilute electrolyte experiments. Strontium exchange adsorption was measured by monitoring 
strontium-85 counts in the aqueous phase. Sediment mass was adjusted to obtain optimal 
statistics for adsorption measurements based on aqueous phase analyses: Counts lost from 
solution were assumed to be adsorbed to the mineral surface. Adsorption density and the surface 
equivalent fractions of exchangeable ions were calculated from solution mass loss and the CEC. 

D.2.2.3.1.1 Elec(rolyte Concentration Effects with the HFSC. The ion exchange 
adsorption of sr2+ was a strong function of electrolyte concentration.in both NaNO3 and 
Ca(NO3)2 electrolyte (Figure D .3 and Figure D.4). Adsorption isothent1$ were the basic data 
measurement (e.g., Figure D.3b and Figure D .4b) and these were recalculated as ~sin Figure 
D.3a and Figure DAa to allow ready comparison to past measurements of strontium-90 sorption 
on Hanford.sediment that are typically reported in these units. Not shown are comparable 
measurements made ofS?+ sorption in 5 niol/L NaNO3 where no statistically measurable 
sorption was defined (e.g;, Kd = 0). Trace sr2+ contamination in NaNOJ, that was determined by 
XRF analyses of the solid salt, was accounted for in all results presented herein. This level of 
electrolyte contaminationlptovided a lower limit on the sr2+ concentration that could be achieved 
at high NaNO3 concentration. 

Figure D.3. Strontium Sorption on Na-OAc Extracted Hanford Fine Sand Composite 
in Sodium Nitrate Electrolyte. Depicted are Ket Functions (a) and Isotherms(b) 
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The Kt functions showed some constancy at lower sr2+ concentrations, with a constant Kd 
observed over a larger concentration interval in calcium electrolyte. The noted Kd behavior 
characterized by a constant value at low concentration;· and decreasing value at higher 
concentrations where [Sr] i:::; [Na] or [Ca] is fully consistent with an ion exchange reaction. 

At equal solution normality, Ca2+ was a much stronger competitor with Sr2+ than was Na+. The 
assymtotic Kts (the value at the lowest concentration of measurement; calciurn:sodiurn in mL/g) 
compared as follows for electrolyte normalities of0.001, 0.01, and 0.1 eq/L: 58.8:1318, 
6.60:114, 0.69:7.41. WhHe the !<as in Ca electrolyte were qualitatively similar iri magnitude and 
trend to those reported for N-trench sediment, they were not well predicted by their regression 
relationship [e.g., log Kd = -0.89 log (Ca+Mg)- 1.06]. Differences may be attributed to the 
different CEC of the sediments and the presence of other competitive cations (e.g., Na+, K+) in 
the aqueous phase and on the exchange complex that were not explicitly considered. The Sr-Kds 
in Ca electrolyte defined an excellent relationship with electrolyte Ca concentration (Figure 
D.5a). In contrast to the strontium-calcium system, a slight curvilinear relationship existed 
between log Sr-~ and log sodium concentration (Figure D.5b ), with proportionally higher 
decreases in~ noted at higher Na concentration. The strong correlation between Sr-Kt and log 
[Ca] or [Na] (Figure D.5) suggested that predictive ion exchange relationships could be 
developed to describe and forecast strontium and strontium-90 adsorption. 

Figure D.4. Strontium Sorption on Na-OAc Extracted Fine San~ Composite 
in Calcium-Nitrate Electrolyte. Depicted are Ket Functions (a) and Isotherms (b). 

2 
•• • • • 0.05 mol/L Ca(N03) 2 ; 300 g/L 

• 

1 
'oil 
~ 

• .. 0.005 mol/L Ca(NOJ 2 ; 60 g/L .... ... ,& • 0.0005 mol/L Ca(NO,), : 10 'tZ/L 
• 

5 0 0.0 
.9 

'O 

I 
•• • • • • ... 

::.:: 
-1 • 

... 
-2 

-8 -7 -6 -5 -4 -3 -2 -1 0 

-4 
... 

-5 • I • 
~ • 

• ... • ... 
0 

5 -6 
:,I) • ,,,. • .s ., -7 "' • "' ... 
~ 

• 

-8 • • ... 
• • • 

-9 
-8 -7 -6 -5 -4 -3 -2 -1 0 

[Sr]aq log (mol/L) 

AppD_l213 D-20 December 13, 2002 

r 
' 
L 

,.. 
t 
L 
,.. 

i 
L 

-l 
L 

,-
1: 

L 

r ..:. 

r 
! 
w. 

,.. 

l 

[ 

r 
L 

r 
[. 

~ 

r i ' ._, 



-I 
~ 
I 

! . 

~ 
i : 
' ' t. ; 

-
r 
' ' / ' . . 

i : u 

r l . 

r 
I 
I , 

r 
I 
\ . : 

,... 
i ' 
l : 

-t 
l , 

r. l . 

L : 

-I·, ' 
< -

r 
f 
I ' {_, 

I , 

-\ 

RPP-10098, Rev. 0 

After the experiments in Figure D.3 were completed, it was found that the Na-OAc extracted 
sediment was not sodium-saturated as believed. The "Na-saturated sediment" contained 
appreciable exchangeable calcium (fable D. l). This was not expected, as all the calcium 
carbonates had been dissolved by the NaOAc treatment, and repeated washings with 1.0 mol/L 
sodium should have been sufficient to saturate the exchange complex with sodium. It is 
currently smmised that calcium may have been released by dissolution from ubiquitous 
calcium-feldspars during the two-week dialysis that followed carbonate dissolution. The 
important implication of this observation was that the experiment shown in Figure D.3 and 
Figure D.5b (and all others using the NaOAc-Na saturated sediment) was a ternary (sodium­
calcium-strontium), rather than a binary (sodium-strontium) experiment. The ternary character 
of sodium-strontium experiment contributed to the curvilinear behavior of log Sr-~ in Figure 

_ . D.5p: 'I'he obseryatipns with the "sodium-saturated sediment" underscore an important 
- characteristic ofthe'lfuhford sediment exchanger phase: it desires saturation with divalent 

cations, arid calchirii specifically. This has been a repeated observation in the ion exchange 
experiments. · · · 

Table D.1. Ion Composition of the Hanford Ion Exchange Phases 
as Determined by Rapid NH4Cl Extraction 

Net Ammonium Extractable 

Sediment NetNa Net Ca NetK Net Mg Net Sr Total 
E:xtrctd Extrctd Extrctd E:rtrctd Extrctd NH4 
(µeq/g) (µeq/2) (µeq/f:) (µeq/g) (µeq/f:) (µeq/g) 

1.67 71.98 1.98 7.55 0.121 83.30 

· B Tanlc Upper Comp}°> 1.71 64.28 L78 6.78 0.106 74.64 

1.70 68.47 1.88 7.64 0.119 79.81 

1.52 63.88 1.04 5.48 0.087 72.81 

B Tank Lower Comp.<•l 1.65 64.41 1.01 5.52 0.090 72.69 

1.53 65.92 1.18 5.91 0.093 74.64 

1.64 35.76 0.98 8.07 0.032 46.47 

Na0Ac-1rtd HFSC 1.66 36.33 0.99 8.11 . 0.031 47.12 

1.50 35.75 1.00 7.90 0.030 46.18 

<•l Ca2
+ values high from CaC03 dissolution. 

Avg 
(µeq/g) 

79.3 

73.1 

46.6 
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Figure D.5. Relationship of Sr-Ket to Electrolyte Concentration in Sodium and Calcium 

AppD_l213 

· · Electrolyte 
The Keis are Asymptote Values at Low [Sr]aq Concentration 

,,--., 
~ 

~ --bl) 
0 ...... 
-0 

~ 

a.) CaNO3 2.0 -.----------------~ 

1.5 

1.0 

0.5 

0.0 

Mixed electrolyte experiment 
/withBTFC 

2+ 2 log Kd = -.94 log[Ca ]-1.38 r = .99 
-0.5 --------.-------,,-----,---'---~-----l 

-3.5 -3:0 -2.5 -2.0 -1.5 . -1.0 

[Ca2+1a4 log(mol/L) 

b.) NaNO
3 4-.--------------------, 

3 

2 

1 

0 

HFSC and BTFC 
in 0.015 NaHCO3 

~ 

HFSC and BTFC 
in 0.015 NaNO3 

-1 ----r------r-----.----..-----.--..----.--~ 

· -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 

log [Na+] (mol/L) 

D-22 December .13, 2002 

,.. 
i 
' :.. 

[ 
r 
i 

r 
t 

r 
! 
l 

r 
I· 
\;.; 

r 
I. ... 

r. 
r .... 

f" 

L 

[ 
,.. 
f 
L 

r 
t 

r 
L 

[ 



r 
t 

n 
l_i 

n 
l.. , 

r 
I ' ,. ' , . . 

r -i ' 
( . 

, . . 

r 
l . 

-. 
I ' i ; , . 
I ' 

r 
! 

n 
t ; 

n 

r 
L, 

..... ! ; 

r 

r 

RPP-10098, Rev. 0 

D.2.2.3.1.2 Electrolyte and Sediment Origin Effects. The electrolyte concentration study 
described in the preceding section was performed with the HFSC that originated from near the 
S-SX tank farm at the 200 West Area. Given the focus of this field investigation report on 
WMA B-BX-BY, a series of experiments were performed with the HFSC and the two B tank 
farm sediments under identical electrolyte conditions to assess their comparative sorption 
behavior. Two electrolytes were used: 0.015 mol/L NaNO3 and 0.015 mol/L NaHCO3 (Figure 
D.6). As it turned out, all three of these sediments had comparable base saturation at initiation of 
the experiment (fable D.1) with 96% of the exchange· complex occupied by calcium and 
magnesium at an equivalent ratio (magnesium/calcium) of 0.23. Accordingly, the ion exchange 
behavior shown in-Figure D.6 was again ternary. The bicarbonate electrolyte was used to 
provide insights on strontium ion exchange under the electrolyte conditions noted in the B-110 
strontium plume. However, the sodium-bicarbonate concentration used (0.015 mol/L) was one 
decade below that round in B-110 porewater to avoid carbonate precipitation. 

~ 
0 s ..__,, 
bl) 
0 -"' -g 

'i:;" 
Cl) 
'--'-' 

Figure D.6. Strontium Sorption on Selected Hanford Sediments in Sodium Nitrate 
and Sodium Bicarbonate Electrolyte 
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The HFSC and the two B tank farm composites exhibited similar strontium adsorption behavior 
(Figure D.6), displaying a nearly constant Kd below a sr2+ = 10-5 mol/L. The HFSC gave slightly 
higher strontium adsorption than either of the B tank farm composites, consistent with its 
incrementally higher CEC. The Sr-Ko.s for these predominantly calcium-saturated sediments in 
sodium electrolyte were consistent with those measured in Figure D.3 and plotted in Figure D.5. 

Strontium ion exchange adsorption was observed to be a bit higher from bicarbonate electrolyte 
in all sediments studied. The Sr-l<.(!s were about two times higher (0.3 log units) in bicarbonate 
electrolyte. The reasons for this increase wiUbe explored in the next section but could result 
from the ion exchange of SrHCO3 +, or the withdrawal Ca2

+ from the exchange complex by 
aqueous carbonate complexation (CaHCO3 +, CaCO3 °). The increase in Sr2

+ sorption that 
occurred in bicarbonate electrolyte at approximately 10·5 mol/L and above resulted from the 
precipitation of strontianite (SrCO3) with some admixed calcite (CaCO3). Strontianite 
precipitation was, in part, self-inhibiting as it generated acid: 

sr2+ + HCO3. = SrCO3 + Ir 

For this reason, the Sr-Kds did not continue to increase at Sr2+ concentrations above the 
·precipitation threshold. 

Strontium adsorption was also measured on the two B tank farm composite sediments from a 
mixed sodium-calcium electrolyte (each at 0.001 mol/L) with composition similar to that 
observed in dilute vadose zone water and groundwater. Ammonium chloride extraction of the 
sediment .after 24 hours equilibration in the electrolyte showed that greater than 95% of the 
exchange complex was saturated with calcium and magnesium (calcium primarily). The two 
different composite sediments showed virtually identical sorption behavior (Figure D. 7), yielding 
a log Sr-1"<.i value of 1.3 (19.95 ml/L) at low concentration. This value compared favorably with 
those measured for the HFSC in variable concentration Ca electrolyte (Figure D.5a). Thus, the 
mixed electrolyte behaved primarily as a calcium-strontium binary system. These results 
demonstrate that sodium is a weak competitor for exchange sites in the Hanford sediment, and 
that high sodium and low calcium concentrations are needed for sodium to be the primary ionic 
competitor. Also clear is that the Hanford sediments from the 200 East(B, BX, and BY tank 
farms) and the 200 West (Sand SX tank farms) Areas exhibit almost identical ion exchange 
behavior for Sr2+ with small differences in CEC being the primary factor causing variation. 

D.2.2.3.1.3 Complexant Effects. Ion exchange isotherms were measured on the B tank 
farm composites with two concentrations of NTA (nitrilo-triacetic acid) in both NaNO3 and 
NaHCO3 electrolytes to assess whether the presence of this complexant could expedite strontium 
migration in the B tank farm. It is important to note that the influence of complexants on 
contaminant mobility cannot be easily forecast, a-priori. In some cases, mobility may be 
enhanced if the complex is non-adsorbing and remains intact in the subsurface. In other cases, 
mobility may be unaffected if the ligand itself is strongly adsorbed by mineral surfaces and the 
complex dissociates. Still again, mobility may actually be reduced if the metal-ligand complex is 
more strongly adsorbed than the primary contaminant. Examples of these complex behaviors 
exist for strontium in Oak Ridge sediment and cobalt in Hanford sediment (Jardine et al. 1993; 
Zachara et al. 1995a, b; Szecsody et al. 1998). 
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Figure D.7. Strontium Sorptio:ri on the Upper and Lower B Tank Farm Composite 
Sediments in Mixed Sodium _and Calcium Electrolyte (each at 0.001 mole/L) 
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NTA did not affect the ion exchange behavior ofSr2+ at 1.5 mmol/L, but had a major effect at 
15 mmol/L (Figure D.8). The effects were comparable in both nitrate and bicarbonate 
electrolyte. At the higher concentration, NTA reduced strontium adsorption by approximately 
L5 orders ofmagnitµd,e. The effect ofNTA was more pronounced at lower strontium 
concentration, where the log Sr-Kdwas reduced from 1.9 (79.4 ml/g) to 0.5 (3.16 ml/g). 
A tentative explanation is that the reaction of strontium with NTA has led to the formation of 
non-adsorbing SrNTA" complexes. The situation, however, is actually complicated in that NTA 
may also form aqueous complexes with Ca2

+, which dqminates fue,exchangeable ion pool in 
concentration. Therefore, the chemical system involves both competitive ion exchange and 
competitive aqueous complexation . . Modeling calctilations in Section D.2.2 will seek to 
illuminate these multicomponent effects. Regardless of mechanism, the results show that NTA 
can potentially enhance strontium-90 migration by increasing stable isotope strontium in the 
aqueous phase. 
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Figure D.8. Strontium Sorption on B Tank Farm Composite Sediments in Sodium Nitrate 
or Sodium Biocarbonate Electrolyte with NTA (nitrilo.,.triacetic acid) 
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D.2.2.3.2 Type II Ion Exchange Experiments. This experiment differed greatly from the 
Type I Ion Exchange experiment. Here, the Na-OAc treated HFSC was brought to equilibrium 
with three different sets of solutions of fixed normality (i.e., 0.1 , 0.01, 0.001) and variable 
strontium:sodium ratio. Equilibrium was achieved by washing the sediment three times with the 
noted solutions. Approximately 94% of the exchange complex was calcium/magnesium 
saturated before the initiation of the experiment. The initial two wash solutions desorbed a 
portion of the exchangeable Ca2

+, with greater desorption occurring at the highest solution 
normality. After equilibrium was achieved, the aqueous phase was sampled and analyzed, and 
the exchange complex was displaced by ammonium chloride to yield a full differentiation of the 
adsorbed cation charge. . 

The results from this complex experiment are summarized in Table D.2. Many of the analyses of 
the equilibrium solution and the ammonium extract are still underway, and only a partial · 
summary of analytical results is reportable. The results demonstrate that even experiments 
performed with pre-equilibrated sediments and binary electrolytes can evolve to complicated 
multicomponent systems. This multicomponent behavior has complicated past attempts to 
develop predictive relationships for strontium adsorption in Hanford sediment. 
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Table D.2. Added Sodium and Strontium Concentrations, and Subsequent Equilibrium Distribution of 
Calcium, Potassium, Magnesium, Strontium and Sodium in Strontium: Sodium Exchange 

on Sodium-Acetate Treated Hanford Fine Sand Composite (2 pages) 

Initial Solution Equ..lllbrtum Solution Ammonlwn Extractable 

Target Tnitilil jSr] Initial (Na) . [Ca) .. M . · [Kf .. tl lMg).q(a) : [Sr) .. <&> INaJ,.l1· [Ca]_.,,(•l [K)..i.C·? [Mg]..,c.i [Sr).,1,(hJ IN•J.~,(bl 
Total 

Norm• lit (moVL) (mol/L) (mol/L) (mol/L) ·(mol/L) (niol/L) (mol/L) . (µeq/g) (µeq/g) (µeq/g) (f.leq/g) (µeq/g) 
y 

(Na+St) (ICP) (lCP) (JCP) (St-85) (Na-22) (JCP) (ICP) (lCP) (Sr-8S) (Na-:Zl) 

0.1 4.9728-02 4.972E-02 40.19 

0.1 3.941E-02 J.982E-02 l.9 12E-04 l.423E-04 4.870E-05 3.94IE-02 l.98E-02 3.14 0.54 1.18 40.77 1.84 

0.1 2.952E-02 3 .983E-02 2.952E-02 3.97E-02 39.57 4.25 

0.1 l.970E-02 5.994E-02 1.959E-02 5.97&02 35.65 8.59 

0.1 9 .&66E-03 7 .997E-02 9.686E-03 7 .87&02 29.26 12.44 

0.1 4.934E-03 8.988E-02 4.503E--04 1.6548-04 8.972&05 4.633E-03 8.90E-02 5.40 0.59 1.77 23.27 25.82 

0.1 2.466E-03 9.494E-02 2.080E-03 9.40&02 16.28 22.45 

0.1 5 .04&E-04 . 9 .8988-02 3.438E-04 9.67E-02 4.80 32.11 

0.1 2.5248-04 9 .9888-02 1.6438-04 9.99:E-02 2 .S6 31.26 

0.1 5.186E-05 9.999E-02 5.052E-04 l.621E-04 1.099E-04 3.0598-05 9.93E-02 10.53 0.75 2.67 0.57 33 .09 

0.1 l.OOlE-01 9.77E-02 35.05 

0.0l 5_.033E-03 4.447E-03 37,66 

0.01 3.971E-03 l.987E-03 6.446E-04 5.829E-05 1.379E-04 3.248E-03 1.9713-03 9.57 0.60 2.43 34.64 0.82 

0.01 2 .974E-03 . 3.985E-03 2270E-03 3.98E-03 31.55 1.53 

0.Dl l.985E-03 5.999E-03 1294E-03 6.00E-03 26.19 2.38 

0.01 9.925E-04 8.006E-03 4.556&04 8.0lE-03 16.87 4.14 

0.01 4.952E-04 8.991E-03 3.722E-04 4.969E-05 9.977E-05 1.518E--04 8.85E-03 27.39 0.66 6.11 9.15 6.00 

0.01 2.491E-04 9.484E-03 5.380E-05 9.24E-03 5.23 7.80 

0.01 5.063E-05 9 .892&03 7.503E-06 9.61E-03 1.13 9.16 

0.01 2.523E-05 9.972E-03 3.492E-06 9.53E-03 0.57 · 9.67 

0.01 5.205E-Ci6 1.000E-02 l.991E--04 4.272E-05 6.014E-05 6.495E-07 9.62E-03 31.44 0.81 7.24 0.12 9.94 

0.01 9.993&03 9.748-03 10.10 

0.001 5.0lOE-04 1.270E-04 10.84 

:_· 1 .. --·_) 

Sum 

(µeq/g) 

47.5 

56.8 

47.6 

48.1 

49.9 

49.6 
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Table D.2. Added Sodium and Strontium Concentrations, and Subsequent Equilibrium Distribution of 
Calcium, Potassium, Magnesium, Strontium and Sodium in Strontium: Sodium Exchange 

on Sodium-Acetate Treated Hanford Fine Sand Composite (2 pages) 

Initial Solution Equilibrium Soh1tion Ammonium Ertractable 

Target Initi1tl (Sr) Initial INal (Ca]./> [KJ./> [Mg],q<•> (Sr] .. (lo) lN•J,/> (Ca],1,c•> [KJ,.,.<oJ IMJ:1..,,<•> [Srl,. ,<Jol (Na]..,,Cbi 

Total 
Norm11lit (mol/L) (mol/L) (mol/L) (mol/L) (moJ/L) (mol/L) (mol/L) (µeq/g") (µeq/g) (µ.eq/g) (µeq/g) (µeq/g) 

V 

Solutlo• (N11+Sr) (ICP) (ICP) (ICP) (Sr-115) (NR-22) (JCP) (ICP) (ICP) (Sr-85) (Na-12) 

C2 0.001 4.005E-04 2. 003E-04 2.893E-04 2.437E-05 8.398E-05 8.187E-05 l.74E-04 33.30 1.00 7.52 8.83 0.48 

C3 0.001 3.00IE-04 4.0lSE-04 4.884E-05 3.82E-04 6.79 0.62 

C4 0.001 2.003E-04 6.036E-04 2.527E-05 5.75E-04 4.63 0.95 

cs 0.001 l.002E-04 8.066E-04 8.060E-06 7.53E-04 2.42 1.33 

C6 0.00 1 5.012E-05 9.065E-04 9.354E-05 2.096E-05 2.962E-05 2.780E-06 8.38E-04 38.25 0.95 9.18 1.20 1.65 

C7 0.00 1 2.505E-05 9.563E-04 1.131E-06 8.84E-04 0.61 1.80 

C8 0.001 5,053E-06 9.957E-04 1.899E-07 9.03E-04 0.12 1.96 

C9 0,001 2.525E-06 l.006E-03 8.945E-08 9.45E-04 0.061 2 .06 

C lO 0.001 5.304E-07 l.006E-03 6.91 1E-05 l.954E-05 2.448E-05 1.945B-08 9.22E-04 38.23 0.94 9.18 0.013 1.98 

Cll 0.00 1 l.009E-03 9.0SE-04 2.00 

Mean= 
{OJ = Average of two samples. 
tb> = Single sample. 

r · ••.-·, 1 r ··, - l r---~, C . 0.:-J r ;· .... 1 

Sllm 

(µeq/g) 

51.1 

51.2 

50.4 

50.2 
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Sizeable concentrations of calcium, magnesium, and potassium existed in the equilibrium 
solution and on the exchange complex. Adsorbed ( e.g., ammonium extractable) · calcium and 
magnesium generally increased with decreasing solution normality (e.g., to 0.001) in response to 
lower aqueous concentrations of strontium and sodium in the initial solutions. In turn, sodium 
dominated the exchange complex only at the highest solution nonnality (0.1 eq/L) when its 
aqueous concentration was high (e.g.,~ 10-1 mol/L) and that of the other divalent cations 
(e.g., strontium and calcium) was considerably lower (e.g., < 10-3

-
5 mol/L). The sum of the 

adsorbed cation charge defined a rather uniform CEC (50.2 µeq/g) that significantly exceeded 
that measured by isotopic dilution with calcium-45 (34.7 µeq/g). 

The adsorption isotherms and Sr-Ki functions (Figure D.9) derived from the data in Table D.2 
were consistent with those reported in Figure D.3, given the differences in experimental design 
and total Ca2+ of the system at equilibrium. The adsorption isotherms moved to the left with 
decreasing total normality (and sodium concentration). The sr2+ concentration regions over 
which a constant ~ was observed were much abbreviated in this latter experiment, but the same 
approximate range of values was observed (e:g., assymtotic values ranged from log~= 1 to log 
Kd = 2.6). Differences in~ between this experiment and that in Figure D.3 result from 
differences in the total Ca2

+ concentration of the system. The prewashing steps in this 
experiment removed a significant portion of adsorbed Ca2+ at the highest solution normality 
(0.1 eq/L). These d~ta demonstrated that a constant Sr-~ is unlikely if the overall exchange 
process is a multicomponent one. In fact, the data in Table D.2 is difficult to interpret without a 
multicomponent ion exchange model. Such modeling forms the basis for the following section 
of the report (Section b.2.3). 

The experimental results in Table D.2 indicated that it is quite difficult to achieve a fully 
Na +-saturated Hanford sediment that remains so during storage. A continuous source of Ca2+ 

resupply, even in the absence of carbonates, and the higher affinity of the exchanger phase for 
divalent cations promotes partial Ca saturation of the exchange comf+lex even at high Na+ 
concentration. In contrast, it is relatively easy to create a stable, Ca + -saturated Hanford 
sediment. As a result, the Table D.2 experiment is currently being replicated using 

- Ca2+ -saturated HFSC and calcium-sodium, calcium-strontium; and calcium-magnesium 
electrolytes to quantitatively characterize the binary exchange behavior of the noted cation pairs. 
These results will totally define the ion exchange behavior of Hanford sediment. 
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·. Figure D.9. ~ Functions and Adsorption Isotherms for Strontium on the Na-OAc Treated [ 
Hanford Fine Sand Composite 
Data Derived from Table D.2 
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D.2.2.4. Conclusions 

A variety of strontium adsorption experiments were performed with sediments from the 200 East 
Area (upper and lower B tank farm composites) and the 200 West Area (Hanford fine sand 
composite) in sodium and calcium electrolytes to characterize the ion exchange process of sr2+. 
All of the sediments used showed comparable adsorption behavior for sr2+, with slight variations 
noted consistent with their different cation exchange capacities. Qualitative conclusions 
regarding the ion exchange process were made by evaluating the variation in~ and the 
exchangeable ion distribution as influenced by electrolyte cation valence and concentration. 
Ion-exchange modeling to quantify sediment cation selectivity coefficients is reported in 
Section D.2.3. The following are primary conclusions of this work: 

1. The primary attenuation mechanism for strontium-90 in Hanford sediments is isotopic 
exchange with the labile, indigenous, stable isotopic pool. Most of the labile repository 
of stable isotope strontium exists on the cation exchange complex in the sedunent. The 
cation exchange complex demonstrates an approximate concentration range of 20 to 
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60 µeq/g on B tank farm sediments. Indigenous strontium typically occupies 5 to I 0% of 
the exchange complex. 

2. Even though the ion exchange complex exists in sediment at relatively low concentration, 
it exhibits a concentration of approximately 0.233 mol/L ( assuming a CEC of 50 µeq/g) 
when referenced to water-saturated pore volume. Its ability to influence and control the 
ion distribution of porewater is therefore significant. 

3. The ion exchanger phase in the Hanford sediments prefers divalent cations ( e.g., calcium, 
magnesium, and strontium) over monovalent cations (e.g., sodium, potassium). 
Ninety-six percent of the ion exchange complex of pristine sediments from the S-SX and 
B, BX, and BY tank farms was calcium and magnesium saturated with a 
magnesium/calcium mole ratio of 0.23. This repository of sorbed cations has a major 
influence on the exchange behavior of sf+ and strontium-90 . . Relatively large aqueous 
Na+ concentrations (>0.1 mol/L) are needed to change the ion distribution of the 
exchange complex. 

4 ... · Distrjbution ratios (Sr-~) measured for strontium on predominantly calcium-saturated 
Hanford sediments (including two from the B tank farm) in sodiwn and calcium 
electrolytes. varied from 1000 ml/g to O in sodium electrolyte (0.001 to 5 mol/L Na) and 
58'.9 ml/g to 0.68 ml/gin calcium electrolyte (0.0005 to 0.05 mol/L), attesting to the 
strong electrolyte ion effect on sr2+ adsorption. Log Sr-Kd showed linear dependence on 
log [Ca2i and ·slight curvilinear dependence on logTNai indicating that the development 
of predictive ion exchange relationships was possible. 

5. The ion exchange adsorption of sr2+ was slightly enhanced in HCO3 electrolyte (the 
dominant anion in the B-110 strontium plume), presumably by formation of adsorbing 
SrtICO3 + complexes. NTA (nitrilo-triacetic acid, a possible complexant present in the 
B-110 strontium recovery waste stream) had no effect on sr2+ ion exchange adsorption in 
HCO3 electrolyte when its concentration was l.5 mmol/L, but reduced Si+ ion exchange 
adsorption by a factor of approximately 18 when NTA was present at 15 mmol/L. More 
specificaily, the presence of NTA at 15 mmol/L reduced the sr2+ -Kd in B tank farm 
composite sediment in 0.015 mol/L NaHCO3 electrolyte from approximately 56 ml/g to 
3.16 ml/g. 

6. The best estimate of the~· for strontium in the core of the strontium-90 plume at B-110 
promoted by ion exchange is 3.54 ml/g. This value is reduced by a factor of 18 to 
0.20 ml/gin presence of 15 mmol NTA. 
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D.2.3 MODELING BATCH REACTOR ION EXCHANGE EXPERIMENTS 
OF STRONTIUM-CALCIUM.:.MAGNESIUM-POTASSIUM-SODIUM 

· ON HANFORD SEDIMENTS 

Peter C. Lichtner1 and John M. Zachara2 

1Los Alamos National Laboratory, Los Alamos, New Mexico 87545 
2Pacific Northwest National Laboratory, Richland, Washi.rigton 99352 

D.2.3.1 Introduction 

A common, albeit often unjustified, approach is to use a constant distribution coefficient, or Ko 
( defined as the ratio of sorbed to aqueous concentration), to represent retardation of 
contaminants. This approach, however, is generally valid only if the Ko remains constant over 
the entire flow domain. Because the Ko of a contaminant species varies with the composition of 
the background electrolyte solution, it is necessary to measure its value over a range of 
compositions correspqnding to each particular system under consideration. Fotthe situation at 
the Hanford tank fann where highly concentrated fluids (Lichtner and Felmy 2002) have leaked 
from underground tanks or ancillary pipelines resulting in a pulse release of contaminants, the Kn 
is inherently variable, .possibly over many orders of magnitude (Lichtner et al. 2002). These 
effects are most pronounced shortly after the tank waste leak event when tank fluid chemistry 
dominates the local geochemical environment and minimal buffering reactions have occurred 
between tank waste, soil, and porewater. In such cases, use of a constant Ko approach to 
describe migration of contaminants is highly questionable. As shown in Section D.2.2; the Ko 
for strontium is highly variable showing dependence on strontium concentration, aqueous 
electrolyte composition and concentration, and surface saturating ions. 

In circumstances where it cannot be assured that a constant Ko provides an accurate description, 
a mechanistic approach is called for. Use of a mechanistic model for sorption has a number of 
advantages over a phenomenological Ko approach. First of all, · a mechanistic approach enables 
the Ko to be parameterized with only a few parameters, referred to as selectivity coefficients, as 

. . compared to the entire groundwater composition that is needed in the,phenomenological 
approach. More importantly, the mechanistic approach can easily handle variable electrolyte 
compositions such as is characteristic of pulse releases from the Hanford tanks, and the mixing 
ofvadose zone porewater or wastewaters with groundwater. 

Perhaps the simplest means of constructing a mechanistic sorption model is through the use of 
batch-type experiments carried out over a range of solution compositions. Another, more 
,complicated approach, is to use column experiments involving flow of fluids and measurement 
of contaminant breakthrough curves. The work presented in this report illustrates the use of 
batch experiments to derive a mechanistic sorption model for retardation of strontium in the 
Hanford sediments. It must be stated at the outset, however, that the results presented in thls 
report are preliminary and that additional experiments are currently underway to refine the 
multicomponent ion exchange model. The ultimate goal of this work is to provide a mechanistic 
sorption model for strontium that can be used in reactive transport models involving variable 
composition fluids to predict the behavior of strontium. in the B-110 plume, at the 1325-N liquid 
waste disposal facility, and other locations in the Hanford vadose zone and aquifer system. 
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This contribution reports the results of model fitting and predictions of batch experiments 
involving ion exchange of strontium on Hanford sediments performed by Smith_ and Zachara at 
Pacific Northwest National Laboratory (PNNL) (Section D.2.2). The experiments performed to 
date consisted of different electrolyte solutions made up of NaNO3, NaHCO3, Ca(NO3)z, and 
H3NTA combined with Sr(NO3)2, and reacted with different Hanford sediment types from the B, 
BX, and BY tank farms. 

D.2.3.2 Model Formulation 

Experiments were preformed in a batch reactor consisting of a well-stirred aqueous solution 
reacting with Hanford sediments with a fixed rock/fluid ratio. In the experiments, the aqueous 
solution was allowed to equilibrate with the suspended solid. A multicom~~ment exchange 
process took place in the experiments involving cations Na+, K+, Ca2+, Mg+, and sr2+. The 
general form of the reaction for the exchange of cations At and A?+ with valencies z; and zj, 

may be expressed as: 

__!_A•1 + J..x. A. __!_ X A . _!_ Az,+· 
J + Z; I <:::;:, z1 J + I ' z1 z1 z1 z1 

Here, the exchange site is denoted by .X-, with sorbed species X z
1
A1 and Xz,Ar The mass 

action equation corresponding to the exchange reaction has the form 

with selectivity coefficient K 11, X 1 denoting the sorbed fraction with activity coefficient 

correction J1 , and aj the aqueous activity ofthejth exchange cation. Different conventions are 

used to relate the sorbed fraction X1 to the sorbed concentration Si' or sorption isotherm. There 

are N-1 independent coefficients for N exchangeable cations. For example, for exchange of 
cations strontium, calcium, magnesium, potassium, and sodium, N = 5, giving 4 independent 
selectivity coefficients. The sorbed fraction Xi is obtained as a function of solution composition 

by combining the mass action equations with the normalization condition 

LX1 = 1, 
j 

to yield a single nonlinear equation for any one of the X1 . From this result, the remaining X; 
can be obtained directly from the mass action equations. For multivalent exchanges, these 
equations must be solved numerically. 

For the batch reactor with rock/fluid ratio r, the exchange site concentration OJ is related to the 
cation exchange capacity CEC of the sediment by the expression 
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r 

or 

@=¢rCEC , 

where Nsites denotes the number of ~xchange sites within a control volume V, ¢ denotes the ratio 
of aqueous fluid to total volume of the system calculated from the equation 

¢= V, =~. 
V r+p

1 

where Ps refers to the sediment grain density, and the sediment fraction ,fas is given by 

V r <j) - - $-1-¢--,-v- - r+p
3

'. 

and p, refers to the sediment grain density. The concentration of sorption sites is conserved by 
exchange reactions satisfying the relation 

The sorption isotherm Sic) for a batch reactor is obtained by solving a system of nonlinear 

algebraic equations for the aqueous concentration of the form• 

<fJI'ic) + S/c) = tfe1, 

where '¥
1 

denotes the total aqueous concentration and t 1 represents the total initial concentration 

of thejth primary species, and c =(c1, • ·,c N) represents the solution concentration for N 
independent primary species. For nonsorbing species, the corresponding sorbed concentration 
S1 vanishes. Charge balance may be used to determine the solution pH if it _is not provided 

directly from the experiment. As writte~ these equations apply to a single sorption site, but may 
be easily extended to multiple sites by summing the sorbed concentration over the distinct sites. 

. . 

The batch reactor equations are solved using FLOTRAN (Lichtner 2001, 2002). A 
Newton..:Raphson scheme was used to solve.the resulting nonlinear algebraic equations. This 
approach cortvetged in several iterations. The Debye-Hilckel activity coefficient algorithm was 
found to be adequate for all but possibly the experiments involving a lM NaNO3 solution. 

The sorption isotherm S1 ( c) is fit to experimentai data using the selectivity coefficients as fit 

parameters. To fit the experimental data, the parameter estimation.code PEST (Parameter 
Estimation Inc.) (Doherty et al. 1994) is used which provides a versatile intetface to FLOTRAN. 
The PEST code uses the Gauss-Marquardt-Levenberg algorithm to fit nonlinear model 
parameters to a data set provided by the user. 

D.2.3.3 Model Results 

( , Two distinct types of experiments were used in the modeling exercises, referred to as Type 1 and 
Type 2 experiments. These are described in detail in Section D.2.2. Type 1 experiments, which r were performed first, involved variable solution normality in which the backgroW1d electrolyte 

t , 

r 
\ : 
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solution was fixe~ for example, with a specified amount of NaNO3, NaHCO3, or Ca(NO3) 2 to 
which was added a variable amount of Sr(NO3) 2• Only a limited analysis of the exchangeable 
cation concentrations, both for the aqueous and exchanger phases, was performed for the Type l 
experiments. By contrast, Type 2 experiments were performed with fixed solution normalities 
using three differentvalues of 0.1, 0.01 , and 0.001 N. The Type 2 experiments included a 
complete analysis of all relevant cations in both aqueous and exchanger phases. However, the 
number of analyses for each ionic strength solution was limited to three. 

The data from the Type 2 experiments, because they involved a complete analysis of the relevant 
cation concentrations and also provided· an average value for the Hanford sediment cation 
exchange capacity (CEC), were used for fitting exchange model parameters. The experimentally 
measured exchange isotherms were fit using the computer code FLO1RAN (Lichtner 2001) 
combined with the parameter estimation code PEST (Doherty et al. 1994). The fitted parameters 
consisted of the four independent selectivity coefficients for exchange reactions involving 
cations strontium, calcium, magnesium, potassium, and sodium. The sediment CEC was derived 
from the average value of total adsorbed cation charge obtained from the Type 2 experiments. 
Precipitation of strontianite, although found to be supersaturated in several of the experiments 
analyzed, was not included in the present work. 

Exchange isotherms experimentally derived from the Type 1 experiments were used to test the 
predictive capability of the fitted selectivity coefficients obtained from the Type 2 experiments. 
To carry this out, it was necessary to make some assumption regarding the initially sorbed 
concentrations of cations calcium, magnesium, and potassiwn. While these were measured by 
~Cl extraction of the whole sediment, they were not explicity analyzed in the Type 1 
experiments. Two different approaches were followed as described below. It is clear; however, 
that additional experiments will be necessary before a truly predictive modeling capability is 
achieved. 

D.2.3.3.1 Fitted Type 2 Experiments. The Type 2 ion exchange experiments involved cations 
Na+, K+, Sr+, Ca2+, and Mg2+. The experiments were carried out at 25 °C by reacting sediment 
with a NaNO3+Sr(NO3):z solution in which the sodium:strontium ratio was varied while 
maintaining a constant ionic strength. Three sets of experiments corresponding to ionic strengths 
ofO.l, 0.01, and 0.001 mol/L were performed. The rock/fluid ratio used in the experiments was 
fixed at 0.2 g/cm3

• It was found that significant amounts of calcium, magnesium, and potassium 
were desorbed from the sediment during the experiment. Three measurements of the aqueous 
and sorbed cation concentrations were obtained for different sodium:strontium ratios at each 
ionic strength (Table D.2). The exp:rimental data for equilibrated aqueous and sorbed 
concentrations for species sr2+, Ca+, Mg2+, and K+ were fit using FLOTRAN combined with the 
parameter estimation code PEST for the four independent selectivity coefficients KN a/Sr, KNatca, 
K Na/Mg, and KNa/K• The sediment CEC was fixed at 50.2 µeq/g the average adsorbed cation 
charge from 12 explicit measurements. The calculations were performed by inputting total 
aqueous concentrations for species Na+, sr2+, ca2+, Mg2+, and K+, corresponding to the measured 
equilibrated concentrations. The total NO3- concentration was fixed at 0.1, 0.01, or 0.001 M, 
corresponding to the three different ionic strength solutions used in the experiment. The pH was 
determined by charge balance and logPco

2 
= -3.5, as determined by equilibrium with the 

atmosphere. Aqueous complexing reactions included in the calculations are listed in Table D.3 
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along with their log Kvalues at 25 °C corresponding to the primary cations: {Na+, Sr2
+, Ca2

+, 

Mg2+, K\ Ir, HCO;, NO;} . . 

Table D.3. Aqueous Complexes with Log K Values at 25°C 
used in the Model Calculations 

Species 
logK 

[25 °C] 

OH 13.990 

co2-
3 

10.320 

-C02(aq) 6.341 

flaNO3(aq) 1.044 

CaOH+ - 12.850 

caHco; ,.. 
1.043 

CaCO3(a.q) 7.009 

CaNO+ 
3 

... 0.700 

MgOH+ 11.790 

MgHco; 1.164 

MgCO3(a.q) 7.356 

SrCO3(aq) 7.470 

SrHco; -1.180 

A simultaneous fit to the measured sorbed concentrations ( converted from µeq/g to mol/dm3 

assuming a solid grain density of2.85 g/cm3
) for species s:r2+, Ca2

+, Mg2+, and K+ was obtained 
using the four independent selectivity coefficients as fit parameters. Experimental data for the 
Na+ isotherm was not used in the fitting process, but was predicted by the model. The pH was 
not provided from the experiment and was also predicted by the model. The fitted values for the 
selectivity coefficients listed in Table D.4 were obtained. 

App0_1213 

Table D.4. Fitted Selectivity Coefficients Relative to Na+ 
Assuming a CEC of 50.2 µeq/g 

KNa/Sr 9.508 

K NatCa 8.759 · 

KNa/Mg 6.072 

KNa/K 21.010 
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The resulting fit .is shown in Figure D.10 through Figure D. l 3 for species Sr2
", ca2·;, Mg2

·,-. and 
K'·, respectively. Plotted in the figure::; is the sorbed com:entration versus aqueous ronccntrulion 
of each of the Hmr species. For strontium, there is nH.)rc data as crnnpared to the other cations for 
\Vhi.ch only three data points arc available . This lh:nited the number of points that could be used 
in the computations also to three. Additional analyses ,vHl allmv a tnore robust fit of these 
parameters. In the figures, symbols denote cxp\~rimental. data points. Straight~linc segments 
represent the rnodd results \vith computed vttlues lying al the endpoints of the line segments. It 
is irnport.ant to note that the line segments drawn bclViieen the coniputed points do not represent 
;:1.;.tual computed values. It should also be noted that .in these plots, the c.oncentrations of all 
cations, including Na '", are varying from point to poinL Thus, the plots do not represent a strict 
iso1herm in which all but the species plotted along the abscissa are held co11stant. For this 
rea8on, it ,,,vas not pos:,ible to compute a continuous cw:ve t'()f t.he m.odd results because the 
precise solution composition at the intermediate points was u.nkno\-VTl . 

:Figure IUO. Fitted Sr2
• isotherm Compared with Experimcnbl .Data 
for Type 2 Experiments 
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figure D.U . fitted Ca2
+ lsotlterm Compared with Fxpcl'imental Dntn 
for Type 2 Kxpel'imeuts ,,. I 
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Figure l)._12. Fitted Mg2
+ lsotl.1erm Compared with Experimental ])ata 

for Type 2 Experiments 
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figure D.13~ Fitted K* lsotberm Compared with Rxpcrimental Data 
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Excel.lent .fits are obtained to the Si.,. isotherm fr.Jr all three values of the ionic strength. The fit 
to the o/•· and J\,1/+ isothenns are also excdknt for the 0.0 l and 0.00 I N experiments. bnt not 
for the (Ll N experiment The fit to the K 1 isotherm is good for the 0.1 and 0.0 I N experiments, 
but hes bel.ow the s.orbed valtie for the 0.001 N experiment. 

The predicted Na+ isotherm i:; shown i\1 Figme D.14, The predicted sorbcd concentration of Na·1 

agrees re.markably well with the O.l and (U)l N cxpcri111cnts, and for the high end of the aqueous 
N,/ concentration for the 0.00 l N cxpcrime11t For kw/er Na+ cont:.'.cntnitions, the predicted 
isotherm is lovv compared to the data for the 0.001 M experiment. but otherwise gives reasonable 
agreement. lhe predicted pH is shown in Figure D. l 5, The -:akulatcd pH tics around 7.5 ,v_ith .. . 

tv¥o low values of approximatd.y 3.5 t<)rlhc (U J\:l cxperinwnt. pH nieasurcmenls are underway 
to confirm tlwsc valuesc but it is unlikely the pH rcad1cd such I.ow values because of the 
buftcring, capacity of the sediment. 

-------------------------~·-------···--· ·· ···· ······· ········ ·""" ····'" , ., .s-------
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flgure D.14. Pr.,!dktcd Nit,. lsothcrm Comp.ned with Experimental Data 
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Figure D.15. Calculated 11H Plotted as a :Function. of Tot:il Aq\u.•ous Sr2
+ Concentration 
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D.2.3.3.2 Discussion. The CEC value used in the simulations \Vas taken as the average over all 
experiments_ The measured CEC ranged in value from 47.5 to 56.8 mol/g with the I.alter value 
much higher than the others. This range of values was not accounted fbr in the model fit, 
Several of the analyses leading to the CEC culcu.lati(m at~~ heing repeated to reduce analytical 
variance and improve the accuracy of the CEC estimate. 

The NlliCl used for the sudl\ce catitm displacements in the experiments contained many 
impurities that contributed uncertainty to both the CEC and adsorbed cation charge. Ncvv 
experiments \Viti use specially ordered ultra-pure NH4C} yielding more accurate values of CFC 
and adsorbed cation charge. 

D.2.3.3.J Pred.iction of Type 1 Experiments. The selectivity coefficients obtained frorn fitting 
the Type 2 experiments and the same value for the CEC of 50.2 ~tcq/g. were used to predict the 
sorption isothem1s measured in Type l experirnents . The ·rype 1 experiments involved 
sodh.11.n-strontium, calcium-strontium, sodium-calcium~strontium. and, in addition.. H3NTA 
solution compositions. Similar to the Type 2 CXJJcriments, they also involved residual strontium. 
cali;;imn, 1nagnesium, sodium, and potassium on the exchange sediment atthc beginning of the 
experiment To m()Jel the Type l experiments, the follo\ving initial sorbed concentrations ,:1.:,0re 
used for these cations: Ec:i = 35 .88 pcq/g, ENa "" l .54 ~teq/g, EK "' 1.05 i1eq!g, E1v1g === 8.25 f.tcq/g, 
and Esi '"' 0,031 ~teq/g, giving a total CEC of 46.75 µeq/ g. These values, adjusted by the 
rock-"vater ratio, define the total calcium, magnesium, sodiu.m, and potassium concentrations in 
all of the Typi..~ 1 experiments with sodimn and the sod.ium-saturated j NaOAc~extracted. Hanford 
fine sand composite (HFSC). The residual value lbr strontium was not included in the nwdel 
cakulations and \.vould have been too small to affect all but the lowest strontium concentrations 
used. in the ~xperi1nents. T.t should be noted that the sum of the residual values is immewhat less 
than the 5{U pcq/g used t'<)r the CPC 

The B tank farm composite samples were not. NaOAt: extracted and required a $ligJ1t]y ddJerent 
approach for dctcrmilling the ri.'~sidual initially sorbed com::entrations, For these experiments. it 
was assumed that the sediment w'as 96'h, saturated with calcium and magnesium ,i.·ith a 
magnesium/calcium ratio of 0.:23 . The reinaining 4% \Vas attributed to potassium. This 
distribution of exchan.geab.le ions wus determined by a rapid NlLiCI extraction of the sediments. 

l).2.3.3.4 NaNO3 + Sr(NO3h Experiments. For the set of experiments labeled .57488-45 , 
57488-60. 57488-6J,and 57488-69, fi.)ur different NaN OJ concentrations were used with 
<2mm NaOAc-extracted Hanford fine sand composite sediment as listed in Table D.5 and Figure 
D.3. Also listed in Table D.5 is the rock/fluid rntio rand aqueous fluid fraction </J, The result:.: 
of the model predictions arc plotted i11 Figure D.16. The predicted values arc in reasonable 
agre~rnent with the experimental measurements, although differences are apparent. Use of the 
Pitzer model for the LM NaNO3 cxperim~~nt yields values tower than the experiment, in <:ontrast 
to the Dchyl~-l-Wckd model. \.vhich is mudi closer to the experiment 

.......... , .. .............. ________________________ ,, .. , ........... .,. - ------
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Figure D.16. Pl'edicti-On of Expt.•riments 57488~45, 60,. 63, 69 using a CEC of 50.2. ~tc(f/g 
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Tabl.e D.S . . Experimental Parameters for System NaNOJ + Sr(NO.J)z Using <:2mm, 
NaOAc Extracted 1-fonford Fin.c San.d Composite Sediment 

Experiment mN,N1.), 

IMI 
r 

lg/LI 
-----------+-----......... ...................... ,, .... ,., .. H.._O 

57488-45 600 0,8261 

57488•·60 OJ 100 0.966! 
1----n <'•• ••• •••• ............. • .. •• • •••• ••• • •• •••••••••••u• • •••••••nu• ~-----i 

.57488-6} 0,01 

0.001 

30 

' .1 

0.9896 

0.99'l0 
----- •.-,« coo · •' • ' u u o ououuoouou o.uuo.o.o ..... ..... ...... ••------------' 

n.2.3.3.5 Ca(N0:.1)1 + Sr(NOJh Experiments. ln this set of experiments (lahdcd 57488-66. 
57488.-7:2, and 57488~77). Ca(NO.,}::c was used in place of NaN(),. The experimental paramders 
are lisred in Table DJ:i. The rcsulis ar~ shown in Figure D. 17. As can be seen from the figme. 
the predicted results arc in excellent agreement with the experiments. 

------··-·-·································--·--··--------------------------
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Figure n.17. Predicted Si.mutations of Experiments 57488-66t 72, ~nd 77 Using a CEC of 
50 .. 2 ~wq/g and Fitted Sett~ctivity c,,cfficients Li,~tcd in (Table 1).4) 
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'fable n.6. Experimental Parameters for System Ca(NO3)::: + Sr(NO3h Using <2mm, 
N~tOAc Extracted Hanford Fine Sand Composite Sediment 

Exp(~ riornn I J/1C, (J<O·,)., r 
4> 

[Ml [g/ L] 
.................................. 

57488-66 Q.05 300 0.8261 
............ .. '" ..... ................ _____ 

57488·-72 0.005 (i(l 0.9661 

57488-77 0.0005 {(j 0.9965 

D.2.3.3.<, {NaHCO3~ NaNO.h Ca(N(hhl + Sr(NOJh Experiments. The experiment suite 
labeled 57869 involved NaHCOJ and Ca(NO.1h with B tank farm upper and lo\.ver cmnposit.e and 
Hanford fine sand sediments m, listed in Table D.7. FLOTRAN simulations were carried out for 
I 00 and 30 g!L rock/fluid ratios whh the NallCO} etcctrolyk, and for the mix.cd elcctrnly1.e 
so lution involving calcimn with r '" 50 g/ L The results of the predicted simulation are presented 
in Figure D.18 and Figure I). 19. As is apparent from the figurc1. significant di1Je1.'enccs exist for 
the sorption isotherm depending on whether NaNO_~ or NaHCO3 is used as the c lcctrolyt~ 
solution. At strontium ronccn1ra1.ions above approximately 2 :,:; 1()'

5 M, a slight rise in the sorbed 
strontium concentration occur::; fr>r experiments labeled 57869-40, 57869-43. and 57869-48, 
involving Na.HC03, which is not captured by the modd simulations. 

---------·-················---------------------------··•·.•·········--·---
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Figure D.18. J)rediction ofl~xpcrimcnts 57869 for a C:EC of 50.2 µeq/g 
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Table D.7. Experimental Parameters for System NaHC03, NaN0.1, 
Ca(N03h + Sr(NO:t)i Using Hanford Fine Sand, Upper, and Lower Composite Sediment 

Experiment. tnNam.:01 tl1N,\NU; m U:{NO-.J·i r 
<P Sediment 

!Ml IMI !Ml lwLJ 

57869-40 O.!JIS 0 0 100 0.9661 upp~r 1,.,ompo,:;ite 
............................... 

57869-51 0 0.015 0 IQO 0.9661 upper composite 
... 

57869-43 0.015 0 0 100 0.9661 lower cumpo:,iti: 
..... .. 

57869-54 0 O.ot5 0 !00 0.%61 lm-ver i.:omposite 
.. .......... .... 

57869A& 0.015 0 {} 3.0 0.9990 fine sand compo"ik 
........... ............. ~ --

57869-57 0 0 ,()Jj 0 JO {l.9990 fillc sand compo~ik 

57869-t 3 t 0 0.001 0.001 50 0.9828 upper composite 
.......... 

57869--136 (l 0,001 0.001 50 0.9828 lower c(m1po:,ite 

D.2.3.3. 7 H3NTA + (NaN03, NaHC03) + Sr(NOJ)i Ex1,crintcnts. Experiments with 1-l~iNTA 
involving NaNO:i or NaHCO) ,verc predicted using the log K valm:.~s for species involving NT/\ 
listed in Tabk D.S. The experimental properties are listed in Table D.9. TV,'() different 
sedirnents were usedin the experiments consisting ofupper and lower B-tank compQsites. The 
experiments were carried out with tv,m di1forent H.1NTA c<.mcenlrations of 0.015 and 0.0015 IvL 
Expcrimems with the smne H:,NTA concentration gave similar rc~ults v,,: ith the larger I·hNTA 
<:-oncr.~ntrntion giving lower sorbed strontium concentrations, regardless of the electrolyte 
(Na.NO_; orNaHC03) used. This iscapsed by the .for.mationofthe coinpkx SrNTA . ln addition, 
it wa:-:; l'i.)tmd that the complex CaNTA competes strongly ,vith Sr NT/\ and both complexes are 
l\XJuircd to obtain the fit shown in the figure. The FLOTRAN simul~ltions were carried out for 
the two different U3NTA concentrations using NaN():; as the backw·ound electrolyte . The resuh'., 
of the prediction are shown in Figure D.20. Excellent agreement \Vas obtaint>.d for both values of 
l{,NT A used in the expctfrucnts. 

.. •,ppD .. 12U· DA6 Ik-..cembcr 13, 2002 
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Figure D.20. Prediction of Kxperiments 57869 Involving H:.:NTA 
wHb .a CEC of $0.l. JH~q/g 
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T:,hlc D. 9. Experimental Parameters for System NaHCO~\, Ni,NOJ, lhNTA + Sr(N03)2 
using Uppc1· and Lower Composite Sediment 

E~perimetrt mN~.NO-, nl N~l-lCU-; l·hNTA r y.1 Sediment 
I.Ml !Ml I.Ml lg/LI _ .............. . .. 

57869-84 0.015 0 0.015 100 0.9661 upper com1xisite 
.... •·•·---·------·"'"'" .... 

S7869-87 0 (l.0[5 OJllS 100 0.9661 upper com p<.l!:-:lte 
. ¾•. ¼ .............. 

57869-93 0.015 0 0.015 100 0.%61 lowei compo$ilc 
.qq --------------

57869-96 0 o.oi5 0.015 lOO 0.9Ml. lower compo~ite 
· ,• .«««·--···· ---------

57869-99 0.015 0 0.00(5 l(}() 0.966! upper com1xi:iite 

57869-l 02 0 O.Ol 5 0.00l5 100 0.966! upper t~>ntpO$itc 

57869-105 0.015 () 0.(IOl5 l.00 0.%61 !<)\Ver l'-'>mpo,sit.:: 
........... _ 

57869-108 0 0,()15 0.0015 1.00 0.9661 lower C<)tnpQsite ..... 

0.2.3.4 Uiseussion 

Severa.! points derived from the modeling exercise are nokd: 

• [n several of the experiments with high CO2 and s?• concentration:\ strontianite \Vas 
frmnd to be supersaturated in the model simulations. The ex.perim.cntal data implit:'.d the 
occurrence of precipitation in some ca~es (Figure D.6) . H()wcver, precipitation of 
strnntianitc was not induded in the present simulations .. 

• The aqueous complex SrHCO; \Vas .fhund to he present in insignilicanl concentrati<ms 
for all of the. experiments, including those with elevated CO2 conccmrations, indicating 
that it was not a significant factor in the ion exchange'. adsorption process, 

• /\.!though not ullmved t:o participate in exchange reactions, the species CaNo:; was 
present in sufficiently high concentrations that it could potentially have a significant 
influence on sorption. 

n.23.5 Conclusions 

A nmlticomponcnt ion ex.change model involving Si~. C/"1
, Mg2

·, , Na;, and K ,. was derived 
from the Type 2 experimental ion exchange data presented in Section D.2.2. The de1·1ved 
multicomponent modd \vas used t.o predict Sr2

·
1 km cxch.ang1..~ adsorpt.ion (Type l experiments) 

from different clecttolytes .on three different Hanl:ord sedimems. The follow-ing arc key resu.Hs: 

1. Strontium adsorptic.m to Hanford sediment can he quantitatively dt:scribcd as a 
multicomponent ion exchangt process. 

2, The !:.orption. properties of dilkrcnt Hanford sediments for Sr?+ were found lO he identical 
when normalized to sediment CEC. 

AppD. _l2JJ D~48 Dcccmbc;'.r J 3, 2002 
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3. The full suite of exchangeable cations, and their chemical interactions, must be 
considered to model the adsorption/exchang~ process. Failure to do so may result in 
what appear to be excellent fits to the data, but which violate model assumptions such as 
the approximate constancy of the selectivity coefficients across ionic strength. 

4. Ion selectivities for the Hanford exchanger phase follow the selectivity trend 
K+>>Sr2+~Ca2+>Mg2+>Na+ . . 

5. The ion exchange process of sr2+ in bicarbonate electrolyte is still not sufficiently well 
Wlderstood to allow prediction in that electrolyte. · 

6. The developed ion exchange model is general to the Hanford Site and currently allows 
semi-quantitative prediction of sr2+ adsorption by ion exchange given knowledge of the 
total, labile concentrations (aqueous plus exchangeable) of Ca2+, Mg2+, Na+, and K+. 
New experiments underway will allow robust caiibration of the model and quantitative 
predictive capability. 
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D.2.4 DESORPTION AND. MINERALOGIC RESIDENCE OF STRONTTIJM-90 IN 
B-110 SEDIMENT 

John M. Zachara 1, James P. McKinley1
• Chongxuan Liu1

, and Steven C. Smith 1 

1Pacific Northwest National Laboratory, Richland, Washington 99352 

D.2.4.1 Introduction 

The future mobility of strontium-90 in the B-110 vadose zone plume will be determined by the 
amount and ion composition of infiltrating waters and the desorbability of the sediment-bound 
strontium pool. Desorpti.on is the reverse of the sorption process. Desorption may involve the 
release of an ion localized at the mineral surface in the .form of an exchange or surface 
coordination .complex, or the dissolution of a solid phase. If a sorbed ion is desorbable by, or 
exchangeable with, other ions in the aqueous phase, it may be remobilized and migrate in the 
future. Alternatively, if an ion is not desorbable, it will not migr.:ite further even if the 
geochemical conditions promote mobility. Desorption may be caused by a con~ntration shift in 
the aqueous concentrations of competing ions (e.g., magnesium, calcium, or sodium), or a 
change in the solid-liquid distribution of the stable strontium isotope pool. These effects are 
often interrelated. A lack of desorption may result from the formation of a kinetically inert 
surface complex, diffusion into particle interiors, or incorporation into a solid pha.se with sparing 
solubility. · 

Sorbed strontium-90 has generally been found to be .desorbable, to large degree, even after long 
in-ground contact times. Seme and LeGore (1996) found that strontium-90 that was bound to 
Hanford aquifer sediments beneath the N-trench for over 27 y was desorbable in dilute 
groundwater, and concluded that its adsorption/desorption behavior conformed to an equilibrium 
distribution model. Jackson and Inch (1983) investigated strontium-90 partitioning in a 
contaminated.aquifer in Ontario, finding that approximately 80% of the adsorbed strontium-90 
was exchangeable. Characterized strontium-90 adsorption-desorption behavior in contaminated 
stream sediments, observing that 80 to 90% of the sorbed pool was exchangeable. Only in the 
case of Sr precipitation, which mainly· occurs as a carbonate phase ( e.g., SrC03, Ca1-xSrxC03) in 
calcareous sediment { e.g., Lefevre et al. 1993), does desorption appear to be appreciably limited. 

Here, the desm:ption behavior and mineralogic residence of strontiuin-90 in sample 26 A from 
the B-110 borehole (299-£33-46) was investigated. This sample contained the highest sorbed 
concentration of strontium-90 and was located at the center of mass of the strontium-90 plume 
(Figure D.1). Additional s.tudies are planned in late fiscal year 2002 using other high strontium-
90 samples from different locations in the B-110 strontium-90 plume to confirm the generality of 
the results noted in the results that follow. Only preliminary results will be presented on the 
mineralogic residence of strontium-90 because time and funding constraints prevented 
significant progress on this task. 

D.2.4.2 Experimental Methods 

D.2.4.2.1 Strontiuni-90 Desorption. Approximately 2.0 g of air-dry sediment from the B-110 
borehole 299-£33-46 (sample 26A) were weighed into polycarbonate centrifuge tubes and 
4.0 mL of solution were added to each tube. Seven desorption electrolytes were used: deionized 
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water, 0.01 mol/L NaN03, 0.05 mol/L Ca(N~)2, 1 mol/L NaN03, 1 mol/L Na acetate at pH 5.0, 
5.0 mol/L NaN03, and 0.5 mol/L HCL Some of these electrolytes were the same as those used in 

· the ion exchange isotherm studies (Section D.2.2). The tubes were placed in a horizontal 
position in an incubator shaker set at 60 rpm and 25 °C for continuous mixing .through 7 days. 
After ·seven days, the suspensions were mixed by hand daily. Single tubes of each solution were 
sampled at 30 min, 2 hQµrs , 4 hours, 8 hours, 24 hours, 2 days, 4 days, 7 days, 14 days, 21 days, 
and 28 days. the solution sample was obtained by centrifuging the tubes for 15 min and 
5000 ref (relative centrifugal force). One mL of the clear supernatant was transferred to a 
polycarbonate tube containing 9 mL deionized water. The diluted sample was filtered using a 
10 mL plastic syringe fitted with a 0.2 µm filter. The first 1 mL of filtrate was discarded and the 
remaining collected in a polystyrene tube. At every other sampling event (Le., 0.5 hours, 
4 hours, 24 hours, 4 days, 14 days, and 28 days) a portion of the filtrate was collected in a 4-mL 
glass, septum-capped vial fot determination of dissolved inorganic carbon and a separate portion 
was analyzed by inductively coupled plasma - optical emission spectroscopy (ICP-OES) for 
barium, calcium, chromium, potassium, magnesiu.ni, strontium, and sodium. Additionally, at 
every other sampling event, the suspension pH was determined usmg a 1ficroelectrodes® 
combination pH electrode calibrated with an Orion® pH meter. 

At each sampling event, the strontium-90/yttrium-90 activity in the solution phase was 
determined using liquid scintillation counting and a count window of Oto 2000 keV. Since these . . . . 
two isotopes co-exist iri equilibrium after 28 days due to the relatively short half-life of 
yttrium-90, the strontium-90/yttrium-90 activity was counted 28 days after sampling. The 
stroQ.tium-90/yttrium-90 activity was converted to disintegrations per minute (dpm) by use of a 
quench curve and divided by 2 to yield the ti:ue strontium.-90 activity. 

D.2.4.2.2 Phosphor Imaging and Scanning Electron Microscopy Analyses. A combination 
of digital autoradiography and scanmng electron microscopy (SEM) was used to identify and 
examine sediment particles containing radioactive strontium-90. The autoraciiography system 
was a Molecular Dynamics Storm laser scanning device with an optical resolution of 50 µm, and 
a detection limit of approximately 0.05 Bq, as tested against low level gamma counting for 
cesium-137 cort.tarri.inated micas (McKinley et al. -2001). Sediment particles identified as 
radioactive using digital autoracliography were examined using a JEOL 6340 field emission 
scanning electron microscope. 

Sediments wete prepared in two ways for autoradiographical examination. Dry sediments were 
dispersed onto glass slides and fixed using collodion. The slides were exposed to the 
autoradiography plate for approximately 48 hours, and the resultant radioactivity image was used 
to.map and identify radioactive particles on the slides. Approximately twenty radioactive 
(positive) and twenty non-radioactive (negative) particles were removed from each slide and 
segregated onto a new glass slide, and re-analyzed. The new slides, on which positive and 
negative particles were known, were used to determine the mineralogic identity of the strontium-
90-bearing particles. In addition, sediments were imbedded in epo:x:y, arid the epoxy mounts 
were wafered and polished on glass slides. The thin sections were then exposed to the 
autoradiography plate, and images of the distribution of radioactivity were used to identify 
strontium-90-bearing particles for examination via SEM. · 
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D.2.4.3 Results and Discussion 

D.2.4.3.1 Field Context. Sample 26A was obtained from the center·ofmass of the strontium-90 
plume from a region that was high Na-HCO3 (Figure D.2, Section D.2.1). All of the core 
materials obtained from the B-110 borehole were remarkably similar in their acid-extractable 
concentrations of calcium and strontium with depth (Figure D.21; data frorri Seme et _al. 2002). 
Generally, acid-extractable calcium exceeded that of stront_ium by 2.25 orders 9f magnitude. 
Water-extractable calcium and strontium were close to 2.25 orders of magnitude lower than the 
acid extractable concentrations. The lowered concentrations of water extractable calcium and 
strontium in the plume region (e.g., 15 to 40 m) were suggestive of carbonate precipitation 
induced by sodium-HCO3 intrusion ( e.g., Na+ induced displacement of ca2+, Mg2+, and sr2+ from 
the exchange complex and precipitation of waste-derived HCO3/CO3). Unfortunately, 
sufficiently accurate pH measurements could not be obtained oti these sediments because of their 
low water content to assess whether the porewater was or was not saturated with CaCO3 or 
SrCO3 by solubility calculation. The indigenous pool of stable isotopic strontium ( e.g., acid 
extractable) exceeded the total concentration of strontium-90 by close to 6 orders of magnitude, 
indicating that isotopic exchange was a plausible sorption mechanism. · 

Figure D.21. Concentrations of Water and Acid Extractable Strontium, Calcium, and 
Stro:ntium-90 in the B-110 Borehole 

-12 -1 0 -8 -6 -4 -2 

log (µmol/g) 

0 2 4 

__._ Acid Extractable CalciUOI 
-a- Acid Extrad.&blc Strontium 
-&-- Water Extractable Calcium 
-e- Water &tractable Strontium 

_...,_ T~90s, 

D.2.4.3.2 Desorption Behavior. The extent of strontium-90 desorption was strongly dependent 
on the nature of the contacting electrolyte solution (Figure D.22). Consistent with the water 
extraction data of Seme et al. (2002), virtually no strontium-90 was released into deionized H2O 
or 0.01 mol/L NaNO3. Approximately 50% was released° in 1 mol/L NaNO3 and 0.05 mol/L 
Ca(NO3)2, and 75% was released in 5 mol/L NaNO3. All of the strontium-90 was released in 
0.5 mol/L HCl and 1 mol/L NaOAc at pH 5. · The desorption of strontium-90 showed some 
kinetic behavior, but .was relatively rapid. A majority of the strontium-90 release occurred 
within 7 days or less_ 
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Figure D.22. Tune-Dependent Desorption ofStrontiiun-90 from B-ito Sediment (26A) in 
Various Electrolytes 

(*model prediction from Section D.2.4.3.3) 
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-+- 0.5 rrol/L H;thochloric .Acid 

The results were consistent with the residence of strontiwn-90 in an ion exchangeable and 
carbonate-precipitated pool. The strontium-90 isotherm measurements in 0.01 and 1 mol/L 
NaN03 on pristine sediment (Section D.2.2) yielded ~s of 112 and 0.25 ml/g, respectively, at 
strontium concentrations well below surface saturation (Figure D.3 and Table D.10). Strontium 
adsorption (e.g., ion exchange) was below detection in comparable experiments in 5 mol/L 
NaN03 ( e.g., Ki = 0 Table D .1 0; isotherm data not shown) because of electrolyte competitive 
mass action. The 5 mol/L NaN03 was therefore used as a des_orption electrolyte that would fully 
displace adsorbed ions on the exchange complex. The measured Kd at the end of the 5 mol/L 
NaN03 experiment was 0.88 ml/g, a higher value than could be justified by ion exchange. 
Indeed, the measur~d ~s for the NaN03 and Ca(NO3)2 desorption experiments after 14 days 
were also:higher than measured in the isotherm experiments (Table D.10). It w~ surmised that 
the residual sorbed strontium-90 after 14 days equilibration in 5 mol/L NaN03 (3279 pCv'g) 
existed in precipitated state, and recalculated the desorption Kd (K11-reca1cY after removal of the 
hypothesized precipitated mass. The recalculated desorption Ka values were quite similar to 

-. ·-- those measured on pristine sediment in these same electrolytes ( with the · exception of 
0.01 NaN03) affirming the likely presence of precipitated strontium-90. The desorption~ 
values measured in 0.01 NaN03 had a high degree of uncertainty because of the.small amount of 
strontiwn-90 released to the fluid phase (<20 pCi/g). · 

Table D.10. ~-Strontium-90 Values Suggest the Presence of a Residual Solid Phase . . 

with Strontium-90 · 

0.01 mol/L NaN03 0.05 mol/L CaC03 1. mol/L NaN03 5 mol/L NaN03 

14d 
14d-adj 1so(a) 14d 

14d-adj 
IS01 14d 

14d-adj 
ISO 14d 

14d-adj 1so(a) 
K.r(ml/g) K.i-(ml/g) ~(ml/g} K.r-(ml/g) 

509 370 112 1.81 0.63 0.71 2.00 0.67 0.25 0.88 ·0.67 0.0 

r. (a~ values measured from isotherms in Section D.2.2. 
l : 
~ 
I : 
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The presence of precipitated strontium-90 was also implied by the high fractional desorption 
(almost 100%) measured in both acidified ammonium acetate and 0.5 mol/L HCL The 
ammonium acetate reagent is typically used tci dissolve carbonates from soils (Kunze and 
Dixon 1986). Dilute HCl will dissolve carbonates and phosphates, poorly crystalline Al and Fe 
oxides, and other phases as well. Both of the reagents displace the exchangeable ion pool 
through the mass action effects ofI-r and Na+, and the release ofCa2+, Mg2+, and other cations, 
from solid-phase dissolution. The comparable effects of both these reagents on strontium-90 
desorption (Figure D.22) strongly implied that the residual strontium-90 after 5 mol/L NaNO3 

extraction was associat.ed, with a carbonate precipitate. 

Table D.11. Base Saturation of the Exchange Complex in Sediment Sample 26 
Determined from the Desorption Data and Direct Extraction 

Extractant 

1 mol/1, NaN03 5 mol/1, NaN03 
and 0.05 mol/L and 0.05 mol/1, 

Ca(N03)2(a) Ca(NOJh(.a) 

Total µeq/g(c) 22.5 27.5 

E(Na) 0.472 0.386 

E(K) 0.228 0.337 

E(Ca) 0.248 0.237 

E(Mg) 0.051 0.039 

E(Sr) 0.0013 0.0015 

<•) 14 day ex1raction 
(b)2 h extraction with water followed by 2 h extraction with NH.iCI 
(cl sum of extractable Na, K, Ca, Mg, and Sr minus water soluble 

1 mol/1, ~ct<bl 

52.8 

0.343 

0.088 

0.569 

ND 

0.00084 

The cold ion fluxes measured in the different desorption electrolytes (figure D.23 to Figure 
D.27) lended further support to the concept of ion-exchangeable and precipitated strontium-90 
pools. The ion displacement trends in both sodium and calcium electrolyte collectively indicated 
that the exchange complex was dominated by Na+, Ca2

+, and K+ (Table.DJ 1). The base 
saturation of the exchange complex on 26A was further evaluated by repeated 1 mol/L NH.iCl 
extraction, which yielded comparable, albeit slightly different values {Table D.11). Calcium, 
magnesium, and strontium increased by factors of 71 , 44, and 10, respectively, in the 
sodium-acetate and HCl extractions over the 5 mol/L NaNO3 extract, implying dissolution of a 
strontium-substituted, high magnesium (8.9%) calcite. The extraction values indicated that the 
calcite was present in the contaminated sediment at relatively low concentration, 170.6 µmol/g, 
or 1. 71 mass percent. Potassium does not easily substitute within the calcite lattice, and the 
relatively constant concentration of K+ that was displaced in 1.0 and 5.0 mole/L NaNO3, and in 
5.0 mol/L HCI and pH 4.5 NaOAc (Figure D.22) indicated that all four of these electrolytes were 
equally effective in displacing ions from the exchange complex. 
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· · · The desorption/dissolution kinetics of the strontium-90 and the stable strontium isotopes were 
generally similar, and tracked one another in each of the different electrolytes (FigureD.23). 
This observation confirmed the co-association of strontiurn-90 with the stable isotopes, as 
anticipated for an isotopic exchange attenuation mechanism. However, the concentration ratio of 
strontium-90 to the stable strontium isotopes (strontium-90/strontium) was much higher on the 
exchange complex (:::: 0.330 - 0.38 Ci/mol) than it was within the hypothetical magnesium-calcite 
(0.066- 0.068 Ci/mol) (Table D.12), indicating that the two sorbed strontium pools were not at 
global isotopic equilibrium. Isotopic fractionation of strontium is not expected in the abiotic 
precipitation of calcite, and does not occur during ion exchange. hnplied, possibly, was the 
presence of two calcite pools, one that was detrital with low strontium-90, and another resulting 
from waste-sediment reaction with strori.tium-90/strontium values ,comparable to the exchange 
complex. Alternatively, detrital calcite may have functioned as a precipitation template for a 
second stage of carbonate precipitation resulting from waste-sediment reaction. Further studies 
are seeking to resolve the reasons for this apparent lack of isotopic equilibrium between the 
exchanger phase and the precipitated strontium-90. 

Table D.12. Isotopic Distribution of Strontium Released into the Different 
Desorption Electrolytes 

Extractant '°Sr/Srrow (Ci/mol) 

Deionized water 0.008 

. 0.01 mol/L NaN03 0.025 

0.5 mol/L HCl 0.066 

· 1 mol/L Sodium acetate; pH 5.0 0.068 

1 mol/L NaN03 0330 

5 mol/L NaN03 · 0.336 

. . 0.05 mol/L Ca(N03)2 0.378 

Figure D.23_. Concentrations of Strontium-90 and Stable Strontium Isotopes 
Desorbed from 26A 
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Figure D.24. Desorbed/Dissolved Concentrations of Calcium (Ca2
) from 26A 

in Different Electrolytes 
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Figure D.25. Desorbed/Dissolved Concentrations of Magnesium (Mg2+) 
· from 26A in Different Electroiytes 
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Figure D.26. Desorbed/Dissolved Concentrations of Strontium (Si-2~ from 26A 
in Different Electrolytes 
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Figure D.27. Desorbed/Dissolved Concentrations ·of Potassium (K2J from 26A 
in Different Electrolytes 
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D.2.4.3.3 Modeling Desorption Extent. Predicting th~ future migration of the strontium-90 
plume near B-110 (e.g. , Figure D.1) requires a model that includes the primary geochemical_ 
reactions that control the solid liquid-distribution of strontium-90 as function of pertinent 
mineralogic and aqueous chemical variables. The desorption of approximately 70 percent of the 
sorbed strontiwn-90 from sediment 26A in 0.01 , 1.0, and 5.0 mol/L NaNO3 and 0.05 mol/L 
Ca(NO3)2 (e.g. , Figure D.22) appeared to be controlled by ion exchange. Here, we apply the ion 
exchange model developed for Sr2+, ca2+, Mg2+, and Na+ in Sections D2.2 and D2.3 to predict 
the equilibrium desorption ofsr2+, Ca2+, and Mg2+ from the B-110 sediments controlled by mass 
action displacement of the exchange complex with the added electrolyte cations. 
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The model calculations were driven by the total concentratipns of cations, hydrogen ion (pH), 
and carbon dioxide/bicarbonate (TCO2) in the 26A sample {Table D.13). The sorbed cation 
concentrations on the 26A sediment were obtained by an;unonium chloride extraction [ water 
soluble cation concentrations (described below) were subtracted from these to give the true 
cation concentrations displaced by ammonium chloride]; the sum of these cation concentrations 
(in equivalents per gram) defined the sediment exchange capacity (CEC). Similarly, 
water-soluble components ( e.g., solutes present in concentrations above those needed for surface 
charge compensation) were determined by deionized water extraction of the sediments. The 
critical water-soluble components were Na+ and HCO3-. The total concentrations recorded for 
the desorption experiments in Table D.13 representated materials added in the electrolyte 
solution. It was assumed that the measured sorbed and water soluble ions existed in each sample 
at the time of electrolyte addition. The pH and TCO2 for the desorption electrolytes were steady 
state values measured after 14 days of desorption. Hydrogen ion activity (pH) and total 
inorganic carbon were measured in the desorption experiments at the same frequency as were the 
cations (Figure D.23 through Figure D.27). The noted decrease in the equilibrium pH and TCO2 

with increasing electrolyte normality (Table D.13) was consistent with the precipitation of 
calcium carbonate in the desorption experiments: 

CaX2(s) + Na+ = 2NaX(s) + Ca2
+ (1) 

Ca2+ + HCO3 - = CaCO3(s) + Ir (2) 

The precipitation of CaCO3 occurred as sorbed Ca2
+ was displaced from the exchange complex 

(CaX2cs)) in the desorption experiment and reacted with residual HCO3 from the waste solution. 
Also, calcite precipitation occurred in the 0.05 mol/L CaNO3 electrolyte as electrolyte Ca2

+ 

reacted with residual bicarbonate in the sediment. 

The geochemical modeling included four ion exchange reactions, calcite precipitation, and a 
number of aqueous species (Table D.14). The Davies convention was used for activity 
coefficients. The Davies equation is not valid for the 5 mol/L ionic strength and the calculations 
reported for this electrolyte need be viewed with caution. The Pitzer model, which is valid to 
high ionic strength (above 5 mol/L) when appropriately parameterized, has been applied to this 
same experiment with comparable results to those summarized here. Pitzer model results will be 
described in a later journal publication on this experiment. The equilibrium pH was fixed for the 
calculation at the measured 14-day value (Table D.13), and equilibrium constants for the 
exchange reactions were taken from Section D.2.3. The modeling represented a prediction of the 
data as no parameters were adjusted to maximize fit to the data. The calculation was an 
equilibrium one and no attempt was made to describe the kinetic phase of desorption that 
occurred hetween0 to 5 days. The modeling was an attempt to simulate the steady-state or 
equilibrium concentrations that were achieved after 7 days of desorption (Figure D.23 through 
Figure D.27). 

The geochemical modeling semi-quantitatively matched the measured TCO2 concentrations 
through the precipitation of calcite (e.g.,~ 4 mmol/L; Table D.15). The desorbed concentrations 
of both Mg2+ and Sr2+ were also well described (Figure D.28b, c). For sr2+, the total desorbed 
concentration in I· and 5 mol/L (0. 02 mmol/kg) was identical to sorbed concentration estimated 
by ammonium chloride extraction (Table D.13). This same value was well predicted by the · 
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quaternary exchange model (Figure D.28b). The Mg2+ concentrations where slightly 
overpredicted by the model. The model predicted that over 95% of the sorbed Mg2+ 
(e.g., ~ 0.8 mmo1/kg) would be displaced in 1 to 5 mol/L NaNO3• The lower observed 
experimental values (e.g., 0.55 to 0.70 mmol/k:g; Figure D.28) may result from Mg2+ 
coprecipitation within calcite (a well known phenomenon). Calcites from the Hanford vadose 
zone are invariably Mg-substituted. The greatest discrepancy between model and data was in 
the Ca2+ concentrations·(Figure D.28a). The modeled results for Ca2+ are far more sensitive to 
the experimental input data ( e.g., pH, TCO2, sorbed concentration) artd the thermodynamic model 
(activity coefficient or ion association model) than those for the other ions because of the calcite 
precipitation reaction. Ongoing research will refine and improve upon these parameters. The 
model correctly predicted that the total desorbed Ca2+ concentration would be similar in both 1 
and 5 mol/[;NaNO3; and that its value, unlike that for Mg2

+ and Si +, would be significantly less 
than its initial adsorbed concentration (e.g., 15.05 mmol/k:g; Table D.13). The lower 
concentration results from the precipitation of desorbed Ca2

+ as calcite and its continued 
association with the solid phase in the form of this precipitate. 

The experimental data in Figure D.22 and Figure D .23 showed that the isotopic ratio of 
90Sr/SrTotal ranged between 0.33 to 0.38 Ci/mol for ion exchangeable Sr (Table D.12). Applying 
this ratio to the model calculations in Figure D.28b allowed us to predict the desorbable 
concentration of 90Sr from the exchange complex in sediment 26A. These predicted 
concentrations (marked with® in Figure D.22) were remarkably close to the observed values. 
The accurary of this prediction reinforces the generality of the cation exchange model that was 
developed in Section D.2.3, and parameterized on a different Hanford sediment (the Hanford fine 
sand composite). Embodied in this prediction is the assumption that 29% of the sorbed 90Sr was 
existed in precipitated state, possibly in association with calcium carbonate. 

AppD_l213 

Table D.13. Total Concentration of Sorbed, Soluble, and Electrolyte Ions 
U~ed to Initialize the Desorption Model Calculations 

Na Ca K Mg Sr pH Tc01 

Sorbed on Soil 
18.13 15.05 4.62 0.88 0.022 (mmol/kg) 

Water-Soluble 
8.13 0.28 0.00 0.00 

(mmol/kg) 
0.000 8.70 

MNaNO3 10.00 0.00 0.00 0.00 0.000 9.39 2.69 
(mmol/L) 

0.05MCaNO3 0.00 50.00 0.00 0.00 0.000 7.67 0.1 9 
(nnnol/L) 

1 MNaNO3 
1000.00 0.00 0.30 0.00 0.000 8.42 0.87 -

(mmol/L) 

5MNaNO3 5000.00 0.00 1.50 0.00 0.000 8.04 1.15 
(mmol/L) 
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Figure D.28. Model Predictions for Calcium, Strontium, and Magnesium from the 
Desorption Experiments 
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Table D.14. Rl~actions, l~tJuations, and TberJ.rtodynamic Data Used in Desorption Moddi.ng 

Binmy e.xchcmge consw,usfor Mimeqa2: 

uBX ~ +vA u'· ,::: vAX" + ulJ" ' 

f/] 1
·•· l ;; 1· ,f :\' ] '. .f g <•-:- l: :, r 1lt-1 ,. .. r .. . 

K!' C::: ·~ .,-r ·f : ,. r·;,,Ji.'; 1~· =,. ·;··:1:·~:;·~·;·· ·1···.;~·:: :'..? . .'l.~·I.J'iCE(']""·'· 
1.-· J ( J/ ,- l ~ l \1l !!.\, 

l _.,. ..\ 
K i u [ .. T .,.],, -- ,. ; ,:: · l ·~:;;- ')-- ::.c ) 

\\.iher0 r, is the ratio of solid lo liquid (kg/I..); ni (mol/L) is the :mlid pliase concentration of cation 
i in the so lution , For rs ::z: 0.5 kg!L CEC ==== 54.7 1neq/kg, the K( could be cakulated frorn Kg as 
l~::illo\vs : 

2NaX + Sr i ,• ~ SrX., + 2Na ' 
•'.· 

2NaX t- Ca2' "" CaX, ·'"' 2N,t 
?N-1.X +Mg:!.,.,_,_, tV1<i.-X, + ·)Na' 
·""'' ' ' •. " · ,• :::,;-' h' . -· 

NaX+K' ,,,, KX + Na; 

Kg 
90,402 

76,720 
36.8.69 
2L010 

Species considered in the mode! and their s1ahility 1."onstants: 

log Kr 
3.218 

1.147 
1.&29 
.l .322 

·································-··--·---·---·-----·------······················----·----•-··••··--···--···················································· 
Species 

SrOJ:f" 
.._, {..., ( .. ) (. .) .~r .. · .. 3 aq _. 
SrHCO/ 
SrNO/ 
NaN<:\, 
NaC(h 
NaHCO_, 
CaOII.,. 
CaCO,,(aq) 
(·,, I·:1cc ., .,. . d - ) ., 

MgOH' 
MgCO:;(aq) 
lvlgUCO_;' 
Calcite 

Reaction 

Sr'·'' ·,· thO ···· IT,.= SrOIJ,. 
'( -,... ' "'( ~... -, . .., . 
Sr· ·,· CO:,'" "" SrC03(aq) 
S. ;:., · C'() 2• · 11,,. - s·- -r·1c··,<-> ·•· r ·:· , ·1·· · - I -- · ' 

sl* ·,· NO;' ~ SrNo:/ . . ., 
•..-r + .N.'() • N. N . -) ,-"a + ' 3 = ., a_; CJ 
N'-'.,. + CO·i;:. = N(a.C'CF •· ' . • . >. , .• l 

Na.,..:. CO-/+ H,.."' NaHCO·;(aq) 
··, ·;., ·11 · · 1 11 <·, r· 11·'· ca- + :120 - :1 " '' .a . .) · · 
"''\; 2"·> ' .. ,,. -~- .,. .., . ' . Ca ,.,.. (.{):; ''' CaC03( aq) 

('•. 2:·; _,._ co..2· ,;.. I-( ::: c< I·ICC ' .,. ,.·c\ ' . .l . . . , ,\ .•.. .. ) _, 

Mo2' + H,0 -·· I-f ::: Mnf)f-1'" .. ·e - . .... . . .. ,e. .. . 

\ ·1<>2 '" + coJ· "'' rvh1 CO ,(a(t) .. -~:-1 . . · ..... .. .1 .. ,, . ,c .... J .. 1.- . 

M~C + co/· + ff ::: MgHCO;; ' 
(··,,.12•1 + c·'() .. 1- ,,, ( ' ·= c '(>. _ 
·"· •. J •.. (I.,, ,, ·' 

logK 

- 13.177 
2.81 

11 .539 
0.6 

~l .044 
l.27 

10.079 
• l2J,97 

3.20 
.11.599 

·l l.397 
2,92 

l l.339 
8.48 

Source 

NIST 
NIST 
NIST 
NIST 
G"\.HN 
NIST 
NTST 
NIST 
NIST 
NIST 
NIST 
NIST 
NIST 
NIST 
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Table D.15. Calculated Equilibrium Cation ])esorpti.on (Minteqa2) and Final 
Carbonate Concentration {All , ,alucs in mmoJ/L) 

L ....................... ..... ......... :::::::::~~·········· ·············c·~············ ··············K Mg Sr Tcm -· .. T c ~C{IJ · 1 

i 0.01M NaNO, 1.272xl0
1 

2.168xl0-
1··········L?~.~.~.~.~:.'. ....... ?:~?:?.~.r.~( ....... ?.:!.~,~;~ l0•.; 4.29 0.056 j 

8.344:x.lO·~ 0.1 8 •+.166 l O. 05M Ca NO·; l 2 86x 1 O 
1 

•• .:??~:~.~.~t.' ......... ... ~/~:?:~.~.~.~( ...... .. ::.:~_ l 9x lo· 1 --·--------!-----------' 
... !.'.:'.~ .. ~'.~~~~~····· ······· ... ?~.~~.~~~~~~···· . .'.:::?'.~'.~.!.~~'.'........ 1.6611(10

1

; 3.51 lxlO ·' 8.845xl0 ··
1 

0..5<1 ! .3 .8 1:?. ! . 
5M Ni NO ?- 4.986xl(l?- 2.837:xJO" 3.320xl01

; 4.01 Sxl.lY' l.098x IO .. J (l.08 ) 4.270 i 
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D.2.4.3.4 Autoradiograph:y. Beta-emitting, strontium-90-containing particles were readily 
isolated from the 26A sediment by autoradiography and particle 1.na.nipulation (Figure D .29). 
The negative (non-·radioactivc) particles were generally monominemlic. silicate n1inerals 
ini..'.luding quartz and foldspar . The positive (radioactive) particles v,iere lithic fragment~ . 

Figure 0.29. J>Lrntogrnph of Segrcg:atcd Positive an.d Negative Particles 

The autorndiography results for the thin sections (Fig.ure D.30) showed that 
110

Sr was highly 
enrk:hcd in selected pa1tkles. When the autmad.iography results were superimpose<.! upon 
backscattcr~<l ekctnm (hse ) images co llected by scanning electron microscopy (SEM), 
radioactive grains were 1.)bservcd to be ba~altic lit11ic fragments. The bsc imag;;:. vvhid1 recor<ls 
the average atomic number, or density, of the sample, was inverted to show high-atomic-number 
(high-z) phases as darker shades of gray (Figme D.30, top). A similar ly inverted, pa:rtially 
transparent, autoradiography plot was superimposed on the hse image (Figure D.30, cc11tcr), 
Comparison of the bse ,md autorndiography images focilitatd tht· identification oflithic 
fn1gments containing sorbed strontium-90. The .four radioactive particles labeled in the upper 
Fii.:mre D.30 were basaltic, The Hanfr)rd formation. undertving rnuch of the Hanfi.wd site, was .... . ~·· ..... . 

deposited by catastrophic flooding during lhe Pleistocene,. \Vhich tn.rversed und scoured the 
regional Columbia River Flood basalts. Ba..:;altic lithie fragments .from these rocks thu·s comprise 
a signitkant petrographic fraction of the Hanford frrnnation (Bjornstad 1990). Not all ba~altic 
lithic fragment::; were radioactive: the large, dark speckled lithic fragment below {md sligJ1tly left 
o.f Fragm.cnJ l (.Fragment. 5. Figure D.30) \Vas basaltic but 111:m-radioactive . Lithic fragments and 

------- ------------------------------------······································ ······ ···· ·· ·· ····· ·· ·· ·························· ······· .................. " """" 
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mineral dasts can be observed in Qverall dimensions in the bottom panel of Figure D.30, an 
optical photomicrogrnph of the petrographic section of 26A. Monomineratic silicates are 
colorless or dear, and lithic fragments are mottled, brown if basaltic. 

The Columbia River Basalts arc c:omposed of primary phases that would not be e:,pected to 
significantly adsorb sl'', and have textures that include little void space \vithi.n which Sr-bearing 
solids could precipitate. M.ineralogically. the basalts consist of varying proportions of augite. 
plagioclase, titanomagnetitc, and glass {Allen and Strope 1985; Long and Wood 1986). Olivine 
also occurs in b~1salts. The pctrographfo textures vary according to cooling history. Collonade 
basalts (mas!'(ivc columnar outcrops} include compositionally homogeneous glass: entabblure 
basalts (massive non-columnar outcrops) include glas$ that separated into immiscible pha,•:cs 
prior to solidif}'ing .. Petrographkally intactlithic fragments \vould therefore no1 be expected to 
provide an environment favorable to stronliurn-9(} sorption (adsorption or precipitation), 
Detailed inspection of basaJt Fragments 1 to 4 in Figure D.30 by scanning ckc1ron microscopy 
(Flgu.rc D.31 through Figure D.34), however. suggest that weathering reaction~ may have 
induced the forrnation of phyllosilicatc day (e.g., sme:ctite) within these particles. Phyllosilica:k 
regions were definilivdy identified as a weathering product of glass by: 1) their morphology 
im:luding dessication cracks, 2) compositional zonation, and 3) texture. Smectites exhibit 
iso.morph.ic strucum1t cation subslili.nion that leads to an internal positive charge deficit and a 
cation exchange capacity. Smectitc therefore ftmction::; as an exchanger phase capable of 
adsorbing strnntillm-90. 

PetrngraphicaHy, lithic Fragrnems 1, 3, and 4 had collonadt• rcxtlm.~s (Figure DJ 1. Figure D.33 , 
and Figure D.34), FrngnH~nt 2 had au .cntahl.aturc i.exJmc with the development of Fe-rith and 
Fe-poor glass phases (Figure D.32, not1: spotty appearance of gluss regions). Each of the, 
fragments had areas \.Vherc srnectite had fonncd as a weathering product of gla~s, marked 'C ' in 
Figure D.31 through Figure D.34. The textural relationships of the primary and secondary 
phases wus mon:.~ apparcnl in the SEM micrographs recorded at higher enlargement (Figure DJ l 
through Figure D. 34). The areas ofcach lithic fragment examined are indicated by arrows on 
Figure D.30. As indicated, the <.:lasts lncludcd primary augite (A), plngioclase (P), 
tiranomagnctitt en, olivine (0), and glass (G), and secondary srnectite (i.e .. '!:I fine~graincd 
silic11te induding A I and varying proportions of Na, Ca. K, Fe, and 1vfg). The smectite Ins 
replaced areas of glass that had .:.:emcnted primary mint::ral grain::;, This noled smectite formation 
is c.onsistent with past observati1)ns of fracture minendization .in basalt. aquifers (\:lcKinley et aL 
1986), Basalli.c gbss in the groundwater environment was found to be most susceptible mineral 
phas~ lo weathering. followed by augite. Fwctmes ,vere eoated \:vith compositionally banded 
smcctlte, and pockets of banded smectite developed in basalt adjacent to fractures, The handed 
clay in 26:\. partk.ularly apparent in lithic Fragment 4, vvas identical in appearance and 
composition to the day ti.)rme<l in weathered basalt8 . 

The detailed analysis of B-110 s~~dimcnl 26/\ using autoradiography and SEM suggested that 
sand-sized, weathered basalt fragments in Hanford Jbnnation sediments were responsible for 
sorhing s.trontimn-90, The interpartick secondary smcctit,\ ,vhich may have Jevdoped nfrt)r 
deposition, or ma)' havt:'. been developed in basalt flr.n:v surfaces prior to scnur and transport to the 
Hanford Site, provided exd1ang,e s.iks ro adsorb strontium-90. These t:1bscrvations were 
tme.xpected, as most oft he catio11 exchange c;apacity of Hanford sediment is generally bdicvd 
lo be associated with detrilal phyllosilicates rmd vveathered micas in the silt and clay sized 

------·---··-············-----------------------............ , .................. - .. 
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fraction. At this point the relative importance of interpartidc smectik and fine-grained smectitc 
us strontium-90 sorbents remains undocumented. Sediment 261'., however, .vas a coarse sand 
that ,vas almost bereH of a fine fraction. Therefore, the exchao.ge capacity of the weathered 
bttsalt frugmcnts n-wy represent a s1gnific:mt fraction of the overall l-it:'.dimcnt cation exchange 
capadly (CFC). 

The experiments shown in Figure D.22 and Figure D.23 indicate sl.nmtimn-90 that b adso1h:·d tn 
interparticlc smcctite undergoes relatively rapid ion exchange with ekctrn!yi.c Na and Ca. 
Ongoing cxperimt~nts arc trying to resolve rhe mincral.ogi~: residence oft.he electrolyte-rcsistcnl, 
sorbed strontium-90 pooL These experim<.~nt.s will identify the locations of sorbed strontiurn-90 
that remain after extraction with l and 5 nwl/L NaN03, confirming whether the immobilized 
fraction of strontium-90 is or is not assochtted with Garhon:ite precipitate:t 

Figure ])~:,30. Comparative Coarse-Scale Images of Sam pk 26A, Diaml'te1· 1.25 cm 

Top: Inverted base photomosak; high-z Jlhases are dark~ Mottled nutlti•phast• clasts arc 
b11salJk litbic fragments. Numbered ch\sts arc keyed to finer•scaled images in Figure J).3 l 
to Figure )).34. Center: Autoradiograph)' map of activity overlain on bas._ .. photomo~aic. 
Areas (cfasts) wi.th relatively high activity are dark. Arrows designate an•as defailed in 
Figure D.31 to Figure D.34for each chlst. Bottom: Optical photomkrogrnph in transmitted 
l.ight. Dark, mottled cfasts are lithic fragments, predom.inantly basaltic i.n origin; the large, 
central, handed. non-r:,dif,active lithic fragment was not basaltic~ and some basaltic dasb; 
w·cre also not radioadive. 

. ... ·: ···::-:}t{•:: 
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Fi.gure D.31. SEM. Photomicrograph ofRadioacti\re Baimlt Fragment #1 Figure U.30 Tbat 
Shows CoUon.ade Texture 

, .. ·.,. A.= Augite. P = Pfagioclasc, T "'Titanomagnctite, G = Glass, a.nd C = Smcctiic Cby. Clay 

:=·=·=·=· 

:,:,•,:., 

.;:-:-:-:, 

was Obst.~rv.ed as Altered Regions with Glass and Along Fractures 

:Figure D.32. SEl\1I Photmicrogrnph of Radioactive Basal.t Fragment #2 in Figure 0.30 that 
Shows Entnbufaturc Textm·c 

T = Titunomaguctitc, P = Plagiodase, A= Augite, C/G.,, Glass Clay Association. Primary 
Areas of Cla,y (C) Formation were Obs~rved in Inter-Glass Channels 

- ----------······ .. ··-··--
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J<'-igure D.33. SEM Photomicrograph of Radioactive Basalt Fragment #3 in F'ignn~ D.30 
that Shows Collonade Tcxtl1rc 

A "'' Augite, T == Titanomagn.etitc, 0 = Orthoclase, P = Plagjoclasc, and C = Smedite Clay. 
Clay was Observed in Distinctive, lnter-Grai11 Domains 

Figure D.34. SEM. Photomicrograph of the Right Side of the Large Radioactin Basalt 
Fragment #4 in Ji' igure D.30 that Shows Collonadt>; Texture 

A '"' Augitt\ P = Plaginclasc, G = Glass. and C == Smcctitc Clay. Clay was Observed in 
Large Spatial Regions and Slrn,,,cd Desiccation Cracks and Compositional Zonation 
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D.2.4.4 Conclusions 

Sediments from B-110 core sample 26A have been examined to determine: 1) factors 
controlling strontium-90 is desorbability, and 2) the chemical or mineralogic residence of sorbed 
strontium-90. The following are primary conclusions from this work: 

1. Approximately 75% of the sorbed strontium-90 in sample 26A was present in an ion 
exchangeable state and 25% appeared to be precipitated in a high magnesium-calcite. 
The isotopic ratios of strontium in these two strontium-90-containing geochemical pools 
were different indicating that they were not .in isotopic equilibrium. 

2. The ion exchangeable strontium-90 was fully and rapidly exchangeable under the 
necessary ionic conditions. The desorption extent and its dependence on electrolyte 
composition was well described with the multicomponent exchange model developed in 
Section D .2.3 . The ion compositions required to_ induce significant desorption ( e.g., 1 to 
5 mol/L Na and-0.05 mol/L Ca) were much different from the current in situ ion regime. 
The existing ion regime in the B-110 plume is unlikely to induce add_itional mobility to 
sorbed strontiuin-90. 

3. The use of a deionized water extraction to · characterize the porewater concentration of 
strontiumw90 probably underestimated its true in situ concentration through the dilution 
of the porewater electrolyte ions. The most accurate assessment ofporewater 
strontium-90 concentration would be obtained by sediment extraction using NaHCO3 at 
the approxim~te in situ concentration (e.g., 0.1 mol/L). The best estimate of the 90Sr-~ 
( adsorption and descorption) for the ion exchangeable pool under the existing in situ 
geochemica1 condition is 5.62 ml/g. The effective in situ retardation factor would be 
quite high because the low volumetric moisture content. .Additional measurements and 
calculations underway will further refine this value. 

4. Approximately 25% of the sorbed strontium-90 pool appears to be incorporated into a 
precipitated carbonate phase. This precipitated strontium-90 is not desorbable in sodium 
or c.alcium electrolyte, and is essentially fixed unless subsurface pH changes to more 
acidic values. The precipitated strontium-90 appears to exchange very slowly with other 
indigenous stable strontium pools. 

5. Radioactive mineral particles were isolated from B-110 sediment. A significant fraction 
of the ion-exchangeable strontium-90 appeared to .be absorbed to phyllosilicate minerals 
located along the margins and within the intersticies of sand sized basalt fragments. The 
phyllosilicates were alteration products of basaltic glass. 

6. The vadose zone strontium-90 plume currently appears stable and virtually immobile. 
Infiltration of dilute meteoric waters could further increase retardation by the dilution of 
porewater Na+_ Any geochemical change to this particular system that would increase 
porewater Ca2+ would decrease the 90Sr-Kd below the value estimated above. 
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D.2.5 STRONTIUM :MIGRATION IN HANFORD SEDIMENT FROM THE B, BX, 
AND BY TANK FARMS: A CATlON EXCIIWGE MODEL BASED ON 
LABORATORY TRANSPORT EXPERIMENTS. 

Carl I. Steefel 1, Susan Carroll 1, and Sarah Roberts 1 

1Lawrence Livermore National Laboratory, Livermore, California 94550 

D.2.5.1 Introduction 

This report presents preliminary results of strontium transport experiments using flow-through 
columns packed with a composite of Hanford formation sediment from the B, BX, and BY tank 
farms. One of the specific objectives of the study was to test the ability of a multicomponent 
cation exchange model derived from batch experiments to predict strontium transport in colwnn 
experiments. This validated model, in turn. will be used to simulate both the emplacement and 
future migration of the strontium-90 plume defined by borehole 299-E33-46 (Section D.2.1). 
Unlike earlier studies on cesium transport at the SX tank farm where migration takes place . 
primarily in a binary system, the column experiments in this report have been designed to 
evaluate the effect on strontium migration of multiple competing cations, including Na+, K+, 
Ca++, and Mg++. The column experiments were also used to provide a direct test of the 
reversibility of exchange by following the strontium injection with flushing of the column with 
concentrated KNO3• 

The strontium column experiments completed to date evaluate the dependence of strontium 
retardation on sodium nitrate concentrations ranging from 0.01 to 5 M. The competition of 
potassium and strontium was also addressed using desorption experiments, with KNO3 

concentrations ranging from 0.01 to 1 M. Most experiments were carried out with a 
concentration of stroJ?.tium in the injection fluid of 10-5 M. Duplicate experiments at a strontium 
concentration of 10~ and 10·7 M were used to determine whether the strontium concentration 
affected its retardation. Cation exchange capacities (CEC) were determined by measuring the 
equivalent sum of calcium, magnesium, and potassium.eluted from the columns in 1 and 5 M 
NaNOJ solutions prior to strontium.injection and in one experiment from the sum.of strontium, 
calcium, magnesium, and sodium eluted by 1 M KNO3 after strontium injection. The sediment 
CEC was also determined by a separate isotopic equilibrium exchange column experiment using 
22Na 

r, 
I : · , D.2.5.2 ExJ.JeriJl1:,ental Procedures 

r l . 
(_ I 

r 
l : 

A total of six one-dimensional column experiments using uncontaminated Hanford sediments 
were ca~ied out at 25 ·c to investigate the mobility of ~ontium (Table D.16); A Hanford 
formation composite sample from borehole B8814 at the B, BX, and BY tank farms was used as 
the experimental medium. The sediment was lightly crushed to pass through a 2 mm sieve, 
air-dried, and mixed thoroughly. In addition, the sediment was repeatedly washed with a 
sodium-acetate solution to remove any carbonate phases present The sediments were loaded 
into a reactor column (1 cm x 15 cm) filled with distilled and deionized water. Sediment density 
was determined to be 2.75 g cm·3 by volume displacement. the elution experiments consisted of 
three phases. In the pretreatment phase, the background NaNO3 electrolyte was passed through 
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the column to replace potassium, calcium, and magnesium with sodium on the sediment 
exchange sites. At lower concentrations ofNaNO3 (0.01 to 0.1 M), complete desorption of 
calcium, magnesium, and potassium was not achieved after as much as 15 pore volumes had 
been flushed through the colWllll. The pretreatment phase was followed by a stage in which 10, 
1, and 0.1 µM (10-5

, 10-0, and 10-7 M) SrNO3 and 1 mM Ca(NO3)z and Mg(NO3) 2 along with . 
NaNO3 at concentrations ranging from 0.01 to 5 M were passed through the sediment column to 
measure strontium retardation from the breakthrough curve. The final phase was a strontium 
desorption experiment using KNO3 ranging in concentration from 0.01 to 1 M. Iodide behaved 
as a non-reactive tracer and was used to obtain the dispersivity of the columns. 

Table D.16. Summary of Strontium Transport Experiments Using Composite Sediment 
from WMA B-BX-BY 

Sorption Stage Desorption Flow Rate Darcy Flux 
Sediment-

Experiment 
Solution Staie S_olution (mlmin-1) (cm min-1) 

Solution Ratio Porosity% 
(g/L) 

0.01 MNaNO3 
1 10·5 MSr 0.oIMKNO3 0.2 0.260 3187 46.3 

0.001M Ca, Mg 

0.1 MNaNO3 
2 10·5 MSr 0.1 MKNO:i 0.1 0.130 3789 42.1 

0.001M Ca, Mg 

1 MNaNO3 
3 10-5 MSr I MKNO3 0.1 0.130 3294 45.5 

0.001M Ca, Mg 

5 MNaNO:i 
4 10-5 M Sr 1 MKNO3 OJ 0.130 · 3673 42.8 

0.00IM Ca, Mg 

5 1 MNaNO3 1 MKNO3 0.1 0.130 3362 45.0 
10"° M Sr 
0.001Ca, Mg 

6 I MNaNO:i 1 MKN03 0.1 0.130 4014 40.7 
l0"7 M Sr 
0.001M Ca, Mg 

The CEC of the composite sediment was measured in several ways. The cation exchange 
capacity was determined from the equivalent sum of calcium, magnesium, and potassium eluted 
with a O .1 , 1, and 5 M N aNO3 flush of the sediments in the pre-treatment phase of the 
experiments. In addition, one CBC determination was made by summing the equivalents of 
strontium, sodium, calcium, and magnesium eluted by a 0.1 M KN03 solution during the 
desorption stage. The CEC was also detennined by 22Na isotopic equilibrium in a flow-through 
column using I and 5 MNaNO3. In this experiment, several pore volumes ofNaNO3 solution 
were flushed through the column to saturate the sediment colWllll with Na prior to injection of a 
22Na spiked solution of a 1 or 5 M NaN 03• The mass of 22Na on exchange sites was determined 
by integrating the 22Na elution curve and subtracting this from the integrated iodide elution curve 
which behaves as a non-reactive tracer. With the assumption of isotopic equilibrium between the 
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22Na and the bulk sodium on exchange sites, the total CEC can be calculated by assuming that 
the accessible exchange sites are occupied by sodium. · 

r , D.2.53 Modeling Procedures 
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Distribution of species "Calculatio,is and the simulations· of multicomponent ion exchange and 
transport in the cohmin experiments were carried out with the general purpose reactive transport 
code CRUNCH (Steefel in preparation), a combined and updated FORTRAN 90 version of the 
codes GIMRT and OS3D (Steefel and Yabusak:i 1996; Steefel 2001; Steefel et al. 2002). _ 

A single exchange site concentration (CEC) was used in all simulations (Sections D.2.2 and 
D.2.3). Selectivity coefficients for strontium., sodium. potassium, calcium, and magnesium were 
determined in two ways. First, a global fit of the batch data-from Zachara et al. (Section D2.2) 
was carried out. This fit relied primarily on nine multicomponent batch experiments in which 
strontium and sodium were varied systematically so as to sum up to 0.001, 0.01, and 0.1 
equivalents. per liter. Both aqueous and solid phase strontium; sodium, calcium, potassium, and 
magnesium were measured. Lacking any data at higher sodium concentrations, it was necessary 
to augment the nine multicomponent experiments with an earlier set of batch experiments carried 
out at 1 M NaNO3 and a variety of strontium. concentrations (Zachara et al., Section D.2.2). 
These experiments were intended to be binary, but later experiments showed that measureable 
amounts of calcium, magnesium, and potassium were also present in the solution and on the. 
exchangers, although these amounts could not be quantified. As a first order correction, calcium, 
magnesium, and potassium concentrations in these 1 M NaNO3 experiments were assumed to be 
the highest values obtained in the multicomponent experiments in which all cations were 
measured. Added to the nine multicomponent batch experiments and the sodium-strontium 
binary experiments was data from a setof calcium-strontium binary experiments (Zachara et al., 
Section D.2.2). All of these data were then used to fit a set of"batch" selectivity coefficients 
using the nonlinear optimization program PEST (Parameter Estimation Inc.) combined with 
distirbution of species calculations carried out with CRUNCH. The resulting parameter set is 
then fully compatible with the reactive transport simulations of stront_ilim migration in the 
·column experiments: 

Multicomponent cation exchange was formulated using the Vanselow activity convention,which 
assumes a reaction stoichiometry of the following form (Appelo and Postma 1993): 

Cs++ ½z.M.X"(i)m <~ CsX(i) +¼Mm+, (1) 

·where Mis the competing cation (Na+, K+, Ca++, Mg++), m is its charge, and X(O refers to the ith 
type of exchang~ sit~. In the Vanselow convention, each exchange site, X(j), has a charge of -1. 
The activities of adsorbed species in the V anselow convention correspond to the mole fractions, 

j3(i)M ' 

(2) 
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where q(i)M is the concentration of adsorbed cation Min exchange site i (moles/g), and the 
square brackets denote activities~ The exchange reactions can then be used to write a mass 
action equation for binary Sr-M exchange: 

K - ft(i)u
11

m[Cs+] - [X(i)uJ1' m[cs+] 
M/Cs - fi(i)cJM"'+]l lm - [X(i)c.][Mm+]l lm 

In a single-site ion exchange model; the CEC is equal to the sum of the charge equivalent 
concentrations of the adsorbed cations: 

(3) 

(4) 

while in a multi-site model, the CEC is the charge summed over all of the cation exchange sites 
(V oegelin et al. 2000) 

CEC = LLuzMq(i)M, (5) 
i 

A Debye-Huckel formulation was used to calculate activity coefficients. This approach was 
augmented with fitting parameters for ion pair fonnation to describe cation and anion activities 
accurately. Free cation activities were calculated by adjusting the log Ks for the ion pairs 
SrNO/, CaNO/, MgNO/, KNO3, and NaNO3 (aq) to match ion activities (not activity 
coefficients) determined with the Pitzer approach as implemented in the code GMIN (Felmy 
1995). Ion pair formation, therefore, is described with effective equilibrium constants that 
incorporate the effects of ion interaction parameters in the Pitzer approach. The cation activities 
calculated by GMIN were used as "observations" to be matched by adjusting the effective 
equilibrium constants for the ion pair reactions in the global fitting procedure. While this 
method cannot be recommended as a general substitute for the full Pitzer approach, it captures 
the change in major cation activities over the concentration range of interest in the column 
experiments. 

It was also necessary to include an empirical activity coefficient, y , to capture the strong ionic 

strength dependence of selectivity coefficients, particularly those reactions involving a 
monovalent and divalent cation. This took the form of a "bdot" correction affecting only the 
activity of the exchange species: 

lnrx =Bl 

where I is the ionic strength of the solution and Bis a fitted constant parameter. 

Transport processes treated in the simulation of the experiments include advection and 
dispersion. All of the simulations used 100 equally spaced grid cells to discretize the 
one-dimensional coiumns (typically 15 cm in length). 

D.2.5.4 Results and Discussion 

D.2.5.4.1 Determination of Cation Exchange Capacity. Elution of calcium, magnesium, and 
potassium from sediment exchangers using various concentrations ofNaNO3 was used in the 
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pre-strontiwn injection phase of the column experiments to determine a sediment CEC. Results 
• for flushes with NaNO3 concentrations of 0.01, 0.1, 1, and 5 M (corresponding to Experiments 1 

through 4, respectively) are given in Table D .17. These determinations _of the CEC should be 
minimum values, since they neglect the sodium on the exchange sites. Since the sediment was 
pre-washed with a sodium acetate solution to leach carbonates, the sodium concentration could 
be significant The CEC values determined using this method show a strong dependence on the 
concentration of the NaNO3 flush, with the CEC increasing from a minimum of30.2 µeq/g at 
0.01 M NaNO3 to as much as 64.6 µeq/g at 5 M NaNO3. Also listed in Table D.17 is a CEC 
value of 45 µeq/g determined using a 0.1 ·M KNO3 flush after an extended period of strontium 
and sodium nitrate injection in Experiment 2. Two separate 22Na isotopic equilibrium 
experiments were conducted, although only the experiment using 1 M NaNO3 is considered 
reliable. The high_22Na concentrations in the 5 M NaNO3 experiment resulted in a very small 
separation of the non-reactive tracer breakthrough and the 22Na breaktlu:ough, thus magnifying 
any errors in the calculation of the CEC. This would appear to explain the anomalously high 
value of 127 µeq/g determined using this approach. The value of 65 µeq/g determined in the I 
M NaNO3 

22Na experiment is within the rarige of values determined with the other methods and 
is based on a easily measureable separation of the exchangeable 22Na and the non-reactive iodide 
(Figure D.35). .. · 

Table D.17. CEC Determinations on Composite Sediment from 
WMAB-BX-BY 

Method Experimental CEC Reference 
Conditions (µeq/g) 

Cation Elution 0.01 MNaNO3 30.2 This Study 

-Cation Elution 0.1 MNaNO3 31.4 This Study 

Cation Elution lMN~O3 54.1 This Study 

Cati.on Elution 5MNaNO3 64.6 . This Study 

Cation Elution 0.1 MKNO3 45.0 This Study 
22Na Isotopic Dilution 1 MNaNO3 65 This Study 
22Na Isotopic Dilution 5MNaNO3 127 This Study 

Batch Exchange Various 50.2 Zachara et al. 
(Section D22) 

D.2.5.4.2 Determination of Column Dispersivity. Iodide was used as a non-reactive tracer to 
determine the dispersivity of the column. Figure D.36 shows a breakthrough curve for iodide 
from Experiment 1 carried out at a flow rate of 0 .2 ml/minute, plotted as a function of pore 
volumes. While there is some scatter in the data, the iodide curve is matched well using a 
dispersivity of 3.5 cm. This value for the dispersivity was used in all of the simulations 
presented here. 
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Fignre l).35. Jlreakth.rough. of22Na and Iodide (a tracer) in Flow-Tbrough Column 
F.xperirncnf; 

The :Difference in the integrated Masst.~s of 22Na and Iodide eluted «.'.all b,! usc.!d to Calculate 
the Total CEC After the Sediment Exchange Sites have been SMurnted. with Sodium. 

Results are for 1 M NaN03 experiment. 
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D.2.5.4.3 Multi-Component Strontium Exchange Model: Fitting Batch-Derived Data. As 
discussed above, batch data from Zachara et al.. (Section D.2.2) were used to detennine 
selectivity coefficients for strontium, calcium, magnesi~ and sodium. The batch data 
consisted of a set of nine multicomponent experiments in which the concentrations of all relevant 
cations (strontium, calcium, sodi~ potassitim, and magnesium) were measured in both the 
aqueous phase and on the exchangers. Since these experiments only went up .to 0.1 M NaNO3, 

an earlier set of batch experiments conducted at 1 M NaNO3 were also included in the fitting 
procedure, despite the fact that other cations ( calcium, potassium, and magnesium) were not 
measured. To minimize this effect, calcium, potassium, and magnesium concentrations were 
assumed to be the highest values for those elements obtained in the nine multicomponent 
exchange experiments. A set of calcium-strontium binary exchange experiments were also 
included in the optimization (Zachara et al., Section D.2.2). As discusse_d above, only a single 
exchanger site with a concentration of 50:2 µeq/g was considered. In alL 54 exchange 
experiments were considered in the global fit of the selectivity coefficients. Since none of the 
batch experiments included much variation in tJ:le concentrations of potassium and magnesium, 
the results cannot be expected to be robust with respect to these cations. 

Table D.18 summarizes the results of the global optimization of the selectivity coefficients and 
exchanger activity corrections. Note that in order to fit the J M NaNO3 data, it was necessary to 
include a large activity correction as a function of ionic strength for the divalent ions. This 
correction has the effect of increasing the preference for the divalent cation relative to the 
monovalent cation over and above what would be predicted with a mass action equation. based 
on classical ion exchange theory; While there is some uncertainty as to the correct value here 
because of the lack of measurements of calcium, potassium, and magnesium in the sod1.um­
strontium exchange experiments carried out at 1 M NaNO.:i, the effect appears to be far too large 
to be attributed to the relatively low concentrations of these cations. Moreover, as discussed 
below, the effect is e:ven more pronounced in the reactive transport experiments, where any 
residual calcium, magnesium, and potassium on the exchangers will tend to be flushed out of the 
column. The apparent increase in preference for the divalent cation (strontium, calcium, or 
magnesium) with Increasing concentration of the low-charge ion (sodium or potassium) is well 
documented in the literature (McBride 1980, 1989). While the explanation for the effect is not 
completely clear, it has been suggested that it is linked to the change in the structure of the clay 
minerals as the ionic strength increases, with the largest change occurring between about 0.1 and 
1 M (McBride 1989). At higher concentrations, the divalent cations tend to occupy internal 
exchange sites, while the lower charged ions favor the external surfaces of the clay. 
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Table D.18. Selectivity Coefficients and Exchanger Activity Corrections Based on · 
Batch.Exchange Experiments (Zachara et al., Section D.2.2) . . 

Exchange activity corrections correspond to the "Bdot" term in Equation 6. 

Exchange Reaction 
Batch Parameters 

LogK 

0.5SrX2 + Na+ = 0. 5 Si-2+ + NaX 0238 

0.SSrX2 + K+ = 0. 5 sr2+ + KX 0.00 
2+ r2+ . SrX2 + Ca = S + CaX2 0.094 

SrX2 + Mg2+ = Sr2+ + MgX2 0.006 

Exchanger Activity Corrections Bdot 

Sr-X2 0.989 

Ca-X2 0.989 

Mg-X2 0.989 

Na-X 0.000 

K-X 0.000 

Table D.19. Strontium Retardation in Reactive Transport Experiments 
Calculated retardations are based on fit of batch data as summarized in Table D.18. 

Experiment 
Sorption Stage Observed Calculated 

Solution Retardation Retardation 

0.01 MNaN03 

1 10·5 M Sr 27 34.5 
0.001M Ca, Mg 

0.1 MNaN03 
2 10"5 MSr 20 26 

0.001M Ca, Mg 

1 MNaN03 
3 10·5 MSr 3.5 1.4 

0.00 lM Ca, Mg 

5 MNaN03 
4 10·5 MSr 1.7 3.9 

0.001M Ca, Mg 

5 I MNaN03 9.5 1.5 
10"° M Sr 
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Figure D.37. Strontium Breakthrough and Subsequent Desorption in .E.x()criments 1 
through 4 (0.01, O.t, I, and 5 M NaNOJ, rt,\Spectively in tht• sorption stage and 0.01, O.l ; l , 

and .1. M KN03• respectively in the desorption.stage). 

The concentrat.ion of strontium in the injection sol.ution is Hr5 !\11. Calculations are based 
on fits of hatch dafa. 
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D.2.5.4.4 Simulation of Reactive Transport Experiments using :aatch Experiment-Fitted 
Selectivity Coefficients. With the inclusion of a strong dependence of the divalent-inonovalent 
cation selectivity coefficients on ionic strength-based on the batch experimental results, it is 
possible to simulate many of the observed features of the reactive transport experiments. At 0.01 
M NaN03 (Experiment 1), the match of the stronth.lll1 sorption breakthrough curve is relatively 
close (Figure D.37). The shape of the strontiwn desorption limb resulting from the KN03 flush 
is also captured, except that the height of the peak when the eluent is switched from sodium to 
potassium is underestimated. This pronounced peak, present in most of the experiments, is the 
result of the stronger affinity of the exchanger for potassium than sodium at equal concentrations 
of the two cations. The match with the O.l M NaN03 experiment is also good (Figure l).37 and 
Table D.19). More serious discrepancies arise as the NaN03 concentration is increased to l M, 
however, despite the inclusion of an ionic strength dependence in the batch fits which increases 
the preference ofthe exchanger for the divalent strontium relative to sodium (Figure D.3 7). The 
column experiments, therefore, present even stronger evidence of the pronounced ionic strength 
dependence of the divalent-monovalent cation selectivity coefficients than do the batch 
experiments. As noted above, these effects occur despite the flushing out of the system of other 
potentially competing cations like calcium, magnesium, and potassium. At 5 M NaN03 
(Experiment 4), the ionic strength dependence (Figure D.37 and Table D.19) actually improves 
the fit relative to the 1 M NaN03 experiment. The selectivity of the exchanger for potassium 
relative to strontium, however, is greatly overestimated, as indicated by the overly large peak . 
when the eluent is switched and by the rapid desorption of the strontium that is not observed in 
the experiment. 

D.2.5.4.5 Estimation of Sodium-Strontium and Potassium-Strontium Selectivity 
Coefficients Based on Column Experiments. An attempt was made to fit all of the column . 
experiments with a single value of the "Bdot" parameter. While a larger value for the parameter 
(approximately 1.75) allowed for fitting of the 0.01, 0.1, and 1 M NaN03 experiments, the 5 M: 
NaN03 experiment could not be fit with this procedure. It appears, therefore, that the 
dependence of the selectivity coefficients on ionic strength is not linear. We took the approach 
of fitting each of the column experiments separately. Results of the fits are shown in Figure 
D.38 and Figure D.39. Values for the sodium-strontium and potassium-strontium selectivity 
coefficients needed to obtain these fits are given in Table D.20. These results are also presented 
in graphical form in Figure D.40. Note that the non-constancy of the selectivity coefficients is an 
expression of the deviation from classical "mass action" behavior. These results are also 
qualitatively similar to those obtained by McBride (1989) for the cadmium-sodium exchange in a 
nitrate electrolyte. 

Table D.20. Selectivity Coefficients Based on Individual Column Experiments 

Experiment Kc....s, K«...s, 
1 0.12 -0.50 

2 0.22 -025 

3 1.00 0.87 

4 1.50 · 1.25 

5 1.22 1.10 
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Some of th¢ a:ppar~nl ionic strength dependence (e.g., increase iD K tfa-Sr and KK-f;,·) may he the 
result of ion pair form a.tion in the ni trate system. Pilzer~type calculations for this system using 
GMlN indicating strong interaction between st.rontiwn and nitrate. Whether this interadion i:, 
rnanifested a::; a discrete strontium-nitrate ion pair, ho,,,..-ever, is less dear. If the ion pair does 
fo rm, it is also not cvidenl front the data \Vhat the .actual concentration of the complex is. This is 
an issue because s1rontimn nitrate forms a monovalent complex (like cakiurl'I nitrate), which may 
be capable of exchanging with the sediment. fo contrast, a NaN01 1011. paii- is neutral and will 
thcrcfi.m.~ migrate through the sediment without exchanging at alL Since exd.ii:mg¢ of the 
strontium nitrntc ion pair is neglect.ed in the si1.nulatiom,,. this may explain. part of the '•ionic 
str~ngth'' efftx r.. With a better knowledge of the actual ion pair concentration, it would be 
possibl,~ to quantify this dfoct .. 

:Figun• D.38. Strontium breakthrough and subsequent desorption in Experiments 1 
through 4 (0.01, 0.1~ 1, and 5 M NaN03 respectively in the sorption stage and (UH, 0.1 1 t~ 

and l M KN03 respectively in the desorption stage) 

The <.'.OJlcentrntio-n or strontium in the.injection solution is lff~ M. ]<'its arc based on colu.mu 
c-x.pcdmcnts, with selectivity coefficients sumnutrizcd in Tabl.e D.J 7 
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Figure l).39. Strouti~m breakthn)ugb and subsequent desorption i~1 lhpcriment 5, l M 
NaNO,; and l M KNO3 with an injection concentration of 104 !\,1: strontium 
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Figure D.40. Dept.~ndenct~ of the Sodium-Strontium and P,,tassi.um-Strontium Sdccth,it.y 
Coeffkients Based ,m C~.llumn Ex.pcrimt.~nts 
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D.2.5.5 Conclusions 

This section summarizes the results of a series of one.:.dimensional, reactive transport 
experiments designed to. test a multicomponent ion exchange model for strontium transport. 
Column experiments have been used to assess the effect of competing NaNO3 and KNO3 

concentrations on strontium sorption and desorption re_spectively. These experiments were also 
carried out"with sorption injection solutions containing 0.001 M calcium and magnesium, and 
10-5 M strontium.· CEC values for the composite sediment were estimated based on the 
equivalent sum of cations desorbed by 0.01, 0.1, 1, and 5 MNa.NO3 and by 0.1 MKNO3. The 
estimates·ofthe CEC range from as low as 30 µeq/g when the sediment is eluted with 0.01 M 
NaNO3 to a high of 65 meq/g when 5 M NaNO3 is used. A 22Na isotopic dilution experiment 
also indicated a CEC of 65 µeq/g. A value of 50.2 µeq/g determined by Zachara et al. 
(Section D.2.2) fell in the middle of this range and therefore was used in all of the calculations 
presented in this report. The preliminary conclusions from these studies are as follows: 

1. The reactive transport behavior of strontium in nitrate electrolyte through composite 
· Hanford formation sediment from WMA H-BX-BY can be_simulated with a transport 
model that includes modified multicomponent ion exchange as the only geochemical 
retardation process. Selectivity coefficients for the ion_ exchange of strontium with 
sodium, calcium, and magnesium were fitted from the batch experimental data in 
Section D.2.2. The_ modeling captured both the strontii.llll breakthrough and desorption 
reasonably well at NaNO3 and.KNO3 con~entrations of0.01 and·o.1 mol/L. The 
modeling, however, un.derpredicts the retardation of strontium at 1 mol/L NaNO3, even 
when a strong dependence of the divalent-monovalent cation selectivity coefficient on 
ionic strength is included. The batch data also fails to capture the slow release of 
strontium during the desorption.step using 1 M KNO3, although this is partly due to the 
lack of batch data on strontium-potassium exchange. 

2. The column experiments provide even stronger evidence for a dependence of the 
divalent-monovalent cation on ionic strength than do the batch experiments. The 
dependence has the effect of making the _higher charged cation more strongly favored 
than the monovalent cation ( either sodium or potassium) as either the NaNO3 or the 
KNOJ concentration is increased. This preference is expressed as a deviation from the 
classical "mass action1' behavior expected for ion exchange. 

3. While a clas~ical cation exchange model may not be easily applicable over the entire 
range of ionic strengths possible in the B, BX, and BY tank farms, the ion exchange 
model still captures much of the dependence of strontium retardation on competing cation 
concentration, particularly at lower salt concentrations. It is expected that the cation 
e:xchan:ge model can be substantially improved by considering new batch and column 
experiments at higher salt concentrations. It is noteworthy that even at 5 M NaNO3, there 
is still a measurable retardation of strontium ( about 1. 7). 
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D.2.6 ONE-DIMENSIONAL REACTIVE FLOW AND TRANSJ'ORT MODEL OF 
STRONTIDM MIGRATION AT TANK B-110 

Peter C. Lichtner1 and R Jeffrey Seme2 

1 Los Alamos National° Laboratory, Los Alamos, New Mexico 87545 
2 Pacific Northwest National Laboratory, Richland, Washington 99352 

D.2.6.1 Introduction 

A one-dimensional reactive flow and transport model is presented in an attempt to understand 
major features of the strontium plume in the vadose zone at tank B-110 located at the Hanford 
B tank farm. It must be emphasized that the results presented here are preliminary and will 
undoubtedly change as more accurate representations of sorption processes in the vadose zone, 
and in particular the Hanford formation sediment, become available. The one,-dimensional 
simulations performed are expected to give a qualitative description of the processes involved. 
However, a full three-dimensional simulation is essential for a quantitative analysis, which is 
planned for future work. By first modeling the one-dimensional case, it is possible to quickly 
and efficiently scope out the essential processes that will need to b_e incorporated into a 
three-dimensional simulation1 the latter requiring a significantly greater c9mputational cost. 

There does not exist a clearly identified leak date for tank B-110. The best estimate appears to 
be 1968 when a high strontium-90 waste stream was transferred into tank B-110, and the tank 
was left with greater than the 530,000 gal fill limit for about a year. Drywells in the vicinity of 
tank B-110 were drilled in 1973 and encountered contamination during drilling. There is no 
evidence of addit.ional leaks after the drywells were put in place. During 1969 and 1970, tank 
B-110 received cesium.~137 recovery waste (and was maintained near the 530,000 gal fill limit). 
In the fall of 1971, the supernatant was pumped out of tank B-110 leaving about 280,000 gal of 
sludge. The first indication of a suspected leak was in the first quarter of 1973. It is believed 
that the strontium-90 plume originated fromleak:age of PUREX strontium-recovery waste from a 
transfer line between tanks B-110 and B-111 (Section 3.2.2.4) in 1968. 

The numerical model used in the simulations involves coupled flow and transport under partially 
saturated conditions. A mechanistic description of multivalent ion exchange is used in the 
model, rather than a constant Ko approach. The Ko approach is not expected to be valid because 
of the continuously changing solute concentrations during arid following a leak event. As a 
consequence of the spatially and temporally varying groundwater composition, the Ko can be a 
strong function of time and depth, possibly ranging over many orders of magnitude. A 
mechanistic approach does not suffer from the limitation of a constant KD and can handle easily 
variable electrolyte compositions such as is characteristic of a pulse release associated with a 
tank leak event. 

For the simulations presented here, two sources are postulated for contaminant release to the 
vadose zone. One is from the base of tank B-110 at a depth of 16.5 m, and the other is assumed 
to be a transfer line leak between tanks B-110 and B-111 at a depth of 6 m. Both leaks are 
assumed to occur simultaneously for a duration of two weeks, but with slightly different 
compositions in order to fit the observed field data. Superimposed on the leak events is steady 
infiltration from the ground surface. The model calculations are calibrated against field data 
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collected by Seme et al. (2002) at borehole 299-E33-46. A 35-year time span is assumed from 
the leak events to the time field observations were conducted. · 

The ultimate goal of this work is to provide insight into processes affecting strontium migration 
at tank B-110, and to be able to predict with sufficient accuracy the long-term behavior of . 
strontium in the Hanford vadose zone. This task is made more difficult, however, because of the 
large uncertainties inherent in characterization of the source term, including source composition, 
timing and duration. As a result, it is likely that different conceptual models for the source tenn 
may also lead to equally good fits to field observations. However, it is only by studying and 
comparing the different modeling approaches based on different conceptual formulations that the 
possible system behavior can be narrowed. This work presents one such model. 

D.2.6.2 · Model Formulation 

The migration of contaminants released from the tank and transfer line leaks to the Hanford 
sediments lying in the vadose zone is a complicated interaction ofhydrologic and chemical 
processes. A one-dimensional, sequentially coupled, reactive flow and transport model is used to 
approx:imately simulate the strontium plume behavior in the vicinity of tank B-110. For this 
purpose, the computer code FLOTRAN (Lichtner 2001) is used. FLOTRAN is a 
multi-component, multi-phase flow and transport code incorporating chemical processes 
involving aqueous, gaseous, and mineral species applicable to nonisothermal, variably saturated 
systems in one, two, or three spatial dimensions. In what follows, a brief suinmary of the 
processes included in the model simulations is presented. 

D.2.6.2.1 Chemical Reactions. Chemical reactions included in the simulations involve local 
equilibrium reactions consisting of homogeneous complexing reactions in the aqueous phase and 
heterogeneous reactions involving gaseous species and ion exchange. Kinetic rate laws are used 
to describe reactions with minerals. · Reactions are expressed in terms of a set of primary or basis 
species A1 belonging to the aqueous phase. These reactions may be written in the general form 
for hom<;>geneous reactions involving aqueous species as 

Lv~rA1~A;, 
j 

for aqueous secondary species A: with stoichiometric reaction coefficients ~ 1- Heterogeneous 

reactions between aqueous species and gaseous species Af have the form 

Li 0;A 1 ~ Af, 
j 

and heterogeneous reactions between aqueous species and minerals Mm are described by 

LYJmAJ~ Mm, 
j 

with stoichiometric coefficients vJ1 and v
1

:m . Multivalent ion exchange reactions have the form 

J_ Al)+ .!..x A 1-x A _!_Az,+ 
" + z, i ~ Zt k + I ' 

Zt Z1 Z1r, Z; 
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describing the exchange of cations Ai1 + and A?+ with valences z; and z 1, respectively. The 

exchange site is denoted by .X-, with sorbed species Xr
1
A1 and X.kA1 . 

D.2.6.2.2 Mass Conservation Equations. The time evolution of the vadose zone fluid-rock 
system following a tank.leak event is described by mass conservation equations for each of the 
primary species and minerals in the system. A coupled system of nonlinear partial differential 
equations are solved for liquid saturation and mole fractioJi of water determined _by the flow 
equations for water and air . 

! ~~1n1x: +sgn~f )}+-v •(F;1 + F{')=,Q:, (i=water, air). 

These equations are coupled through saturation and velocity fields to the multi-component 
reactive solute transport equations for each primary species 

0 [¢~1'Pj + sg '¥J + rj )]+ V. (n~ + Q~ )= gwaru '¥;' - IV jm1~. 
a m 

These equations, in tum, are. coupled to the mineral mass transfer equations 

&jJ -ct =Vmlm. 

In these equations, ¢ denotes the porosity of the sediment, s1, sg =1-s1, liquid and gas 

saturations, n1, ng ·liquid and gas molar densities, x:, Xf mole fractions of components water 

and air in liquid and gas phases (L x; = 1), Q: the source/sink term representing the tankleak, 
I 

and F/, F/ the liquid and gas Darcy fluxes consisting of advective and diffusive contributions 
defined by 

where D,. denotes the diffusion coefficient corresponding to phase 1t, and q" the Darcy velocity 

with pressure p,, of phase 1t, saturated permeability k,,, relative permeability k: , acceleration of 
gravity g, z coordinate, fluid viscosity µ,, and density p,.. The total solute concentration is 

denoted by 'P;, '¥J in liquid and gas phases defined by 

with individual solute concentrations denoted by c; for primary species and c; for secondary 

species. Concentration of secondary species A; appearing in homogeneous reactions and 

gaseous species Af are determined from the mass action relations 
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with equilibrium constant K;'r and activity coefficients r~. The quantity '¥~1 denotes the leak 

concentration associated with the source term. The quantity r, denotes the total sorbed 

concentration involving both primary and secondary cations 

r1 = s1 + I v~;s 1 , 

whereS1, S; refer to the sorption isotherms for primary and secondary cations, respectively. The 

quantities O.~, O.~ refer to the total solute fluxes in liquid and gas phases defined by 

n; = atdJ; + I v;,J;, 
I 

and J!, .I'( refers to the individual solute flux in liquid and gas phases defmed by 

with species -independent diffusion coefficients Dn. Mineral reaction rates are represented by the 
quantity Im, derived from transition state theory, for the mth mineral with volume fraction <f>m and - . 
molar volume V m . The kinetic· rate law has the form 

I k 
1-K,,.Qm 

"'= - ,,.a,,. l ' 
1+-KmQm . 

f,,. 

for ¢m > 0, or KmQm > 1, and zero otherwise, where km refers to the kinetic rate constant, _a,,. the 
specific surface area, Km the equilibrium constant, and Q,,. the ion activity product defined by 

Qm = ITCr:t< r j,,, 
with activity coefficients ~- ·The quantity fm provides a cutoff value of the precipitation rate for 

cases where the factor K,,,Q"' becomes too large and would lead to an unacceptably large rate of 
reaction. A value of unity is used for /,,,. Additional constitutive relations are needed to 
represent capillarity affects, including relative permeability and saturation as functions of 
capillary pressure p 

O 
= pg - p1• These are provided through the van Genuchten relations, which 

are not discussed further (see e.g., Lichtner 1996). 

Sorption processes involving ion exchange are incorporated in the model through a bulk cation 
exchange capacity (CEC) associated with the sediment as a whole, and not with individual 
minerals. The exchange site concentration OJ is related to the CEC of the bulk sediment by the 
expression 

OJ Nsite>. N,ites .Ms V, p (1- /4'1CEC 
V M V V s r, ' 

s s 

where N ~ . denotes the number of exchange sites within a control volume and Ps refers to the 
sediment grain density. The concentration of sorption sites is conserved by exchange reactions 
satisfying the relation 

AppD_.}213 D-86 December 13, 2002 

r 

r 

L 

I 
I 

'-

: 
i . 

'T 
ii ' 
r 

J:. 

r 
i :' 
L;.; 

n 
j ,: 

r 
l­
L 

f 
L 

r 
l 

f 
l 

,.... 

h 



-i 
! : 

l : 
t ; 

-, . . 
l .: 

~ 
i 

L ' 

-l I 
L: ~; 

fl'"": 
! 

. ( : 

r 
l : 

!""'I 
! . 
i. . : 

,.... 
I • 
< ' , . ' 

r 
i .. 
t ., 

r 
l : 

-i : 
( 

RPP-10098, Rev. 0 

For nonsorbing species, the corresponding sorbed concentration S1 vanishes. As written, these 

equations apply to a single sorption site, but may be easily extended to multiple sites by 
summing the sorbed concentration over the distinct sites. 

Mass action equations corresponding to exchange reactions have the form 

( J
I/;;'( Jl/z, XX . a K .. = _ 1 _1 _ i_ . 

JI . 
a1 A;X; 

with selectivity coefficients K 1;, X 1 denoting the sorbed fraction with activity coefficient 

correction 2
1

, and a 1 the aqueous activity of the jth exchange cation. Values for the exchange 

selectivity coefficients were derived from experiments performed in a batch reactor consisting of 
a well-stirred aqueous solution reacting with Hanford sediments with a fixed rock/fluid ratio 
(Lichtner and Zachara, Section D.2.3). In the experiments, the aqueous solution was allowed to 
equilibrate with the suspended solid. The experiments involved multi-component exchange with 

· + + C 2+ M-2+ d S .2+ cations Na , K , a , g , an r . 

The model':f onnulation presented above reduces to the constant Ko approximation for the 
situation where the local distribution coefficient, defined in dimensionless units as 

D rt K=_L__ 
f ¢s'z'¥;' 

is equal to a constant. The distribution coefficient is inversely proportional to the porosity, 
saturation,. and total solute concentration, and directly proportional to the sorbed concentration. 
In th~ case of consta.nt Kf, the retardation can. be calculated from the relation 

R1 =l + K J_ 

For a pulse release of concentrated fluid fr-0m a tank leak, Kf clearly cannot be constant over the 

entire flow path, but generally will vary strongly in the vicinity of the leak. 

The mass conservation equations for flow and transport are solved sequentially using a fully 
implicit finite volume formulation. First, the flow equations are solved to provide an initial 
steady state saturation profile and liquid and gas velocity fields . The time evolution of the 
system is then cakulated by first solving the flow equations over a single time step to provide 
transient ·liquid and gas phase velocities and saturation to the transport equations. Next, the 
transport equations are solved, generally with a smaller time step than was used to solve the flow 
equations. The liqui~ and gas velocities and saturation are linearly interpolated at intermediate 
times. After the transport equations have been solved over a time step, the mineral mass transfer 
equations are solved using an explicit finite difference scheme with the same ti.me step as the . 
transport equations.. By controlling the maximwn time step size allowed, a mass conserving 
scheme is obtained to s.olve the coupled flow and transport equations. 

r D.2.6.3 Model Calibration 
I 

r"" 
I 

' t ' 

The input data required to model contaminant migration in the vadose zone is fairly extensive 
and may be divided into three categories: sediment physical and chemical properties, source 
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term properties, and various supporting data including thermodynamic and kinetic data to 
represei-it chemical reactions among aqueous and gaseous species and minerals. 

The source term presents one of the largest uncertainties in the model. Detailed knowledge of 
the composition, timing, and duration.of the sources is generally unknown; however, some 
constraining information is available based on the work of Jones et al. (2001) using historical 
records of tank inventories combined with tank supernate speciation calculations (Lichtner, 
Section D.3.1). The lack of knowledge for the source term requires fitting the source term 
parameters in the model simulation to available field data. As a result, the number of fit 
parameters in the model is increased, thereby increasing the likelihood of obtaining a better fit to 
the field data. On the other hand, this offers the possibility of enabling certain properties of the 
source term to be deduced from the field data through inverse modeling. In addition to 
properties of the source term, the average infiltration rate is also unknown and is used as a fit 
parameter. To obtain values for these. parameters, the model .is calibrated against data for total 
species concentrations obtained from ~rehole 299-E33-46. The origin of this data is discussed 
next. 

D.2.6.3.1 Field Data. The numerical model is calibrated against characterization of vadose 
sediment cores obtained from borehole 299-E33-46 over the past two years (Seme et al. 2002). 
The borehole is located approximately 15 ft (5 in) from the northeast edge of single-shell tank 
241-B-l 10. Total depth of the borehole was 264.4 ft bgs; the groundwater table was encountered 
at 255.8 ft bgs. During drilling, a total of 33 two-ft long, 4-inch diameter splitspoon core 
samples were collected between 10 and 254 ft bgs which is an average of every 7 .5 ft. The 
splitspoon samples were taken ahead of the casing by driving a splitspoon sampler into the 
undisturbed formations below the casing. Grab samples were collected between these core 
sample intervals to yield near continuous samples to a depth of 78.3 m (257 ft) . Geologic 
logging occurred after each core segment was emptied into an open plastic container, followed 
by photographing and sub-sampling for physical and chemical characterization. In addition, 54 
out of a total of 120 composite grab samples were ope11ed, sub-sampled, logged, and 
photographed. 

Immediately upon extracting material from each core liner or grab sample container, moisture 
samples were collected. An attempt was made to sample the finer grained and/or wetter 
materials as well as distinct hydrogeologic units, while at the same time trying to avoid slough 
and/or other unrepresentative portions of the sediment profile. The remaining portions of the 
samples were then used for a brief visual geologic evaluation and for chemical and mineralogical 
characterization. 

Following geologic examination, the core and selected grab samples were sub-sampled for 
moisture conterit, gamma-emission radiocounting, tritium and strontium-90 determinations, total 
carbon and inorganic carbon content, and 8 M nitric acid extracts ( which provide a measure of · 
the total leachable sediment content of contaminants) and one-to-one sediment to water extracts 
(which provide soil pH, electrical conductivity, cation, and anion data and water soluble 
contaminant data). The remaining sediment from each sleeve was then sealed and placed in cold 
storage. Later, additional aliquots of selected sleeves or grab samples were removed to measure 
particle size distribution and mineralogy and to squeeze porewater. Details on characterization 
methodologies and results are found in Seroe et al. (2002). 
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It must be emphasized thatit is not generally possible to distinguish directly between aqueous, 
solid, and sorbed concentrations in the vadose zone sediments obtained from the borehole. 
Dilution corrected, 1: 1 sediment to water extracts were used to estimate the aqueous composition 
of the vadose zone porewater. It would also be possible to determine the total mass that was ion 
exchangeable using some other fluid such as 1 M ammonium acetate to estimate the sorbed 
concentrations; however, this has not been done to date. 

D.2.6.3.2 Calibration Approach. The chemical system is modeled using 12 primary species: 
· ca2+, Mg2+, si.-2+, K+, Na+, Ir, NO3-, er, F", HCO3-, HPO/-, and EDTA 4-_ This represents only a 
subset of the complete set of species in the tank waste and, as a result, no attempt is made to 
charge balance the waste composition leaked from the tank and transfer line. Because of the 
high total carbonate concentration assumed for the source terms of 0.4 mol/L, a greater cation 
concentration would be needed to balance the solution. Alternatively, it is possible that a portion 
of the total measured carbonate could be attributed to solids such as calcium carbonate leading to 
a lower aqueous concentration. For simplicity, the system is assumed to be isothermal with a 
constant temperature of 25 °C. Aqueous complexes, gaseous species, and minerals included in 
the calculations are listed in Table D.21. For simplicity, identical material properties are used for 
the backfill region surrounding the tank and the Hanford formation H2 as listed in Table D .22. 
Data for sorption selectivity coefficients are taken from Lichtner·and Zachara_ (Section D.2.3). 

To fit the field data from borehole 299-E33-46, a number of parameters in the model were varied 
to obtain as reasonable a representation as possible to the data. The parameters that were 
''optimally fit" were the leak rate, infiltration rate, leak composition, infiltrating fluid 
composition, cation exchange capacity, and kinetic rate constants for minerals calcite (CaCO3), 

fluorite (CaF2) and_whitlockite [Ca3(PO4)z], which were included in the simulations. Ion 
exchange selectivity coefficients for cations Ca2

+, Mg2+, sr2+, K+, and Na+, were not adjusted, but 
taken directly from fits to batch experiments with Hanford sediments (Lichtner and Zachara, 
Section D.2.3) with the values listed in Table D.23 . 

Two source terms were used in the model. Evidence exists from borehole 299-E33-46 for more 
than a single source of contaminants. A clear bimodal distribution is present in field 
measurements for the concentrations ·of species sodium, bicarbonate, and fluoride, and pH, and 
less so for phosphate and potassium (Seme et al. 2002). Nitrate shows a large single peak 
associated with the deeper sodium peak, and a much smaller peak associated with the upper 
sodium peak. There are several possibilities to account for this bimodal distribution in species 
concentrations. One is to assume that more than one leak event took place from the same source 
location. However, historical evidence suggests that the most probable time for the leak was in 
1968 associated with the cascade line piping that drained liquids from tank B-110 into tank 
B-111. Another possibility is to assume that two leaks took place simultaneously from different 
sources located at different depths. Evidence exists for this possibility with one leak occurring 
from the transfer line between tanks B-110 and B-111, and the other from overfilling tank B-11 O 
at the same time. A third possibility is that flow in the highly heterogeneous sediments was both 
lateral and vertical due to the presence of capillary barriers in the vadose zone, providing 
different fluid pathways from a single leak event. · The second possibility, allowing for two 
simultaneous leaks from two different depths, is explored further ih this report. The two source 
terms correspond to the transfer line leak and a leak directly from the base of tank B-110. 
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Table 0.21. Aqueous Complexes Included in the Model Calculations. 
The corresponding species log K values are listed in Table D.24 for the 

initial fluid distribution of species results. 

Aqueous Complexes 
EDTAH--- CaOH+ KOH(aq) NaNO3(aq) 
EDTAH2-- CaP2O7-- KP2O7--- NaOH(aq) 
EDTAH3- CaPO4- Mg4(OH)4++++ NaP2O7---
EDTAH4(aq) H2F2(aq) MgCO3(aq) OH-
EDTAHS+ H2P2O7-- MgCl+ P2O7----
KEDTA--- H2PO3F(aq) MgF+ PO3F--
MgEDTA-- H2PO4- MgH2PO4+ PO4---
MgEDTAH- H3P2O7- MgHCO3+ SrCO3(aq) 
CO2(aq) H3P04(aq) MgHP04(aq) SrHCO3+ 
CO3-- H4P2O7(aq) MgP2O7-- SrCl+ 
CaCO3(aq) HCI(aq) MgPO4- SrEDTA--
CaCl+ HF(aq) Na2P2O7-- SrF+ 
CaC12(aq) HF2- NaCO3- SrH2PO4+ 
CaF+ HNO3(aq) NaCl(aq) SrHPO4(aq) 
CaH2PO4+ HP2O7--- NaF(aq) SrNO3+ 
CaHCO3+ HPO3F- NaHCO3(aq) SrOH+ 
CaHPO4(aq) KCl(aq) NaHP2O7-- SrP2O7-
CaNO3+ KHPO4- NaHPO4-

Gaseous Species 
CO2(g) 

Minerals 
Calcite Magnesite · Fluorapatite Fluorite 
Strontianite Whitlock:ite 

Table D.22. List of Material Properties and van-Genuchten Parameters 
Used in the Model Simulations 

Material Properties 

Rock Density Or 2800 kg/m' 
Tortuosity - 0.5 

't 

Gas. Diffusivitv Dv 2.13 10-5 cm2/s 
Porosity d> 0.33 
Saturated Permeabilitv · · tat 5.5 10-1:2. mz 

Van-Genuchten Parameters 

Residual Saturation Sr 0.095 
Lambda "- 0.429 
Alpha a 2.55 104 Pa-1' 
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Table D.23. Fitted Selectivity Coefficients Relative to Na+ for Batch Experiments with 
Hanford Sediment Assuming a CEC of 50.2 µeq/g taken from Section D.2.3 

KNatsr 9.508 
KNa/Ca 8.759 
KNa/M!! 6.072 
KNa/K. 21.010 

A two-stage approach was used to fit the data First, the position, peak concentration, and peak 
width for the species NO3- was fit by adjusting the infiltration rate, leak rate, and leak 
concentrations of N03- in the two source terms. This species acts as a nonreactive tracer and is 
unaffected by sorption. and mineral reactions. Concentrations for NO3- of 0.062 and 0.02 mol/L 
were determined as best fit values for the tank and transfer line leaks, respectively. A single leak 
rate of 0.0002 kg/s and an infiltration rate of 0.04 m/yr were chosen as best fits to the field data. 
The leak duration was fixed at two weeks for both sources. It must be emphasized that because 
the calculation was being done in a single spatial dimension, the fitted leak rate had little bearing 
on the actual leak rate. 

Next, the sodium leak concentrations were adjusted to give a fit to the peak sodium 
concentrations measured in the field. Values of0.65 and 0.5 mol/L were obtained for the tank 
and transfer line leaks, respectively. To match the pH, it was found necessary to include calcite 
in the reacting sediment. The high carbonate concentration in the source terms was found 
essential in order to cause precipitation of calcite, which in turn enabled a more reasonable fit to 
the calcium concentration (which otherwise was predicted to be much too high). However, it 
was found necessary to use a rather small effective kinetic rate constant for calcite of 
10-17 mo1/cm3/s, because otherwise, the calcium concentration was predicted to be much too low 
governed by the solubility of calcite at pH 9. 

The values obtained for sodium and nitrate concentrations in the source terms are considerably 
less than the projected leak concentration estimated by Jones et al. (2001). 1bis discrepancy 
could be related_to the one-dimensional nature of the simulations. A three-dimensional 
simulation would be expected to give greater dilution and thus lead to higher source term 
concentrations. 

The initial and infiltrating fluid composition are taken to be identical with the composition listed 
in Table D.24 with the exception of strontium for which a lower value was used in the infiltrating 
fluid to represent rainwater. A pH of7.5 is assumed, and the fluid is taken to be in equilibrium 
with calcite, fl.uorapatite, and fluorite. The leak composition is listed in Table D.25 for the tank 
leak and in Table D.26 for the transfer line leak. A pH of 10 and a fixed total carbonate 
concentration of 0.1 Mare used in both cases. The source term fluid compositions were 
constrained to be in equilibrium with calcite and magnesite. Strontianite was saturated in the line 
leak, but undersaturated in the tank leak fluid. Fluorapatite was not allowed to react although it 
was supersaturated in both so~ce term fluids. 
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Table D.24. Initial and Infiltrating Fluid Composition 
temperature= 2.SOOOE+Ol [CJ pressure= 1.0000E+OO [bars] 
iter-= 13 ionic strength - 3.9554E-02 
solution density 1. 0013 [g/cm" 3] 
pH= 7 . 5000 

species 

Ca++ 

molality tot act. coef . act . ratio/H+ constraint 

Mg++ 
K+ 
Na+ 
H+ 
N03-
Cl-
HC03-
HP04-­
EDTA---­
F-
Sr++ 
compl.ex 

CO2 (aq) 
NaCl (aq) 
CaHC03+ 
CaCl+ 
CaC03(aq) 
NaHC03 (aq} 
CaF+ 
CaN03+ 
KCl(aq) 
C03-­
CaC12 (aq} 
OH-
SrC.l+ 
NaF (aq) 
NaN03 .(aq) 

· SrHC03+ 
CaOH+ 
NaC03-
MgCl+ 
HF(aq) 
SrN03+ 
HCl (aq) 
SrC03 (aq} 
MgHC03+ 
MgF+ 
SrF+ 
NaOH (ag) 
MgC03 (aq) 
KOH(aq) 
CaHP04(aq) 
SrOH+ 
H2P04-
CaP04-
NaHP04-
KHP04-
HF2-
HN03 .(aq) 
SrHP04 (aq) 
MgHP04{aq) 
P03F-­
P04-- -

AppD_ l213 

8.9945E-03 9 . 0651E-03 5.1219E-01 1.2829E+Ol 
9.8282E-07 1.0000E-06 5 . 4265E-01 8.8677E+OO 
2.4984E-03 2.500DE-03 8.2527E-01 4 . 8353E+OO 
9.9604E-03 1.0000E-02 8.3368E-01 5 . 4359E+OO 
3 . 6509E-08 2 . 5152E-05 8.6615E-01 O.OOOOE+OO 
9 . 7702E-05 1.0000E-04 8.2527E-01-1.1448E+Ol 
2.9681E-02 2.9744E-02 8.2527E-01-8.9651E+OO 
5.8862E-04 6.6705E-04 8.3368E-01-l.0668E+Ol 
4 . 7568E~ll l.2651E-10 4.7768E-Ol-2.5198E+Ol 
3.5220E ~20 1.0000E-16 5.1486E-02-4.9204E+Ol 
1.7212E-04 l . 7600E-04 8 . 2958E-Ol-1.1202E+Ol 
l . 4815E-05 1.SOOOE-05 4.9549E-01 l.0046E+01 

molality act. coef. act/H+ 

3.40620E-05 
3 . 35901E-05 
2.99305E-05 
2.69824E - 05 
7.00620E-06 
5.83230E-06 
3 : 75354E-06 
2 . 23308E-06 
l.59570E-06 
1.50897E-06 
6.13881E-07 
3.89082E-07 
l.20370E-07 
l.l7905E-07 
6.04970E-08 
5.452188- 08 
2.46835E-08 
2.36331E-08 
1.13871E-08 
6.58409E-09 
4.47950E-09 
3 . 88149E-09 
3.857448-09 
3.38620E-09 
2 . 03826E-09 
l;71528E-09 
4.174908-10 
3.64440E-10 
2.26077E-10 
S . 75261E-ll 
1. 42 802E-11 
l.36997E-ll 
5.45838E-12 
l.88249E-12 
3 . 38619E-13 
2.71907E-13 
1.25418E-13 
1 . 915108-14 
9.850358-15 
3.39855E-15 
1.82778E-15 

1. 0000 
l . 0000 

0 . 83368 
0.83368 
1.0000 
1.0000 

0.83368 
0.83368 
1. 0000 

0.48673 
l. 0000 

0.82958 
0.83368 
1.0000 
1. 0000 
l. 0000 

0 . 83368 
0.83368 
0 . 83368 
1. 0000 

0.83368 
1 . 0000 
1 . 0000 

0 . 83368 
0.83368 
0.83368 
1. 0000 
1.0000 
1. 0000 
1 . 0000 

0.83368 
0.83368 
0.83368 
0 . 83368 
0.83368 
0 . 83368 
l. 0000 
1.0000 
1.0000 

0 . 47768 
0.18881 

D-92 

-4 . 4677 
-4 . 4738 
2. 9137 
2.8687 

-5.1545 
-5 . 2342 
2.0120 
1.7865 

-5.7970 
-20.697 
-6.2119 
-13.848 
0.51811 
- 6 . 9285 
- 7.2183 
-7.2634 

-0.17000 
-15 . 064 

-0.50599 
-8.1815 

-0. 91118 
-8.4110 
-8.4137 
-1. 0327 
-l.2531 
-1. 3281 
-9 . 3794 
-9.4384 
-9.6457 
-10. 2 40 
-3.4077 
-18 . 301 
-18 . 701 
-19.163 
- 19.908 
- 2 0.003 
-12.902 
-13.718 
-14.007 
-29.344 
-37.051 

3 Calcite 
1 total 
l total 
1 total 
B pH 
1 total 

-1 chrg 
4 C02(g) 
3 Fluorapatite 
1 total 
3 Fluorite 
1 total 

log K 

6.3414 
- 0 . 7 8213 

1.0429 
-0.70039 

-7.0088 
0.15573 
0.67736 
0 . 70000 
-1. 5004 
- 10 . 325 

-0.65346 
-13.991 

-0.25328 
-1 . 0024 
-1.0440 

1 . 1800 
-12.850 
-9.8156 

-0.13865 
3.1638 

0.80000 
0.69993 
-7.4703 
1.0329 
1.3486 

0.13493 
- 14.799 
-7.3562 
-14.460 

2 . 7400 
- 13.290 
7. 2 013 

-5. 8618 
0.92000 
0.78000 
2.5461 

-1. 3081 
2.0600 
2 . 9100 
7.1993 

- 12.318 
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MgP04-
H2~2 (aq) 
MgEDTA-­
H3P04 (aq) 
SrEDTA-­
EDTAH--­
HP03F­
CaH2P04+ 
EDTAH2-­
MgEDTAH­
CaP207-­
KEDTA--­
SrH2P04+ 
HP207--­
MgH2P04+ 
NaHP207-­
P207---­
MgP207-­
H2P207 - ­
NaP207--­
EDTAH3-
SrP207-­
Na2P207-­
KP207--­
H2P03F(aq) 
H3P207-
EDTAH4 (aq) 
Mg4(0H)4++++ 
EDTAH5+ 
H4P207(aq) 

mineral 

Calcite 
Fluorit·e 
Fluorapatite 
Strontianite 
Dolomite 
Ex.ch-Solid 
Magnesite 
Halite 
Nesquehonite 
NaN03(s) 
Whitlockite 
Gaylussite . 
Portlandite 

gas log 

C02(g) 

AppD_l213 

8.50454E-16 
l.19496E-l.6 
8.39400E-17 
5 . 27239E-17 
1.31432E-17 
2.76980E-18 
7.74339E-19 
9.97387E- 20 
6.411.71E-20 
4.66536E-20 
5.6348SE-21 
9 . 92439E-22 
3.39773E-23 
2.27363E-23 
2.101.12E-23 
2 . 00840E-24 
l.70647E-24 
l.64503E-24 
1.24914E-24 
7.94062E- 25 
5.03373E-25 
3.57444E-25 
2.07027E-25 
l..99262E - 25 
1.30567E-25 
4. 95892E-30 
1. 54342E-30 
2.25544E- 34 
2.02251E-35 
4 . 34919E-36 

0.83368 
1. 0000 

0.45868 
1. 0000 

0 . 55656 
0 . 18881 
0 . 83368 
0.83368 
0 . 45868 
0 . 82527 
0.47768 
0.18881 
0.83368 
0.1.8881 
0.83368 
0 .. 47768 
S.14862E-02 
0.47768 
0.47768 
0.18881 
0 . 82527 
0.47768 
0.47768 
0.18881 
1. 0000 

0.83368 
1. 0000 

6 . 378968- 02 
0.82527 

1. 0000 

-22 . 508 
-15.923 
-30.951 
-16 . 278 
-31. 756 
-39.870 
-25 . 549 
-11. 564 
- 34 . 068 
-26.769 
-35.124 
-43.316 
- 15 . 031 
.:. 44 , 955 
-15.240 
-38.572 
-53 . 518 
-38 . 659 
-38. 779 
-46 . 413 
- 31. 736 
-39.322 
-39 . 559 
-47.013 
- 24 . 884 
-36 . 742 
-29.812 
-3 . 8964 
-27 . 257 
-35.362 

mineral saturation indices 
SI (Log KQ) log K 

-5.12724E-09 -l.85424E+OO 
-7.45723E-09 1.00272E+Ol 
-3.88225E-08 2.49589E+Ol 
- 6.34979E-01 3.08450E-01 
-2.75194E+OO -2.52402E+OO 
-3.08072E+OO -1 . 00000E+OO 
-4.38065E+OO -2.29848E+OO 
-5 . 28192E+OO -1.59027E+OO 
- 7.22080E+OO -5 .13863E+OO 
-7.26479E+OO . - 1. 09056E+OO 
-9.09160E+OO 4 .2_0526E+OO 
-9.28047E+OO -1.11641E+Ol 
,- 9.89284E+OO -2.25562E+Ol 

partial pressure pressure [bars] log K 

-3.000 1. OOOOE-03 7.8092 

D-93 
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-5.7328 
6.7680 
10.600 
9.3656 
8 . 7400 
9 . 9600 
11.299 
1.4000 
16.210 
15 . 100 
3.0537 
1. 7000 

0. 73000 
5.4198 
1.6600 
6.8498 

-3 . 7691 
3.4554 
12.063 

-1.4563 
18.860 
1.6537 

0.44370 
-1.4517 

12 . 105 
14 .403 · 
20.930 

-39.750 
23.464 
15. 925 
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Table D.25. Source Composition for the Tank B-110 Leak 
temperature 2.5000E+Ol {CJ pressure= 1.0000E+OO [bars] 
iter = 15 ionic strength 8 . 05918- 01 
solution density 1. 0444 [g/cmA3] 
pH= 10.000 

species 

Ca++ 
Mg++ 

molality tot act . coef. act. ratio/H+ constraint 

K+ 
Na+ 
H+ 
N03-
Cl­
HC03-
HP04-­
EDTA---­
F-
Sr++ 
complex 

C03 - ­
NaC03-
NaHC03 (aq) 
NaHP04-
NaN03 (aq} 
P04--­
NaF (aq) 
NaCl(aq) 
OH-
KHP04-
C02 (aq) 
MgC03 (aq) 
CaC03 (aq) 
MgP04-

-NaOH(aq) 
H2P04-
Na2P207- ­
CaP04-
KCl (aq} 
NaP207--­
MgHC03+ 
KOH (aq) 
P207---­
MgHP04 {aq) 
CaHC03+ 
MgF+ 
P03F-­
CaHP04(aq) 
CaN03+ 
KP207--­
CaF+ 
MgP207-­
HP207--­
NaHP207-­
MgCl+ 
HF(aq) 
CaP207-­
CaOH+ 
CaCl+ 
HF2 -
HCl{aq} 
CaC12 (aq) 

AppD_ l213 

4.2341E-07 9.4253E-06 2.3460E-01 1.3442E+Ol 
9.0078E-07 1.6961E-05 3.0671E-01 1.3770E+Ol 
1 . 4926E-02 1 . SOOOE-02 6.15978- 01 8.0814E+OO 
S.4677E - 01 6.SOOOE-01 6 . 6453E-01 -9.6453E+OO 
1 . 2374E- 10-2.5472E-01 8 . 0B14E-01 O. OOOOE+OO 
6.0771E-02 6.2000E-02 6.1597E-Ol - l . 1124E+Ol 
5.3030E-03 5.5000E-03 6.1597E - 01-1 . 2183E+Ol 
1.0830E-01 4.0000E - 01 6.6453E-01-1.0873E+Ol 
5.6307E-03 1 . 0000E-02 1.5521E-01-2.2064E+Ol 
i .2031E-18 1.0000E-16 4.6195E-04-5.7287E+Ol 
9.7733E-03 1.0000E-02 6.4155E-01 - l.1917E+Ol 
1 . 64698- 17 l . OOOOE - 16 1 . 9558E-01 3.0316E+OO 

molality act. coef. act/H+ 

0 . 19407 
6.01669E- 02 
3.742748-02 
3.974628-03 
1.22894E-03 
3.05285E - 04 
2.26555E-04 
l.9600SE-04 
l . 59098E-04 
7 . 28573E - 05 
1.57971E-05 
B.75545E- 06 
7 . 00620E-06 
6.72229E - 06 
5.77680E-06 
2.09041E-06 
l.80464E - 06 
1.79588E- 06 
9.48868E-07 
7.05850E-07 
3 . 22740E:--07 
3. 18783E-07 
2. 813648-07 
l . 96260E-07 
1.18741E-07 
S.81686E-08 
S.58645E-08 
4 .770808-08 
2.80439E-08 
1.80501E- 08 
4.45880E-09 
3.87970E-09 
1.46062E-09 
1. 2 6524E - 09 
9.86870E-10 
9.14310E-10 
5 . 53163E-10 
2 . 11147E- 10 
9 . 73359E-11 
2.08019E-12 
1. 63686E-12 
2.35399E-13 

0.17551 
0.66453 
1. 0000 

0 . 66453 
1.0000 

l.37496E-02 
1. 0000 
1 . 0000 

0.64155 
0.66453 

1.0000 
1. 0000 
1.0000 

0 . 66453 
1.0000 

0.66453 
0.15521 
0.66453 
1. 0000 

l.37496E-02 
0.66453 
1. 0000 

4 .61947E - 04 
1. 0000 

0.66453 
0 . 66453 
0.15521 
1.0000 

0.66453 
1.37496E-02 
0.66453 
0.15521 
1.37496E- 02 
0.15521 
0.66453 
1.0000 

0.15521 
0 . 66453 
0.66453 
0.66453 
1. 0000 
1. 0000 

D-94 

-20 . 527 
-11.128 
-1 . 4268 
-12.308 
-2 . 91 05 
-33 . 238 
-3.6448 
-3.7077 

- - 13 . 706 
-14.045 
-4.8014 
-5 . 0577 
-5.1545 
-15.080 
-5.2383 
-15.587 
- 25.559 
-15.653 
-6.0228 
-35 . 874 
3.4163 

-6.4965 
-46.181 
-6.7072 
2.9821 
2.6722 

-27.068 
-7.3214 

2.3553 
-37.466 

1 . 5567 
- 28.226 
- 38.558 
-28.713 
0.90175 
-9 . 0389 
- 29. 072 
0.23207 

-0.10424 
-21.589 
-11. 786 
-12 . 628 

3 Calcite 
3 Magnesite 
1 total 
1 total 
B pH 
1 total 
1 total 
1 total 
1 total 
1 total 
1 total 
1 total 

log K 

-10.325 
-9.8156 
0.15573 
0.92000 
-1. 0440 
- 12 . 318 
-1. 0024 

-0.78213 
-13.991 
0.78000 

6 . 3414 
-7 . 3562 
-7.0088 
-5.7328 
-14 . 799 
7.2013 

0.44370 
-5.8618 
-1. 5004 
-1 . 4563 
1.0329 

-14.460 
-3.7691 

2 . 9100 
1.0429 
1. 3486 
7.1993 
2.7400 

0.70000 
-1.4517 
0.67736 
3.45 54 
5.4198 
6.8498 

-0.13865 
3.1638 
3 . 0537 

-12.850 
-0.7003 9 

2.5461 
0.69993 

-0.65346 
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t ' HN03 {aq) 1 . 84127E-13 1 . 0000 -12.735 -1. 3081 
H2P207-- 5.68709E-14 0.15521 -33.060 12 . 063 
H3P04 ·(aq} 2.02788E-14 1.0000 -13.693 9.3656 

r HP03F- 1.64078E-14 0.66453 -23.692 11. 299 
MgEDTA- - 9.76952E-17 0.11458 -35.825 10.600 

,. 
I SrC03 (aq) 7 . 85005E-17 1.0000 -16.105 -7.4703 

SrHC03+ 3.50868E-18 1.0000 . -17.455 1.1800 
,-. H.2F2(aq) 2.30435E-18 1.0000 - 17.637 6.7680 

MgH2P04+ 1.66080E-18 0.66453 -7. 8722 1. 6600 
SrN03+ 1.14482E-18 0.66453 -:- 8. 0338 0.80000 
CaH2P04+ 3.28154E-19 0.66453 -8.5764 1.4000 

r SrHP04 (aq) 3.23215E-19 1. 0000 - 18.491 2.0600 
EDTAH--- 6.75063E-20 1.37496E-02 -48.893 9 . 9600 
SrF+ 4.14654E- 20 0 . 66453 -9 . 4748 0.13493 
KEDTA--- 3 ,41067E-2 0 1.37496E-02 -49.190 1.7000 
SrCl+ 8.83662E-21 0.66453 -10.146 -0.25328 

I SrOH+ 2.4~591E-21 0 . 66453 -10.697 -13 . 290 
( ; SrP207-- 7.14090E- 22 0.15521 -40.961 1.6537 

H3P207- 2.91034E-22 0.66453 -31.444 14.403 
MgEDTAH- 5 . 74667E-23 0.61597 -32 .148 15.100 
H2P03F {aq) 6 . 97373E-24 1. 0000 -23.157 12.105 
Mg4(0H)4++++ 6.05726E-24 1.710348-03 16.412 -39 . 750 
IIDTAH2-- l.44057E-24 0.11458 -43 . 656 16. 210 

r"' 
I 

l 

Sr8DTA-- 5.30650E- 30 0.33949 -49 . 090 8.7400 
SrH2P04+ 2.274988-30 0 . 66453 -19.736 0. 73000 
H4P207 (aq) 6 . 433968 - 31 1. 0000 -30.192 15.925 
EDTAH3- 1.196958-32 0.61597 -41. 829 18 . 860 
EDTAH4 (aq) 8.662298-41 1. 0000 - 40.062 20.930 
EDTAHS+ 4.809248-48 0 . 61597 -37.410 23 . 464 -l 

r 
l --------------------------------------- ----- -- -- ------------------------

r 

r. 
! ' ' , 

r. 
! ,· 
~ / 
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i 
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mineral saturation indices 
mineral 

Fluorapatite 
Dolomite 
Cal cite 
Magnesite 
Gaylussite 
Fluorite 
Exch- Solid 
Nesquehonite 
Whitlockite 
NaN03 (s) 
Halite 
Strontianite 
Portlandite 

gas log partial 

C02(g) -3.334 

AppD_l213 

SI (Log KQ) log K 

8.56616E+OO 
1. 62871E+OO 
O. OOOOOE+OO 
O.OOOOOE+OO 

-1.33207E+OO 
-1. 38111E+OO 
-1 . 43968E+OO 
-2.84014E+OO 
-2.92046E+OO 
-2.95699E+OO 
-4.51587E+OO 
-8 . 32641E+OO 

2.49589E+01 
-2.52402E+OO 
-1.85424E+OO 
-2 . 29848E+OO 
-1.11641E+Ol 
1.00272E+01 

-1. OOOOOE+OO 
-5.13863E+OO 
4.20526E+OO 

-1.09056E+OO 
-l . 59027E+OO 

3.08450E-01 
- 9.55915E+OO -2.25562E+Ol 

pressure pressure [bars] log K 

4 . 6378E-0 4 7 . 8092 . 
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SrHPO4 (aq) 
cac12(aq) 
SrCl+ 
HCl (ag) 
SrF+ 
HF2-
SrOH+ 
SrP2O7-­

.H2P207-­
HN03 (aq) 
H3P04(aq) 
.HPO3F­
MgEDTA.- ­
H2F2 (aq) 
MgH2P04+ 
CaH2P04+ 
EDTAH--­
KEDTA--­
SrEDTA-­
SrH2P04+ 
H3P207-
MgEDTAH­
H2P03F(aq) 
Mg4(0H)4++++ 
EDTAH2-­
H4P2O7 (aq) 
EDTAH3-
EDTAH4 (aq) 
EDTAHS+ 

7.229578-11 
2 .25092E-11 
1.76375E-11 
1. 65879E-11 
8.23902E-12 
2 .11209E-12 
4.89617E-13 
l.76774E-13 
7.13107E-14 
5.99569E-14 
2.29754E-14 
1.87095E-14 
9.77283E-17 
2.34523E-18 
1.74785E-18 
3 . 45354E-19 
7.06853E-20 
3.58374E-21 
1.15685E-21 
5. 07656-E-.22 
3. 72698E-22 
5.91253E-23 
7.97087E-24 
4.23134E-24 
l.54770E-24 
8.25887E-31 
1. 32263E-32 
9. 61712E--41 
5. 31421E-48 

1. 0000 
1. 0000 

0.66611 
1. 0000 

0.66611 
0.66611 
0 . 66611 . 
0.15889 
0.15889 
1.0000 
1.0000 

0.66611 
0 .1184_0 · 

1.0000 
0.66611 
0.66611 
l.45786E-02 
1.45786E:-02 
0.34132 
0.66611 
0 . 66611 
0.61888 

1.0000 
l.84018E-03 
0.11840 

1.0000 
0.61888 

1.0000 
0 . 61888 

-10.141 
-10.648 

-0.84700 
-10.780 
-1.1776 
-21._582 
-2.4036 
-32.566 
-32.960 
-13.222 
-13.639 
- 23 . 634 
-35.823 
-17.630 
-7.8509 
-8.5552 
-48.870 
-50 , 165 
-40. 750 · 
- 11. 388 
-31. 335 
-32.135 
-23.098 
16.253 

-43.623 
-30.o'83 
-41.785 
-40.017 
-37.368 
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2.0600 
-0.65346 
-0 . 25328 
0.69993 
0.13493 

2.5461 
-13.290 
1.6537 
12.063 

-1.3081 
9.3656 
11.299 
10.600 
6.7680 
1.6600 
1.4000 
9 . 9600 
1.7000 
8.7400 

0 . 73000 
14.403 
15.100 
12.105 

-39.750 
16.210 
15.925 
18.860 
20.930 
23.464 

---- -------------------------------- ---~----------------------------· 
mineral saturation indices 

mineral SI (Log KQ) log K 

Fluorapatite 8.57762E+00 2.49589E+Ol 
Dolomite 1.62871E+00 -2.52402E+00 

·calcite 0.00000E+00 -l.85424E+00 
Magnesite 0.00000E+00 -2.29848E+00 
Strontianite 0.00000E+00 3.08450:E-01 
Fluorite - l.40448E+00 1. 00272E+0l 
Gaylussite -1. 53 86-0E+00 - 1 . 11641E+0l 
Ex.ch-Solid -l.55845E+OO -1. O0O0QE+00 
Nesquehonite -2.84014E+O0 -5.13863E+00 
Whitlockite - 2. 9 OS Q3E+00 4.20526E+00 
NaNO3(s) -3. 56303E+00 - l.09056E+00 
Halite -3. 6288:SE+O0 -l.59027E+00 
Portlandite -9.5901.SE+O0 -2.25562E+0l 

gas log partial pressure pressure [bars] log K 

CO2 Cg) -3.303 4.9810E-04 7.8092 

AppD_1213 D-97 December 13, 2002 



RPP-10098, Rev. 0 

D.2.6.4 Model Results 

The resulting fit to the field data is shown in Figure D.41 and Figure D.42. As can be seen from 
Figure D.41, non-radioactive strontium above the tank remains essentially in place. This is to be 
expected because of its strong retardation of strontium in dilute solutions.- In the vicinity of the 
leaks, strontium is displaced by the high sodium_concentration in the leak fluid. The displaced 
naturally occurring strontium reaches a depth of approximately 35 m. The calculated aqueous 
strontium concentration profile appears to be shifted upwards somewhat compared to the field 
data but otherwise has a similar shape suggesting that strontium .retarded too stongly. Although . . 

not attempted, it is possible that through slight adjustment in the exchange selectivity 
coefficients, a better fit could have been obtained. It should be noted that because of the rather 
high ambient strontium concentration and very low strontium-90 concentration, strontium-90 
released from the transfer line leak has very little influence on the calculated strontium profile. 
The model simulations do not distinguish between stable and radioactive strontium. The sodium 
peak is slightly retarded compared to the unretarded advance of nitrate, but less so in the 
simulation compared to the field. The double peaks observed in the "field" for sodium, 
carbonate, fluoride, and pH are reproduced in the simulation. 

As is apparent from the figures, phosphate and fluoride are slightly retarded compared to the 
nitrate peaks. The concentration of solid precipitates for fluorite and whitlockite are shown in 
Figure D.43. lbree peaks in the solid concentrations are discernable. Note that in the figure, the 
concentration scale for whitlockite is reduced by a factor of 0.05 compared to fluorite. The 
upper two peaks coincide with the position of the source terms at 6 m and 16.5 m. 

The sorbed concentration profile for strontium is shown in Figure D.44. The top peak results 
from desorption at the surface of the initially sorbed strontium in the sediment profile. The 
second peak at a depth of approximately 20 m is produced by the transfer line leak at a depth of 
6 m, resulting in desorption of natural strontium and displacement of sorbed strontium from the 
sediment. The third peak is from the tank leak at the 16.5 m depth, which displaces additional 
natural strontium from the sediment. The calculated middle peak in sorbed strontium at 20 m 
corresponds nicely to the position of strontium-90 observed in borehole 299-E33-46. It should 
be recalled that the position of the strontium peak is not a fitted value, but is predicted by the 
model through fitting the source terms to the sodium and nitrate profiles. Had a different depth 
been used to represent the transfer line leak, the second strontium peak would have occurred at a 
different depth. The good agreement with the observed strontium-90 profile is consistent with 
the basic conceptual model of superimposed leaks from two different sources at different depths. 

To investigate the implications of the model calculations on the long-term behavior of strontium 
in the vadose zone, the time evolution of the sorbed strontium concentration is shown in Figure 
D.45 plotted at three different times indicated in the figure. As can be seen from the figure, very 
little downward migration occurs over the 100 years of the simulation. 

AppD_1213 D-98 December 13, 2002 

~--

,-

L 

IT 
F 
I · 

L 

r 
i 

r .... 

r 
i.:. 

L 

l 
r 
I' 

~ 



,:.• .❖ 

.. •.•.•.• 

:•······· 

RPP-10098, Rev . 0 

Figure D.41. Vcrtic~I Profit.es. fol' C:.t2°\ K +, Hl'fli2°, aud F. Comparing Field Observations 
with FLOTRAN (FT) Afte1· an Elapsed Time of 35 \'ears 
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.Figure D.42. Vertical Profiles for C:i\ K'.1, HPO./, and V- Comparing .Field ObscrvMions 
with l -'LOTRAN (FT) After an Efapscd Time- of 35 Years 
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Figure D.43. Depth Profiles for Minerals Ftuodte and \:Vbitlockite After ~m Elapsed Time 
of 35 Years 
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Figure U.44. Strontium Sorption Profile After au Elapsed Time of JS Years 
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:Figure 1).45. Time Evolution of Sorbed Sfrontium Plotted as a Function of Depth for Tinu•s 
of 25, 50, nnd 100 Years 
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Discussion 

Several. poinE; arc noted rcganhng the modeling cxcrc1~e: 

• The fitted tank leak concentrations for nitrate and sodhun are suh:4tantially less than that 
estimated fhJm historical records obtained from _perforrning a spcdation calculation fiJr 
the lank supernaw (Lichmer, Section ILU ), 

• The one-dimensional model does not al!ov,: for lateral spreading which wmdd he 
expected to lead to fosccr mixing with rhe ambient ground\-vater. \Vhich in turn ,vould kad 
t.o mrn:c dilute solutions and gn~at~~r retarda.tic.m. 

• The leak fluid cornpm~ition used in the simulrnion is highly scm;ithc t.o the leak rate , A 
:,lo\ver leak rate, keeping the leak d~trntion fix~d, requires a higher leak con(entrntion to 
fi t the dat,01 because of the greater mixing eflect ,vith r:he dilute infiltrating fluid , 

• lt should be nolcd that the field mi.."<tsuremc::~nts really i:.ktcrmitK~ the. total i.::onccntratlt:in of 
any particular species induding aqueous, solid phase, and sorbed concentrations. ;;1t1.d not 
ncces:,arily just the concen1.ration in tfa~ aqu,~ous solt1hon. 

• It v,ms not possible to charge bafonce the k~ak composition \Vith the subset of species used 
in the shmilations bccau'.;e ofthe high 1,:arbn1ute conccntralion of 0-4 mol/L m:eded lo fit 
the field data. One possibility is that part of Ute measi1red <:arhonate concentration comes 
.frmn solid carbonate m inerah; that arc dissolve:d during treatment of the sedim.ent, ln 
which case a lower concentration may be appik:able. 
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D.2.6.6 Conclusion 

The model simulations appear to be in qualitative agreement with field observations. The model 
fits the general picture of the tank leak fluid containing high sodium concentrations displacing 
the initial strontium sorbed on the sediment in addition to calcium and potassium. The position 
of the sorbed strontium peak resulting from the transfer line leak was not fit, but is predicted 
from the fit to nitrate and sodium profiles. This peak is in excellent agreement with the 
strontium-90 peak observed in the field and provides strong support for the conceptual model of 
two leak events occurring at different depths. This appears to be at least one plausible way to 
obtain a bimodal distribution of tank contaminants. The calculated aqueous strontium profile 
was displaced upward from the field measurements, suggesting that strontium was too strongly 
retarded. This could be a result of incorrect selectivity coefficients used in the simulation. More 
work is currently underway to refme the sorption model used in the simulation. 

Future work will address three-dimensional issues and consider simulations over longer time 
periods to determine how fast the strontium plume is advancing. In addition, it would be useful 
to model separately the stable and radioactive strontium field data. Finally, the issue of charge 
balancing the source term needs to be addressed. 
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D.3.0 . URANIUM SPECIATION AND DISSOLUTION FROMBX-102 SEDIMENTS 

Uraniu'm is a common subsurface contaminant at the Hanford Site. Uranium exhibits two 
primary oxidation states in the environment: uranium(IV) and uranium(VI). The chemistry of 
each of the oxidation states is complex and varied. The dominant uranium(IV) form is the 
uranous cation (lf+), while that foruranium(VI) is the uranyl cation (UO:l+:). Each forms an 
extensive series of solid phases and aqueous complexes (Langmuir 1978; Grenthe 1992). The 
standard half-cell potential (E°) for the valence conversion ofuranium(VI) to urahium(IV) is 
dependent upon the aqueous/solid phase speciation of the two valence states. 

Tetravalent uranium is the valence form used in nuclear fuel, but the uranyl cation [uranium(VI)] 
is the dominant uranium valence state under oxidi:z;ing conditions that characterize thelianford 
vadose zone and the unconfined aquifer the underlies the 200 Area plateau. The redox reaction 
may be stated as follows for the tris-carbonato uranium(VI) complex that thermodynamic · 
calculations project as a dominant aqueous ~pecies in some Hanford vadose zone waters: 

The reduction of uranium(VI) to uranium(IV) occurs readily under reducing conditions, and may 
be anticipated when aqueous iron(II)aq concentrations become detectable. The thermodynamic 
database for uranium is relatively extensive ( e.g., Greilthe 1992) allowing for defensible 
calculations of the valence distribution of uranium as a function of pH, and the redox potential as 
defined by indicator redox couples. 

Plumes ofuranium(VI) exist in Hanford groundwater and their number is growing as residuals · 
from various types of waste stream discharges to cribs, retention basins, and tank leaks move · 
through the vadose zone. Sizeable groundwater plumes under interim regulatory status are 
present in the 200 :md 300 Areas, and single-shell, high level waste tanks in the Band T tank 
farms have discharged up to 7 to 8 metric tons. ofuranium(VI) in the form ofbismuth"'phospbate 
metal wastes to the vadose zone (Section 3.2.1.4). There is only small apparent retardation of 
uraniuni(VI) mobility in these plumes, which is believed to be expedited by carbonate 
complexation as shown in Equation (1). 

While the thermodynamics and geochemistry of uranium(VI) have been extensively studied 
(e.g., Grenthe 1992; Burns and Finch 1999), there is limited understanding of the geochemical 
retardation mechanisms that may slow uranium(VI) migration in the Hanford subsurface. These 
retardation mechanisms include adsorption and precipitation reactions. Most literature attention 
has focused on the sorption behavior of uranium(VI) to iron(III) oxides and iron(II) oxide 
containing subsurface materials at circumneutral pH and below because iron(IJI) oxides have 
strong surface affmity for uranium(VI). Credible uranium(VI) adsorption models have been 
developed for these conditions (Payne and Waite 1991; Waite et al. 1994, 2000). In contrast, 
sediments that host uranium(VI) vadose zone and groundwater plumes at Hanford are relatively 
unweathered and .are virtually devoid of iron(Ill) oxides (Zachara et al. 2002). Aqueous 
chemistry in the vadose zone and groundwater is mildly calcareous with pH values ranging 
between 7.5 and 9.5. Most of the reactive surface area is contributed by phyllosilicates. The 
identity of uranium(VI) sorbing phases, responsible surface chemical reactions, the nature of 
trace uranium(VI) precipitates, and the magnitude of forward and reverse kinetic behavior in 
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Hanford subsurface sediments are all unkno.wn. Unknown also is whether adsorption or 
precipitation dominates the retardation mechanism, and/or the conditions promoting one or the 
other. Distribution coefficients (Kd)measured on Hanford sediments have been low (as a result 
of carbonate complexation) but highly variable (0; 1 to >25 ml/g) as a result of the physical and · 
chemical heterogeneity of the Hanford sediments and the contributions of differeJ,lt types of 
geochemical reaction. 

Uranium in the B, BX, and BY Tank Farms 

An estimated.91 ,600 gal ofBiPO4 metal waste solution containing approximately 7 to 8 metric 
tons of wanium(VI) was discharged to the vadose zone in the BX tank farm as a result of the 
overfilling of tank BX-102 (Section 3.2.1.4). This "aqueous solution" contained nominal 
concentrations of0.5 mol/L uranium(VI), 2.5 to 5.0 mol/L (sodium)2CO3, 0.36 mol/L PO4, and 
virtually all fission products except plutonium with pH of approximately 10 (Jones et al. 2001) 
(Table D.27,and Table D.28). Characterization studies of the vadose zone near BX-102 have 
defined an extensive plume containing cesium, uranium, and other contaminants (Womack and 
Larkin 1971) resulting from the 1951 leak event, whose character was apparently modified by 
the later leakage of waste solutions of different composition from tanks BX-102 and BX-101 
(Jones 2001). 

Borehole 299-E33-45 was drilled through the metal waste plume proximate to tank BX-102 by 
the River Protection Project in 2001 to provide information on the . depth distribution and 
inventory of uranium and technetium resulting from the 1951 metal waste overfill of tank 
BX-102. Samples from this borehole were characterized by the RPP and these.results have 
defined the presence of several zones of enriched uranium concentrations at depths between 70 
and 170 ft bgs (Figure D.46). The S&T Project selected three high-uranium samples from 
borehole 299-E33-45 (i.e., samples 53, 61, and 67) for study to provide information.on the 
chemical speciation, mineral association, and leachability ofuraniurrr in and from the 
contaminated sediments. The scientific goals of this work were to identify: 1) post-release 
waste-sediment reactions that impacted uranium(VI) mobility, 2) retardation extent and 
mechanism, and 3) potential for future uranium(VI) migration and controlling factors. The 
science performed in support of these goals is presented in five sections that follow: Section 3.1, 
speciation of calculations of tank waste; Section 3.2, spatial distribution and mineral association 
of uranium; Sections 3.3 and 3.4, spectroscopic characterization of uranium phases, and Section 
3.5, uranium desorption/dissolution rate and extent from contaminated sediment, 
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Figure D.46. l)istribution.of lfrani.um(F) in Ho1·t•hole 299-E33-45 (near Tank 241-:BX-102) 
S&T Researdt fo Date has :FtH.'.U.sed on Saniples,S:3, 61, and <,7 frQm the Uranium-Plume at 

210-145'. Data and Figure from Serne et al. (2002). 
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D.3.1 SIMULATED B, BX, AND BY TANK FARMS SUPERNATE 
COMPOSITIONS 

Peter C. Lichtner1 

1Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

D.3.1.1 Introduction 
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This contribution presents simulated supemate compositions for the B, BX, and BY tank farms 
based on tank inventories developed by Jones etal. (2001). The B _tank farm is one of the oldest 
tank farms at the Hanford Site constructed in 1943 to 1944. The BX and BY tank farms were 
constructed in 1946to 1947 and 1948 to 1949, respectively. With the exception oftankBX-102, 
there is very little direct information about leaks from these tanks and the only sources of leak 
volumes are derived from historical waste transfer records and the Hanlon (2002) report which 
tabulates estimated leak volumes from tanks known or suspected to have leaked. A summary of 
the B, BX, and BY tank farms inventories and estimates of their associated leaks and timings is 
given by Jones et al. (2001 ). 

The same methodology is us_ed as that presented for the SX tank farm (Lichtner and Felmy 2002) 
based on a reaction path approach. The computer code FLOTRAN, modified to include the 
Pitzer model adapted from the GMIN code developed by Felm.y (1995), is used to calculate tank 
supemate concentrations. 
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Calculations for the supernatant concentrations for the B, BX, and BY tank farms are performed 
at 60 °C based on the derived tank inventories summarized in Table D.27 for major species as 
presented in Jones et al (2001). Tank BX-102 contains the highest uranium inventory. Detailed 
results of the simulations are presented for tanks B-110, BX-101, and BX-102. The tank 
inventories used in the calculations are taken from Jones et al. (2001) and are listed in Table 
D.28. The results of the calculations are presented in Table D.29 through Table D.32 for tanks 
B-110 in the absence of and with ethylene-dinitrilo-tetraacetic acid (EDTA), BX-101, and 
BX-102, respectively. 
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Table D.27. List of Tanks in the B-BX-BY Tank Farms for Which Inventories 
. were Provided. by Jones et al. (2001) . . . 

Shoviri are Major Ion Concentrations, and Total Uranium Concentration Associated with 
each Tank in Diol/L. 

Tank Na N03 N02 CO2 PO~ so• U02 

B-101 3.42 0.836 0.053 0.27 0.01 0.044 8.74e-5 

B-105 4.98 2.85 0.403 0207 0.153 0.221 4.08e-3 

B-107 1.87 0.777 0.371 0.022 0.01 0.029 3.66e-3 

B-110 3.78 1.33 0.774 0.108 0.019. 0.108 4.58e-3 

B-201 2.70 2.50 0.003 0.016 0.065 0.005 6.S7e-4 

B-203 . 13.00 1.20 0.024 0.079 0.313 0.027 3.l6e-3 

B-204 0.177 0.143 0.02 0.002 0.0003 0.003 2.63e-6 

BX-101 3.90 1.02 . 0.357 0.259 .O.Oll 0.07 l.23e-3 

BX-102 2.92 0.53 0.046 0.643 0.36 023 l.14e-1 

BX-111 1.81 0.801 0.319 0.016 0.009 0.019 3.94e-3 

Table D.28. Initial Tank Waste Inventory for Total Liquid and Solid Contributions Used as 
Starting Solution in Reaction Path Calculations 

Tank B-110 BX-101 BX-102 
Species Total Concentration (mol/L) 

Al(OH)4- 0.579 0.319 5.68e-4 

Fe(OH)4- 4.3le-3 3.03e-3 7.62e-3 

Ca++ 1.3le-2 9.le-3 1.33e-2 

Ni++ 2.47e-3 1.82e-3 l.62e-3 

Mn++ 1.58e-3 1.13e-3 0. 

K+ l.47e-2 1.67e-2 2.73e-3 

Na+ 3.78 3.9 2.92 

OH- 0.1 0.1 0.1 

NO3- 1.33 1.02 0.53 

NO2- 0.774 0.357 0.0461 

Cl- 5.53e-2 6.9e-2 1.25e-2 

F- 1.87e-2 l .56e-3 0. 

HCO3- 0.108 0.259 0.643 

HPO4- 0.0192 0.0112 0.36 

SO4-- 0.108 0.0696 0.23 

Cr04-- 2.72e-2 l.63e-2 1.6e-3 

SiO2(aq) 2.85e-2 3.44e-2 4.05e-3 

Cs+ 5.706e-5 3.916e-6 3.44e-6 

Sr++ l .34e-5 l.45e-5 2.775e-6 

UO2++ 4.58e-3 1.23e-3 0.114 

Tc04- 8.692e-5 4.334e-5 5.608e-6 
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Table D.29. Calculated Supernatant Composition for Tank B-110 without EDTA (2 pages) 

H20 mole fract i on . 
activ i ty of wat er 
osmot i c coe f fic i e n t 
i oni c strength 
solut ion density 
p H= 12 . 927 pe 

8 . 9123E-01, 
8.8360E- 01 
l .0140E+ OO 
3.5613E+OO 

= 1.2637 
- 0 . 2707 

weight fraction = 7 . 9757E-01 

[g/cmA3] 
Eh = -l. 7897 E- 02 [VJ 

p r imary species mola_rity tot [mol / L] act. coef. . 
---~--------------------------------------------------------------------

Al (OH)4 - 8 . 955 4E-02 8.955 4E-02 5.7464E- 01 
Fe(OH)4 - 1. 3460E - 07 1. 3 4 60 E- 07 5 . 1954E- Ol 
Ca++ 4.6622E - 08 7 .5 876E- 08 l. 8937 E- 02 
Ni++ 6 .156 3E- 14 6 . 1563E- 1 4 3 . 0609E- 02 
Mn++ l.2728E- 10 l. 2728E-10 5.1696E-03 
K+ l .4747E- 02 1. 47 47E-02 4.5653E- 01 
Na+ 3 . 264.l E+OO 3.7522E+ OO 6 . 93 1 9E-Ol 
OH.- 9 . 7091E-01 1. lOlOE+ OO 7 . 1943E- 01 
N03 - 9 . 1066E-01 l .3300E+OO 7. 2036E- 01 
N02 - 7 . 0517E- 01 7 . 7400E-01 5.9220E- Ol 
Cl - 5.5300E-02 5.5300E-02 6 . 0765E- 01 
F- 1. GOBOE- 02 1.6080E-02 6 .483 4E- Ol 
HC03- 2.6460E- 05 l.0799E-Ol 4 . 0783E- 01 
HP04 -:-. 3.0208E- 05 l . 1340E-02 2.0740E-02 
S04- - 1. OSOOE- 01 1. 0800E-01 · 3.1008E- 02 
Cr 04-- 2.7200E- 02 2 . 7200E- 02 3. 14 2 5E- 02 
Si02(a q ) 3.0960E-08 5.47 B6E- 03 l.OOOOE+OO 
Cs + 5 . 7 000E- 05 5.7000E- 05 3.9397E- Ol 
Sr++ 2 . 8 142E- 07 3 . 2556E- 07 l. 2518E-02 

· U02++ 8.50 48E- 28 4. 7 0B5E-10 5 . 53 14E-03 
Teo++ · 3 . 6808E- 29 1. 2523E- 10 5 . 1696E- 03 

compl ex molarity act . coef. log K 

NaN03 (aq) 0 . . 41934 1. 0000 -0.5 4895 
C03-- 0. 10796 0.62328E- 01 2.8970 
NaN02(aq ) 6 . 88279E-02 0.99437 - 1.1 401 
P04--- l . 1309BE - 02 3 .479 58E-0 4 0 . 900 1 4 
H2Si04 -- S.333l0E- 03 5.04247E-02 4 . 2 505 
H3S i 04 - 1.45 449E- 04 0 . 46944 3 . 5531 
SrC03 (aq) 4.41 319E-08 1 .0000 6.1669 
CaC03(aq) 2 . 8703 2E- 08 1 . 0000 6.58 1 0 
CaS04 (aq) 5 . 50280E- 10 1.0000 2.2698 
U02(C03)3---- 4.708 4 6E-10 3 . 98223E- 06 29.808 
Tc04 - 1. 12245E-1 0 0. 29148 20.328 
TcO (OH)2(aq) 1. 29855E- ll 1.0000 20. 1 46 
H2P04- 3.94 473E-12 0. 29148 · - 5.8384 
C02 (aq) 2.68866E-12 1. 0000 - 6 . 7594 
H+ 2.201 32E- 13 0.53767 - 13 . 029 
HS04- 2.01344E-13 0 . 54003 - 1 0 . 591 
002(C03} 2-- 3.09137E-15 l .97324E- 02 23.251 
NH3 (aq) 9.88192E-1 6 1. 0000 - 14 . 086 
U020H+ 4 . 32824E- 21 0 . 30723 8. 6071 
U02C03 (aq) 2.33301E-22 1. 0000 12.764 
Fe++ 7 .47160E-25 S.16964E- 03 - 19.654 
0 2 (aq ) 3 . 22843E- 27 1. 0000 -26 . 883 
Al+++ 6. 74956E-28 9.18650E- 07 - 32.542 
Fe+++ 5.814 1 4E-34 9 . 18650E- 07 - 32 . 740 
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Table D.29. Calculated Supernatant Composition for 'fank B~llO without EDTA (2 pages) 

.mineral 

Boehmite 
Nepheline 
Goethite 
Ni(OH)2 
Na2U207 
Mn(OH)2(a.m) 
Fluorapati te 
Strontianite 
T.co2. 2H20 ( am) 

mineral 

cancrinite 
Trevorite 
Ni2Si04 
Diaspore 
Goethite 
Ni (OH)2 
Tc02. 2H20 ( am) 
Boehmite 
Na2U207 
Nephel i ne 
Fluorapatite 
Stronti anite 
Mn(OH)2(am) 
CaU04 
Gibbsite 
NaN03 (s) 

Thenardite 
Analcime 
NaN02(s) 
Dawsonite 
Rhodonite 
Calcite 
Halite 
Jadeite 
Fluorite 
Portlandite 
Rhodochrosite 
Quartz 
Muscovite 
Nahco l ite 
Si02(am) 

volume fraction concentration rate [mol/dm~3/s] 
[mol/Lb] 

9.1149E- 03 4.6659E-Ol 4.4409E-23 
1.2554E-03 2.3180E-02 l.3323E-22 
8.973 1E-05 4.3099E-03 2.6645E-26 
5.5180E-05 2.4700E-03 3 . 1086E-22 
2.1B33E-04 2.2900E- 03 4.6629E-24 
3.5329E-05 l.5800E-03 -l.1102E- 23 
1.3100E-03 2.6200E-03 1. 3767E-21 
5.1003E-07 1. 3074E-05 -2.4425E-22 
4.3458E- 05 8. 6916E- 05 -3.3307E - 22 

mineral saturation indi ces 
SI (Log KQ) log K 

1. 18173E+Ol 6.17029E+Ol 
4.10676E+OO 3.29273E+Ol 
2.73B7BE+OO 4.02135E+Ol 
3.49043E-01 .1.42798E+OO 
O.OOOOOE+OO 6.94577E+OO 
O.OOOOOE+OO l.50365E+Ol 
O.OOOOOE+OO 3.10860E+Ol 
O.OOOOOE+OO 1,07894E+OO 
O.OOOOOE+OO 5 . 87195E+Ol 
O.OOOOO E+OO 8.33561E+OO 
O.OOOOOE+OO 6.61678E+Ol 
O.OOOOOE+OO l.35221E+Ol 
O.OOOOOE+OO ·1. 24 935E+Ol 

- 3.07229E-Ol 3.85902E+ Ol 
-4.17406E-01 7.15274E-01 
-1.28805E+OO - 1.45956E+OO 
-1.32349E+OO 4.42396E-Ol 
-l.97151E+OO l.41944E+ Ol 
-1.97324E+OO -l.94861E+OO 
-2 . 09955E+OO 3.59169E+OO 
-2.36113E+OO 1. 7 587 8E+Ol 
-2.42463E+OO 1.16985E+Ol 
-2 . 73450E+OO -1.61549E+OO 
- 2.95665E+OO 1.28882E+Ol 
-3.10683E+OO 9. 91108E+OO 
- 3.50357E+OO 5.B6219E+OO 
-3.59666E+OO . 1.36541E+Ol 
-4.04155E+OO 3. 46765E+OO 
-4 . 23367E+ OO 2.38046E+Ol 
-4.7B322E+OO - 1 . 70910E-01 
- 5.10825E+OO 2.40095E+OO 

Hydroxylapat i te -5.25680E+OO 5.90849E+Ol 
K-Feldspar - 5.36388E+OO 2.05166E+Ol 
Gypsum -7.02327E+ OO 4.61341E+ OO 
Whitlockite - 7.09903E+OO 3. 26736E+Ol 
Kaolinite - 8.00053E+OO 9.22948E+OO 

gas log partial ~ressure pressure [bars] log K 

-4.9741 . C02(g) 
02 (g) 
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-9.785 
-23.43 

1. 6398E-10 
3.7337E-24 
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Table D.30. Calculated Supernatant Composition for Tank B-110 with EDTA (2 pages) . 

H20 mole fraction 
activity of water 
osmotic coefficient 
ionic strength 
solution dens i ty 

8.9514E-01, weight fraction= 7 . 8555E- 01 
= 8 . 9099E -01 

9.8529E-01 
4 .1863E+00 
1. 2836 
8.9454E- 02 

[g/cm" 3] 
pH= 12.565 pe Eh= 5.9130E- 03 [VJ 

primary species molarity tot [mol/L] act. coef. 
---------------· - ·- ·------------------------------------
Al(OH)4-
Fe(OH)4-
ca++ 
Ni++ 
Mn++ 
K+ 
Na+ 
OH-
N03 -
N02-
Cl-
F-
HC03-
HP04-­
S04.:.­
Cr04-­
Si02(aq) 
EDTA--- ­
Sr++ 
Cs+ 
U02++ · 

complex 

NaN03{aq) 
C03--
NaN02 {aq) 
P04---
E2Si04--
H3Si04-
SrEDTA--
CaC03(aq) 

5.6709E-02 
8.5083E-OB 
7.4802E-OB 
4.0SBlE-13 
7 . 9467E-10 
1. 4721E-02 
3.2919E+OO 
6.0667E-01 
9.3801E-01 
7.0832E-01 
5.5300E-02 
l.6080E-02 
4.7864E-05 
6 .. 7757E- 05 
1. OSOOE- 01 
2.7200E- 02 
5.4065E- 08 
9.9987E - 02 
3.6554E-08 
5.7000E-05 
9.3385E - 27 

5.6709E- 02 
8 . 5083E-08 
9.9485E-08 
4.0S81E-13 
7 . 9467E-10 
1.4721E-02 
3 .. 7496E+OO 
7.3125E-01 
l.3300E+OO 
7.7400E-Ol 
5.5300E-02 
l.6080E- 02 
1.0SOOE-01 
l . 1340E- 02 
1.0BOOE-01 
2.7200E- 02 
2.7546E- 03 
l.OOOOE-01 
1. 3400E- 05 
5.7000E-05 
1.0071E-09 

molarity 

0 . 39199 
0.10795 
6 .5 6767E- 02 
1.12723E-02 
2.59529E-03 
l.59246E-04 
1. 33634E- 05 
2 .41687E-08 

U02(C03)3---- 1.00712E- 09 
CaS04 (aq) 5.14203E- 10 
H2P04- 1. 69698E-ll 
CO2 (aq) 7.97380E- 12 
H+ S.34593E-13 
HS04- 4 . 18356E- 13 
U02(C03)2-- 1. 68383E- 14 
NH3(aq ) 1. 66582E-15 
U02 0H+ 1. 82898E-20 
U02C03(aq) l.20324E-21 
Fe++ 4.69847E- 24 
Al +++ 1. 05488E- 26 
02(aq) 3.19020E- 27 
Fe+++ 9.08985E-33 

AppD_1213 

4.0140E-01 
3.6354E- Ol 
l.7561E-02 
2 .4132E-02 
4.3030E- 03 
3. 72 14E-01 
9.0476E-01 
5.0SOSE- 01 
4.9663E-01 
4. 2117E-Ol 
4.4606E-01 
4.4094E-01 
2.9331E-01 
l. 2 464E-02 
1. 9474E - 02 
l.9005E-02 
1.0000E+OO 
6.5557E-06 
9.0357E-03 
3.2286E-Ol 
4.5909E- 03 

act. coef. log K 

1.0000 -0.54895 
0 .35275E- 0 1 2.8970 

0 . 97994 -1.1401 
2 . 04726E-04 0 . 90014 
3.48177E- 02 4.2505 
0. 33119 3.5531 
8.903 12E-03 8 . 7400 
1. 0000 6.5810 

3.07523E-06 29.808 
1. 0000 2.2698 

0.20996 -5.8384 
1. 0000 -6.759 4 

0 . 50894 -13.029 
0 .. 37522 -10.591 
1.05737E- 02 23.251 

1.0000 -14. 086 
0.29065 8 . 6071 
1.0000 12. 764 

4.30300E-03 -19.654 
7.02210£-07 -32.542 
1. 0000 · - 26.883 

7 . 02210E- 07 - 32.740 
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Table D.30. Calculated Supernatant Composition for Tank B-110 with EDTA (2 pages) 

mineral 

Boehmite 
Nepheline 
Goethite 
Ni(OH)2 
Na2U207 
Mn(OH)2 (am) 
Fluorapatite 

mineral 

Cancrinite 
Tr evori te 
Ni2Si04 
Diaspore 
Goethite 
Ni (OHJ2 
Boehmite 
Na21J207 
Nepheline 
Fluorapatite 
Mn (OH) 2 (am) 
Gibbsit e 
CaU04 
Strontianite 
Thenardite 
NaN03 (s) 
Analcime 
Dawsoni te 
NaN02 (s) 
Rhodonite 
Calcite 
Jadeite. 
Halite 
Rhodochrosite 
Fluorite . 
Quartz 
Muscovite 
Po rtlandi:te 
Na2U04 (alpha ) 
Nahcolite 
Paragonite 
Na2Cr04 
Si02 (am) 
K-Feldspar 

volume fraction concentration rate [mol/dmA3/s) 
[mol/Lb) 

9.7053E - 03 4.9682E- 01 - 3.3307E- 23 
1.3979E- 03 2.5810E- 02 - 2.2204E-22 
8.9732E- 05 4,3099E- 03 -8.8818E- 27 
5.SlBOE-05 2.4700E-03 - 3.BBSBE-22 
2. 1833E- 04 2.2900E- 03 4.6629E-24 
3.5329E- 05 1.SBOOE- 03 3.5527E-22 
l.3 100E- 03 2.6200E- 03 1. 3767E-21 

mineral saturation indices 
SI (Log KQ) log K 

1 . 17732E+Ol 6.17029E+Ol 
4.09953E+OO 3.29273E+O l 
2 . 97366E+OO 4.02135E+O l 
3.49043E-01 1. 42798E+OO 
O.OOOOOE+ OO 6 . 94577E+OO 
O. OOOOOE+OO 1.50365E+Ol 
O.OOOOOE+OO 1. 07894E+OO 
O.OOOOOE+OO 5. 87195E+Ol 
O.OOOOOE+ OO 8.33561E+OO 
O.OOOOOE+OO 6.61678E+Ol 
O. OOOOOE+OO l.24935E+Ol 

-4 . 13790E-01 7 . 15274E-Ol 
-6.13728E-Ol 3.85902E+Ol 
-1 . 27523E+00 1 . 35221E+O l 
- l.28675E+OO 4 . 42396E- Ol 
-1.31734E+ OO -1.45956E+OO 
-1. 70640E+OO 1. 41944E+Ol . 
- 1. 86593E+OO 3 . 59169E+OO 
- 1. 99994E+OO - 1. 94861E+OO 
-2.12263E+ OO 1. 75878E+Ol 
-2.49930E+00 1.16985E+Ol 
-2.71453E+ OO 1.28882E+Ol 
-2.74939E+OO -1.61549E+OO 
-3.12815E+OO l.36541E+O l 
-3.26911E+OO 9.91108E+O O 
-3.7994 4E+ OO 3. 4 6765E+OO 
-3.95836E+00 2 .380 46E+0 1 
- 4.04676E+OO 5.86219E+OO 
- 4.11976E+OO 2 . 52547E+0 1 
- 4.54959E+OO - 1.70910E-01 
-4 . 57913E+ OO 2.04485E+01 
-4.84910E+ OO -2.51051E+OO 
-4.86614E+OO 2.40095E+OO 
-5 . 08857E+OO 2.05166E+Ol 

Hydroxylapatite - 5 . 44726E+OO 5.90849E+01 
Eskolai te -6.93238E+OO -1. 733 17E+ OO 
Whitlockite -7.04493E+OO 3. 26736E+0.1 
Gypsum -7.04549E+OO 4.61341E+OO 
Kaol inite -7.51268E+OO 9.22948E+OO 

gas log par tial p r essur e pressure [bars] log K 

-4 . 9741 C02(g) 
02(g) 
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- 9. 313 
- 23.43 

4.8632E-10 
3.6895E- 24 

D-112 

-23.820 
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Table D.31. Calculated Supernatant Composition for Ta·nk BX-101 ( 2 pages) 

H20 mole fract i on 
activity of water 
osmotic coefficient 
ionic strength 

8 . 8754E- 01, weight fraction = 
8.7751E- 01 

8.0746E- Ol 

l.0312E+OO 
3.8783E+OO 

solution density 1 .2451 
pH= 13.149 pe = -0.3916 

[g/cm~3] 
Eh= -2.5884E- 02 [VJ 

primary species m~lar i ty tot [mol/L) act. coef. 
- - . ----------------------------------------- -

Al (OH) 4.- 1.5274E-01 l . 5274E-01 5 . 5414E-01 
Fe(OH)4- 2.2575E-07 2.2575E-07 S.0945E-01 
Ca++ l . 9043E-06 2.8924E-06 7 . 6768E-03 
Ni++ 5.2342E- 14 5.2342E-14 l.3126E - 02 
Mn++ 1.1300E-03 1 . 1300E-03 4.5314E-03 
K+ 1. 6700E- 02 1. 6700E-02 5.8685E - 01 
Na+ 3.4 885E+OO 3. 8721E+OO 7.1520E-Ol 
OH- l.5700E+OO l.8501E+OO 7.3682E-0 1 
N03- 6.7062E- 01 l.0200E+OO 7 .3911E-01 
N02- 3.2273E-01 3.5700E- 01 6 . 1332E- 01 
Cl- 6 . 9000E- 02 6.9000E- 02 5.6231E-01 
F- l.4540E- 07 l .4540E- 07 6.5738E-0 1 
HC03- 3.3740E- 05 2.5900E-01 3.968l.E-01 
HP04 - - 8 . 9072E- 06 5.7417E-03 1.8736E-02 
S04 - - 6 . 9600E-02 6 . 9600E-02 2.5599E-02 
Cr04-- l.6300E-02 1. 6300E-02 2.9426E-02 
Si.02 (aq) l. .6837E-08 7.7688E-03 l.OOOOE+OO 
Cs+ 3.9160E- 06 3 . 9160E-06 4.8553E- 01 
Sr++ l.3929E- 07 l . 3929E-07 1 . 2224E__;02 
U02 ++ 1. 8894E- 28 9.3 128E- 1 0 4.9199E- 03 
·Teo++ 9.6456E-29 2.5535E-09 4.5314E-03 

complex molarity act . coef. log K 

NaN03 (aq) 0.34938 1.0000 -0.54895 
C03-- 0 . 25896 0.53760E- Ol 2.8970 
NaN02(aq) 3.42663E-02 l.0439 - 1 .1401 
H2Si04-- 7.63625E- 03 5 . 25260E- 02 4 _.2505 
P04 - -- 5.73283E-03 3 . 04929E- 04 0 . 90014 
H3Si04 - l.32533E- 04 0.46080 3.5531 
CaC03 (aq) 9.83265E- 07 1. 0000 6.5810 
CaSO4(aq) 4.84745£- 09 1 .. 0000 2.2698 
Tc04- 2.47170E-09 0 .28085 20.328 
U02(C03)3 --- - 9 . 31275E-10 3.52328E-06 29.808 
TcO(OH)2 (aq) 8 .1 8071E-11 1. 0000 20.146 
CO2 (aq) 2 . 0142 1E-12 1 . 0000 -6.7594 
H2P04 - 6 . 53955E-13 0 . 28085 -5 . 8384 
H+ 1. 44975E-13 0.48957 - 13.029 
HS04- 6.53666E-14 0 . 53070 -10.591 
U02 (C03)2-- 3.08085E-15 1.67468E-02 23.251 
NH3 (aq) 6.88598E-17 1.0000 -1 4 .086 
U020H+ 1. 4569 8E-21 0.29866 8.6071 
U02C03 (aq) 9.53761E - 23 1. 0000 12.764 
Fe++ 2.45306E-25 4. 53136E-03 - 1 9.654 
02 (aq) 8 . 20391E - 27 1. 0000 -26.883 
Al+++ 2.09742E-28 6.46354E- 07 - 32 . 542 
Fe+++ 1. 80674E-34 6 . 46354E- 07 -32.740 
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Table D.31. Calculated Supernatant Composition for Tank BX-101 (2 pages) 

mineral 

Boehmite 
Nepheline 
Goethite 
Ni(OH)2 
Na20207 
Fluorapatite 
Hydroxylapatite 
St rontianite 
Tc02.2H20 (am) 

mineral 

Cancrinite 
Trevorite 
Ni2Si04 
CaU04 
Diasp ore 
Goethite 
Ni (OH)2 
Boehmite 
Na2U207 
Nepheline 
Fluorapatite 
Hydroxylapatite 
Strontianite 
Tc02. 2H20 (am) 
Gibbsite 
Calcite 
NaN03(s) 
Thenardite 
Portlandite 
Dawsonite 
NaN02(s) 
Analcime 
Jadeite 
Whitlockite 
Quartz 
Muscovite 
Nahcolite 
Na2Cr04 
Si02(am) 
Paragonite 
K-Feldspat 
Gypsum 
Kaolinite 
Fluorite 

volume fraction concentration rate [mol/drnA3/s] 
[mol/Lb] 

2.7277E - 03 l.3963E- 01 -3 . 3307E-23 
1.4423E-03 2 .6631E-02 1.3323E- 22 
6.3080E-05 3.0298E-03 8 .8 818E-27 
4.0659E-OS 1.8200E-03 -3.BBSBE-22 
S.8634E-05 6.lSOOE-04 4 . 6629E- 24 
7.7993E- 04 1.5599E-03 l.3767E-21 
l.2978E-04 2;5957E-04 -7.1054E-22 
l.0282E-07 2.6357E-06 - 2 .4425E-22 
1. 9569E- 06 3.913BE- 06 -7. 7716E-23 

mineral saturation indices 
SI (Log KQ) log K 

l.16468E+Ol 6.17029E+Ol 
4 .11277E+OO 3.29273E+Ol 
2.48024E+OO 4 .02135E+Ol 
l.08990E+OO 3.85902E+Ol 
3.49043E-01 1. 4.2798E+OO 
O.OOOOOE+OO 6.94577E+OO 
O.OOOOOE+OO 1.50365E+Ol 
O.OOOOOE+OO 1.07894E+OO 
O.OOOOOE+OO 5.87i95E+Ol 
O.OOOOOE+OO 8.33561E+OO 
O.OOOOOE+OO 6. 6l678E+Ol 
O.OOOOOE+OO 5 . 90849E+Ol 
O.OOOOOE+OO l.35221E+Ol 
O.OOOOOE+OO 3.02897E+Ol 

- 4 .204 09E- Ol 7.15274.E-Ol 
-8.89886E-Ol l.1698SE+Ol 
-1.36732E+OO -l.45956E+OO 
-l.51264E+OO 4. 42396E-01 
-1.84640E+OO 5. 86219E+OO 
-1.96344E+OO 3.59169E+OO 
-2.25502E+ OO -l.94861E+OO 
-2. 26022E+OO l.41944E+Ol 
- 3.22119E+OO l.28882E+Ol 
- 4. 14688E+OO 3.26736E+Ol 
- 4 .30610E+OO 3.46765E+OO 
- 4 .64215E+OO 2 .38046E+O l 
- 4. 64711E+OO -l.7 0910E- Ol 
-5.03546E+OO -2 .51051E+OO 
-5.37280E+OO 2.40095E+OO 
- 5.59246E+O O 2.04485E+Oi 
-5. 77236E+OO 2.05166E+Ol 
- 6.08435E+OO 4.61341E+OO 
- 8.53263E+OO 9.2294 8E+OO 
-1 .1 9633E+Ol 9 . 91108E+OO 

gas 

C02(g) 
02 (g) 

log partial pressure pressure [bars] log K 

-4.9741 - 9 . 911 
-23 . 02 
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Table D.32. Calculated Supernatant Composition for Tank BX-102 (2 pages) 

H20 mole fracti on 
activ i ty o f water 
osmotic coeff i cient 
ionic s trength 
soluti on density 
pH= 10.008 pe 

9 . 2619E- 01 , weight f ract ion= 
9.4213E- Ol 
7.481 4E- Ol 

= 4.51 83E+OO 
1. 2367 

3. 078 
[g/cm"3 ) 
Eh= 2 . 0345E- Ol [VJ 

8 . 1627E-O l 

primary s pecies molarity tot [mol/L] act . coef. 

Al(08)4 - 7 . 9780E - 08 7 . 9780E- 08 2.8431E- 01 
Fe(OH)4 - 3.5077E- 10 3.507 7E- 10 2.7301E- 01 
Ca++ 6.7965E- 06 8. 720 1E- 06 1.0045E-02 
Ni++ 1. 7454E- 07 1. 7 45 4E- 07 6 . 5448E- 03 
K+ 2 . 7301E- 03 2 . 730 1E- 03 3 . 4284 E- 01 
Na+ 2 . 805 5E+OO 2 . 9088E+ OO 7.6441E- 01 
OH- 2.3928E- 03 7.2020E- 01 3 . 7493E- Ol 
N03- 4 . 2896E- 01 5.3000E- 01 3.887 7E- Ol 
N02 - 4.38 11E- 02 4.6100E-02 3.353SE- Ol 
Cl- 1. 25 00E- 02 1.2500E- 02 3.4895E-01 
HC03- 3 . 3698E-02 6.4299E- 01 2.2524E-Ol 
HP04-- 2 .4 643E- 01 3 . 5114E- 01 1.lOOlE- 02 
S04 -- 2 . 3000E- 01 2 . 3000E- 01 l. 4777E- 02 
Cr04- - 1. 6000E- 03 1.6000E- 03 1 . 5603E- 02 
Si02 (a q) 2 . 962BE- 04 4.0069E-03 1. OOODE+D0 
Sr++ 5 . 2644E- 07 5.264 4E- 07 7 . 8982E- 03 
Cs+ 3 . 4400E- 06 3 .4 400E- 06 2 . 6084E- 01 
U02++ 6.3117 E-1 9 l. 0285E- 01 4 . 0865E - 03 
TcO++ 1 .6805E- 22 l.0145E- 10 4 . 0279E - 03 

complex mol ari ty act . coef . l og K 

· C03-- 0 . 30075 0 .1 8956E- 01 2 .. 8970 
P04--- 0 . 10468 0.19595E~03 0 . 90014 
U02(C03)3---- 0 . 1 0284 0.60792E- 05 29. 808 
NaN03 (aq) 0 . 1 01 04 1. 0000 -0 . 54 895 
H3Si04 - 3 . 55561E- 03 0. 25 166 3.5531 
Na N02 (aq) 2.28869E- 03 0 . 9 97.19 - 1.1401 
H2Si04 -- 1.54962E- 04 2.73950E- 02 4.2505 
H2P04 - 2 . 39796E-05 0.17225 -5.8384 
UO2(C03)2- - 2 .65206E-06 9 . 05 223E-03 23.251 
CaC03(aq ) 1.8804 1E- 06 1. 0000 6.58 1 0 
CO2 (aq) 1.47240E- 06 1. 0000 - 6 . 7 594 
CaS04( aq ) 4.31853E- 08 1. 0000 2 .2698 
HS04 - 3 . 30093E- 1 0 0.27754 - 10 .5 91 
H+ 2.43145E - 10 0.40411 -13.029 
TcO(OH)2(aq ) 7.61964E - 11 1.0000 20.146 
Tc04 - 2 . 52533E-ll 0 . 17225 20 . 328 
U02C03 (aq) l . 0837 3E - 13 1 . 0000 12. 764 
U020H+ 3 . 35566E-15 0 . 27905 8 . 60 71 
NH3(aq) 8.15737E-17 1. 0000 - 14 . 086 
Fe++ 2 . 23311E- 19 4 .02791 E- 03 - 19.654 
Al+++ l. 1 6690E-22 8 . 60703E- 07 - 32.542 
(U02)2(08)2++ 1. 49 4 95E-2 4 4 . 08927E- 03 21.058 
Fe+++ 3.12306E-25 8.60703E - 07 - 32 . 740 
02 (aq ) 1. 68558E- 25 1 . 0000 - 26.883 
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Table D.32. Calculated Supernatant Composition for Tank BX-102 (2 pages) 

mineral volume fraction concentrat_ion r a t e [rnol/dm"3/s] 
[mol/Lb ] 

-------------------------------------------- · ---------------------------
Analcime 
Goethi te 
Ni(OH)2 
Whitlocki te 
Na2 U207 
Strontianite 
Tc02 . 2H20(am} 

mineral 

Ni2Si 04 
Trevorite 
Goethite 
Ni (OH)2 
Na20207 
Analcime 
Whitlockite 
Str onti ani te 
Tc02.2H20(arn) 
Quartz 
Calcite 
K- Fe ldspa r 
Haiweeite 
Si02(am) 
CaU04 
Th e nardi te 
Jadeite 
NaN03(s) 
Nahcoli te 
Eskola ite 
Nepheline 
Dawsonite 
Diaspore 
NaN02(s) 
Boehmite 
Halite 
Gibbsite 
Cancrinite 
Gypsum 
Paragonite 
Muscov ite 
Kaolinite 
Portlandite 

2 . 06 17E-06 2.1299E-0S 
l.5865E- 04 7.6200E- 03 
3.618 7E- 05 1. 6198E- 03 
4.3252E- 04 4.4306E- 03 
5.3176E- 04 5.5775E- 03 
S. 4509E- 07 1.3973E-05 
1.7217E- 06 3.4434E- 06 

mineral saturation indices 
SI (Log KQ) log K 

6.66397E+DO 
4.05105E+OO 
O.OOOODE+DO 
O.OOOOOE+DD 
O.OOOOOE+OO 
O.OOOOOE+OO 
O.OOOOOE+ OO 
O.OOOOOE+OO 
O. OOOOOE+OO 

-6.06525E-02 
-6.0830 4E-01 
-6 . 89591E-01 
- 9 . 97561E-Ol 
- 1.127 35E+OO 
- l . 30088 E+OO 
- 1. 36360E+OO 
-1 . 42962E+OO 
-1. 90612E+OO 
- l.95932E+OO 
- l . 96675E+OO 
- 2 . 45388E+OO 
- 2. 76799E+OO 
- 3.14329E+OO 
- 3.45019E+OO 
- 3 . 49234E+ OO 
- 3.64448E+OO 
- 3.88189E+OO 
-4.03067E+OO 
- 5 . 0728 1E+OO 
- 6. 54011E+OO 
- 6 . 5 4405E+OO 
- 6.99555E+OO 
- 7.39788E+OO 

4.02135E+Ol 
3.29273E+O l 
6.94577E+OO 
1.50365E+Ol 
5.87195E+Ol 
1.41944E+Ol 
3 . 26736E+Ol 
1.35221E+Ol 
3.02897E+01 
3.46765E+ OO 
1 .16985E+0 1 
2.05166E+Ol 
8.68497E+Ol 
2.40095E+OO 
3 . 85902E+ Ol 
4.42396E - 01 
l.28882E+Ol 

- 1 .45956E+OO 
-1. 70910E- 01 
-l.73317E+OO 

8.33561E+OO 
3.59169E+OO 
l.42798E+OO 

-1. 94861E+OO 
1. 07894E+OO 

- 1.61549E+OO 
7 .15274E-0 1 
6. 17029E+O l 
4 . 61341E+OO 
2 . 04485E+Ol 
2.38046E+O l 
9 . 22948E+OO 
5 . 86219E+OO 

-7.10S 4E- 22 
- 8.8818E-27 

3 . 1086E-22 
l . 11 02E- 28 
4 . 6629E- 24 
1. 1102E- 22 

- 7 . 7716E- 23 

gas log partial pressure pressure [bar s] l og K 

- 4.9741 C02(g ) 
02 (g) 
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0.3.l.2.l 'hnk H-1 H). The simulated supernatant fr,r tank B-110 in the absence of FDTA is in 
equi librimn wi th minerals b,)ehmitc (Al01H). nepheline (N;tAlSiO.;). goethite (FeOOH), 
Ni(OHh. darkeitt~ (Na1U2O7), J\,fn(OH)2{am), fluoraparit,~ [Ca..,(PO .• 'hFJ, strontianik (SrCO·i), :md 
Td)2•2HA)1am)• The calculated pl1 '" 12.93 and Eh"' - J.0 .79 m.V. The ront\-mtration of urnnium 
is extremdy low ,md limited by the solubility of .:;Jarkdt.e. in spite of the high (~arbonate 
conctmln1tion of 0. l I mol/L in I.he form of cot. Cfo.rkdtc h(is a much higher solubility m IO\ver 
pH as shown in Figtire D.47, Likewise. nickel has an extremely low concentration lirnitcd by the 
~,olubility 01· Ni(OH):::. The 1..'.C.lllcentratfon of strontiuin is limited by the solubi lity of strontianite, 
Finally, technetium is limited by the rnlubility of Tc(h •2H20pm)• Hmvcvcr. thermodynamic data 
for rhi.s lattt~r phase only exists at 25 GC, and therefore equilibrium ,vith thi.s phase at 60 c,c may 
not be rdiable, 

Hgure D.47. The Predicted Solubility of Clarkeitc in a NaOH-NaN03-NaHCOJ Solution 
Using the Pitzer Activity Coefficient.Model 

The Concentution of NO.3 ·was Calculated by Charge Balance for a Solution. with. :Fixed 
pH, CO2, and Total Sodium Conct.•ntrations in :Equilibrium with Chtrkcite. 

Jones ct at. (100 lJ included organic compounds such :.is EDTA, .HEDTA, or NTA in their 
inwnt.ory ~stimmc::; . For the B-110 supernaw cakufation with EDTA, ;m assum.ed concentration 
of 0.1 mol!L was used. Only the ('.Omplcx SrEDl'A1 .. wa~ in.duded in the calculation. Ek.i\vever, 
thermodynamic data Jhr 1.he 1.og K for this species wat; only avaiiabk at 25 °C and so the results 
me only approximate. In this case, $1.rontianite became undcrsa1urated and the total strontium 

------------~ ...................................... ·- ···· 
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concentration was several orders of magnitude higher, equal to its initial inventory value, 
compared to the case without EDTA. 

D.3.1.2.2 Tank BX-101. For tank BX-101, minerals boehmite, nepheline, goethite, Ni(OH)2; 
clarkeite, fluorapatite, hydroxylapatite [Ca5(OH)(PO4)3], strontianite; and TcO2•2BiO(am) are in 
equilibrium. The tank pH = 13 .15 is very high and thus the concentration of uranium is 
extremely low limitt:d by the solubility of clarkeite. 

D.3.1.2.3 Tank BX-102. Calculations predict that tank BX-102 should have the highest 
uranium concentration of 0.1 mol/L, equal to its initial mventory, for the B, BX, and BY tank 
farms. This is because of its relatively low pH= 10 and high carbonate concentration. Minerals 
analcime (Na96Al96Sh.04O6•H2O), goethite, Ni(OI-Ih, whitlockite [Ca3(PO4)2] , clarkeite, 
strontianite, and TcO2•2H2Oca.m) are in equilibrium. 

The speciation results are summarized in Table D.33. Noteworthy is that only two tanks of the 
ten tanks analyzed, tanks BX-102 and B-201 , exhibit high uranium concentrations. This is 
because of their lower pH (10 to 11) compared to the other tanks with pH values ranging from 
12 to ~ 13. TankBX-102 is in equilibrium, and tank B-201 is undersaturated with respect to 
clarkeite. For all the other tanks considered, the uranium concentration is extremely low, limited 
by the solubility of clarkeite at high pH (12 to 13). For the high pH cases, the mineral CaUO4 
was found to be supersaturated, which would have resulted in even lower uranium concentrations 
had it been included in the simulations. The results obtained for the different tank supematants 
are similar to the values derived by Jones et al. (2001). Jones et al. (2001) did not give the 
uranium concentration for speciation of tank B-107, presumably because it was too low, which is 
consistent with the results obtained in this study. 
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Table D.33. Tank Supernatant Concentrations [mol/L], pH and Eh for Representative 
Tanks in the B-BX-BY Tank Farms Derived from Reaction Path Calculations Using 

FLOTRAN (Lichtner 2001) with the Pitzer Activity Coefficient Model 

A Fixed Temperature of 60 °C is Used for all Simulations. Calculations are Based on 
Tank Inventory Estimates Presented by Jones et al. (2000, 2001). With the Exception 

of Tank n.:201, in all other Cases, Total U02 Coincides with the Carbonate Species 
U02(C03)34-

Tank pH Na HC03 RPO/- U02 Eh [VJ Clarkeite 

B-101 13.123 3.13 0.261 · O.Ql 9.69te10 -8 sat 

B-105 12.3 4.95 0.207 0.147 1.109e7 -43 sat 

B-107 12.54 1;86 0.022 0.004 623ell -26 sat 

0.108 O.Ql 6.66e10 
-

0.014 B-110 12.87 3.75 sat 

B-201 6.92 2.70 0.009 0.055 6.57e4 -545 W1Sat 

B-203 13.671 12.997 0.061 0.313 9.64e l0 -75 sat 

B-204 10.170 0.177 1.Se-5 4.03e-9 6.19el-4 -186 sat 

BX-101 13.109 3.868 0.25 0.Ql12 1.04e9 -23 sat 

BX -102 10. 2.91 0.643 0.351 0.103 0203 sat 

BX-lll 12.556 1.81 0.016 0.0028 2.204ell :0.0137 sat 

D.3;1.3 Observations and Qualifiers 

The pH is determined by charge balance and as a consequence, is significantly influenced by 
total sodium and NO3 tank inventories. 

The Eh of the supernatant is determined by the Nd;NO2 redox couple. If this redox couple is not 
at equilibrium, then the calculated Eh is not correct, assuming correct concentrations ofNO3 and 
NO2. 

For tanks B-110, BX-101 , and BX-102, the concentration of technetium was limited to low 
concentrations by the solubility of the phase TcO2•2H2Ocam)· However, as already noted, 
thermodynamic data was avai}able for this phase only at 25 °C. 

Jones et al. (2001) did not provide inventory data for the BY tank farm or for the other tanks not 
listed in Table D.27. 

Because of the bismuth-phosphate process used in the extraction of uranium, a number of the 
tanks contain high phosphate concentrations that would be expected to complex with uranium. 
However, thermodynamic data for these species is absent froin the database for the Pitzer model, 
and only available-at 25 °C for the Debye-Huckel model. The mineral whitlockite [Ca3(PO4)2] 
was predicted to be saturated in the high phosphate solutions. · 
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Bismuth was not included in the calculations because of lack of data in the Pitzer model 
database. However, its omis~ionis not expected to greatly affect the supernatant simulation 
results. 

Organic species were not included in the calculations because of lack of data in the Pitzer model · 
database. 

Clarkeite was saturated for all tank compositions except B-201 . 

There is very sparse thermodynamic data for aqueous uranium species above 25 °C. 

Eskolaite (Cr20 3) precipitated out in tank B-201. 

Cancrinite was found to be supersaturated in many of the tank fluids. Because th~rmodynamic 
data is not available at 60 °C, but only for approximately 89 °C (Bickmore et al. 2002), it was 
not included in the simulations. 

D.3.1.4 Conclusions 

Thermodynamic speciation calculations were performed on selected tanks for WMA B-BX-BY 
with inventory estimated by Jones et al. (2001). The objectives of these calculations were to 
estimate aqueous concentrations for the tank supernatant and identify plausible chemical species 
present that may have been released to the ground through transfer line leakage or other routes. 

1. The main conclusion to be drawn from -this study is that for most of the tanks m the B, 
BX, and BY tank farms, the concentration of uranium in the supernatant is extremely 
low, and limited by the solubility of clarkeite at high pH (12 to 13). This is in spite of the 
high carbonate inventories derived by Jones et al. (2001) for most of the tanks. The only 
exceptions found for the tanks studied were BX-102 and B-201 , for which essentially all 
uranium was in solution. These tanks have ·relatively low pH values ranging from 
10 to 11. The results of the simulations are consistent with observations of elevated • 
uranium concentrations near tank BX-102 presumably resulting from a 1951 overfill 
event (Jo;nes et al. 2001). 

2. A surprise finding of these results is that most of the tanks in the B, BX, and BY tank 
farms have extremely high pH values similar to the S and SX tank fanns (Jones et al. 
2000a), the notable exceptions being BX-102 and B-201. The calculated pH is based on 
charge balance involving primarily sodium and NO3 concentrations, and as a 
consequence, is sensitive to the inventories predicted for these .species. 

3: Of all the tanks considered, tank BX-102 had by far the highest uranium inventory, 
followed by tank B-110 with a lower total uranium inventory by a factor 400. 
Nevertheless, the supernatant concentration of uranium for these two tanks was 
calculated to differ by over 10 orders of magnitude with tank BX-102 having the highest 
concentration. This illustrates the extreme differences in supemate compositions that can 
result from subtle differences in tank inventories. 
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4. Because of the lack of thermodynamic data at elevated temperatures, calculations 
incorporating EDTA for simulations involving the tank B-110 are of limited value. Much 
more work needs to be done to obtain the necessary data for EDTA complexes involving 
strontium and other species. In addition, only limited data was available for describing . 
complexes with fluoride: · 

5. Finally, the calcµlations suggest that the concentration of technetium in the supernatant 
may be limited to low values by the solubility of the phase TcO2•2H2Ocam)• Tiris .result is 
consistent with lack of observed technetium in the Hanford sediment:; at the BX tank 
farm. Additional thermodynamic data is needed, however, to test this hypothesis at the 
elevated temperatures of the tanks. 
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THE IDENTIFICATION OF URANIUM-BEARING PHASES BY X-RAY 
MICROPROBE, ELECTRO_N MICROPROBE, AND SCANNING ELECTRON 
MICROSCOPY 

James P. McK.inley1, Steven M. Heald1
•
2

, John M. Zachara1, and Charles T. Resch1 

1Pacific Northwest National_Laboratory, Richland, Washington 99352 
2Argonne National Laboratory, Argonne, Illinois 60439 

D.3.2.1 Introduction 

The chemical environment, composition, valence, mineralogy, and habitofuranium in the BX 
tank farm sediments have direct bearing on its mobility, transport, and fate for these 
contaminated sediments. Adsorbed uranium may be readily desorbed .and mobilized by solutions 
moving into and through the vadose zone. Uranium(IV) forms essentially insoluble oxides and 
would require oxidation prior to solubilization. If the uranium is in the form of uranyl solids, 
such as schoepite [U02(0H)2], the solubility of the solid phase could control the aquemis 
concentration of uranyl. Finally, the habit of the solid phase (including its relationship to other 
minerals) could control the kinetics of uranyl release to the aqueous environment. 

The form and valence of the contaminant uranium in the BX sediments was investigated using 
x-ray spectroscopic and microprobe methods at the U.S. Department of Energy Advanced 
Photon Source (APS) at Argonne National Laboratory, as well as electron microprobe and 
scanning electron microscope methods at Pacific Northwest National Laboratory. Petrographic 
thin sections of contaminated sediments were examined first by x-ray microprobe (XMP) and 
x-ray absorption fine structure (XAFS) orx-ray absorption near-edge structure (XANES) 
measurements. These methods allow valence determinations and the construction of elemental 
abundance maps for a limited number of elements, at an optical resolution of a few microns. 
To compare the results of these measurements to measurements and observations using electron 
microprobe (EMP) and scanning electron microscope (SEM) methods at much higher optical 
resolutions, an optical, low-resolution video image was cqllected for registration. This approach 
allowed the close comparison and integration of the relatively high-resolution, broad-spectrum 
electron-beam methods with the relatively low-resolution, low-detection-limit, and 
valence-sensitive methods available at the APS. These methods were used in combination to 
determine the form and composition of uranium within the BX tank farm sediments. 

This combination of methodologies provides a precise and powerful tool for examining the 
chemistry and chemical relationships in natural samples. The XMP relies on a focused 
high-intensity beam ofx-rays to produce images of the distribution of selected elements. 
Characteristic x-rays are detected using solid-state or wavelength-dispersive spectrometers, and 
the high flux of primary x-rays yields a very low analytical detection limit. In addition, by 
purposefully varying the wavelength of the beam impinging on the sample, the relative x-ray 
fluorescence can be measured to determine the position of the x-ray absorption edge for elements 
of interest. The edge position provides information on the valence of the absorbing element. 
The SEM and EMP make use of an excited and focused beam of electrons, electronically 
scanned over the sample surface. In the EMP, induced x-ray signals are screened for 
characteristic x-rays using wavelength-dispersive spectrometers. The instrument is designed to 
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provide a quantitative analysis of solid substances and can be used also to provide elemental 
distribution maps at much higher optical resolution but with a higher detection limit.. The SEM 
employs a very finely focused and controlled electron beam to produce images of very high 
resolution, but detects secondary x-rays using a solid-state detector that has poor energy . . 
resolution co:µipared to that of the EMP. The SEM cannot provide conipositional data of 
precision and accuracy comparable to the EMP. The three techniques thus have a combination 
,of strengths and weaknesses that can be exploited to provide unique and useful information about 
the chemistry and chemical relationships within solid samples of interest. 

i · D.3.2.2 Experiniental Methods 
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Samples 57 AB, 61AB, and 67 AB from borehole 299.:E33-45 were selected for detailed study 
using a combination ofEMP, SEM, and XMP. · 

It was anticipated that secondary uranium precipitates would occur predominantly as .surface 
precipitates on mineral grains in the impacted sediments. It was also understood, however, that 
the precipitation of uranium solids could take place within 111ineral particles or as components of 
mineral aggregates; and that the valence of uranium in these solids could have been reduced by 
oxidation-reductio.n reactions with the associated solid phases . . To .examine uranium precipitates 
in cross-section and within the primary sediment clasts, thin section mounts of the contaminated 
sediments were prepared. A short section of 1 cm inside-diameter tubing was placed in a 
holding jig, a premixed aliquot of low-viscosity epoxy was added, and then a few grams of 
sediinent were poured into the epoxy. The slurry was incubated in an evacuated chamber to 
exsolve gas and to prevent the formation of bubbles. After hardening~ the imbedded sediment 
was wafered on a diamond saw, fixed with epoxy to a fused quartz slide, and polished and 
carbon-coated for e:iauniru,ttion in the electron and x-ray facilities. 

The EMP analysis used wavelength-dispersive spectrometers (WDS) with 30-eV resolution that 
were tune!i to wavelengths for uranium, .phosphorous, iron, calcium, and potassium X-alpha 
radiation and left fixed during image acquisition. The samples were examined using an 
accelerating potential of 20 ke V and a beam current of 20 nA, with the electron beam focused to 

. approximately 50 fo fOO nm on the sample surface. The beam position was digitally controlled, 
and a digital compositional image of the sample was acquired by rastering the beam over the 
sample surface in a 1024-by 1024-pixel grid at, typically, 50-nm steps with a beam dwell time 
that would allow image collection in 8 to 12 hours. 

The x-ray microprobe measurements were performed at the Pacific Northwest Consortium -
Collaborative Access Team (PNC-CAT) insertion device beamline (Heald et al. 1999) at 
Argonne National Laboratory APS. The beam was focused using Kirkpat,ick-Baez mirrors 
(Eng et al. 1998). The entrance slits were set at 0.6 x 0.6 mm, and the beam focused to 5 µm 

horizontally x 6 µm vertically. Typical flux was about 2 x 1011 photons/sec. The sample was . 
rotated 30 degrees from normal incidence, giving an effective horizontal spot of about 6 µm. 
The beam energy was selected with a silicon (111) double crystal monochromator with an energy 

resolution of LIB-IE= 1.4 x 10-4. The fluorescence from the sample was detected using either a 
13-element solid-state detector, with typical energy resolution of about 300 eV, or a WDS tuned 
to the uranium Lu fluorescence. The WDS was either a log-spiral bent silicon Laue detector 
(Zhong et al. 1999) combined with a proportional counter or a Microspec WDX detector with 
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LiF 220 analyzer crystal. The log-spiral detector provided better sensitivity with about 90-eV 
energy resolution, while the WDX gave better energy resolution (30 eV). Both detectors had 
sufficient resolution to isolate the urani~ La line from nearby rubidium and strontium 
fluorescence, and could detect about 2 to 5 x 109 uranium atoms in the beam spot. Energy 
windows on the 13-element detector were set to also record the fluorescence signals from iro~ 
rubidium, and strontium as the sample was rastered under the x-ray beam. For imaging, the 
incident energy was set to 17,200 eV. The presence and abundance of uranium were imaged 
using an arbitrary violet-to.:.red false color spectrum, lowest-to-highest abundance, respectively, . 
for each area examined; abundances were not comparable image-to-image. 

SEM images were collected at 250X magnification and used to construct relatively small-scale 
mosaics of sample surfaces for comparison with XMP images. In addition, quantitative analysis 
was conducted using the SEM for uranium-containing grains whose surface expression was one 
to several microns across. The grain size presented potential problems for compositional 
analysis; The diameter of the electron beam on the sample surface in an EMP is approximately 
150 nm using a tungsten filament, depending upon the accelerating potential and beam current, 
whereas; the equivalent beam diameter in the SEM used (a JEOL 6340 with a field emission) 
was 10 to 20 nm. (Goldstein et al. 1992). Also, because the SEM is used primarily for imaging 
whereas the EMP is used for compositional analysis, the SEM provided a superior determination 
of the location of the electron beam on the sample surface. Use of the SEMthusprovided better 
control of analyte location and volume on the sample surface. A data reduction procedure 
accounting for .inter-element x-ray interactions from differences in atomic number, absorptio~ 
and fluorescence (ZAF), identical to the reduction procedure used in EMP analysis, was used for 
SEM data. The method of detection for these X-rays was a solid-state, energy-dispersive 
detector, similar to that used" at the APS. As noted above, this detector had higher detection 
limits and lower resolution than the WDS. 

The standards against which analyses were measured are given in Table D.34. To confirm the 
accuracy of standardization, each standard was analyzed as an unknown prior to the analysis of 
samples. Because a beam current monitor is not used in SEM analyses, the compositional data 
were collected under operating conditions nominally identical to the standards collections, and 
the results were reported as normalized values (totaling 100 wt%). 

Table D.34. Composition and Stoichiometry of SEM Compositional Standards 

Element Standard Element Standard 

C C 0 U0 2 

Na NaCl Mg MgO 

Al Al20 3 Si Si02 

p CaP04 s FeS2 

K KCl Ca CaP04 

Ti Ti~ Mn Mn 

Fe FeS2 u U02 
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D.3.2.3 Results aud ))iscussion. 

The supedrn.position ofXMP data fiJr uranium onto a backscattercd~clectron SHvl photomosai<.: 
of the data collection region (Figure D.48) sh°'vs the i.mcvcn distribution of uranium, :rvfo8t 
unmiwn was concentrated on 1.ni.ncral grain surfaces, hut some uranium occurred also in grain 
interiors. W"ithin the quartz grain to the u_p_per right of t.he false color overlay, the manium map 
defined several curvilinear accumulations. ln general, the distribution of relatively conce.nlrai:ed 
forms of ura1.,Jum was indepcncknt. of other clements, and uranium did not appeai- ti:> ass<,datt 
prefon:aHially with any minera.L Bulk and microscopic extended x~ray absorption fin('. structm1::. 
(EXAFS} 1neasurcments (Figw·e. D.49) showed that all of the uranium ,1s~ociatcd witb these 
!-.amples ,vas bexaval~nt The absnrpt.i<m edges overlay one another perfoctly for bulk sa.mple 
analyses and for microscnpic XANES analyses, The peak position and post--maxinmm shoulder 
were characteristic of uranium(Vl). 

Figure D.48. ll,,ckscattered .. mectron SEM: Jmage of Sarnple 61AB at Right, Left, nnd with 
XMP Overlay of FalSt.\~Col.or Uranium Abundance 

Urani.um is Concentrated .lt Grain Boundaries and Within Mineral Grains. A Set of 
Elemental Abundance Maps M Fin.er Scale w,,s Collected b,-· .E:Ml' \\'here Indicated b)' the 
Circle (Figure D.50)t and Detailed SEM Images ()f Areas Near A and B arc Presented in 

Figure 0.52. Scale Bar = 200 µm 

----------- ························-- ···---------------------
,\ ppD .. 1z 1·,, J) .. ]25 



RJ>P-10098, Rev. O 

Figure- D.49. llXAFS Plots Of Bulk Measurements of BX Samples (Left., Toph and for a 
Single Uranium-Rieb Grain Compa1·t•d to Rutherfordine (Bot.tom),. a Uranyl Carbonate 

[U1·anium(VI)02C03) 

The Uranium Val.ence for all Samples is 1;:ssentiaUy Uniform and Conforms to the 
Reference Spectrum for Uranium(Vl) (Top Right). Note th.e Arbitrary Scale omwt in th,~ 
Sample Ha.ta; the Pe-ak and Post-Edge Shoulder Confom1 to the Reference Positfons, with 

the Maxima atAppro.x.imately l7,180eV. 

/lppD .. 1}13 

~.e, ••••·•• .. • ·• •• • • ••••••••••••••••••••• ••• • ••••• • • ••• • n - ---------~ 

F::::tJ1 ~t:· JHi if 
··· ·8 'l :ilt.: pt1:.t ;!t.: 

(fi4t; ,'."-.1'1i : 

· · · · i.::.·.f?!.·~tJ?tl? .r?_.) · · 

. -.~- -.-.-: •-·. 
,,... -· 

~··-· ,._.,,, ... 

,, , .- •. 
' · 

·• .... 
·.:.:, .. ,-,,. 

·---·-::-

, .c _ _______________ _, 

•H> 

1.6 

1.4 

.. .... ::.: : 
··· :.,•· 

./ .. .. ... 
:_: 

-· / 

l(l ;:<.) 

t; •l:Q(tv ) 

! ! ii i 

/\\ 
. : .. '• .............. :-- .... ,_.-. -· ... , ···-,-.. . 

. • i\BpH9ii ooo-i 
.;_ ~~~ : -~~!~t:\~tf::"?f~!~1~ ..... 

........ . 
::·: ·· ··· ·· .. •··· .. ... _::··::· 

{'i ,i) '---------···· ............. .. ·------~ 

·2.0 .. ; (I () 10 ;/n :m 4() 

E •£. (e~) 

r,o 

----------------------········································----
D-126 



,::•.•:•. 

::•.·-·-· 

•'.:'•' •'• 

:::-.-.-._ 

RPP~ !0098, Rev, 0 

The s.arnple-::mrJace spot size for the XMP \Vas approximately 6 to 7 µm square. and energetic 
X-r.adialior1 .from uianium. could originate from \Vithin a larger voh.nne ,vithin the sample and be 
1nduded in the elemental map, The low det.edinn limit Ji.)r this method could also show the 
prc~encc of uranium that was adsorbed. obscuring I.he occurrence of discrete uranium so.lids. To 
detect potential uranimn solids. an area that included the edges of the biotite flake and adjacent 
qua.rtz grain from Figure D .48 was examined using the E1v{P at much finer scale. The spatiaI 
resolution if tb.i~ method was approximately 100 to 200 nm, and the detection limit \Vas 

approxi.rnatdy 0.05 "vt.%, ; the comparative values for XMP ,vere 6 to 7 11m and (H)()Ol wi.l?,•i\,. 

respectively, The EMP thus had the advantage in detecting and imaging discrete granules of 
uranium-rich i:natcrials, The distribution of uranium shown in Figure D50 indicated the 
presence of discrete uranimn-hearing solids and of uranium lhat may have been disseminated . 
1n the bat:ks<.'.attered.-dectron (BSE) image, bright (high-Z) grains ,vere readily identified as 
1.mmiu.m solids by comparison ,vith the uranium. distribution map (bracketed area). Note 
hmvever1 that the bright uranium-rich gm.ins were also a.sso(.:iatt•:<l with uranium that appearl'd n<.)t 
to be induded in dense sol.1th. ; some of the detected uranyl may have been adsorbed or 
precipitated in nm-scale solids too small to i.mage. A co1.npariso.n with abundance maps fr,r 
phosphorou$ and iron showed that the abundance of uranium was not correlated with the 
abundances ,:>t phosphorous or fron. Phosphorous \Vas pre~ent within a precipitated solid on the 
surface of the silicate grain but was riot associated \Vlth uranium. Ca.refoJ examination of 1.he 
iron-rich mica showed that while uranium ,-vas associJted with this iron-rich m.ineraL. it. v,ms nol. 
associated with iro11 per se~ the bright, uranium-rich solids observed in BSE and ura.nimn in.1agcs 
were in void:, depleted or fi:ee of iron (Figure D .52), Some niinute uranium solids were pre-sent 
on the silicate grain surface, 

The surfaces of the mica and silicate grains shO\vn in ·Figure D.48 \VCre exa1.ni.ned using a SEM 
to more carefully and definitively identify the urnnium-bcaring solids on and ,vithin sediment 
clasts. A small area of the mica grain near the mark A in Figure D.48 and a small area of the 
si1icate grain near the m,1rk 8 in the same figure were imaged in tlK~ backstattcred-efoctron mode 
(Figure D.52), Thi.~ uranium minerals asso<.:iarcd with the biotite and silicate v-.,ert\ found to be 
compostxi. predominantly of uranium., silicon, and oxygen by energy dispersive spectrtiti('.opy 
(EDS). They ,vere of relatively nnifonn size, generally 1 to 3 iim across. bu t some much smaller 
grains were observed also . Several do:zen individnal grains were surveyed using EDS analysis. 
Although uranium-bearing solids \Vere observed a.bundantly on mineral grain surfaces, as with 
the association with biotite and on the surfac~ of the adjat..:cnt silicate grain. thcv were also 

' ~ ~ ~ 

ahtm:d.ant within microfradures in silicate minerals . 

......................................... __________________________ _ 
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Figure D.50. nackscattcrcd-Hcctron KMP Image of the Region from Figun• DA8 that Lies 
Uetwcen tbe Upper Edge of the Imaged Mica and the Adjacent Silicate 

Also Shown are Gray-Scale }-:le1ncuti\l .Distribution Maps for Pbosphot·ous, fron, aml 
l lnmium. Tht:~ Brackdcd Arca is at the High-U ranium Area Shown Neat A in Figure D.48. 

Note the Associat:ion of Cranium with Discrete Grains~ as well as its Di$seminatcd 
])istdhution Around Those Grains. 

Careful examination of tfa.~ distributi<)n ofuranium solids showed the abundant presence of 
uranium mkrncrystallitcs within t·h1cturcs in silicate sediment <.:lasts (Figure D.5 L a <.:ompositc 
nf backs.cattered electron images). The singk mm-size rounded grain (Figure D .51A) was 
composed ofintergro\vnpotassium foldspi,r (tighter and labeled K) and plagiodase feldspar 
(darker and lahded P): a single tita.nomagne1ite grain adhered to the clas1 surface ('f) . ··r11c dast 
"vas interpenerrated by abundant n1icr0Jracturcs occupied by tine l to 3 ~un crystals of uranium 
prcdpitak, _presumed al this point to be uranium silicate, (AU ()f the bright. tiny objects shown 
occupying the fractures were t.i.ranium solids,) \Vhik uranium minerals occured near the surface 
of the silicate grain (Figure D .5 lH). they \\iCfe predominantly ,vithi:n near-surface fractures . The 
1nost .abundant occurrence ()f uranium silicates \Vas within fractures internal to the silicate 1..m1in . . . . ~ . 

(Figun~ D.51 C and D). wh~re they forn:1 rndiuting crystal clusters and Hncar vein-filling rnasscs. 

_________________ ................... __________________ _ 
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Figure D.51. Composite Backscattered Elec.~tron lmagts of llrnnium Silkilt.es Associated 
with a Single SHici:tte Clast. 

----------------·----··········································-···-··---------------------------
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FigureU.52. Backscnttered-Electron SEM Images of the Mica and Silicate Grains 
in fi'igure D.48 and Figure D.50. 

Ou the Mica Grain (Left) ~•re Sho,"·u Several Discrete Uranium Silicate Grains, one of 
which h.as a Radiating, Acicular Habit. On the right is shown a Microfracture Enclosing 
Unmium Sil.icate Grains. AU of the Imaged Uranium l\Jiuernls are l to 3 iun across. 
The Aligm .. '11 Uranium Hcari.ng Grains at Right Define the Brightest Area (Area of Highest 
Alumdaucc) shown in Figure D.48. Scale bar: 10 µm. 

Compositional analysis \Vas attempted on grains that were more than 2 pm acrnss. The analysis 
of small particles is complicated by the unknown geometry of th<.~ anal.yte solid (Goldstein el al. 
l 992). For thin and irregular bodies, electrons i.:an penetrate across the boundary bet,veen the 
targtt material and into underlying materials. The resllltant x-rays can have unpredictahle effects 
on x-ray yield and. intcH.~lement x-ray interactions. The potential analyte volurne frH' these 
particks w~-\s estimated using an electron flight simulation method (Chernov 2000), Using a 
llypothctical snlid composition of lJSiO5 and an accelerating potentia.l of 15 kcV fot the electron 
beam, the x-ray generating volume was approximately 0.8 µm on.the sample surface. to a depth 
ofapproxinmte!y 0,6 µm . The x-ray emission from this volume was a function of depth, ·with the 
detectible x-ray intensity dropping fr<Jtn its m:x,-;.imum near the sample surface tn approximately 
10'~:•~i of that maximum at a depth of 0,.5 p.m. Jr was likely thal the enclosing mineral grains 
contributed significant compositional inform~1tion dnring the analysis of nticron-srak particles, 

EDS spectra were cnlJcctcd and processed in combinations of frrnr possible standards sets: 

1 . Ui.e standards tabk was used as given in Table D. 14. 

1 Ah0:1 ,vas -used as the standard for oxyge1i. 

3. Carbon was mnitte<l from each of these altcrnativt~ oxygen-standard tables (.i,e., two 
carbonAi-1::e :itandards sets were produced). 

Becm..1sc the oxygen x~ray intensity is small for lJf.)2, it was considered prudent to try an 
oxvuc1H·ich sta11.dard , Carbon ,vas both included and excluded. because it could have a dramatic -,_ 
dfoct on compositional determinations through inter~dcment correction calculations. Cm:bon 
v,ms not found aft.er many initial analyses. so it was eliminated from the standards tuhle. 
In addilion; it was ·frmnd that the use of AbOJ as an oxyg(~ll standard ca11,~ed a ·large negative 

_______________ ........... ............................................ ·--------~------
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charge imbalarn:e {as opposed to a k,wer positive charge imbalance when using UOJ, so lJ 02 
\vas used as the oxygen standard for reported comJ)ositions. Before compiling results, obviously 
erroneous analvses were discarded. Le .. analyses for which uranium \Vas found to be too low to - . 

represent a uranium silicate or oxide. 

The remaining normalized compositional data are presented in Table D.3S Included in the 
a.naly1.ed minerals were sevet'al elements other than uranium, silicon, and oxygen; variabk 
am<)rmts of sodium, i11agneslum. aJuminum, phosphor<>us. calcium, mai1ganese, and il'on aJso 
,vere observed. It was difficult to judge \Vhich of the~e could he a compm1ent of the analyte and 
\\:nich were the result of extra.particle x-ray emission. As an ad hnc screen, the 1.nean and 
standard deviation of compositional result'> Ji.)r ead.1 _n1emmred element ,vern calculated, and 
elements whose 1-sigma standard deviation was greater than 0.5 of the mean vvere considered to 
result Ji:om outside the uranium mineral analytc. ln addition, a'il compositions were reduced to 
hypothetical stoichiometries ,vhere uranium was set to 1 !'dative to other elements (fable D.35) . 
The corn.positional analysis and calculated stoichiometry for the uranium and oxygen standard, 
UO2, ·were calc.ulated as a method rcforencc: the composition and stoithiomctry for this rnineral 
match known values. The cakulated st<)ichionwtries were rompared t(.) a sci. (.)f potential .mineral 
fonnul.le (Table D.36; Finch and Murakami 1999) to dctem1ine whether the compositional 
analysis could identify the uranium mineral observed in the samples . 

The charge balance (number of cations:number of anions) fi:)r each analysis was positive, 
Le .. cations \Vere overestimated. This could be due to the absorption of extraparticfo oxygen 
x-rays by t,ranium or from some other ,:a.use. No minenil stoichiometry was matched by the 
analyses produced. Silicon was ovcre~timated in all <.'ascs. The uranium:silicon ratio in uranium 
silicates is g(:nen1lly 1 or 0.5, hut in the comp<)sitions obtained it \V a~ greater than 2. :-\!s(). the 
r.n.incnils analyzed had a. rdai.ivdy consistent und signific.:,1nt cllrnninum content. Tltc unmium 
precipitate analyses apparently included significant extrapartide componems. These results 
could nevertheless be used to restrict the possible mineral species occurring .in the suh4.ank 
sediments. 'l11e mmlyses indicated that the Jbllowing elements were not present in the secondary 
uranium minerals: magnesium, phosphorous, s11IJur, ,;;ak:ium$ rnanganes<.\ and iron . No- reported 
uranium sil.icates include aluminum (Fine.I) and :tvlurakmni 1999). Th~ remaining elements an.~ 
urnniurn, si licon, oxygen. sodium. and potassium. \Vith reJerence to Table D.36. the possibilities 
for the :,<:co.ndary uranium rnineral in tht::sc sedirm.•nb are boltwoodite 
[K(lb0)(UO'!)(Si04)(1J10)l, sodi.mn-bntt,vondite [(Na.K)(UOJ(SiO:;Of:f){.l·l;;O) t.5]. and weebite 
[K1-xNa...(U(h h(Si;01 3)(lhOhl-

--------------------- --------------- - -·---·---··· 
}\ ppn 12n D-131 [kccm bi.-;r D. 2002 
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Table. )).35. Compositional Analysis Result~ fo.r BX-l02-61AB 

As ])escribcd in the Text, Unnium-Bearing Solids were Found to Significantly 
Contain only Oxygen, Sodium, Aluminum, Silicon, Potassium. and Uranium 
(bold). Elemental Abundances, Reduced to a Stoichiometry Based on one 
Uranium, did not Conform to Known Minern)s. C.B. = Chiu·ge Bal:mce. 

Normalized Wt. % 

Analysis 0 Na Mg Al s· I p s K Ca Mn .. 
Uranh1ite. UO:i l 1.59 0.38 0.51 0 0.26 0 0 O.J l 0 () 

.......... 

I 20.03 l / H 0.45 5.68 l9A9 0.63 0 1.37 0.00 0.27 

2 11.38 2.34 7.62 4.16 .25.90 0.47 0 {U& 0.82 0.41 

3 10.19 L92 3.63 6.97 20.69 0.68 0 1.24 0.93 0.40 

4 16.80 2 .14 2.63 6.39 23.01 0 0 1.54 0.13 0 

5 14.00 1.24 l.70 7.47 22.64 0 .98 0 {l.61 l.61 0 

6 19.76 1.76 0.37 5.28 15.72 2.00 0 0.98 3.95 0.41 

7 IS.78 0.52 0.79 4.50 9.88 5.10 0 1.72 4.00 0.57 

8 24,95 1.65 4.93 7.03 19.62 0.29 (> 0.99 Li3 0.08 

Me;w 16.!}9 I.62 '2.77 5.94 1.9.62 1.27 0 LlO 1.57 0.27 

SJ). 4.93 057 2.54 L23 4.95 1.66 0 0.46 L57 0.22 

S.i)./Mean 0.29 0.3) 0.92 0.2 1 0.25 1.31 0.41 1.00 iun 
............. ··-··· ... 

Eleme111,,l Alu111da111.:e L"-'I 
.............. 

1-\.nalysis ...... 
() :: 

:: Na Mg Al. Si p s K Ca. Mn. Fe 

U1:a1:1ir1it~. UO:'. l.98 0.05 (f.06 0 0,02 {) () 0.0 I 0 0 0 
..... 

!: 

I 5.9.S (L}O 0.09 l .00 3.30 O.lO 0 (),!7 0.00 0.02 0.05 
·""""'" ·· 

3 4.56 0.6.5 2.01 {},99 5.91 0.10 0 0.06 0.13 0.05 L08 
"' ....... 

,.., 3.90 0,51 0.92 1.58 4.51 0.13 0 (U9 {),14 ().()4 I .60 

4 5.93 ! 0.52 0.6 l l .34 4.62 0,00 0 O?., 0,02 0.00 0,53 
l 

5 4A6 ' 0 ~·27 0,.36 1.41 4J.1 0.1.6 0 0.08 0.2'1 0.00 0.28 
' 

6 S.94 (U7 0 .07 0.94 2.69 0.3 l 0 O.i2 0.47 0.04 0,03 

7 5A7 0.10 0. l :5 0.78 1.64 0.77 0 0.20 0.46 0.05 0.25 

$ I0:76 0.50 1.40 LSO 4.82 0.06 0 0,17 0. 19 0.()! 0.6(} 

Ft! u 
0 87.16 

0.56 50.09 

9.42 37.09 

14.53 38 .82 

5.21 41.16 

3.05 46.69 

0.32 49.46 

3.05 51.lO 

4.88 34.47 

5.U 43.73 

4._77 6.47 

(t.93 {U5 

I) C.B. 

1.00 0. l [) 

1.00 0.80 

1.00 un 

1.00 I .88 

1.00 1.23 

1.00 l.53 

1.00 0.75 

1.00 0.75 

1.00 0.62 
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Table l).36. Uranium Silicate Minerals for Comparison to Amll.ytk:tl Results 

Name Stoichiometry 

Boltwooditc 

Na~Boltwoodite (Kl ,k)(l.J 01)(Si0_i()H)(l:li)) 1 } ! 
----------------- -· .. ·········································· f 

Sklod(lw$kil~! Mg(UO!h(SlO::Of·lh (H 2UJ.~ [ 

s,~Jdyit•~ (UO:HSiOi)(tbOh 1 

Umnophane 

Uranosilirc {UO,JSi70 r/Hl)) _! 
. I 

Ki ,xNa,.<.UOJ)/S i~OJ ;)(H,O).i l 

Inspection of multiple composi.tionul maps (.Figure D. 53) for uranium, iron, and stn:mtium 
(a proxy for carbonate minerals), a.long with the extent ofx-ray absorption, could sh,)w the 
preferential association of uranimn mineralization \vit.h par1.icuJ.a.r elements or minerals, The 
absorption signal. was dependent on local sample density, so it coarsely showed the distribution 
of mineral phases in the imaged sample. The distribution ofurnnium was heterogeneous within 
and between samples. It could occur in 111tragranular space (Figure D.53, 67 AH ath ). ()U grain 
" ·I·~ , .... (.l<"u .. , 1·) 4· l' • · d 1:r ·1 =-· I) <;; s::.7 i\J'> l·I· 9 ,s ·) , .J ' - ··!': ' ' ·•t'' <1 ·· • ' ,1~·· ·r ··>-1) 5·' :-itll . act.: .. , ,· J::,Uli.;; .. , 0 ,Hl . J.gUrt.: ..... >, ._,. , _.:, P .. ... ,' , <ln,1. ,is , .l~(.r<.:. ,, ~fd.llll:i \ lgur,. .• J, 

67AB pH 7.5). In the examples shmvn, the uranium ahu.ndarn;c is appm:cntly lower in kachcd 
samples (pH 7.5 and pH 9.5) than in the unleached sumple (l'llh)~ l11is may be a result of urnnium 
removal by k'.aching or an artifi.1ct of small sample si1e. t.Jranium mineralization did not appear 
to be preferential "vith respect to iron, strontium, or any specific mineral phase . 

-------------------- ................................... ___ _ 
D-133 T.ki.;(:mber 13. 2002 
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Figure D.53. Plot:s oflJranium, h·on, aud Strontium Ahundanc~, and of Overal.l X-Ray 
Absorption (4 pages) 

Nok that Uranium occurs in Disseminated and Conccut.ratcd Zones, but is not Apparcutly 
Associated Systematically \Vith Minerals Rieb in Iron or in Strtmtium (an Analogue to 

Calcium in Carbonate Minerals). 

Sample 67 AB ath. 
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Figure D.5L :Plob of Uranium, Iron, and Strontium Abundance, and of Overan X~Ra.y 
Absorption (4 pages) 
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Figure 1).51 . Plots of Uranium, lron, and Strontium Abundance, and of OvcraU X-Ra.y 
A.bsorption (4 pages} 

Sample 67AB pH 7.5 
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Figure D.51. -Plots of Uranium, Iron, a.nd Strontium Abundance, and of Overall X-Ray 
Absorption C:4 pages) 
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D.3.2.4 Conclusions 

Sediment from core samples 57AB, 61AB, and 67Ab from borehole 299-£33-45 was examined 
to determine the spatial location mineral association, morphology, and composition of 
uranium-bearing solids. The following are primary conclusions from this work: 

1. All of the uranitim in these samples was hexavalent[U(VI)] ; Bulk XANES and 
micro-XANES spectra were uniform and conformed to spectra from uranyl [U(Vl)O/+] 
containing minerals. 

2. All of the observed uranium occurred as discrete grains, l to 3 µm across, occasionally as -
radiating clusters ofacicular crystals. 

. . 

3. Com~sitionally, the uranium solids consisted of uranium, silicon, oxyge~, sodium, and 
potassium. Quantization of compositional data was poor due to grain-size constraints. 

4. The limitation of candidate phases to potassium and sodium uranyl silicates could be 
helpful in detemiining the solid phase responsible for limiting aqueous uranyl 
concentrations; candidate reference minerals are boltwoodite [K(H3O)(U2)(SiO4)(H2O)], 
sodium-boltwoodite [(Na,K)(UO2)(SiO3OH)(H2O)u], weeksite 
[K.1.xNax(UO2)2(SisO13)(H2O)4], and uranophaile [Ca(UO2)ShO7-6H2O]. 

5. The occurrence of minute uranium silicate minerals in micro fractures indicates that waste 
solutions carried solute manyl into this environment. The dissolution of silica in 
microfractures and at silicate grain boundaries could. have caused the precipitation of 
uranyl silicates. Weeksite is a relatively high-silicon uranyl silicate mineral that 
precipitates in arid, evaporative environments. 

6. The occurrence of uranyl silicates in micofractures suggests that the uranium in these 
solids will not be readily mobilized by leaching or in situ contact with an aqueous phase. 
Dissolution would be slowed by limitations on advection, the approach to uranyl mineral 
sattrration fu the microfracture environment, and solute d~ion from the microfracture. 

7. The absence-of a uniform sediment mineral phase association for the silicates indicates 
that there was not a mineral catalyst for their precipitation. Uranyl silicates apparently 
precipitated on available nucleation sites as thermodynamic saturation with respect to t4e 
precipitated solid was reached. 

8. The precipitated solids may be heterogeneous in phase or composition, because the 
solution chemistry from which the minerals precipitated might not have been uniform at 
the microscopic scale of precipitation. · 
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. D.3.3 X-RAY SPECTROSCOPIC INVESTIGATION OF.THE DISTRIBUTION AND 
SPECIATION OF URANIUM IN SAMPLES FROM THE BX-102 .. 
BOREHOLE 

Jeffrey G. Catalano 1, John M. Zachara2, and Gordon E. Brown, Jr. 1 

.
1Stanford U~iversity, s ·tariford, California 94305 
2Pacific Northwest National Laboratory, Richland, Washington 99352 

D.3.3.1 · Introduction 
. . 

In order to apply predictive reactive transport models to the Hanford Site, detailed knowledge of 
the chemical forms or speciation of contaminants is . required. In the case of uranium, the 
important speciation paraineters are: 

1. oxidation state 

2. types, number, and geometric arrangement of atoms in the first and second coordination 
spheres around uranium 

3. the type and bi.riding of uranium sorption complex (if adsorbed) 

4. the type(s) of phase within which uranium is structurally incorporated [if present in a 
three-dimensional precipitate(s) or uranium-containing phase(s)] 

5. the phase association of uranium 

6. its microscopic distribution within the uranium-contaminated sediments beneath the 
Hanford tank farms. 

The oxidation state of uranium has a strong effect on its mobility, as uranium(IV) is much less 
soluble, and thus less mobile than uranium(Vl). Knowledge of the type(s) of adsorption complex 
or solid phase incorporating uranium is quite important for accurate transport modeling as 
uranium in an adsorbed form should be much more mobile than that incorporated into a 

. crystalline or amorphous precipitate, depending upon its solubility, the presence of complexing 
· ligands such as carbonate or phosphate, and pH. This is especially true for uranium(VI): 
Finally, understanding the phase association and spatial distribution of uranium on the 
microscale is essential to understanding how available it might beto reaction with porewaters, 
and thus the factors affecting the kinetics of desorption/dissolution of the uranium phase(s). 
Advanced X-ray absorption spectroscopic techniques, including both XAFS spectroscopy and 
X-ray fluorescence microprobe methods, can provide unique information on the speciation and 
spatial distribution of uranium in Hanford core samples with minimal sample preparation. 

X-ray absorption fine structure (XAFS) spectroscopy ha.s become a valuable technique for in situ 
studies of the molecular level speciation of heavy metals and metalloids in complex 
environmental samples, such as the core samples fyom beneath the Hanford tank farms 
(Zachara et al. 2002a, b) aswell as samples from mine tailings (e.g., Cotter-Howells et al. 1994; 
Foster et al. 1997, 1998; Brown et al. 1999) and contaminated soils and sediments 
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(e.g., Bertsch et al. 1994; Pickering et al. 1995; Manceau et aL 1996, 2000; Hesterberg et al. 
1997; O'Day et al. 1998, 2000; O'Day 1999; Allard et al. 1999; Morin et al. 1999, 2001; 
Kim et al. 2000; Isame et aL 2002; Juillot et al. 2002). Analysis of the pre-edge <Uld edge 
regions (the X-ray absorption near edge structure or XANES) of the XAFS spectrum of an 
element (usually covering the energy range from~ 20 eVbelow the edge to 80-100 eV above the 
edge) provides information on the valence state and coordination environment of the element. 
The.uranium Lm"edge XANES spectra ofuranium(VI) versus uranium(IV) species, as well as for 
different crystalline forms containing uranium, show significant differences in energy position 
and structure. 

Analysis of the extended X-ray absorption fme structure, or EXAFS, spectrum which extends 
from ~ 50 e V above the edge to ~ 800 e V above the edge, provides quantitative information on 
the number, distance, and identity of first-, second-, and, in favorable cases, more distant 
neighbors around an absorbing element EXAFS analysis now provides structural information 
on first- and second-neighbor shells around an absorber comparable to that obtained in 
single-crystal x-ray diffraction analysis even in complex solids (O'Day et al. 1995). For 
absorbers in silicate glasses and in sorption complexes at mineral-water interfaces, EXAFS 
spectroscopy is unrivaled ili the structural information it can provide for a wide range of 
elements, including paramagnetic and ferromagnetic species, at cqncentrations ranging from 
major levels(> LO wt%) to tr~ce levels(< 100 ppm) in phases of all types (e.g., crystalline 
solids, amorphous solids, melts at high temperature, aqueous solutions, gases) without significant 
sample preparation or pre-treatment (Brown et al. 1988, 2001). EXAFS spectroscopy has been 
used to determine the molecular level speciation of uranium in crystalline model compounds 
(Thompson et al: 1995; Allen et al. 1996; Hudson et al. 1996}, model sorption systems 
(Chisholm~Brause et al. 1992a, b; Dent et aL 1992; Manceau etal. 1992; ~lusholm-Brause et al. 
1994; Waite et al. 1994; Thompson et al. 1997, 1998; Reich et al. 1998; Hudson et al. 1999; 
Bargar et al. -1999; 2000; Moyes et al. 2000; Sylwester et al. 2000a, b; Redden et al. 2001 ; 
Reeder et al. 2001 ; Fuller et al. 2002}, silicate glasses and melts (Farges et al. 1992; Farges and 
Brown 1997), synthetic and natural analogs of radioactive waste forms (Farges et al. 1993, 
2001), contaminated_sediments (Allen etal. 1994; Morris· et al. 1996; I>uff et al. 1997, 2000; 
Allard et al. 1999; Bostick et al. 2002), and highly alkaline solutions and brines (Clark et al. 
1999; Wahlgren et al :1999; Francis et al. 2000). 

These EXAFS studies have been able to distinguish between the axial and equatorial oxygens 
around uranium(VI) and to detect .second neighbors around uranium(VI) even in complex 
sorption systems.with water present (e.g., Thompson.et al. 1998). Detection and identification of 
second-neighbor cations is essential for determining if an inner-sphere complex versus an 
outer-sphere complexhas formed or if a three-dimensional uranium-containing phase has 
precipitated. When precipitate phases or a mixture of precipitate phases and adsorbed uranium 
are present, linear combination least-squares fitting may be used in which the EXAFS spectra of 
appropriate uranium-containing model compounds are fit to the unknown spectra in order to 
determine which species of uranium are present ~ .the unknown. This method has been used 
(e.g., Pickering et al. 1995; Foster et al. 1998; Ostergr~n .et al. 1999; Manceau et al. 1999} in 
XAFS studies of other elements such as selenium, arsenic, and lead in contaminated soils and 
mining wastes to determine the proportions of different types of species of a given element 
present in a sample. The typical errors associated with this method are of the order of± 10% of 
a phase. · 
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X-ray fluorescence microprobe analysis may be used to study the distribution of different 
elements and of different species of each element in a thin section or bulk sample (Bertsch and 
Hunter 2001). As· µm x 5µmx-ray beam is typically used for such measurements and can be .. 
produced by a Kirkpatrick-Baez (K-B) focusing mirror assembly or by a tapered metal capillary. 
Element maps are made by collecting the x-ray fluorescence from the sample while rastering the 
sample under the beam. Areas of high concentration of an element (e.g., uranium) can then be 
moved to and XAFS spectra collected. on the hot spot. This technique has been used successfully 
.to study uranium in soils from Fernald, Ohio and sediments from the Savannah River Site 
(Bertsch et al. 1994), and evaporation pond sediments from the San Joaquin Valley, California 

· (Duff et al. 1997, 2000). · 

In the present study, XAFS spectroscopy and x-ray fluorescence microprobe analyses were used 
to investigate the speciation and spatial distribution of uranium in samples collected from the 
BX,.102 borehole. · 

D.3.3.2 Methods 

Four samples from the BX-102 borehole were analyzed using XAFS spectroscopy (Table D.37). 
The sediment samples were packed in Teflon® sample holders sealed with 10 mil Kapton® tape, 
and then heat-sealed in polyethylene bags. They were shipped from PNNL to the Stanford 
Synchrotron Radiation Laboratory (SSRL) for XAFS spectroscopic analysis. Uranium Lm-edge 
XAFS spectra were measured at room temperature on the Molecular Environmental Sciences 
Beamline 11-2 (Bargar et al. 2002) at SSRL using a cryogenically cooled Si (220), ~ = 90°, 
double-crystal monochromator with the SPEAR ring operating at 60 to 100 mA electron current 
and 3 GeV energy. Data were collected in fluorescence'.""yield mode using a high-throughput 
30-element, solid-state germanium detector equipped with a 6 µx strontium filter to minimize 
x-ray scatter. The vertical slit before the sample was adjusted to a height of 1 mm to enhance 
energy resolution. A collimating mirror before the monochromator was used for harmonic 
rejection, with a cutoff of22 keV. Between 15 and 30 scans were collected for each sample. 
A yttrium metal foil was mounted between two ionization chambers downstream of the sample 
for energy calibration, which was monitored continuously during each EXAFS scan and was 
found to vary by not more than ±0.25 eV. All such variations were corrected for in the final 
spectra so that all spectra are referenced to the same energy scale. The first inflection point in 
the yttriwn K-edge was set to 17038 eV. 

AppD_l213 

Table D.37. Description of the Four BX-102 Borehole Samples Analyzed by 
XAFS Spectroscopy 

Sample Depth (ft bgs) Uranium 
Concentration (ppm) 

33A 73.14-73.64 173 

53A 118.79-119.29 246 

61A 130.70-13 l.20 356 

67A 141.00-141.50 289 
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X-ray fluorescence mapping was performed on one sample, 61A, using a focused.x-ray bea.ID. on 
SSRL beamline 11-2. Focusing of the x-ray beam for the x-ray fluorescence microprobe work · 
was accomplished using a tapered metal microcapillary. This provided roughly · 
1.3 x 109 photons/s in a spot with a 14 µm full-width half-maximum (FWHM). The same 
monochromator settings and synchrotron ring conditions were used as described above. The 
sample was prepared for analysis by impregnating it in epoxy, followed by thin sectioning to ~80 
µm thickness using standard petrographic techniques (Section n :3.2). The thin sections were 
covered with a 10 .mil Kapton® tape at PNNL in order to protect against contamination of the 
experimental hutch at SSRL, and shipped to SSRL. The thin section was mounted on a 
motorized stage and brought up to within 50 µm of the end of the capillary. Uranium elemental 
mapping was accomplished by rastering the sample iri the vertical and horizontal directions 
perpendicular to-the beam. The incident and exit beam intensities were measured using 
gas-filled ion chambers, and the uranium La fluorescence was measured with a single-element, 
solid-state gennariiUDl detector. The incident beam was monochrom_atized to 17180 e V for 
mapping. Maps of the uranium fluorescence intensity, normalized to the incident beam intensity, 
provide a 2-dimensional distribution of relative uranium concentrations. Absolute 
concentrations were not determined because of the difficulty of correcting for matrix effects 
using known uranium standards. X-ray transmission maps of the same areas provide 
2-d.imensional density maps, as more electron-dense materials absorb more of the transmitted 
beam. As the epoxy filling the pore spaces is much less dense, and absorbs much less of the 
x-ray beam than the sediment material, the transmission maps are analogous to optical images of 
the thin sections. Each map is scaled independently; and different maps are nqt directly 
comparable in terms of relative uranium concentration. Uranium Lm-x.AFS spectra were 
collected on areas of high uranium concentration using the single-element germanium detector. 

. . 

Uranium Lm-XAFS data were processed using EXAFSP AK (George and Pickering 2000). 
XANES data were background-subtra.cted and normalized to an edge-step of 1. After . 
background-subtraction, the EXAFS data (x[k]) were extracted and k3-weighted. Phase-shift and 
backscattering amplitude functions for quantitative EXAFS fitting to a structural model were 
generated from the crystal structure of soddyite [(UO2)2SiO4•2H2O] (Demartin et al. 1993) using 
the multiple scattering computer code FEFF 7 (Ankudinov and Rehr 1997; Rehr and Albers 
2000). Accuracies on first- and second-neighbqr bond distances were estimated to be± 0.01 A 
and± 0.03 A, respectively, based on comparison to fit ~esults of EXAFS from compounds 
(soddyite and uranophane). As all samples contained a uranium backscatterer (Section D.3.2), 
suggestive of crystalline precipitates, linear combination fitting of the EXAFS was conducted to 
identify the potential crystalline phases present. An extensive model compound library was 
examined (Figure D.54), and linear combination least squares fitting was performed in 
EXAFSP AK. In the linear combination least squares fitting, the residual, 
R = (PX,exp - k''X,mooe1)/Px,exp, was mininiized. Principalcomponent analysis (PCA) of the spectra 
was attempted in WinXAS (Ressler 1997), although this analysis failed to identify more than one 
component as discussed below. 
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Figure D.54. Model Compound Uranium L.m-EXAFS Library Used in Linea_r 
. Combination Fitting of Sample EXAFS Data 

: Name · Chemical Formula 

Uraninite U02 

Soddyite, syn (UOz)2Si04·2H20 

Uranopbane Ca(U02h(SiOi>H)i-5H20 

Kasolite . ' PbU02Si04•H20 

Schoepite, syri . (U02)sOi(OH)1:i·(H20)12 

. Clarkeite;. syn . . Na2 U20 1·xH20 

. Liebigite Ca2(U02)(C03)3•l l(H20) 

Rutherfordine U02C~ 

Sodium uranyl carbonate Na.i(U02)(C03)3•x(H20) 

Saleeite Mg(U0i)i(P04)i-8H20 

Phosphurany lite KCa(H30)J(U02)?(P04)404·8(H20) 

Metaautunite • Ca(UOz)2(P04)i·6H20 

Uranyl 
U02HP04•2H20 

hydrogenphosphate 

Uranyl orthophosphate . . (U02)3(P04)z-4H20 

Uranyl nitrate U02(N03)i·6H20 . . 

Uranyl, aqueous. u0i2+ (aq) 

Uranyl-carbonato, 
UQ2(C03}i 4-Caq) 

aqueous · 

4 6 8 10 · 12 
Uranyl adsorbed on 

X~U0 2
2+ 

smectite, pH = 7 

k (A-1
) 

D.3.3.3 Results 

D.3.3.3.1 X-ray Microprobe Study of the Distribution of Uranium in Sample 61A. The 
distribution of uranium in orie BX-102 sample, 61A, was investigated using x-ray fluorescence 
microprobe mapping. Uranium appears to be distributed heterogeneously throughout 
sample 61.A, as shown in Figure D.55. More detailed maps of the areas around many of the 
uranium hotspots (Figure D.56 and Figure D.57) show that uramum appears to occur as discrete 
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·- 40 to 100 ~un particles ou the surface of and bet"\vcen larg~r sediments grains. However,. the 
actual size of these particles may be much snw!l~r, as the particle siz,es interpreted from the maps 
arc actually a com-'.;)lution of the real particle sizes with the x~ray be;1m sit<.~ on the sample. 
Additionally , what a:pp~:ars as individual partides in these images i::nay actually be atcas 
containing mul.tipk smaller particles. These results suggest that uranium primarily occurs as a 
discrete solid phase or phases, and that no signifkant fraction of uranium occurs adsorbed oni.o 
mincrn1 sud'.ic~s. 

flgure 0.55. Uranium L0 FJuorescNtce (top) and X-rny Transmission (bot:tomJ l\laps of a 
Thin Section from Sample 61AB 

The Maps an• 2 mm by 2 min~ with 20 µm Pixels. Also Shown are the Locntiou of Four of 
tbt! Fi.ve tJra.ni.um hotspots An~tlyzed by XANES Spectroscopy; Spot 5 is Located in an 

Area to the Right of the Map. 

'-••··········"·---------- ---------------------------
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Figure D.56. Uranium Lo: ·Flmwescence (left) and X-ray Transmission (right) Maps of the 
Areas Around. (a) Hotspot t, (h) Hotspot 2, (c) Uots1mt 3, and (d) Hotspot 

The MaJls arc 100 ~un by 100 ~im, with 5 ~un Pixds. 

(a) 
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:Figure D.57. Uranium Lfx. Fluore~e~mct.i (top) and X-r:ty Transmission ('bottom) Maps of 
the Arca Around H()tSp<)t 5 

The Maps al'<' 200 µm by 200 ~nn, with 5 µm Pixels. XAFS Spct.1:roscopic Studi~s of the 
Spcciatiou ofUX-102 S:,ruJllcs . 

LO\\' U fluorcscem:e 

Low density 

Hlgh U fluoi-esccncc 

·.·.·,·,·,·,·····-····· . 
ii!,lilillllllll[: • 

Hi.gh density 
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-0.3.3;3.2 Oxidation State of Uranium in the HX·102 Core Samples. The mddation state of 
uranillm in the hrnr BXN102 santpks ,vas invi.~stigated using XANES spectroscopy. All samp'les 
had nearly identical X.i\NES spectra (Figure D.58), The edge energies of the XANES spectra. for 
all of these s.atr1ples .ire consistent with that of uranium(Vl). Additionally, the shoulder 
occurr1ng in the spcctrnrn at -.. 17190 eV indicates that uranium(V[) occurs in the l'i.mn of ur.my l. 
uo/·1 (Farges et aL 1992; Hudson ct al. 1995). The oxidation state of the hotspots identified in 
the x-ray fluorescence. microprobe analyses above was also investigated, using i:nkro~XANES 
spectroscopy .. All five hotspots arn1lyzed consisted of uranium(Vl), in the form of uranyl (Figure 
D.59). These results suggest U)at littl.e or no reduction of uranium has occurred in lhc Hanfrml 
subsurface to date, aud that the.re is little possibility for natural attenuation ofa uranium plume at 
Hanford through reductive immobilization. 

Figure D.58, XANES Spectra of the Four UX-102 llorehole Sample, as Well as Those of 
Schoepitt.•, a lh·anium(VI) Standard, nnd Urani.nite, a. lTranium(lV) Standard 
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Figure D.59. Ur;1nium Lm. µ.-XANES Spectra of five HotJlots from 
the Sample 61 A Thin Section 

hotspot l 

hots ,ot 2 

hots . >I 3 

hots ot 4 

hotspc>t 5 

17:100 17150 17200 
Energy (eV) 

17250 17300 

0.3.:Lt3 Spcciafom of Umnium(.VT) in tbc UX-'J 02 Core Samples. The speciation of 
urnnium(VI) in the BX-102 san.1ples ,,vas analyzed using EXAFS spectroscopy . After the initial 
background subtraction, the raw uranituu Lm-EXAFS gpectra wet·e fit to a strud:urn! model using 
the phase-shift and backscattering amplitude ti.mctions described ahov<.~ (Figure D.60). Fits to 
the first oxygen shell were .in good agr(~ement vdth the local structure of uranyl observed in 
natural sampks (Burns 1999a): twn oxygen atoms at a distance of ahout L8 A (U"'0~_.,) 1 and four 
to six oxygen atoms 111 the range of 2,2 to 2.5 A (U-O,,,1i. U-Oeq.:d (Table D .38). These dab agree 
with the XANES rcsults ·discuss(~d above, confirming. that uranium occurs predominantly in the 
fr-;- , uranyl fonn, 

FurtJ1er fitting of structmal parameters to the unmi um Lw-EXAFS data were limited to that of a 
uranium shell at distances > 3.8 A. As the composition of the uran.ium-bearing phase(s) ls 
unknown, fitting backscattering atoms in the inten:11ediatt~ range of 2 .5 to 3 .8 A is not justified; as 
any number of potential stru.etura1 ligan1:is may occur at these distances, including cad:,onak., 
nitrate, phosphate, silicate, and sulfi.1te, The sc.at.tedng intensity from such groups is relatively 
weak. and thus fitting them v-:ithout any a priori knov,i.l<:dge of the possible identity of these. 
ligands or vvitbout subtracting the spectral contributions of uranyl ions ( e.g., Fuller el aL 2002) ts 

-------··················•• .. •--------------
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umvise. However, fitting uranium. bi:1ckscattercrs at distances> 3.8 1\ is qn.ite reasonable due t.o 
their large scattering amplitude. lJraniu.m barkscattcr~~rs were fit. for <,ill four samples (Table 
D.38). A.ll s .. unpks had nearly idcntica.l fits ofonc to two uranium atoms at 3.92 ,1·. 0 .01 A. 
Comparison of this uranium-m:m1ium distance to that ofkno\v11 uranium mineral stn1cturcs with 
uranium-u.rnnium distam:es close to this value (Figure D.61) suggests tfott umnium occurs in the 
BX-10'.! samples as an urnnophanc group miucrtll , all of which have similar basic structures. 

The urannphane group consists of the n1inerals uranopharie (o. and f~) , boltwoodltc, skltxfowsldt~~; 
ct1prosklodowskitc, and kasolitc. \Vhile the latter h.vo have different uranimn L m-EXAFS 
spectra due to the presence of highly backscattering atoms {copper and .lead), the uranium 

- . 
L1u-EXAFS spectrafru: the rest of these phasqs are nearly identical due to the weakly 
backscattering alkaline or alkaline earth c,1tions in these s1ructurcs (calcium in uranophane, 
sodium and potassium in bolrwoodit.e,. and magnesium in sklndowskite). Comparison of the 
crystallographic bond lengdis for these minerals with the EXAFS-derivcd lx111d lengths in the 
BX-102 samples demonstrates that one or more of the uranophanc group minerals make up most 
(> 9Yhi) of the uranium in 1.hc sample. 

Vv'hik the fit results appear dosest to the uranophanc structure, any of the alkaline uranophanc 
group minerals may be prest..·nt as their structural para1ncters are all within the e.stimatcd errors 
for the EXAFS-derived parameters. 

'fable D.38. Uranium Lm-E.XAFS Fitting Result for the Four HX-102 ( ;ore Samples 
Compared to the XRD-nerivc-d Values for Uranophane, a Potential Phase Occurring in the 

H;mford Subsurface 
The l(stimatcd Standard Deviations (lo) ofd1e Virst- nnd Second-Neighbor lntcratomic 

Distanccs and Coordination Numbers Oct·ivcd from :Fitting the EXAJ?S Data to a Structural 
Model arc ±0.005 A,± 0.02 A, and± 0.3 Atoms, Respectively . 

.--------------, ............. ····----.-----,-------,,-------.-- -
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1-------------···················· 
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figure D.Ml. Uranium L1wEXAJ<'S (right) 1md Corresponding Fourier Transforms (left.) 
Data (hlal'k) and Structm·al Modd Fits (rc<l dashed) for the Fout 8.X~102 Core Samples 
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Urnnophane, boltwooditc, and sklodo,,.tskit.e all may potentially be present in the subsurfo.ci.; 
beneath BX- l 02, as they only difier in the ch,trge bafa.ndng alkaline or alkaline earth cations in 
their structures. Recent studies of synthetic samples of these phases suggest that these cations 
may e.:..:change with other cations in solution (Burns 1999h) .. and that a limited solid solution of 
cations n1ay al~o b('. possible (Bums 1998).. These results suggest, iT1 turn, that alkali or alkaline 
caJth cations i.n. the urnnophanc phases may have exchanged will1 those in the surrounding. 
p<)r(~\\.-'ater extractions and suggest that sodium and cakium are the dominant cations present in 
these sediments, suggesting that uranophane and holt...,vooditc Me the most likely phases prcscn.t. 

To further explore the potential uranium-containing phases prcsei1t in the BX- l 02 samples, 
prirn.::.ipal componen1 analysis (PCA) was conducted. This am\lysis foiled .. suggesting that only 
one component is sufficient 10 fit the i.traufom Lrn -EXAFS data and th,H multiple 
urnnium--comainiug phases are not present. PCA only \vorks properly \.vhcn two or more phases 
are present.. After this ar.w!ysis, one-component lincaJ ....::mubination least squa~s fitting was 
pe-rfonned to investigate \Vhkh phase ·from the ltranium L1wEXAFS mo<ld compound .library 
(Figure D.54) fit the data best. Foi- an four BX-102 sarnples,. uranophanc provided the s1.nallest 
residual , .and provided the best fit visually {Figure D .62). 'l11e fitting resuli.s indicate that · 
uranophanc compri:=;cs 98 to 102 % of the samples (i.e .. , eft~ctivdy l 00'% i:orn;idering the noise 
levels in th<.~ data), 

.:\ppD_.1213 D-151 D<~embcr 13, 2002 
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Figure D.61. CompaTison of Uranium-tJranium Distances 0(•rin~d from the Hts to tbc 
Uranium LurEXAFS Spectra of the Four BX· 102 Samples to Cryst:allograJ)biC Hishmces in 

Uranium Milrnrats 
Only Minc.-als with Uranium-lJr-auium Distances in the Range of J.8 - 4.35 A Arc Sbo\m. 
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Figure D.62. Linear Combination. Least Squ.a.res Fit of th.e Uranium L1wEXAFS Spe£tra of 
Bon~bole BX-102 Samples Using One Component (Urnnophanc). 
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0.3.3.4 Conclusions 

1 . Uranium oceurs under the BX tank farm as smal I particles or particle aggregates. 

2. The primary oxidation state of uranium occurring in the subsurface under tank BX-I 02 is 
the (VI) form. Urnnium containing sediment samples from borcho.le 299~E33-45 
(i .c .~ .BA, 53A, 6 lA, and 62A) were smdied by x-t·ay adsorption spectrosc.opy at th'"~ 
Stanford Syndmtr<.m Radiation Laboratory . The objccrives i:,f the measurements \\\~re LO 

a} identify the spatial location and chemic-al ass<)ciation of uran1um and b) to provide 
~pc<.:troscopic identification of the prt'.SCnt w·anium pha.sc or -phases. 

- --------------------~·---------------
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3. The dominant form of uranium in the BX-.102 sediments is a mineral or minernls from 
the unuwphane group. Potcntiul candidates consistent with the uranium Lm- EXAFS data 
and porewate.r cbcmis1.ry arc urnnophane (Ca(UOIH:SiO~OH)2:5H:iO] or lmltwooditc 
[(K,Na)UO:~SiO.-,OH·2 .5H2OJ. or a mixture or solid solution of these tv-,,o. 

4, Additional transport of uranium wldcr the BX-102 tunk will likely be contn.).!led by the 
solubility of uranopha11e and boltwooc.lite, 

5. Future planned \\-'Ork, including more detailed x-ray fl.uorescence micrnprnbi:;: studies as 
wd1 as micro-X-ray di-ffraction., should co11fi.m1 the identity of these urnnium-containing 
phas(~S .. 
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D.3.4 FLUORESCENCE SPECTROSCOPIC STUDIES OF URANIUM-BEARING 
VADOSEZONESEDTh'lENTS 

Zheming Wang1, John ·M. Zachara1, Paul L. Gassman1
, Chongxuan Liu1, and JeffCatalano2 

1Pacific Northwest National Laboratory, Richland, Washington 99352 
2Stanford University, Stanford, California 94305 

D.3.4.1 Introduction 

The uranyl cation (UO/+:) and its various hydrolysis and carbonate complexes are the dominant 
forms of soluble uranium(VI) in Hanford sediment. The U(h2+ cation is adsorbed by ion 
exchange to fixed charge sites on pbyllosilicates ( e.g., smectite, vermiculite) (McKinley et al. 
1995; Turner et al. 1996) and by surface complexation to amphoteric hydroxyl.sites on the edges 
of phyllosilicates (Borovec 1981; Davis 1991; McKinley et al. 1995; Pabalan and Turner 1996; 
Turner et al. 1996; Thompson et al. 1998) and.on surfaces of aluminum (III), iron (III), and 
silica(VI) oxides (e.g. , Waite et al. 1994; Hudson et al. 1999; Sylvester et al. 2000). All of these 
phases are present in Hanford. sediments, albeit at highly variable concentrations. The sorption 
of uranyl is not limited to mononuclear species only. Simulations with surface complexation 
models suggest that under certain pH conditions, the uranyl cation can adsorb as a multinuclear 
species [e.g., (U02):i(OH)sl or as an oligomer (Dent et al. 1992; McKinley et al. 1995; 
Hudson et al. 1999). Uranyl-carbonate and phosphate aqueous • complexes can adsorb as intact 
entities on oxide surfaces through the formation of ternary surface complexes (Bargar et al. 1999, 
2000; Barnett et al. 2002; Bostick et al. 2002). 

The uranyl cation exhibits complex crystal chemistry and may precipitate in sediment in various 
different forms ( e.g., oxides, hydroxides, silicates, phosphates) depending on in situ or waste 
chemical conditions. Spectroscopic measurements have identified precipitated mineral phases, 
in addition to other adsorbed uranium species, in contaminated sediments from the U.S. 
Department of Energy (DOE) Fernald site in Ohio and Savannah River .site in South Carolina 
(Morris et al. 1996; Hunter and Bertsch 1998). Fluorescence and Raman spectroscopic 
measurements identified meta-autunite {Ca[(U02)(P04)]2(H20)6}, phosphuranylite 
{Ca(U02)[(U02)lOHh(P04)2h(H20)12}, and uranyl hydroxide [schoepite, 
(U02)s02(0H)12(H20)12] as the primary uranium(VI) precipitates in Fernald soil (Morris et al. 
1996). Amorphous uranyl hydroxide particles appeared as the most common precipitated 
uraniwn(VI) phase using micro-:x-ray absorption and micro-fluorescence spectroscopies in the 
sediment at the Savannah River site. (Hunter and Bertsch 1998). Similar phases are believed to 
exist in Hanford waste sites (Swanson et al. 1999), but no docwnentation of their presence exists. 

Uranyl shows green-yellow fluorescence emission spectra with unique vibronic features 
(Denning 1992; Bernard et al. 1996; Meinrath 1997). The intensity, bandwidth, and spacing of 
the vibronic bands of uranyl fluorescence spectra, along with its fluorescence lifetime, are highly 
sensitive to the bonding, symmetry, and local chemical environment of the uranyl ion. As such, 
they provide useful tools for the study of uranyl speciation (Denning 1992; Moulin et al. 1995; 
Meinrath 1997). Laser-induced fluorescence spectroscopy (LIFS) has been used to study the 
speciation of both adsorbed and precipitated uranium(VI) forms in clay mineral suspensions and 
subsurface sediment (Chisholm Brause et al. 1994; Duff et al. 2000). 
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In initial attempts to apply LIFS to contaminated Hanford sediment, it was observed that the 
uranyl fluorescence spectrum at room temperature was insufficiently resolved tci identify the 
uranyl species present. The poor spectral resolution resulted from inhomogeneous line 
broadening, phonon bands, and fluorescence quenching by other metal ions and organic 
compounds in the sample (Thorne et al. 1987). In this scientific and technical research, however, 
it was found that the intensity and resolution of the fluorescence spectra of uranyl in the Hanford 
sediments could be improved significantly by lowering the sample measurement temperature to 
liquid helium values(~ 5° K). The resulting improved spectral resolution allowed identification 
of uranyl species by direct comparison of uranyl fluorescence spectra in the sediment with those 
of standard uranyl nµnerals and/or those of known uranyl species in solution. 

D.3.4.2 Experimental Procedures 

D.3.4.2.1 Sample Selection and Preparation of Mineral and Solution Standards. Twenty 
uranium mineral standards were obtained from either the American Museurri of Natl)!al History 
(A.lvfNH) or the Smithsonian Institution (SI) (Table D.39). The mineral samples consisted of 
fine.grained crystallites ranging in size from tens of microns to more than one millimeter·. These 
minerals represent those that may form in the pristine or waste-impacted Hanford subsurface in 
terms of formation conditions and chemical composition. X-ray diffraction (XRD) analysis was 
performed on a small portion of each of the mineral samples to ensure positive identification. 
Most of the mineral standards had high purity and crystallinity and were · consistent with the 
identification provided by the sources (fable D.40). Only a few turned out to be misidentified: 
the received "andersonite" was actually liebigite with associate quartz and.calcite. The "curite" 
was a mixture of curite and soddyite. The "soddyite" was a 50/50 mixture of soddyite and curite .. 
The "phosphuranylite" was a 50/50 mixture of phosphuranylite and meta-autunite. Billietite was 
actually uranophane; and several minerals contained a small amount of the amorphous mineral 
background. 

A set of standard uranium(VI)-carbonate solutions was synthesized at different pH values to 
assist in the identification of aqueous uranium(VI) species. Specific pH conditions were selected 
for those standards for which only one or two aqueous species were expected to dominate. Such 
conditions were identified by equilibrium speciation calculations (Figure D.63) using the 
MINTEQA2 software and the best and most current thermodynamic $.bility constant data of 
uranyl complexes (Grenthe 1992; Kalmykov and Choppin 2000). 
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Table D.39. List of Natural Standard Minerals and Corresponding Formulas 

.Uranyl Oxyhydroxides 

Becquerelite Ca(UO2)6O.{OH)6 (H2O)s 

Billietite Ba(UO2)6O.(OH)6 (H2O)s eight interlayer waters 

Clarkeite (Na,Ca)(U(h)(O, OH)(H2O),. (n=0to 1) 

Curite Pb1.s+xCUO2)6O4+2x(OH)3_2x(H2O) (0 < x <0.15) 

Schoepite (UO2)sO:z(OH)12(H2O) 12 

Compreignacite K2(UO2)6O4(OH)(H2O), 
sheet structure similar to 
becquerelite 

Uranyl Carbonates 

Andersonite Na2Ca(UC>i)(CO3)3(H2O)6 

Liebigite Cai(UO2)(C0J)3(H2O)1 I 

Rutherfordine UOzCO3 

Zellerite Ca(UO2)(C~h(H2O)s 

Uranyl Silicates 

boltwoodite readily exchanges 
Boltwoodite K(H3O){UO2)(SiO4) CH2O) interlayer cation, Le., cesium for 

sodium 

Cuprosklodowskite Cu(UC>i)l(SiO3OH)2 (H2O)6 

Kasolite Pb(UO2)(SiO4)(H2O) 

Sklodowskite · Mg(UO2)i(SiO3OH)z (H20), 

Soddyite (UO2h(SiQ4) (H2O)2 

Uranophane . Ca(H3O)i{UO2)z(SiO4)i (H2Oh 

Uranyl Phosphates 

Meta autunite Ca[(U00(P04)h(H2O)5 

Metatorbernite Cu[(UO2)(P04)h(ll2O)6 

Phosphurany lite Ca(UO2)[(UO2)J(OH):z(PO4)z)i(H2O)12 

Saleeite Mg[(UO2)(PO4)h(H2O)10 
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Table D.40. Summary of X-Ray-Diffraction Analysis of the Natural Minerals 

Uranyl Oxyhydroxides 

Becquerelite The XRD pattern agreed well with that from JCPDF file 13-405. 

Billietite Sample is completely ura.nophane; there is no billietite present. Samples are not 
metamict at all; this is a high quality uranophane sample. 

Clarkeite This material appears to be highly metamict clarkeite. 

. Curite Mixture of curite and soddyite, with soddyite dominating . 

Schoepite The XRD pattern generally matched up with the JCPDF pattern. 

Compreignacite Good match to synthetic compreignacite pattern. _ 

Uranyl Carbonates 

Andersonite XRD pattern is that ofliebigite. 

Liebigite XRD pattern is that ofliebigite. 
.. 

Rutherfordine -
Zellerite Perfect match to database. 

Uranyl Silicates 

Boltwoodite Generally good peak agreement, especially with card 13-218. Slight amorphous 
backgrmmd, i.e., sample is slightly metamict. 

Cuprosklodowskite Perfect match to card 8-290. 
Kasolite Good match to database, cards 12-210 and 29-788. 

.. 

Sklodowskite Highly crystalline sample, great match to database. 

Soddyite Appears to be a 50/50 mixture of soddyite and curite. 

Uranophane 
XRD pattern matched well with database, but a big amorphous background, suggesting a 
significant portion of the sample is metamict. Peak intensities are relatively weak. 

. . 
Uranyl Phosphates 

Meta autunite Perfect match to JCPDF card. 
.. 

Metatorbernite Perfect match. 

Phosphuranylite 
Looks like a 50/50 mixture with meta autunite. Can be separated by hand tmder UV 
light; meta autunite fluoresces, phosphuranylite does notfluoresce. 

Saleeite XRD pattern matches that of saleeite well, card 29-874. 
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Figure D.63. Aqueous Speciation ofUranium£'2_} (Partial Pressure of CO2 =10·35 atm; 
Total Uranium(VI) = 1 x 10 M; I-= 0.1 M NaCl04) · 
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D.3.4.2.2 Hanford Samples. lbree different types of Hanford samples were studied by LIFS. 
The first were vadose samples 53A, 61A, 61AB, and 67AB from the BX-102 core (borehole 
299-E33-45). The second were sediment samples 61AB and 67AB th.at were contacted _with one 
of four different electrolyte solutions: 

1. Sodium bicarbonate (0.194 mM)-sodiumnitrate (0.0498 M) solution with I= 0.05, 
pH 7 .27, contact time: 4 weeks 

2. Sodium bicarbonate (15.59 mM)-sodium carbonate (4.93 mM)-sodium nitrate (0.0245 M) 
with I= 0.05, pH 9.25, contact tipie: 4 weeks 

3. Calcium carbonate-saturated calcium perchlorate (0.0219 M)-sodium perchlorate 
(0.0666 M) with I= 0.05, pH 7.57, contact time: 2 weeks 

4. Calcium carbonate-saturated sodium perchlorate (0.0416 M)-sodium bicarbonate 
(4.44 mM)-sodium carbonate (4.44 mM)- perchloric acid (1.425 m.M) with I= 0.05, 
pH 8.96, contact time: 2 weeks. 

These solutions are abbreviated as sodium-I, sodium-2, calcium-I and calcium-2 in the text. 
Ibis experiment and other data from it are described in detail in Section D.3.5 of this Appendix. 
After reaching. the desired contact time, an aliquot of the sediment suspension was withdrawn 
from the electrolyte, and the sediment and the soluti_on were separated by filtration (pre-washed 
Centriplus·YM~30 centrifugal device filters). Both the leached solids and the supernatant were 
analyzed byLIFS. The third sample type comprised porewaters (S01014-55 UFA and 
SO 1014-64 UFA)· obtained by high-speed centrifugatio_n of the high moisture content samples 
from the BX-102 core. 
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Table D.41. Chemical Composition (mmol/L) of Porcwater from 
BX-102 Core Samples<a) 

Component BX-102 53A BX-10261A BX-10267A 

uo/+ 0.769 2.483 1.633 

~ 1.640 1.302 1.506 

Na+ 103.591 217.772 175.208 

Ca2+ 1.477 0.666 1.592 

Mg2+ 0.636 0.107 0.560 .. 

er 0.620 0.826 1.564 

N03· 17.132 17.977 38.539 

sot 4.890 8.866 18.514 

PO./° 0.165 4.119 0.203 

HiSiO, 15.221 11.500 14.642 

C02(1o1) atm_eq Atm_eq atm_eq · -

PH 8.88 9.50 9.00 .. 

<•lcalculated from data reported in Seme et al. (2002) 

D.3.4.2.3 Cryogenic Uranium(VI) Fluorescence Measurements. Fluorescence spectroscopic 
and lifetime measurements were performed in cryostat at liquid helium temperature. · Individual 
solid samples were mounted in custom-built sealed copper sample holders fitted with sapphire 
optical windows. Solution samples(~ 100 µL) were transferred into a 3-mnix 3~m.m quartz · 
spectroscopic cell fitted with silicone stoppers. Atmospheric control was main,tained throughout 
the sample-handling procedure except during the spectral acquisition. The samples were 
attached to the cold finger of a Cryo Industries RC-152 cryogenic workstation in which the 
sample cell was directly exposed to the vapor flow of liquid helium. The Sfilllple temperature 
~as controlled by tuning both the liquid helium flow rate and the electric current applied to the 
internal heater of the cryostat through a Lakeshore 330 auto-tuning temperature controller. The 
normal fluorescence emission spectra of the sample was obtained by excitation_at 415 nm, the 
spectral maximum of the first electronic absorption band, by the :frequency doubled output of a 
Spectra-Physics Nd:YAG laser pumped MOPO-730 laser. The resulting fluorescence was 
collected at 75° to the ex.citation beatn by a 2-inch diaineter f/3 fused silica lens an.d:focused by a 
2-in. f/4 fused silica lens into the entrance slit of a 0.3-m focal length Acton SpectroPro 300i 
double monochromator spectrograph. For highly scattering sainples, an Omega 493LP cutoff 
filter with a cutoff wavelength of 493 nm was placed in front of the entrance ~lit of the · 
spectrograph to reject scattered laser light. 

Time-resolved emission spectra were recorded using a thennoelectrically cooled Princeton 
Instruments PIMAX time-gated intensified CCD camera that was triggered by the delayed output 
of the laser pulse and controlled by the. WinSpec™ data acquisition software. · The same iample 
volume and geometry were maint.ain~d during analysis to allow semiquantitative analysis ·of the 
species distribution. Data analysi~ "Yas performed using commercial software such as IGOR™. 

AppD_l213 D-166 . December 13, 20_02 

,-

i 
'-

[ 
L 

,-

I 
L 

r 
' i ' 
'-

r 
L 
r r , ·. 
r 
W< 

r 
L 

f 
L 

r 
J. ..... 

b­
l 

r 
i 1 · ... 
r 
t· 
L 

r 
l 
J· 
, ... 

r 
i .. 
,·. .... 

r 
L 
r 
!.:. 

c 



r 

r 
r 
! 
'- . 

r I . 

~ . 

r 
'- . 

-r 
l. ! 

i"'"' 

! ' 

r 
) 
'· . 

:, 
i ' . ~ .· 

,,... 
r· i 
l , 

r .. . , 

r 
L , 

n 
t ; 

r 
J ; 
' ...! 

r 
l. 

r. 
l ~ 

i \ 

RPP-10098, Rev. 0 

Fluorescence decay analysis was checked further with the Globals program developed at the 
University oflllinois at Urbana-Champaign (Beechem et al. 1991). 

D.3.4.3 Results 

D.3.4.3.1 Cryogenic Fluorescence Spectroscopy. Lowering the sample temperature increases 
the fluorescence intensity and lifetimes of elements such as uranium(VI) by minimizing 
de-excitation pathways between the fluorophore and molecules of the solvent, quenchers, or 
other ground state molecules. A decrease in temperature sharpens the spectral profile and 
improves spectral resolution (Lakowicz 1991). The quenching of uranyl fluorescence by 
long-range proton transfer reactions in the solvent became negligible at liquid nitrogen 
temperature (i.e., 77 K) (Stepanov et al. 1984). The resolution of uranyl fluorescence 
measurements in soils was improved at lower temperatures because the quenching effects of 
various cations, anions, and organic molecules were reduced (Duff et al. 2000). 

In this work, fluorescence spectroscopic measurements were performed on 
uranium(VI)-contaminated sediments and uranyl carbonate solutions at both liquid helium and 
liquid nitrogen temperature to ascertain the optimal conditions for characterizing uranium(VI) 
speciation in the field samples. Lowering the sample temperature greatly increased the 
fluorescence intensity (up to two orders of magnitude) and enhanced the spectral resolution for 
both solid and aqueous samples (Figur~ D.64). For uranium(VI)-carbonate solutions at pH 11 
(Figure D.64, panel b) where higher-order carbonate complexes dominate, no fluorescence signal 
was observed at room temperature. However, cryogenic measurements showed a discemable 
fluorescence spectrum at liquid nitrogen temperature that increased in resolution at liquid helium 
temperature (6 K). Liquid helium was allowed to evaporate in the cryostat to cool the sample, 
yielding a measurement temperature that was slightly above 4.2 K. 

D.3.4.3.2 Fluorescence Characteristics of Natural Uranium Minerals. All of the natural 
uranium-mineral standards showed bright green-yellow fluorescence when excited by laser light 
at 415 nm (Figure D.65 and Figure D.66). However, the relative fluorescence intensity varied by 
more than three orders of magnitude, with coffinite and metatorbernite being the least · 
fluorescent. Uranophane and rutherforcline exhibited fluorescence intensity 10 times greater than 
coffinite and metatorbernite, while the others were from 100 to 1000 times more fluorescent. 
The wavelengths of the major vibronic bands on the fluorescence spectra are listed in Table 
D.42. 
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Figun· J).64. Uranyl Fluorescence £mission Spc..>:t:tn, ;l:t ])iffcrent Tcuiperature 

A) Hanford Scdhncnt 53A with Ur~nimn(Vlh(1tnl == 142 ppm.; B) Aquct,us lJrauium(VJ) in 
the Prcscucc of 0.008 M Na:2C03 at pH l .L (OO:i2 '·1 "' 2 x 10·5 M. f-tx. :=. 415 nm. 
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Figure D.()5. Fluorest'.cnce Spec.tr;i of St:rndiu"d l.lnrnyJ Minerals. ~-11~ = 415 nm. 
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Figure D.66. fl11ol'escence SJ>ectra of Standa.t•d Uranyl Minerals (Continued). 
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Table D..t2. Fluorescence Spectral Characteristics of Standard 
Natural Minerals. ,,~;;-= 415 nm 

,-----------------,-------••••••• ••••••••••••••••••••••••••••• •••••••ssm" 

Mineral. Spectral maxima (nm) 
i------------------'-------------·······--------· 

Uranyl (hyhydroxidcs 

BccqncrditC'. •"' , 534.2. 556.0. 580.4 

~': ··-····---I-{_il_li_ct_.ii_c_*"'_· _________ 5_t.A __ A_-._5_2_5_.7_,_5_4_9._0_,. _5.,_12_._2_······················ 
Clai-keite 506. I, 526.S. 548.0 . .572.2 

-------············································------1------------------; 
Curite -*. 526.6, 557.0, 580.1 1···-···-··-·············:;~j~(;:;;;;---------1--_.,-.. · .-~-, l-7-.9.;.,_5_--l_0_.5_, -5-65'-,.-0--·······-·········· ·· · 

r--···· Crnnprni.gnacite 504. l. 52-t7, 542. 7,. 565.2 ,._ _______________ ........, __________ ,~~-·---·----·---··-
l tnm.vl Curhv11atcw 

,------------------r----················-----------, 
Liebigite 

------
Ruthcrfordine 

Zdlcrite 

l r nm yl Silicates 

Boltwoodite 

SOl .4, 522.7, 5'15.7. 570.H 

·"', 525.6. 548.2. 572.5 

.504.4. 526.7, 551.0, 577.--1 

(\1pro'-klodowskite SOJ.9, 524.7. 547.5. 573.5 
........... ••••••••••n•H--------------t--------------••••••••••.,.••••'-"•,._. 

l<asolite ·'\ 531.2, 552.2. 574.2 --------Sldodowskitc 496 .6. s ·16.7. 538."7, %Li 

Soddyite 504 .5, 527.4. 551.0. 576.3, 602.4 
:..------------·-····················---·--·--------------

Uranopli:mt~ 503. ! , 525 .S, 507.0. 570.5 
;,-----------•=--·•············•·•···••·•·~,w.·. ,w.,w.·.,=,••-----------~~•,= 

Urmu,l Plwsphmes 
,--------------··············· ··································-----------1 

J\,kta autonik~ 502.9. $2•U ·, 549.0, 574.9 
l-·•··------------------t------ ----------; 
! Metntorbc-mite 5tn .t, 525.?., q<J.3 , 574.5 
r-·····----P-h-o~--p-il-tt-n-11-1y-li-t~-I ------+---5f:-/3-.. -4.-_ 5-.2-5-.5"",-s-4_8_. 7.;.,-:S-7-4.-7------i 

Sulecite )02.0, 5:D.1, 546.S. 571.7 
-~ The penk intensity is too weak tn identify. 
** XRD pattern indicate~ thar this mineral is ,wtually ura1)()phat1c. 
\:i., The ,~por!:ccl data arc im:-On$istent with literature: ( Vodl.trn el al . 1997). 

The closely spaced vibrcmic peaks on the emis:;;ion spectra indicated that aH of the uranium(VD 
in the mineral phases V>'<'JS present as th<,~ uranyl entity. Among the 20 minerals studied, only 
coffinit,~ contains uranium prcdominanll.y in the tJV+) oxidation state. It is wdl known that 
uranium (.IV+) is not Out)resccnt. The noted fluorescence ofcoffinitc suggests the likely 
presence of uranium(VI) impurities in the mincrn.l sp~dmen. The XR.D am-1lysis of this specimen 
indicated the pres{'~nte of a mixed oxidation phase such as urnninik (U./)7). The fluorescence 
spectral _profile of the coffinitc {Figure D.65) \.'<'as similar lo the becqu~rclite. a uranyl 
oxyhydroxide with lts fluorescence spectral bands shifted toward longer wavelengths. 
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The t1uoi:csccncc spectra of I.ht~ other mineral specimens .vcrc ahm in ugrccmt:nt with their XRD 
analyses, co.nfin:ning the presern:e ofminernl mixtures in some cases and single mineral phases 
in others, For ,~xmnplc, XRD analyses indicated thntthe curite and soddyite samples were 
mixtures of hoth curite and soddyite. Time-resolved fluorescence measurements ofthcs1.~ 
rnincral mixtures (Figure D.67) doctm1entcd thl..~ ability to distrirninate between difforent species 
in m.ixtures. The time-resolved measurements shmved thut soddyHe had a longer fl.uorescence 
lifi.~t.ime than curite and that the tw(, could be discr1iuinated by measuremeHtsperformed at 
distinctly diffrrent delay times (e,g., l ~ts and 800 ~tS) . The fluorescence of curitc decayed away 
afier -·· 500 ~ls. !t".aving tht.~ emission spectra of sodd.yite alone (Figure D.67). In contrast, inineral 
specimens c1:.mtaining a single mineral phase such as saleeite (e.g,. Figure D,66) exl1ibitcd 
i<knti.cal fluorescence spectra .regardless of time delay , 

C,enernl trends \Vere noted in the fltmrescence emission spectra of the 1najor mineral rzroupinQ~ of 
' ~ . ~ 

oxyhydroxides, silicates, carbo11atcs. and phosphates. T'he phosphate minerals were the most 
Jlu~)rescent, and all shov.-.:xl distinctively sharp spect.ra1 profiles. Strong, highly rest.ilvetl 
flu()r~si:,:.cnce. spec1.ra ·were obtained even at room temperature (1wt shown), Among the 
oxyhydroxides studied, the fluorescence spectra. of aH but the cfarkcitc ,i..:ere red~shi.fred toward 
tougn wavdcngths. Both the -p~)sition and profiles of the fluorescem::c spectra for carhonak and 
si licate minerals varied as functions of the stokhimndry and crystal structure, At this time, 
neither u tJ:leoretical basis nor predictive re lationships exist w define the dependence of the 
fluorescence spectrum of a uranyl compound on its chcrnkul or crystal structure, E1npirically, 
howe,..,cr, it is expected thnt dir~ct comparison betwe.en the spectral. signatures of the standard 
minerals and those of the sediment acquired under the same wavdengih and environmental 
conditions \\<·ill offer clues as to which uranium species exist in the Hant()rd sedinwnts. 

Figure D.67. Tintc•Resolved (;'luorescencc Emission Spectra of a Mixture of Soddyite and. 
CurHc; '"~t "'415 mn. 
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figure 0.68. Timc-Rt•soh1cd Fluon'sce-ncc Emission Spectra of Sal.eci.te (Mg !(Uh) (.P0-1)] 2 

(ll2 0) 10). '"H = 415 Unt. 
- ----···-············································································ 
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DiiTerences wi:re observed in the emission spectra oftl1e natural and synthetic uranitun minerals, 
For example, the Jluorescence spectra of one synthetic clarkeite sainpk (not shown) dcviakd 
from the spectra of the natural clarkeite (Figure D.66). The synthetic darkeite exhibited s.p~'.ctral. 
positions consistent with the other uranyl oxyhydroxidr~s (e.g., bccqucrdite) (figure D.65). while 
thr emission spectra of the natural clarkeite w-as similar to those of urnnophane, a uranium(Vl) 
sdi.cat.e (Figure D.65 and Figure D.66). Similarly, the fluorescence spectra of the natural 
boltwoodite (Figure D.66) dit1crc<l from those of a synthetic specimen reported by V<>chten ct al 
( 1997). Possible causes fbr such n. difference arc variatitm in hydration degree, or the presence 
of mi.nor imp1.1rity phases . 

D.3.4.3.J Spectral Analysis of the BX-102 Sediment Samples. Th ... ~ f<)ur uranh,m­
contaminmed vadosc zone sediment sampfos. although acquired at different. depths bcne,Hb umk 
BX-I 02, exhibited nearly identical spectral profiles (Figure D.69). The spectra of all four 
sediments c.onsistcd {)f sharp, wcU-resolve<l spectral peaks cha.rncted.sti('. or urnny l compounds 
emanating: from a weak. hn)ad tluorescence background. The fl.uoresc.;;.'.nce mt:a.surcrnenb 
implied the presence of a dominant, singl.c urnnyl species or a limited number of uranyl species 
-..vith similar fluorescence behavior. The high b(1ckgrolind implied the presence of coexisting 
min()r species such as adsorbed surface complexes or an amorphous urnny.l compound. The peak 
spacings of ·- 766 cnf1 that arc indicative nfthe strength of the symm.driqil uranyl vibration 
energy \1.·erc low cornparcd to those for the aqueous uranyl ion at 872 cm·1 (M.ords et aL 1994). 
The presence of a precipitate \,vith strong interaction between the 1:quatorial anions and 

- --------························ .. - -----------
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uranimn(Vl) was impl.kd. A comparison of the sediment spectra \Vith those of the m.incral 
sped mens indicated that, within the error of the fluoresccnc<.~ mcasuren:u!nt. the unmiurn species 
in the sediment wen: most similar to: J) meta-autunitc and phosplruranylite 
[uraniun:i(VI }-phosphates], and 2) soddyite and uranopbane [ uranium(V.l)-silkates } .. The 
sediment spectra were also very similar to the 77 K spectrum of synthetic boltwoodite reported 
by V ochten et aL (] 997) at 77 K_ Experiments are curr~ntly bl'ing conducted whh synthetic 
sodium- and pmassium-hollwo(>dite to confinn this observation. 

The:~ tim.e-rcsolved fluorescence spectra of ~Ill four s:m1ples also were quite similar and showi:.d 
onl.y a small shifi at ditfrrent time dch1ys (Figure D.70). '.l11e small spectral s.hift with time delay 
indic.:ttcd that there \V~ts one dominant uranium(Vl) species in the samples an.done or rnore 
minor ::,;p,x:i.cs in low concentration, The dominant and minor manitml(VI) spedes ht1ve dilfor~nt 
fluorescence lifetimes. [t is also tiossible that there was a range of varying chemkal/srmcturnl 
environments around one uranium(Vl) species, leading to different t1uorcsccncc quenching: 
efficiencies and thus different uranium(VI) fluorescence lifotimes. 

Figure U.69. Fluorescence Emission Spectra of Hanford Va.dose Sediments Under Tank 
BX-102 ::lt 5.5 K. '"'u = 415 nm . 
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F'igurc n. 70. Time-Resolved Fluo.resceJH.'.e Emission Spectra of Hanford Yadose Zone 
~fodimcnts SOlOl4-6lAU (ltpper panel) and SOl014-67AB (lower pan.el) llndet· 

Taitk BX-102 at 5.5 K. ;.,\~ ===: .fl 5 mu. 
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'fable D.43. Fluorescence Spectral Charnctt.~ristics of 
Hanford Vadose Zone Sediments. l<-rx = 415 um 
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~dim,mt i;umpfo Spectral maxima (nm) l 
·- - ·- - ··························- ---'::._----4----;::__---- - ;__..:.__ 

-53A : ,;(16 A ,: ,, • ,. •· .«•) <;'> · 0 
.... ) . "' t .., •. (,t.(Ll -:- ,:--.~.~ -.. :·"' ,4 . 

1-----------··············· ······-----------...J 
·61A 507.6. 528.3, 550.8. 547.S 

····················--------- - ---- - - ---···················· 
-6 IAB 506.4, .ST!.O, 549..2, 573.2 

•67AB 506.8, 527. l , 54 9.7. 573.7 
········ ···············- ----------J--------- -················· 
.4jra leaching with electmlyte stllutim, Nu- / 

-~----------i 
-61AB 505,9, 527.0, 548.7, 573.5 

e-.- - ..... .... ........ .... .. ........... ------~------------.....J 
-67AB 504.9, 525.7, 547.5, 571.5 ·------1 

.4,lier lead1btg wit/, dt•ctm{rte s<Jlutio11 i\'cr-2 
···················------'----------- -----1 

-6l AB 507.4, 52 7.7. 549.7. 57 tl.7 

-67!\B 506. l , S:?6.5, 548.5, 573 .5 
----- ··· .. ·················-----l-------------........J 

Aft,~r leaching "1itlt o/'·~s(ltumte<l e/e(itrolyte sollttion Ca~l 

-6!AB 503.6, S:?.3 ,9, 546.7, 57(L5 - --.. -...... .. .................... ............................... .... ~. 
,67AB 504 . l , S2,U. 547.2, 572.2 

Afier /eacltit1g witlt O P -.w1111mted l!lec:tro~,,1e ~-aluiifm Ca-2 

-6 1AB 504.6 , 525 .2. 541.7, 572 .0 

-67:\B 504.9, 525.5, 547,7, 571.7 

V(n) ,ti.u11/vetl in i!lectm~rte .mlulfon Na-I 

-6IAB 48 1.0. 500.9, 520.7, 543.2, 568 ,2 
··-···································· .. - - ----+--------------1 

-67AB 481..3 . 500.1, 520.7, 54·2.7, 567.2 
~-------------'-------························ 

U(Vlj dfawlved i11 dt•ctro{rte S{)futimt Na-2 

-61AB 481.5, 501.4, 520.7, 540.3, 564.5 

-67AB ,m u, soo.<J, s20.7. 543 .o. s6K 2 
1----- --------_...-································ 

lf(Vl) ,11\s()/ve<I iJt Ca1•·-,w,tur'1ted drttrolyft~ soluti,:m Ca-1 

-6l AB 479.9. 499.8 , 520.4, 542.4. 567.7 

-67AB 480.2 . 499.3 , 521.4, 544.0, 567.7 
,..__- - -----------'-···································································· 

ll.3.4.3.4 Spectral Analysis of Uranium-Contaminated Sediments Equilihrntcd in 
Biciu·bonate Electrolyte. Tl1c fluorescence spectra of the urnnium("V 1)-contaminated sediments 
that were equilibrated in sodium and caldum electrolytes \Vere measu.ri.~d to ascertain whether the 
uranium(Vl) spectral signature changed after .leacbing/soluhilizing a portion of the precipitated 
uranium(\/!.) pool. A comparis(m of the spectra of the original a.nd equilibrated sediment 
samples indicated that dectroly t.e contact. and partial :mluhilization did not markedly change lhe 
spectral ch~1.racteris1.ks of the residual uranium(Vl) species (Figure D. 71 and Figure D . 72; Table 
D.43). Tbe fluorescence intensity of the sediment did change (e.g., dcc.rcascd) with elcctro1yle 
contact in direct proportion to the quantity o f uranium(V[) soluhilized. This was a mass loss 
dfoct. Solubilization increased with .the i.nc,rcasing pH and carbonate content of the electrolyte 
solu1ion. 
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Figu.rc n. 7.L fluorescence Emission Spccfra at 5.2K of lfanford V~dose Sediments ~6J AB 
(upper panel) and -67AB (lower panel) Under Ta.nk BX-102 Before and After Leaching 

with Elccfrolyte Solutions Na-1. anti Na-2. 

The Compositions of the Electrolyte Solutions are: Na-1: NaHC03 (0.1.94 m1\11)-NaN03 
(0.0498 ;'\-1.) Solution with l = 0.05, pH 7.2 7, contact time: 4 weeks; Na-2: NaHCO3 (15.5~> 
ml\'l)-Na;iCOJ (4.93 mM)-NaNO3 (0.0245 M) ,Yith l =0.05, pH 'J.25, contact time: 4 weeks; 

-"~.~ "" 415 nm. 
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Figure n. 72. Fluoresct.~nce Emission Spcctrn at 5.2 K of Hanford V~,dose Sediments -fi.l AB 
(upJ>«.~r panel) and -67 AB (lower panel) Under Tank BX-102 Befo•·c and After Leaching 

·witb Ca1'·-saturated Electrolyte Solutions, Ca-1 an.d Ca-2. 

The Cmnposit:fons of the Electrolyte Solutions are: Ca-I.: CaCO3-saturnted Ca(ClO4)2 
((L0219 M)-NaCI04(0.0<i<i<i M) with l .,, 0.05, pH 7.57. contact time: 2. week~; Ca-2: 

CaCO-'-saturated NaCIO..(tt0416 M)-NaHCO.1 (4.44 mM)-Na2CO3 (4.44 rn.M)­
HCIO4(1.425 mM) with l = 0.05, pH 8.96, contad time: 2 ,,·ceID.. Ac-r. "" 415 um. 
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The flti1.'.lfCSC~)ncc spectra of the uranium leached .into the electrolyte solutions v;ere completely 
di1Terent from the spectral signaw.re of uranium.in the sediments (Figure D.73 and Figure D.74 , 
Tabk D.43 }. All of the vibronic pea ks w·ere blue-shi fted m shorter wavelength .. 1s CQmparcd to 
the solid sediments. The relative spectral intens ities were higher in both sodium and calcium 
electrolytes at higher pH. (e.g ., sodium-2 and calcium-2) because of increased solubility of 
sediment im-mium(Vl) in the higher pH filtrate (sec percent uranium dissolved in Figure 0 .7] 
and Figure D.74. and Sec.ti.on D.J.5 .) 
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Figure J).73. fluorescence Emission Spccfra of Unmyl from Hanford V~tdose Sediments -
61AB (upper panel) and -<'i7AB (fowcr panel.) Leached into the Eledrol)'fl' Solutions 

Na-t and Na-2. 

Th.e Compositions of the .Electrolyte Solutions an' : Na-1: NaHCO3 (0.194 mM)-N~aN03 

(0.0498 M) solution with .I.= 0.05, pH 7.2 7, contact time: 4 weeks; Na-2: NaHCO3 

{15.59 mM)-Na2C03 ( 4. 93 mM}~NaN03 (0.0245 M.) '"''ith l"" 0.05, pH 9.25, contact time: 
4 weeks 1,1:~ "'' 415 nm . 
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Jrigure 0.74. Fluorescence Emission Spedra. at 5;2 K of Uranyl from the Scdhncnt -61AB 
(U}lper panel) and -li7 AB (lower panel) Leached into the Ca.2• -Satuut£-d Electrolyte 

Solutions, Ca-l and Cn-2. 

The ( 'om positions of the Elcctrol}1te Solutions are: Ca.-1: CaCO3-suturntc<l Ca(ClO4h 
(0.0219 M)•NaCIO-1(0.0666 M) with I= 0.05, pH 7.57, contact time: 2 weeks; 

Ca-2: CaCO]•saturated NaCIO4(0.0416 lVl)-NaHCO3 (4.44 mM)-Na2CO3 (4.44 lllM)­
HCIO~( L42S mM) with I ''" 0.05, pH 8.96, contact time: 2 weeks. '"H = 415 nm. 
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0.3.4.3.5 Spectral Analysis of Aqueous Species an<l Porew~\ters, A series of 
ura.nyl-rarbonate solullons was ca.refully prepared at sckctcd pH values (pH I t:o 11) tet fonclion 
as aqueous "standards'· for LlfS analyses, These solutions all were prepared in sodium 
electrolyte, with the exception of oue sample at pH 8.0 prepared in cakium electrolyte (Tabk 
D.44). The-n:rwdynami<: calculations indicated that the uranyl. bis.- [UO2(CO.i):/"] and · 
tris-c,1rbcmate coi:nplexes [U0 2{C03):,"' J dominated uranyl spcciation between pH 7.5 to pH 11. 
while the dicalcium-urano-tris-carb()nal.e complex. CazU02(C03L was dominant in cakiui:n 
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electrolyte at pH 8. Bet,vt?.en pH 6.5 to pH 8.{L the mh:.ed ligand <.:a.rb(mate hydroxyl complex 
[(U02)_;;(0H).:(C0 _-1)" ] was present with the highest conrentrntion. At even kn.vcr pfl t6.0 to 6.5), 

,.,« the major uranium(Vl) species art the hydroxyl complexes {UOl)l-C, U02(0IJ},: j. 

.;-•-•,•, 

Table ]).44, Fluorescen('.C Spedral Charnctcristics of U(VI) in 
Sodium Carbonated Solutions a.t Different pH 
I = 0.1 M Sodium Perchlorate. ,~0 = 415 um . 

......... ----------··· ...... ·· ······························--------~ 
Solution pf-I Spcrtral maxima (nm"} ! 

~ .. -.... -... -... -... -.. 4l-.:.0?-: .. -... -.... -.-.. -... ::=~:::································ ······-~l!-71·~, ~~~·~· ~~~ -:, .5S:~·{?l, ~~-(~-:-··-··, 
• ·{) .<">, ) 0,- .) , ) .. ..... 1 .• ) ., . , :,!'.i ) .• , i 

----············································-----·-- --·--------··················· ·< 
(1.0 478.5, 497.9, 5 l 8.}. :,:JOA. 565.5 i 
6.8 ------- 479.0,. 498.4. 518.3~ 540.4,. 565.5 ! _ ...................................... ~ ...... ~~ 

48(LJ, 499.2, .S !9A. 54l.4, S(i5.5 ! 8.0 
·············································· ··1 

479.2 . . -J98.il , 5l8.6, S40.7. 565.0 i 
.............. ........ 482J): 501 .7. 522.6·. 5455,570.7 ··i 

'------------·-······ ·············· 

---····························~~-................ __ _ 
1 ! .0 

8.0 with OJl2 \-1 Ci? 

The obtained spl?.:ctrnl. signatures varied with pH (i.e. , uranium-spcciation) (Figur('. 0.75). The 
larg('.St spectral shifo, of the samples occnrrcd b(~t'Neen pH 4 and 6. corresponding to the 
hydrolysis of uranyl inn, UO:/"' (beyond t.hi.!' pH wnge of Figure D.63). Disccmable changes i.n 
th~ spectral position and/or 1.hc half•\vidth were apparent for sainples between pH 6 and pH 11 as 
·well as with the addition. of Cu2 ❖• Clearly, both hydrolysis and <.:omplexation by the carbonate 
anion _;aust)S a red shift of the .fluorescence. spectra toward the longer wavelength. This ls 
consistent with the observations by Mdnrath (1997) and Bern.hard et al. ( 1996) at room 
temperature. lt \~'as noticed that in so1ufa)t1S in which the bis- and tris-carbonatc complexes , . .,,ere 
dom.in.mt. tht~ fiuorcscence intensity was inve1:sdy proportional tn the sarnpk temperature. At 
mom tempcrnture. the fluorescence was completely qu-;;:nd:1ed. This is likdy an indication that 
r.he carbonate anion is a strong fl.uorcscencc quencher Jbr uranyl fluorescence, allbough the 
detailed quen<:hing mechauis1n is yet to be und~~rstoo<l . Analysis and interpretation of the Ll.F 
!:>pectra ofthese aqueous sampks at liquid helium temperatures has only recently begun. The 
current intcrpretati,ms are therefore prdiminary, and additional spectrul measurements of these 
solutions under difkn:nt conditi()ns are ongoing, 

i\ comparison of the Huorescence spectra of the uraniurn(Vl) solubilizcd from the contaminakd 
sediments (Figure D.73 au<l .Figme D.74) and those of the aqueous uranyl. carbonate solutions 
(Figure D.75j cc)nfinncd that the dcsorbed uranium(VJ) existed as aqueous uranyl carbonate 
complexes such as the bis- and u-is.-carbonate complexes. UO2(C0J):t, UO?(CO:.h 4•. The 
fluorescence spectra of desorb(?.d uranium(Vl) in the calcium. carbonate-saturated. carbonate 
dcctrolytc solutions (calcium-I and <.:aldnm-2) (Figure 0 .74) did not sho-w any substa.ntial 
diJlercnce .from those i11 the Na '-based carbonate ekc.trnlyte solutions (sodiurn- l and sodium-2) 
(Figure D.73). These, in turn, were all co.nsistent with 1.hc fluor(~s.ccnce spectra fbr uranyl 
carbonate solutions in sodiu:.n electrolyte at similar pH where c/'· was absent. It ,vas conducted 
that the concentration of Cc/"" was too low(< 0.02 .M) in the calcium carbonate electrolyte 
solutio11s ( caki um- I and cakit1m-2) to drive thl~ formation ()f rhe diculcium-urano-tris-carbnnatc 
coi.nplex, Ca2U0.2(CO., ):; . 
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Figure l).75. Fluorcsc.cnce Emission Spcdr~\ of Uranyl Carbonate Solutions at Different 
pH at 5.5 K, I= OJ. M; fNa2CV1l = 8 x 10-•·t M; [U0/1

} = 2 x 10-5 M; /1,e.~ = 415 nm. 
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pH 8, with (),<)2 M Ca:> : Ca2U02(C03)3 > 99% 
pH 11 : U02(Co:3)J4- > 99%: 
pH 8: U02(C03)2 2- > S2')·i, 

lJ02(C03)34- - 10%, 
(U02}2{ OH_;3C03- .. 48').·i, 

pH6.lL <'IJ02)2(0H}'3C03- :.~" 72<~.~ 
U02(0H)2 > U % 
UU2CO:W > I l'~o 

pH 6.0: U02(0H)+ 34.6% 
U0-2(01·1}2 >-- J Sl~~l 
lJ02COJO > 15'~ .. ~ 

pH 4: lJ022 ·; .. , 90°1;, 
pH i .2: UO:U·l· > 99%, 

Table D.45. :f"luon~s~eJJ.cc SJ.>cctral Characteristics of U(Vl) in 
P()rcwatcrs of Hanford Sediment8. )._n_ = 415 nm . 

...... . _ , ..................... _ .................... . 
mcnt Sum11l~ Spectral maxima (nm) 
-:'iS UF,1-\ ...................... __,f----4-7-9-.7-, -49-. 9-.-0.-5-:W.4, 54~2-.4-.-5!-,7-.-7-~ 

...... ................ - - ---- --···················· 

.64 UFA 479.7, 498.8, 519.9, 542.7. 567.5 ------ - - --....................... ... _......_ ______ .. ............... _____ ...; 
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D.3.4.3.6 Flu.ores~cncc Charnctcristics of Porewater· Samples. Sedirnent porc\Vatcrs offer a 
critical link bct\vcen the leaked tank \Va')te streams and the currc11.t cheu1ical state of llranium(VI} 
in the sediment. The porewater concentrations and spccialion rdkct the euergelics of different 
urnnium(Vl) phits.es and phase associations and the impact of other wastC·•dcfivcd and 
endogenous chemical co1nponents. The pe.wewater urnnium(Vl) ;:;pc<:jcs include 1.hose that Jre 
mobile and rui-rcotly migrating. The uranimn(Vl) con(:entrations in 1.he porcwawrs of the two 
samples were high enough to record a w·eU-rc;:;oh\~d flt.:iorescence spectrum (figure D.76) , in 
spite of their r•.:lativdy lnw· total uranium(Vl) contents compared to :r;amplcs 53, 61, and 67 , The 
fluorescence i:;pcctra of the two extracted porcwatcrs (Figure D. 76) were quite sin:,ilar to those of 
the urnnyl (arbonatc solutions at pH 8, in which the uranyl bis- and tris-carbouate complexc:,, 
l .l 02(Cl},;)/ ·, UO1(CO:.)t . are the major species (Figure D.63 for the spedation ,md Figure D.75 
for spectra). Hence, these results suggest that uranyl bis- and tr1~H;arbonatc co1nplcxes also w,'.re. 
the dominant in situ solution species in the contaminated sediments. Such conclusions are 
generally crinsist.ent with the results nf the spccfation modeling of rhe pore waters of sainpks SJ , 
61 , and 67 (Table D.46), The results of the speciation modeling for pore waters suggest the 
prese.nce of between 0.3 %, to 26.0% dicakiun:H1ranyl-tris(i;:arbonate) complex. CnJ) Oi(C'O.,)_;, 
i.n $Olntions o f samples 53. 61 , and 67 (Table D .46 ). Hcnvcver, more detailed analysis of the 
Jluorcsce-ncc spectra (Figure D. 76) and the conccntrntfon of calcium in porewatcrs of s.'lrnpfo 55 
and 64, as \\:ell as additional speciatioH modeling, are needed for any positive idrntificatil)H of 
their prescnc~ in the p<.m~waters of samples 55 and 64. Even though the n·forence ·'aquem.t::; 
species·' standards <lid not contain examples of phosphate oi- silicat.e con:iplexes. reference 
:,pectra Jbr these complexes have been published., and the LIFS spectra (Figure D.76) of th\'.'. 
pt)tew,ucrs showed no evidence of !hdr prest~nce. 

Figure l).7(i. f'lu(ffcsccncc Emission Spc~tra i~t 5.2 K of Hanford Vadosc Zone Porcwnters 
lJnderTank BX-102. ),.ex= 415 nm. 
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Table D.46. Uranyl Speciation (mol/L) of Porewater Extracted from Selected BX-102 . 
(Borehole 299-E33-45) Core Samples 

Species BX-102 53A BX-102 61A BX-102 67A 
uo/+ 3.85xl0'.15 1.57x10·13 l.06xl0·15 

uooa+ 8.86xl0·12 l.26xlQ·H 2.78x'10·12 

Ubi(OH)2(aq) 2.58x10·9 l.40x10·1J 9.96x}Q·lO . 

UOi(OH)3. 8.04x1Q·9 l.97x10·10 4.36x10·9 

UO2(OH)42
• (26xlQ·ll l.54xl0"13 l.05x10·12 

(UO2)J(OH}i 5.57xl0'14 4.22xl0-20 4.67x10·15 

UO2CO3(aq) 2.25x10-9 l.22xlQ"11 s.11x10·10 

UOi{C03)/· 6.l0xl0~ (0.8%) 7.50x10·' (0.0%) S.07:xl~ (0.3%) 
U~(C03)3..._ 5.63x10-4 (73.2%) 2.48xl0.J (99.7¾) l.46x10-3 (89.6%) 

(UO2)J(CO3)l 1.10x10·11 6.08xl0-13 1.44x10·10 

CUO2hC03COH}i" 2.03xl0·8 · 2.77x10·12 4.33x10·9 

Ca1UO2(CO;)3(aq) 2.00:xl04 (26:0%) 7.42x10~ (0.3%) l.65xl04 (10.1¾) 
UO2PO4- 4.48xl0-10 l.51x10·11 1.49x10·10 

UOJIP04(aq) l.04xlff12 7.73x10"1
~ 2.45x10·13 

UOi,l:J3SiO/ · 6.Q}xlQ•ll 1.48x}Q"14 IJ4xlQ-ll 

Total 7.69xl04 2.48x10·3 l.63xl0·3 

Number in parentheses is the species percentage of total uranyl concentration in the sample. No solid phase is 
allowed to precipitate. The major uranyl species are iri bold font. 

D.3.4.4 Conclusions and Implications 

1. This work demonstrated that cryogenic manyl fluorescence measurement at liquid helium 
temperature significantly enhances both the fluorescence signal level and spectral 
resolution of uranyl by effectively reducing the inhomogeneous line-broadening effect, 
suppressing the phonon bands, and minimizing fluorescence quenching by impw:ities. 
The cryogenic method offers improved possibilities for identifying uranyl species in 
complex environmental samples. Strong fluorescence signals were obtained in all 
Hanford sediment and water samples contaminated with uranium(VI). 

2. The fluorescence emission spectra ofU(VI) were recorded from four BX-102 sediment 
samples that contained from 142 to 415 ug/g of total uranium. The emission spectrum of 
each of the four samples was quite similar, indicating.the presence of a common 
uranium(VI) phase or phases. Time-resolved measurements showed little shift with 
delay, indicating that most of the uranium(Vn was associated with a single type of 
uranium(VI) precipitate. The lack of change in th~ emission spectrum with the leaching 
of up to 60% of the precipitated uranium(VI) pool further supports the conclusion that 
only one dominant uranium(VI) phase exists. 

3. The well-resolved vibronic peaks in the fluorescence spectra of the four sediment 
samples suggested.that the major fluorescence species was a crystalline uranyl mineral 
phase. Such conclusion was consistent with the x-ray microprobe analyses reported in 
Section D.3.2. A comparison of the uranium(VI) fluorescence spectra in the sediments 
with those of known uranium (VI) the mineral specimens indicated that .the uranyl 
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mineral in the sediments was most probably a uranyl phosphate (phosphuranylite or 
meta:-autunite, specifically) or a uranyl silicate (soddyite, uranophane, or boltwoodite). 
Additional reference samples of the uranyl phosphate and silicate mineral phases are 
being sought for LIFS measurement to refine the spectral library for these important 
Hanford phases. Other spectroscopic ( e.g., Raman) and solubility analyses are currently 
underway to more definitively identify the chemical and structural properties of the 
uranium(VI) precipitate. 

4. The porewaters from both 299-E33-45 sediments -55 and -64 showed fluorescence 
spectra that were almost identical to those of uranyl bis- and tris-carbonate complexes at 
pH 8, UO2(CO3)z

2
- and UO2(CO3){. Although identification continues of different 

uranyl hydroxyl and carbonate complexes in detail from their LIF characteristics through 
ongoing work, it seems to be safe to say that uranium(VI) bis- and tris-carbonate 
complexes are the dominant aqueous species in the porewaters. Therefore, they are the 
most prominent candidates for species responsible for the subsurface migration of 
uranium(VI).These uranium species ate apparently migrating through the Hanford vadose 
zone. There was no evidence for the presence of phosphate or other types of complexes 
in spite of the tentative presence of silicate, phosphate, and other potential precipitates i1i 
porewater. 
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D.3.5 THERMODYNAMICS AND DISSOLUTION KINETICS OF URANYL 
MINERALS IN HANFORD BX-102 SEDIMENTS 

Chongxuan Liu 1, John M. Zachara1
, and Odeta Qafoku.1, and Steve Heaid1

•
2 

1Pacific Northwest National Laboratory, Richland, Washington 99352 
2Argonne National Laboratory, Argonne, Illinois 60439 

D.3.5.1 Introduction 

Research described in Sections D.3.2 through D.3.4 of this appendix has shown that sorbed 
uranium. in samples from borehole 299-E33-45 exists primarily in precipitated state, most 
probably as a hydrated uranyl silicate. These precipates were observed in grain cavities, grain 
fractures, and as discontinuous grain coatings. In this study, the rate and extent of uranyl 
desorption/dissolution from three high-uranium samples from 299-E33-45 were-measured to 
provide insights on the future migration of the in .. ground uranium pool and its potential to impact 
groundwater. The research strived to determine the dissolution behavior of the precipitated 
uranyl phase over a range of pH and electrolyte concentrations representative of subsurface 
geochemical environment in WMA B-BX-BY. · Various experiments were performed to assess 
whether the phase exhibited a characteristic equilibrium solubility value, and the time required to 
reach the equilibrium state. Rate studies evaluated chemical kinetic and mass. transfer controls 
on dissolution. Changes to the chemical composition and spatial distribution of the uranyl phase 
during dissolution were monitored by CLIFS and x-ray microprobe (XRM). The 
thermodynamics of potential uranyl phases in the sediments (in addition to silicates), aqueous 
uranyl speciation in sediment porewater, and the extent and rates of dissolution were arialyzed 
using linear free energy, chemical equilibrium, and kinetic models. The results are also 
manipulated to show the complex effects of the dissolution process on the desorption Kt of 
uramum. 

D.3.5.2 Background 

Uranyl minerals precipitate under various geochemical conditions. Uranium(VI) mineral 
assemblages can be quite complex in natural (Finch and Murakami 1999):and contaminated 
(Buck et al. 1996; Morris et al. 1996) environments. Phase differentiation depends on the 
geochemical conditions of the uranium(VI)-carrying fluid and its interaction with the 
surrounding soil matrix. Finch and Murakami (1999) provide an overvie'Y-ofthe geochemical 
conditions leading to the formation of different uranyl mineral groups including: sulfates, 
carbonates, oxyhydroxides, silicates, arsenates, phosphates, and vanadates. Vanadates are the 
most insoluble among the uranyl minerals. In the presence of vanadium, carn.otite has been 
discovered as a primary mineral associated with calcretes and gypcretes in arid regions of the 
United States, western Australia, and southwestern Africa (Langmuir 1978). The uranyl 
arsenates and sulfates are uncommon. The most commonly observed uranyl minerals include 
carbonates, oxyhydroxides, silicates, and phosphates. These mineral groups are' typical oxidation 
products of primary uranium~) ore minerals (Frondel 1956; Korzeb et al. 1997), corrosion 
products of spent nuclear fuel (Finch and Ewing 1992; Finch and Murakami 1999), and 
in-ground precipitates at uranium(VI)-contaminated sites (Buck et al . 1996; Morris et al. 1996). 
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The sequence of uranyl mineral formation depends on the thermodynamic and kinetic properties 
of the different uranium(VI) mineral phases and the paragenetic geochemical conditions. 
Oxyhydroxides were observed to be the first to precipitate in natural environments surrounding 
uranium ore (Pearcy et al. 1994; Foord et al. 1997; Kor~b et al. 1997) or the first phase to form 
during the corrosion ofuraninite under oxiiiizing conditions (Finch and Ewing 1992; Finch and 
Murakami 1999), even in silica-saturated waters (Frondel 1956; Smith 1984; Wronkiewicz et al. 
1992, 1996; Pearcy et al. 1994). Oxyhydroxides are more stable than uranyl carbonates and their 
precipitation kinetics are more favorable than silicates and phosphates, which are 
thermodynamically more stable in most natural environments. The minimal structural 
rearrangement required from uraninite may account for the kinetic favorability of oxyhydroxides 
over other phases (Evans 1963). In natural environments, the most common natural 
oxyhydroxide is gummite, a mixture of dehydrated schoepite and related compounds with 
chemical formulas of [(UO2)(OH)2](H2O)o.s and (UO2)(OH)2 (Foord et al. 1997). Schoepite and 
becquerelite are common corrosion products of spent fuel in either silica-saturated (Wronkiewicz 
et al. 1992, 1996) ot silica-deficient waters (Finch and Ewing 1992; Pearcy et al. 1994). 

The oxyhydroxides,. which precipitate rapidly, transform to more stable phases (i.e., silicates or 
phosphates) in environments containing silicate or phosphate. A suite of natural silicates has 
been identified, including soddyite; sklodowskite, boltwoodite, uranophane, weeksite, 
uranosilite, and others (Isobe et al. 1992; Pearcy et al. 1994; Elton and Hooper 1995; Korzeb et 
al. 1997). Among phosphates, autunites are the most common secondary form (Langmuir 1978). 
Phosphuranylite also was found in association with autunites (Korzeb et al. 1997). The uranyl 
carbonates typically form in environments with high carbon dioxide pressures or high 
evaporation or low concentrations of silicate or phosphate (Langmuir 1978). 

Kinetic investigations of uranyl mineral dissolution are limited in the literature. One laboratory 
study indicated thatthe dissolution process was most influenced by the identity and 
complexation strength of.ligands in the associated aqueous solution (Sowder et al. 2001). The 
dissolution rates of]lletashoepite and becquerelite were faster than tho_se for autunites and 
chemik:ovite in solutions of acetic acid and EDT A complexing ligands, but slower in bicarbonate 
solutions (Sowder et al. 2001 ). · A higher concentration of complexant leads to a higher 
dissolution rate. The literature base is insufficient to predict the dissolution rate of a given 
uranium(VI) mineral phase under specified geo~hemical conditions. 

In a broader sense, the dissolution of uranyl from sediments typically includes both mineral 
dissolution and desorption. A field study at the Koongarra uranium deposit indicated that 
uranium(VI) in sediments was present in adsorbed and precipitated pools (Payne et al. 2001 ). 
The adsorbed pool was in equilibrium with aqueous phase, and the desorption process could be 
described by a surface complexation model. The rate and extent of dissolution of the 
precipitated phases were not studied, however. 

Other limited desorption/dissolution studies indicate that the release of uranium(VJ) from 
laboratory-spiked pristine materials (Fuhrmann et al. 1997; Giammar and Hering 2001) and 
uranium-contaminated sediments (Braithwaite et al. 1997; Mason et al. 1997) exhibits kinetic 
behavior. The rate of desorption/dissolution was found to decrease with increasing exposure 
time to uranium contamination. Equilibrium desorption ofuranium(VI) from goethite was 
observed with less than 1 month aging, but strong kinetic behavior developed with 6 months 
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aging (Giammar and Hering 2001 ). A desorption/dissolution half-life of more than 10 years was 
reported for sediments subjected to long-term uranium contamination (Braithwaite et al. 1997). 

In this study, the rate and extent of uranyl desorption/dissolution from sediments contaminated 
by metal waste in the BX tank farm was investigated. Three high-uranium samples from 
borehole 299-E33-45 were leached in sodium and sodium-calcium-bicarbonate electrolyte 
solutions for time periods exceeding 140 days. The changes in the uranyl phase after dissolution 
were identified using X-ray microprobe (XRM) and laser-induced florescence spectroscopy 
(LIFS). The thermodynamics of potential uranyl phases in sediments, aqueous uranyl speciation 
in the sediment-associated porewaters, and the extent and rates of dissolution were analyzed 
using linear free energy, chemical equilibrium, and kinetic models. · · 

D.3.53 Thermodynamic Properties of Potential Relevant Uranium(VI) Phases 

Free energy data for potential uranyl phases in Hanford sediment were collected from the 
literature or calculated. The mineral phases included oxyhydroxides, carbonaJes; silicates, and 
phosphates. · Although oxyhydroxides and carbonates do not appear to be important in the 
BX~102 sediments based on preliminary spectroscopic analyses (Sections D.3.2 to D.3.5), these 

· minerals are found at other contaminated sites of comparable geochemistry (Buck et al. 1996; 
Morris et al. 1996) and merit consideration as relevant environmental phases. 

A regre·ssion method developed by Chen et al. (1999) was used to calculate the free energies of 
those uranyl minerals for which the literature reported either no, or inconsistent, values. For 
comparison and completeness, the regression method was used also to calculate the free e:p.ergies 
of other uranyl minerals for which measured or estimated values already are available. The · 
minerals and their respective free energies are listed in Table D.47. 

The regression method assumes that each uranyl mineral is composed of a few basic structural 
components. The number and type of components for a specific mineral are determined from the 
chemical composition of the mineral and structural information obtained through X-ray 
diffraction. The free energy of a mineral was assumed to be the linear combination of free 
energies of these basic constituent structural components. 
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[ Table D.47. Thermodynamic Properties of Potential Relevant Uranyl Minerals that May 
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Form in Hanford-Sediment 

. aG0r (k.J/mol) Source 
Solid phase Formula 

M/E(a) I Cakulated(b) 

Oxyhydroxides 
Metaschoepite . [(UO2)s~(OH)12}(H2O)10 -13092.0(M) -13127.0 

Schoepite [(UO2)sO2(OHh2 l(l-12O)12 -13609.2 

Becquerelite Ca((U~)~4(OH)6](H2O)s -10305.8(£) -10324.7 

Clarkeite Nai(UO2)20, -301 l.5(E) -3008.6 

Carbo1111ies 
Rutherfordine U~CO3 -1563.0(M) -1561.7 

Liebigite · Ca2[UO2(CO3)J](H2O)11 -6468.6(£) -6446.5 

Zellerite · Ca[UOi(CO3)2lCH2O)s -3883.5 

Silicates 
Boltwoodite K[UO2(SiO3OH)](H2O)u -2814.4 
Na-Boltwoodite Na[UO2(SiOsOH) ](HzO)u -2844.8(E) -2838.9 

Uranophane Ca{UO:z(SiO,OH)h(H2O)5 -6192.3(E) -6189.2 

Soddyite (UO2)z(SiO4)(H2O)2 -3655.7(E) -3658.2 

Uranosilite UO2(SbO1s) -7138.8 

Na-Weeksite Na2(UO2h(SisO13)(H2O)3 -7993 .9(E) -8001.8 
Weeksite • K2(UO2)2(SisO13)(H2O)3 -7952.7 

Phosphates 
Metaautunite Ca[(U~h(P04)2](H2O)6 -6122.7 
Chernikovite (UO2HPO4)(H,.O)4 -3064.?(M) -3063.5 
Phosohuranylite KCa(HJO)J(UO2)[(U~)j(PO4)iOzl2(H2O)a -15437.9 
Na-Autunite Na2[(UO2}i(P04)2] -4736.3 (E) -4646.9 
K-Autunite K2[(UO2)i(P04)z] -4782.3 (E) -4597.8 

(a)Using regression method (Chen et al. 1999) 
(b)Only measured/estimated from experiment is listed; .M/E indicated measured or estimated from experiment 

l. (O'Hare et al. 1988); 2. (Finch 1997); 3. (Sergeyeva et al. 1972); 4. (Chen et al. 1999) calculated from 
experimental results by (Nguyen et al. 1992); 5. (Grenthe et al. 1992); 6. (Langmuir 1978) calculated from 
experimen~ results by (Muto et al. 1968). 

1 

2 

5 

3 

2 

4 

4 

4 

4 

5 

6 

6 

A component is a cation coordination polyhedron expressed in a form of oxide or hydroxide that 
represents a fundamental structural or chemical fragment of a uranium(VI) mineral. Because the 
cations in crystal structures are commonly coordinated directly to oxygen atoms, hydrogen ions 
sharing oxygen with other cations are also considered to be part ofthe structural water, so that all 
structural components are expressed as cation oxides in this method. The structural water was 
assumed to be a different component from hydration water. A uranyl polyhedron could have 
coordination numbers of 4, 5, and 6 (Burns et al. 1997}. These uranyl polyhedra are assumed as 
different structural components. 

With these treatments and assumptions, the formation energies of the different structural 
components (fragments, Table D.48) were estimated using the multiple linear regression 
approach of Chen et al. (1999) from minerals with known thermodynamic properties. The free 
energies·ofthese structural components were then used to calculate the free energies of other 
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uranyl minerals. The free energies of uranyl minerals calculated with this method are listed in 
the column headed Calculated in Table D.47. 

Table D.48. Molar Contribution of Structural Components to tiG/ of Uranyl 
Minerals. (a) 

Component CO2 
- t.G/ (kJ/mol) 1161.05 686.54 637.45 715.77 853.96 400.61 1638.25 237.94 241.10 

C•>aata from (Chen et al. 1999). H20 c,) and H20 (H) indicate structural and hydration water respectively. 

The method worked well for the minerals with known thermodynamic properties. This was 
expected, "because the free energies of the structural components were estimated from those 
thermodynamic properties. The method is statistically empirical, and its reliability depends 
strongly on the number of uranyl minerals used in the regression analysis (Chen et al. 1999). 
Unfortunately, uranyl minerals with credible thermodynamic properties are limited (Grenthe 
et al. 1992; Hemingway 1982). Consequently, the outcomes obtained with the method may be 
biased by the small number of uranyl minerals with known properties. Nevertheless, this method 
was used as an approximation technique in calculating the free energies of potential uranyl · 
phases at the Hanford Site with unknown free energy. 

Using the free energies of the uranyl minerals (the measured, estimated, or calculated values 
listed in Table D.47) and auxiliary components (Table D.49) from Grenthe et al. (1992), stability 
constants for Hanford relevant uranyl minerals except for becquerilite and liegibite (Table D.50) 
were calculated. Some arguments remain regarding the estimated free energies of these latter 
two minerals (Chen et al. 1999; Finch and Murakami 1999). Two reported solubility products 
exist for becquerelite that differed by more than 10 log units 01 ochten and Van Haverbeke 1990; 
Casa et al. 1997). The estimated value for becquerelite in (Table D.47) was taken from Finch 
( 1997). Finch and Murakami ( 1999) later suggested that the free energy value calculated from 
the regression method of Chen et al. (1999) and also shown in (Table D.47)was the most reliable 
value available. This calculated value lies between those estimated from solubility products by 
Casa et al. (1997) and Vochten and Van Haverbeke (1990). The calculated free energy was, 
therefore, used for calculating the becquerelite stability constant. The calculated free energy was 
also used for determining the stability constant ofliegibite because the calculated value was 
between those reported by Finch (I 997) and Chen (1999) based on the solubility data in Alwan 
and Williams (1980). 

Table D.49. Free Energy of Auxiliary Components for Calc11lating 
Stability Constant of Uranyl Minerals<•) · 

Component /j,Go' (k.J/mol) 
U022+ -952.55 

H20 lll -237.14 

CO/" -527.90 

PO./- -1025.49 

HiSi04 -1307.74 
Ca2+ -552.81 
Na+ -261.95 
K+ -282.51 

w data from Grenthe cl al. (1992) 
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l ! D.3.5.4 Thermodynamic Analysis of Porewater 
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The estimated porewater composition of samples 53A, 61A, and 67 A that were based on the 
water extraction data and moisture content measurements ofSerne et al. (2002) (Table D.51) 
were. analyzed with a thermodynamic model to assess the nature of aqueous species and uranyl 
solids in equilibrium with the fluid phase. 

The geochemical equilibrium speciation model MINTEQA2 was used in conjunction with a 
thermodynamic database compiled by the authors that included the stability constants listed in 
Table D.50 for uranyl minerals. Three aqueous uranyl species: (listed in order of decreasing 
significance) UO2(CO3) 3

4
" > Ca2UO2(CO3)3 > UO2(CO3)/"were found to dominate the aqueous 

uranyl composition (Table D.52). The percentage of species U02(C03)l was greater'than 90% 
when pH>= 9.0 because of the higher col concentration and relatively low Ca2

+ concentration 
in porewater. The percentage of Ca2UO2(CO3) 3 increased with decreasing pH, and represented 
approximately 25% of the total uranium at pH 8.8. The Complexed uranyl species with silicate, 
phosphate, and hydroxide were computed to .be negligible. 

A unique uranium(VI) solid phase was not computed to be in equilibrium with porewater. 
Sodium-boltwoodite, uranophane, sodium-weeksite, soddyite, becquerelite, clarkeite, zellerite, 
and sodium-autunite (Table D.53) were all calculated to be slightly widersaturated or over 
saturated in one or more of the porewaters [e.g., logOQ/Ksp) - -2.5 to +2.5]. Sodium-boltwoodite 
was saturated in all three poiewaters, while both uranophane and sodium-weeksite were 
saturated in samples 53A and 67 A but not in sample 61A. The saturation indexes of the three 
minerals were the lowest at pH 9.5 (61A) because of the low concentration of VO/+ as a species. 
The high carbonate concentration decreased the UO/+ activity through the formation of aqueous 
uranyl carbonate complexes (Table D.52). 

Both boltwoodite and weeksite did not achieve saturation because of the low aqueous K+ 
concentrations in porewater. However, natural boltwoodite and weeksite typically contain a 
mixture of K+ and Na+ (Baturin and Sidorenko 1985; Burns 1998), especially in environments 
with a high Na+, such as Hanford sediment. The formation energy of these mixed minerals is 
unknown and may range between the two end products, assuming no excessive energy of 
mixing. The mixed sodium and potassium boltwoodite and weeksite also could be saturated or 
be near saturation because of the high sodium concentration in porewater. The uranyl minerals 
that computed to be in near equilibrium ( e.g., saturation) with the porewater were subjected to 
further solubility analysis in this study. 
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Table D.50. Stability Constants for Potentially Relevant Minerals at Hanford Site 

Minerals Reaction logK 

Oxyhydroxides 

Metaschoepite 8UO/ + + 24H2O = [(UO2)sO2(OH)12](H2O)10 + 161-r -38.50 

Schoepite 8UO/ + + 26H2O = [(UO2)sO2(OH)12](H2O)u + 16fr -30.98 

Becquerelite 6UO/ + + Ca2+ + l8H2O = Ca[(UO2)6O4COH)6](H2O)s+ 141-t -37.13 

Clarkeite 2Na+ + 2U0z2+ + 3H2O =Na2(UO2)zO3 + 6W -22.59 

Carbonates 

Rutherfordine UOz 2+ + CO{ ,,,; UQzCO:, 14.46 

Liebigite UOi 2+ + 2Ca2+ + 3CO/- + l lH2O = Ca2[UOi(CO:,)3](H2O)i1 34.36 

Zellerite u0z2+ + ca2+ + 2co/ · +5H2O = Ca[UO2(C0:,)2](H2O)5 23.94 
-

Silicates 

Boltw.oodite u0z2+ +IC+ l¼SiO-4 +1.5H2O = K[UO2(Si0:,OH)](H2O)1.s + 3W -14.74 

Na-Boltwoodite UO/+ +Na++ l:liSiO4 + l.5H2O = Na[U0z(SiO3OH)](H2O)u + 31-t -5.8 1 

Uranophane 2UO/ + + Ca2+ + 2l¼SiO4 + 5H20 = Ca[UOz(SiO3OH)h(H2O)s + 61-t -11.70 

Soddyite 2uo/+ + HiSiO4 + 2H2O = (UO2)iCSiO4)(H2Oh + '4:W -5.04 

Uranosilite UO22+ + 7HiSiO4 = UO2(Si7O1s) + 21-t + 13H2O 20.1 3 

Na-Weeksite 2UO22+ + 2Na+ + 5l¼SiO4 = Na2(UO:z)2(Si5O13)(H2O)3 + 6W + 4H2O -4.42 

Weeksite 2UO22+ + 2K+ + 5H,SiO4 = K2CUO2)i(SisO13)(H2O)J + 61-t + 4H2O -18.84 

Phosphates 

Metaautunite 2uoz2+ + ca2+ + 2Pot +6H2O = Ca((UO:z)z(P0.1)2](H2O)1, 33.46 

Chem.ikovite UOz2+ + Po/· + Ir+ 4H2O = (UO2HPO4)(H2O)4 24.19 

Phosphurany lite 7U02 l + + .Ca2+ + K+ + 4Poi· + l 5H2O 
= KCa(H3O)J(UO2)[(UO2)3(PO4)20zh (H2O)$ .+ SW 482 9 

Na~Autunite 2U02 
2+ + 2Na + + 2PO/ · = Na2[(UO2.h(P04)z] 44.90 .. 

K-Autunite 2UO22+ + 2K1' + 2PO/ = K2[(UO2)2(PO4)z] 45.76 
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Table D.51. Chemical Composition (mmol/L) of Porewater 
fromBX-102 

Component BX-102 53A BX-102 61A BX-102 67A 
uo/ + 0.769 2.483 1.633 

re+ 1.640 1.302 1.506 
Na+ 103.591 217.772 175.208 
eaz+ 1.477 0.666 1.592 
Mg2+ 0.636 0.107 · 0.560 

er 0,620 0.826 1.564 

NOi 17.132 17.977 38.539 

sot 4.890 8.866 18.514 

ro/ · 0.165 . 4.119 0203 

"4Si04 15,221 11.500 i4.642 

c~(lot) atm eq atm eq atm eq 

PH ~.88 9.50 9.00 

Table D.52. Uranyl Speciation (mol/L) of Porewater from BX-102 

Species BX-10253A BX-102 61A BX-10267A 
u~2+ 3.85x l0"15 l.57xlO·LS l.06x10·15 

uoolt 8.86x l0"12 l.Z6x10· 14 2.78x10·12 

UO2(OH)i(aq) 2.58x10·9 l.40x10"11 9,96x}O•IO 

UQi(OH)3~ 8.04x10·9 l.97x10·10 4.36x10·9 

UO2(OH){ l.26xl0-12 l.54x10·13 1.05x l0·12 

(UO2)J(OH}i 5.57xl0-14 4.22xt0·20 4.67x10·15 

UO2CO3(aq) 225xl0'.9 l22xl0"11 8.7lxl0·10 

UOz(C03 ):.:z,. 6.10:xl0-6 (0.8%) 7.50x10·7 (0.0%) 5.07x10-<> (0.3%) 
U02(C03)3._ 5.63x104 (73.2%) 2.48x10·3 (99.7%) 1.46x10.,3 (89.6%) 
(UOz.)J(CO3)t 7.70x lO·ll 6.08xl0"13 l.44x ro·10 

(UO2hCOJ(OH)3" 2.03xl0·8 2.77x10·12 4.33x l0-9 

Ca.2U02(C03)3{a.q) 2.00xl04 (26.0•/4) 7.42:xl0-6 (0.3%) 1.65xto·• (10.1 % ) 
u~ro .. - 4.48x10·10 l..Slxl0·11 l.49xt0·IO 

UO2HPO4(aq) l.04xl0·12 7.73xl0"15 2.45x10·13 

U02H3SiO/ 6.0lxl0·11 1.48x10"14 l.34xl0-11 

Total 7.69:xio·• 2.48x10·3 1.63x10'1 

NUlilber in parentheses is the species percentage of total uranyl concentration in the sample. No solid 
phase is allowed to precipitate. Toe major uranyl species are in bold font 
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Table D.53. Saturation Index of Porewater in BX-102 
Sediments with Respect to Potential Relevant U (VI) Minerals 

Minerals 
Log (IQIK.n) 

BX-U253A BX-102 61A BX-10267A 

Oxyhydroxides 

Metaschoepite -15.14 -33.18 -18.38 

Schoepite -7.62 "25.66 -10.86 

BecQUerelite 0.83 -12.28 -1.44 

Clarkeite -1.1 8 -3:89 -1.35 

Carbonates 

Rutherfordine -4.28 -6.53 -4.68 

Liebigite -8.99 -10.41 -9.07 

Zellerite -1.62 -3.45 -1.86 

Silicates 

Boltwoodite -8.60 -11.13 -9.10 

Na-Boltwoodite 2.13 O.Ql l.89 

Uranophane 2.89 -2.72 1.95 

Soddyite -1.96 -7.23 -2.92 

Uranosilite . -3122 -38.81 -32.68 

Weeksite -14:87 -22.20 -16.31 

Na-Weeksite 3.15 -3.37 224 

Phosphat,es 

Metaautunite -15.38 -19.20 -16.46 

Chemikovite -7.38 -9.50 -8.00 

Phosphuranylite -45 .64 -59.97 -49.12 . 

Na-autunite -2.66 -5.10 -3 .26 

K-autunite -5.40 -8.65 -6.53 

D.3.5.5 Dissolution Experiments 

D.3.5.5.1 Experimental Procedures. Uranium-contaminated sediments from the BX-102 
borehole 299-E33-45 [53AB (119 ft bgs), 61AB (131 ft bgs), and 67AB (14i.25 ftbgs)] were 
obtained from the RPP sample repository. The pH of the sediments was measured in deionized 
H20 (2 g field moist sediment in 1 OmL H20) using a combination pH microelectrode calibrated 
at pH 7 .0 and 10.0. Triplicate subsamples of each sediment were air dried for 3 days and the 
moisture content calculated on an air-dry basis. The total concentrations ofU(VI) and other 
metals in the air-dry sediments were determined by X-ray fluorescence (XRF) (Table D.54). 

Table D.54. Sediment Characterization 

Moisture 

Sediment Al Si K Ca Fe · u Sr Mn Water content on 
ID pH air-dry basis 

o;., ugg•l 0/o 

53AB 6.51 32.7 2.11 2.9 3.54 112 383 668 2.43 

61AB 6.59 32.9 2.07 2.9 3.64 404 397 684 9.36 2.14 

67AB 6.52 32.7 2.04 2.86 323 327 399 540 9.14 225 
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:MINTEQA2 3.1 (Allison 1991) was used to calculate Na-NO3 electrolyte compositions at 
constant ionic strength (0.05 M), constant CO2 pressure (pco2=10-3

.5 atm), and different 
pH values (from 7;0 to 9.5 every 0.5 pH unit). These electrolyte solutions were synthesized by 
appropriate additions ofNaNO3, NaHCO3, Na2CO3, NaOH, or HN03. The electrolytes were 
sparged with.air for at least one.weak to attain carbon dioxide equilibria with slight pH 
adjustments made to attain the desired values. Electrolyte pH was stable. A similar set of 
electrolyte solutions ranging from pH 7.0 to pH 9.0 were.made to be in equilibrium with calcite 
(CaCO3). These were composed ofCa(ClO4)z, NaHCO3, Na2CO3, NaOH, or HClO4, and 
CaCO3cs)• These solutions were open to the atmosphere and were allowed to equilibrate with 
CaCO3cs) for months before use. The calcite-equilibrated solutions were filtered through 
0.22um-GV Millipore filters to remove solid-:phase calcite before use, in the 
desorption/dissolution experiments. All electrolyte solutions had stable pH before their use in 
the uranium desorption experiments. The compositions and pH of these solutions are presented 
in Table D.55. 

Table D.55. Electrolyte pH and Composition . . 

Na+ 
Solution ID 

Cl04. Ca+l HC03. coi· 
pH 

M mM 

Na-1 0.05 0.0678 6.95 

Na-2 0.05 0.1940 727 

Na-3 0.05 0.5973 7.61 

Na-4 0.05 l.7980 0.0580 8.16 

Na-5 0.05 5.3470 0.5800 8.67 

Na-6 0.05 15.5900 4.9300 9.25 

Ca-1 0.1406 71.1 7.02 

Ca-2 0.0666 0.1104 21.9 7.57+/-0.02 

Ca-3 0.0966 0.0988 1.75 8.05 

Ca-4 0.0996 0.0975 0.314 0.70® 0.7 8.35 

Ca-5 0.0986 0.0963 0.0821 0.9200 0.92 8.37 

Ca-6 0.0965 0.0846 0.0121 4.4400 4.44 8.96+/-0.02 

The time-dependent desorption ofuraniuin (VI) was studied at initial pH values of7.5 and 9.5 in 
sodium and calcium electrolyte. The calcium electrolyte was used to asses whether the 
formation of Ca2UO2(CO3)3 ° complexes ( a predominant aqueous species in field samples) 
influenced desorption rate. Replicate samples of :field-moist sediments were mixed with the 
sodium and calcium electrolytes at concentration of 200g L ·1, in acid-washed Teflon centrifuge 
tubes. The sediments were not air-dried prior to experimentation to avoid any changes to 
uranium (VI) speciation (e.g., precipitation) that drying might induce. The sediment suspensions 
were agitated in a rotating shaker (50 rpm) at room temperature with atmospheric gas pressure. 

After desired reaction times ranging from hours to several months, the suspensions were 
removed from the shaker, and were centrifuged at 5100 rpm for 20 min. A 0.2 rnL aliquot of 
supernatant was removed and acidified with 0.1 M HNO3• The experiment was designed so that 
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repeated sample removal would have little or no change on the solid-to~solution ratio, which was 
desired to be kept constant In practice, this ratio ·changed by 6% over the entire course of the 
experiment. Extensive pretesting with a variety of filters and centrifuguation speeds documented 
that the phase separation scheme used above provided aqueous samples free of 
uranium-containing colloids. This filter pretesting, however, showed that several filter types 
exhibited high sorptivity for trace uranium (VI). Consequently the use of these and other filters · 
were avoided whenever possible. The acidified centrifugate samples were diluted ·and analyzed 
for uranium (VI) with a Kinetic Phosphorescence Analyzer (KP A) (Chemchek Instrument Inc., 
Richland, Washington). The detection limit of uranium (VI) with KP A was 4.9 ng L-1

• 

All standards, and samples were prepared in 0.1 M HNO3 to provide a consistent sample matrix 
(Sowder 1998). 

Aqueous samples with known uranium(VI) concentrations [500 and 1000 µg L-1 U(VI)] were 
used as control samples for each pH and electrolyte to evaluate the potential adsorption of 
uranium to the walls of the acid-washed Teflon centrifuge tubes used for sediment equilibrations. 
No such adsorption was observed in any electrolyte during the course of the experiment. 

The suspensions were filtered through prewashed (30mL electrolyte +2mL sample) centriplus 
YM-30 centrifugal device filters for phase separation at the end of the desorption experiment. 
The aqueous phase was analysed for uranium(VI) before and after filtration. There was no 
indication of the presence of suspended uranium-containing colloids in the aqueous phase: 
The pH of supernatant was immediately measured on a lmL aliquot. The filtrate and the moist 
sediments (retained by the filter) were analysed by Time-Resolved Laser-Induced Fluorescence 
Spectroscopy (TRLFS). Corresponding sediment duplicates were washed free of soluble 
uranium(VI) with 2mL of deionized water, centrifuged, and air dried for thin section 
preparations. 

D.3.5:5.2 Experimental Results. Uranyl solubility ofBX-102 samples ranged from 2 to 
55 mg/Lin batch electrolytes of sodium and sodium-calcium after 65 and 149 days of 
equilibration (Figure D.77). The uranyl solubility showed two regions in each sample: a region 
where U(VI) concentrations were constant with pH (i.e., pH< 8.2) and a region where U(VI) 
concentration increased with increasing pH (i.e. , pH> 8.2). The uranyl soluJ:,ility varied ~ 
significantly between different samples, but less so with ele~trolyte composit1on (e.g. , NaHCO3 

as compared to NaHCO3-CaCO3). The solubility at pH < 8.2 showed a trend of 61 AB > 67 AB > 
53 AB. The rate of solubility increase with pH was largest in sample 67 AB. Near pH 9.0, the 
solubility trend was 67AB > 61AB > 53AB. 
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t '. Figure D. 77. Uranyl Solubility in Sodium or Sodium-Calcium Electrolyte Suspensions 
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Figure D.78. Uranium(VI) Time-Dependent Dissolution from BX-102 Sediments in 
Sodium-Nitrate Electrolye 
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Figure D.79. Uranium(VI) Time-Dependent Dissolution from BX-102 Sediments in 
Sodium-Calcium Electrolyte 
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Uranyl release from the BX-102 samples showed kinetic behavior (Figure D. 78_ and Figure 
D.79). In both electrolytes with low pH, uranyl concentration increased slightly with time and 
reached steady-state after about 100 hours. The steady-state concentrations were consistent with 
those observed in the solubility experiments (Figure D.77). In both electrolytes with high pH 
(i .e.,~ 9.0), uranium(VI) was continuously released/dissolved from the sediment samples. The 
rate of uranyl release decreased after 3 days of equilibration in sample 61AB, and after 20 days 
in samples 53AB and 67 AB. For samples 53A, 61AB, and 67 AB, respectively, the leached 
uranium was 76%, 34%, and 66 % of the total uranium (Table D.54) in sodium electrolyte (pH 
9.0) after 80 days of equilibration, and 63%, 20%, and 50% in the sodium.:calcium electrolyte 
after 35 days of equilibration. The percentage of leached uranium(VI) increased to 96%, 52%, 
and 86% for 53A, 61AB, and 67AB, respectively after 161 days in sodium electrolyte. 

All samples showed an instantaneous release ofuranium(VI) in both electrolytes (Figure D.78 
and Figure D.79). The amount of this release in samples 53AB and 67AB was approximately 
equaled to the total concentration of uranium(VI) estimated to be in porewater. The diluted 
uranium(VI) concentration was estimated to be 0.87 mg/Land 1.7 mg/L (Table D.56) in samples 
53A and 67 A, respectively, based on the water extractable U(VI) (Table D.51 ), the sediment 
moisture content (Table D.54), and the solids density in the electrolyte suspension. The initial 
release ofuranium(VI) from sample 61A, however, was more than double that expected from the 
porewater concentration (2 .5 mg/L), suggesting the desorption of weakly sorbed uranyl by the 
bicarbonate/carbonate enriched electrolyte. 

AppD_l213 

Table D.56. Calculated Solutes (µmol/L) in the Solid Suspensions 
Contributing from Sediment Porewater · 

Calculated(•> 

Component 53A 61A 67A 

uoz2+ 3.65 10.41 7.19 

K+ 7.78 5.46 6.63 

Na+ 491.51 912.54 771.09 

ea2+ 7.01 2.79 7.~} . 
Mgz+ 3.02 0.45 2.47 

er 2.94 3.46 6.88 

4NO3- 81.29 75.33 169.61 

so.t 23.20 37.15 81.48 

POt 0.78 17.26 0.89 

~Si04 72.22 48.19 64.44 

C02c1o1) atm_eq atm_eq atm_eq 

(a)calculated from porewater data (Table D.51), moisture content (Table D.54), and 
solid density of 200g/L in suspension. 
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D.3.5.6 Physical Model of Uranyl Leaching 

X-ray microprobe analyses of sediments 61 and 67 showed that uranium(VI) existed in the 
sediments as a precipitated phase that partially coated specific mineral grains and filled internal 
channels and fractures (Figure D.80 and Figure D.81). After contact withpH9.0 electrolyte that 
induced uranium(VI) dissolution, the thickness and intensity ofuraniwn(VI) grain coatings was 
much reduced (e.g., 61AB, Figure D.80f). The uranium(VI) remaining after dissolution resided 
primarily in intraparticle regions at lower concentration (showing intensity) compared with that 
before leaching. In sample 67 AB, uranium concentration (intensity) decreased after leaching, 
both on the grain surface and within intraparti.cle regions (Figure D. 81 d). The ratio of uranium 
within intraparticle regions to that on the grain surface appeared to increase after dissolution. 
The. leaching process did not significantly change the apparent uranyl mineral composition in the 
sediment, as suggested by the LIFS spectra of the sediments showing only minor changes 
(Section D.3.4). These results suggested that: 1) the precipitated ·uranyl phases on the sediment 
surface and in intraparticle regions were similar, 2) leaching did not result in significant 
differential dissolution of uranyl minerals ifthere were more than two uranyl phases in the 
sediments, and 3) the dissolution process appeared to involve the preferential leaching of uranyl 
phases on the solid surface and mass transfer limited removal from intraparticle regions, with 
stronger mass transfer effects noted on sample 6 lAB than on 67 AB. 

A physical model of uranyl dissolution (described below) was conceptualized by coupling the 
results of the batch and kinetic experiments with XRM images and LIFS analysis. 

• Mixing/equilibrium exchange - Weakly-sorbed and porewater uranium(VI) was 
immediately released and diluted by leaching electrolytes. 

• Dissolution - Uranium(VI) mineral dissolution was driven under saturated conditions in 
the aqueous phase. 

• Release to solution - Uranyl is released directly to aqueous phase by the dissolution of 
grain coatings on mineral surfaces or through diffusion from intraparti.cle regions. 
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Figure D.80. X-raJ Mkroseopk fmage of BX-102 Sample 61 
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Figure D.81. X"ray Microscopic Image of BX-.102 Sample 67 
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J).3.5.7 Thern1odyuamic and. Kinetic Analysis of Uranyl Uissol.ution 

The concentrations of uranh.1rn. silicate. sodium, and caldum in the aqueous phase of the 
dissolution ex.perirnents (Table D.57 and Table D.58) were much higher than could be attributed 
to the dilution of pore water alone (Tahle D.56t indicating the dissolution of these solutes. from 
sedirnent U rany 1 srJlubilit:y was calculated \Vith respect to sdcctcd manyl minernls using 
MJNTEQA2 (Figure .D.82 and Figure D.83), and the measured silicate. phosphate, sodium, and. 
calcium cnnc.entrnt.ions. in leaching solutions, The uranyl T.ninerals considered in the calculation 
,,vt.'.rC those that co1nputcd dose to equilibrium in the pnrcwaters (Table D.53). i11c.luding 
unmophane, sodium-boltwoodite, soddyite. sodiLm1-weeksite, sodiunH1utt1nite. z:elleritc, 
clarkdte. and becquerelite. I:n the caJculation, total uranillm (VI) in suspension ,,vas fixed to the 
measured val ue for each sample (Table D.54), The total uranium {VJ) was distributed betw1.x~n 
aqueous and solid phases in the input file. The aqueous corn:entration wr1s set to equal the 
measured uranium (VI) in the suspension (Table D.57 and Table D.58). and the solid-phase 
conc.entrnli.on. was the difference between total and aqueous uranium (VJ) a1for adjusting for the 
stoichiometric. relationship of a specific uranyl mineral. The solution \,Vas allowed lo equilibrate 
with only one uranyl m1neral through the dissolution/precipitation, The uranyl concentration 
calculated to be in equilibrium wi th that specific phase \vas assumed t.o he the solubility of that 
mineral int.he solution, The carbon.ate co11ce11tration in thc1-uspe11sions was assumed to he in 
equilibrium with the atm.ospht're. 

Figure D.82. i\-lcasurcd and Calculated Uranyl Sol.ubilit)1 of Samples 6tAB and 67AB in 
NaNO3 (0 .. 05M) J~lectro1yte 
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l. , Figure D.83. Measured and Calculated Uranyl Solubility of Samples 61AB and 67 AB in 
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The calculated solubility of uranyl minerals (Table D.59 and Table D.60) is low at neutral or 
slight alkaline pH and rapidly increases with pH in both sodium and sodium-calcium electrolytes 
except for soddyite, sodium-weeksite, and zellerite, which generally reached the maximum 
solubility ( e.g., all the sediment uranium was dissolved). The maximum calculated solubility is 
the total uranium concentration in the sediment. suspension ( e.g., 100% dissol~tion). Among the 
calculated minerals, the solubility ofu:ranophane, Na-boltwoodite, and becquerelite matched well 
with the measured in both electrolytes when pH< 8.5 (Figure D.82 and Figure D.83). At high 
pH (i.e., pH> 8.5), the calculated solubility of these minerals is consistent with the trend of the 
measurement, which showed an increase with pH. The calculated solubility values were, 
however, higher than the measured values. These results were expected because uranium 
dissolution reached a steady state value after about 200 hours at low pH (pH 8.0), but dissolved 
continuously for 161 days at high pH (i.e., >9.0), as shown in the kinetic leaching results (Figure 
D.78 and Figure D.79). The measured solubility of samples 53AB and 67AB (only 67AH is 
shown in Figure D.82 and Figure D.83) was closer in concentration to the computed values than 
were those from sample 61AB in the high pH region (pH >8.5). The result is also expected from 
the XRM images. XRM measurement (Figure D.80and Figure D.81 . 
Figure D.81) showed that a larger fraction of uranium remained in the intraparticle region of 
6 lAB than that of 67 AB after 65 days of equilibration, possibly implying that the mass transfer 
kinetics of uranium from intraparticle domains of 61AB were slower than for 67AB. The kinetic 
results (Figure D.78 and Figure D.79) also showed a slower dissolution rate in sample 61AB 
than in samples 53AB and 67 AB. 
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Table D.57. Selected Solutes Measured in the Aqueous Phase of the Sodium-Electrolyte 
Solubility Experiment (Figure n.77) 

Sediment 
Electrolyte Suspension uo/+ R.SiO,. PO/' Na+ Ca2+ 

pH pH (µmol/L) (µmol/L) (mmol/L) (mmol/L) (µmol/L) 

6.95 8.16 7.72 233.39 bd 45.32 0.80 

6.95 8.06 7.16 217.27 bd 0.79 

7.27 8.09 8.45 209.78 bd 45.15 0.79 

7.27 8.16 10.35 222.12 bd 0.78 
7.61 8.16 9.10 216.74 bd 43.36 0.67 

BX-102 7.61 822 10.88 194.00 bd 0.66 
53AB 8.16 827 13.06 224.67 bd 46.32 0.49 

8.16 8.32 15.22 199.96 bd 0.46 

8.67 8.57 46.25 229.81 b4 44.72 0.24 
8.67 8.45 49.36 240.30 bd 0.33 
9.25 9.06 65.53 251.64 bd 42.83 0.06 

9.25 9.05 58.28 244.53 bd 0.05 

6.95 8.48 27.98 220.66 4.76 46.85 0.21 

6.95 8.57 20.44 220.96 4.94 0.20 

7.27 8.58 22.99 227.67 4.85 47.59 0.18 

7.27 8.39 19.75 245.42 5.88 0.13 

7.61 8.46 30.76 231.71 5.86 48.28 0.21 

BX-102 7.61 . 8.45 35.29 217.03 5.95 0.24 
61AB 8J6 8.52 40.89 210.03 5.17 48.98 0.17 

8.i6 8.49 39.53 218.72 5.91 0.18 
8.67 8.76 57.35 214.61 6.85 46.46 0.06 

8.67 . 8.81 66.55 240.74 7.87 0.07 

9.25 9.22 133.61 258.76 8.11 46.37 0.04 

9.25 9.22 137.18 265.89 7.83 0.05 

6.95 8.20 12.22 189.32 bd 46.02 0.68 
6.95 8.32 8.65 180.71 bd 0.62 
7.27 8.16 16.93 182.22 bd .45.24 0:70 
7.27 8.23 12.76 191.33 bd 0.72 
7.61 8.22 13.38 172.77 bd 45.67 0.61 

BX-102 7.61 8.27 10.85 190.79 bd 0.57 

67AB 8.16 8.30 25 .71 179.24 bd 46.06 0.44 

8.16 8.29 22.94 180.36 bd 0.47 

8.67 8.48 78.72 204.67 bd 45.15 0.26 

8.67 8.60 67.62 205.12 bd 0.20 

9.25 9.06 186.19 262.83 . bd 42.83 0.05 

9.25 9.06 167.33 279.68 · bd 0.06 
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Table D.58. Selected Solutes Measured in the Aqueous Phase of the Sodium-Calcium­
Elecirolyte Solubility Experiment (Figure D. 78) 

Sediment 
Electrolyte Suspension uo/+ ~i04 Po/· Na+ Ca2+ 

pH pH (µmol/l,) (µmol/l,) (µmol/L) (mmol/L) (mmol/l,) 

7.02 8.06 13.06 175.84 bd 3.52 63.48 

7.02 7.79 13.26 257.43 bd 68.71 

7.57 7.91 11.08 163.85 bd 53.42 18.44 

7.57 7.93 13.84 225.83 bd 19.63 

8.05 8.25 9.90 206.88 bd 74.64 1.85 
BX-102 8.05 823 9.44 21129 bd 1.91 
53AB 8.35 8.47 21.57 210.16 bd 77.64 0.83 

8.35 8.41 26.46 234.74 bd 0.98 

8.37 8.38 19.87 220.91 . bd 42.08 0.60 

8.37 8.35 19.64 · 229.62 bd 0.61 

8.96 8.86 53.41 220.10 bd 45.98 0.14 

8.96 8.87 53.50 _233.18 bd 0.15 
7.02 7.96 41.67 184.41 bd 7.53 63.26 

7.02 7.98 38;61 267.67 bd 
7.57 8.15 37.80 127.01 bd 59.68 17.49 

7.57 8.17 37.41 251.65 bd 
8.05 8.44 32.41 210.41 4:17 82.86 0.95 

BX-102 8.05 8.42 36.66 218.96 4.29 0.98 
61AB 8.35 8.70 44.09 192.98 5.54 84.86 0.27 

8.35 8.68 45.70 195.53 5.28 0.29 

8.37 8.62 50_56 · 212.50 5.96 45.89 0.17 

8.37 8.73 40:69 217.89 6.13 0.16 

8.96 9.03 69.36 215.73 6.99 49.20 0.05 

8.96 9.02 64:47 224.28 7.18 . 0.06 

7.02 7.79 19.77 145.01 bd 4.31 63.65 
7.02 7_77 21.65 214.80 bd 65.27 
7.57 7.89 23.79 145.06 bd 56.29 18.70 
7.57 7_90 20.12 200.18 bd 19.47 
8.05 8.27 18.38 174.57 bd 77.77 1.81 

BX-102 8.05 8.31 18.45 210.95 bd 1.89 
67AB 8.35 &.46 46.35 183.29 bd 79.30 0.86 

8.35 8.50 46.31 215.85 bd 0.94 
8.37 8.47 32.59 178.74 bd 43.67 0.54 
8.37 8.39 37.15 232.51 bd 0.61 

8.96 8.76 140,53 215.03 bd 45.85 0.20 

8.96 8.78 136;01 243.41 bd 0.20 
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The close match between the measured uranium concentrations and the computed solubility of 
uranophane, sodium-boltwoodite, and becquerelite confirmed that these phases might be present 
in the sediment samples. The comparable solubility of these phases under the geochemical 
conditions present in the sediment samples, however~ prevented unequivocal identification from 
solubility measurement alone. These minerals were also computed to be saturated in.the 
porewaters of at least one sediment sample (Table D.53). The implied existence of these phases 
from solubility measurement is reliant upon the accuracy and completeness of the 
thennodynamic solubility data of the uranyl minerals considered and the assumption that the 
uranium leaching was controlled by mineral solubility alone. Although both the batch and 
kinetic results were consistent with a dissolution reaction, other processes (with less probability) 
may also have influenced the uranium(VI) release rate ·and extent, such as kinetic desorption; 
mass transfer-limited desorption, and intraparticle diffusion coupled with uranyl occlusion or . 
sequestration within intraparticle regions. 

The increase in uranium solubility with increasing pH was caused by carbonate complexation. 
Three uranyl carbonate complexes were dominant in porewater (Table D.52 and Section D.3.4). 
In the leaching suspensions, calculations showed that four carbonate species [UO2(CO3)3 4-, 

Ca2 UO2(CO3)3, UO2(CO3)2 2-, and (UO2)2CO3(OH)3 l represented 100% of the aqueous 
uranium(VI). The concentration of the aqueous UO/+ species was calculated to be less than 
10 ·11 mol/L at pH 8.0 and decreased to less than 10·15 mol/L at pH 9.0 because of increasing 
carbonate concentration. The. decrease of aqueous UO/+ through carbonate complexation 
induced the dissolution of the uranyl solid phase. 

The increase in co/· concentration with increasing pH could also enhanc_e the rate of uranyl 
mineral dissolution. Ligand- .( carbonate )-promoted dissolution is believed t9 cqn_trol the kinetics 
ofuraninite solubility in carbonate solutions (Nicol and Needes 1977; Hiskey 1979, 1980; 
Shoesmith et al. 1989, 1996a, 1996b, 1998; Sharma et al. 1996; Sunder et al. 1997; De Pablo 
et al. 1999). These studies showed that electron transfer, coordination of carbonate species on 
the surface, and detachment of uranium-carbonate _species from the surface were three steps 
controlling uraninite dissolution. Given these previous studies and the current experimental 
observation that uranyl dissolution rates from BX-102 sediment increased with the pH ( or 
carbonate concentration), the following reaction scheme was proposed for uranyl dissolution 
from Hanford sediments: 

A. coordination of carbonate species on the uranium(VI) mineral surface and further 
complexation in the aqueous phase: 

k1 = U(VI) + CO3 z- <=> = U(VI) - co/ 
k_, 

B. detachment of complexed uranyl species from the mineral surface: 

= U(VI) - CO3 2- ~[U(VI) - (CO3 )n 2-2n lav 

(1) 

(2) 

Assuming that the detachment (B) is a rate-limiting step, a kinetic rate expression from reactions 
(1) and (2) can be expressed as 

dU(VI)aq = k
2
K

1 
{= U(VI)}{CO/} (3) 

dt 
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where K1 is the equilibrium constant for reaction (1 ). The rate scheme described by A and B 
considers only dissolution kinetics far away from equilibrium. Using transitional state theory for 
mineral dissolution (e.g., Aagaard and Helgeson 1982), a rate expression can be expressed for 
"near equilibrium conditions" by limiting Equation (3) with the solubility relationship: 

dU(:I)aq = k 2K 1 {= U(VI)} {C03 
2·}(1- IQ!Ksp ) 

where Ksp is the solubility product and IQ is the ion activity quotient. 

(4) 

The rate expression (4) requires information on the concentration of surface sites on the uranyl 
precipitates that are available for the coordination with co/-. Such information is difficult to 
obtain because it requires surface characterization of microscopic uranyl minerals in the 
sediment matrix. Here it was assumed that the uranyl mineral surface site concentration was 
proportional to the total urany 1 concentration remaining in the sediment. With ·this assumption, 

dU(VI)ag = k[U(VI)tot - U(VI)aq]{CO3 2·}(1-IQ!Ksp) 
dt 

was obtained where k is a lumped parru:peter, IQ is the ion activity quotient, and IQ/Ksp is a 
measure of distance from equilibrium. 

(5) 

Equation (5) was solved by coupling a~eous speciation reactions ofuranium(VI) and the 
measured concentrations of Na+ and Ca +, ~SiO4, P04

3
·, and pH in suspensions (Table D.57 and 

Table D.58). All aqueous uranium(VI) species listed in Table D.52 were considered in updating 
the ion activity quotient (IQ) at each time step. The activity coefficients of aqueous species were 
calculated using the Davies equation. The Ksp is the inverse of the stability con~tants s~own in 
Table D.50. Only results using uranophane as a model solid phase were reported (see model 
resul~ in Figure D.78 and Figure D.79) because its solubility matched well with the measured 
value (Figure D.82 and Figure D.83) and spectroscopic measwements (Sections D.3.3 and D .3.4) 
implied its presence. The results using sodiurn-boltwoodite or becquerelite were similar because 
of the comparable solubility of these phases under the experimental conditions used. A multiple 
phase assemblage could be added into the. model if present. Total carbonate concentration in the 
suspension was assumed to be in equilibrium with atmospheric carbon dioxide (10-3

-
5 atm). The 

measured uranium concentration at time zero in the suspension was used as an initial condition 
for Equation (5). The kin Equation (5) was treated as an only fitting parameter, and it was 
determined by fitting Equation (5) to all dissolution profiles (Figure D.78 and Figure D.79). 

The model in Equation (5) described the dissolution results well for the entire duration in 
suspensions with low pH and the short duration release at higher pH (Figure D. 78 and Figure 
D.79) with a fitted rate parameter, k, of 105 M'1day"1

• In suspensions with high pH, the model 
predicted greater amounts of uranium dissolution than the experimental results after 
approximately 3 days for sample 61AB, and 20 days for samples 53AB and 67AB. Because the 
model in Equation (5) considered only the dissolutipn reaction, the over-prediction of the 
experimental results suggested that mass transfer limited the release of uranium(VI) at higher 
pH. The possible importance of mass transfer was supported by the XRM measurements that 
showed that the residual uranium after leaching was located primarily intraparticle regions. 
Furthermore, SEM observations in Section D.3.2 (Figure D.51 and Figure D .52) showed that 
U(VI) precipitates existed in small inter-particle fractures with limited accessibility or contact 
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with the fluid phase. For as yet unknown reasons, mass transfer had a greater impact on uranium 
release from 61 AB than on the other two samples. 

D.3.5.8 Implications of Solubility Behavior to Kd 

The distribution coefficient (~) is used in perfonnance assessment calculations to describe 
retardation extent through the retardation factor. Some adsorption processes exhibit a linear 
isotherm with unit slope at low concentration, and, for these, a single value of~ can be .used to 
describe the solid-liquid partitioning process as it controls retardation. Here, the ~ for uranium 
in the desorption/dissolution experiments was found to vary greatly with pH, carbonate 
concentration, and contact time for all three sediments (Figure D.84). Values ofKd ranged from 
high value (e.g.,> 400 ml/g) where uranium would be virtually immobile, to lower values 
( e.g. , < 3.2 ml/g) where retarded mobility would occur. The~ would also vary significantly 
with rock:water ratio if this variable had been changed in the experiments, because the total 
amount of uranium that will dissolve from a solid phase is dependent on the volume of water in 
contact with it. These large variations in ~ result from the fact that uranium solid-liquid 
distribution is controlled by a kinetic solubility process. 

The large noted variation in ~ with less than one pH unit of change in BX-102 sediment (Figure 
D.84) indicates that a single value of~will not be an accurate predictor of wanium retardation 
in the BX-102 uranium plume. The measured pH values in the BX~ 102 core samples vary by 
over one unit; proximate samples can exhibit significantly different pH values (Serne et al., 
2002). Moreover, the variations in Kci noted between the thiee sediments show that~ is a 
complex and dynamic function of uranyl mineral type and distribution on and within sediment 
grains, dissolution kinetics, and mass transfer rates from intraparticle regions· and grain coatings 
to aqueous solution. These complex dependencies argue strongly against the use ofKci to 
forecastthe future redistribution of the BX-102 plume unless a bounding calculation is desired. 
More sophisticated geochemical simulators that explicitly deal with the solubility process, as 
well as its kinetics and mass transfer rates are needed. 
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n Figure D.84. Distribution Coefficients (Kd) for Uranium in Kinetic Desorption/Dissolution t .. l 

Experiments in Sodium-Electrolyte 
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D.3.5.9 ConclWlions 

The solubility and dissolution rates of uranium precipitates in BX-102 samples 53AB, 61AB, 
and 67 AB were measured as a function of pH to provide insights on the future mobility of the 
sediment-associated uranium pool. Potential changes to the sediment. uranium pool were 
measured over the course of the dissolution experiments by X-ray microscopy and laser-induced 
fluorescence spectroscopy. The resulting experimental data, when combined with 
thermodynamic and kinetic analyses allowed the following conclusions to be reached: 

1. The solubility of the sediment uranium phase increased with increasing pH and carbonate 
concentration of the contacting electrolyte. The absolute concentrations of dissolvecl 
uranium released by the sediment ranged between 20 and 55 mg/L (8 x 10-5 mol/L and 
2.3 x 10-4 moilL) at pH 9. The solubility behavior of the in situ uranium precipitate 
exhibited thermodynamic properties like that of uranophane, boltwoodite, or becquerelite. 
The solubility behavior of these three phases is quite similar under the geocherrifoal 
conditions found in Hanford sediment, and the presence of one phase over the other 
cannot be readily discriminated from solubility measurement. 

2. The uranium precipitate in the BX-102 tank farm sediments dissolved rapidly to 
equilibrium at pH 7.5, where the overall solubility of the phase was small. Time peri9ds 
well in excess of 100 days were required for uranium dissolution at pH> 9.0 where 
uranium solubility is high because of carbonate complexation. Slow dissolution kinetics 
at higher pH are thought to result from the intraparticle residence of much of the 
precipitated uranium pool (Figure D.51). X-ray and electron microscopy showed that a 
significant fraction of the precipitated uranium was present in the interiors of mm-sized 
grains exhibiting significant diffusion path-length. A kinetic model that did not 
incorporate uranium mass transfer/diffusion fyom particle interiors ~id nQt simulate well 
the release rate and extent at extended time periods. 

3. Because of the kinetic solubility behavior of the precipitated uranium phase, Kd is not 
constant and varies in complex fashion with aqueous chemical composition and pH, 
water:rock ratio ( e.g., water content), and contact time. 

4. Close to 90% or more of the sediment uranium exists in precipitated state, and is not 
mobile at the current pH (8.5 to 9.0) and water content(< 5% by mass) of the vadose 
zone sediment. The low water content of the sediment and limited-solubility of the 
precipitated phase prevent significant mass transfer from the mineral phase to porewater. 

5. Precipitated uranium will function as a long-term source to porewater. Ah increase in 
water content over current values will allow more of the uranium precipitate to dissolve 
into porewater. Accordingly, limiting the infiltration flux of meteoric water at the ground 
surface is the best strategy to reduce the total amount of uranium that is solubilized into 
porewater. 
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Table D.59. Calculated Solubility of Uranyl Minerals in the Solid Suspensions of Sodium-Electrolyte 

Sediment Suspension pH Na~ boltwoodite SoddyHe Uranophane Na-Weeksite Clarkite Becquerdite Na-Zelle rite 

8.16 1.35 44.31 2.93 94.11 51.96 1.10 94.11 

8.09 0.93 29.24 2.06 90.60 42.35 0.66 94.11 

BX-102 8.16 1.36 42,66 3.10 94.11 50.61 1.00 94.11 

53AB 8.27 2.42 84.05 6.81 94.11 65.74 2.08 94.11 

8.57 23.82 94. l l 75.22 94.11 94.11 20.81 94.11 

9.06 94.11 94.ll 94.11 94.11 94. l l 94.11 94.11 

8.48 10.99 339.45 42.01 262.60 181.00 10.31 339.45 

8.58 22.35 339.45 82.42 339.45 339.45 23.75 339.45 

BX-102 8.46 8.92 339.45 36.13 · 242,90 157.00 8.92 339.45 

61AB 8.52 16.22 339.45 65.16 310.90 225.80 14.87 339.45 

8.76 95.41 339.45 290.60 339.45 339.45 121.40 339.45 

9.22 339.45 339.45 339.45 339.45 339.45 339.45 339.45 

8.20 2.85 75,80 8.15 136.40 74.68 . 1.91 274.76 

8.16 2.33 58.55 6.54 129.70 64.97 1.42 274.76 

BX-102 8.22 3.61 90.21 10.70 149.00 81 .20 2.22 274.76 

67AB 8.30 6.52 158,20 21.77 19120 117.20 4.21 274.76 

8.48 28.79 274.76 93.41 274.76 274.76 18.89 274.76 

9.06 274.76 274.76 274.76 274.76 274.76 274.76 274.76 

Autunite 

36.81 

29.24 

37.21 

54.98 

94.11 

94.11 

139.30 

229.60 

126.60 

174.80 

339.45 

339.45 

52.25 

48.23 

57.02 

86.30 

232.00 

274.76 



Table D.60. Calculated Solubility of Uranyl Minerals in the Solid Suspensions of Sodium-Calcium-Electrolyte. 

Sediment Suspension pH Na- boltwoodite Soddyite Uranophane Na-Weeksite Clarkeit Becquere]ite Na-Zellerite antunite 

7.79 26.09 94.11 15.36 94.11 94.11 10.46 94.11 94.11 

8.25 4.61 94.11 10.69 94.11 94.11 4.73 94.11 68.94 
BX-102 

8.47 12.21 94.11 40.20 94.11 94.11 14.57 94.11 94.11 53AB 
8.38 6.86 94.11 15.35 94.11 94.11 5.02 94.11 94.11 

8.86 94.l 1 94.11 94.11 94.11 94.11 94.11 94.11 94.11 

8.15 121.00 339.45 90.95 339.45 339.45 70.00 339.45 339.45 

8.44 10.68 339.45 35.30 241.70 155.90 12.49 339.45 134.40 
BX-102 

8.70 59.19 339.45 225.60 339.45 339.45 89.90 339.45 339.45 61AB 
8.62 36.54 339.45 it9.10 339.45 339.45 32.71 339.45 302.22 

9.03 339.45 339.45 339.45 339.45 339.45 339.45 339.45 339.45 

7.89 15.86 182.10 10.74 274.76 5.12 274.76 89.09 274.76 

8.27 5.43 189.40 15.21 94.68 4.65 274.76 76.16 94.68 
BX-102 

8.46 19.11 274.76 65.30 232.10 17.88 274.76 181.30 232.10 67AB 
8.47 25.60 274.76 64.37 274.76 15.94 274.76 202.80 ' 274.76 

8.76 191.30 274.76 274.76 274.76 274.76 205.30 274.76 274.76 
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D.4.0 FLUID MIGRATION AND TRANSPORT 

Introduction 

Decisions on the management of wastes in the B, BX, and BY tank tarins will be based on 
predictions of contaminant transport in the Hanford Site vadose zone. lbis section describes the 
status of ongoing efforts to build a quantitatively mechanistic understanding of field-scale, 
subsurface fluid migration and transport processes at the B, BX, and BY tank farms that will lead 
to scientifically defensible predictions of contaminant behavior. 

At the B, BX, and BY tank tanns, the key waste management issues involve the in-ground 
inventory of contaminants and their predicted arrival at compliance points. To address these 
issues, knowledge of source terms, hydrogeologic processes and properties, as well as 
geochemical processes and properties is needed. lbis information comes from several ongoing 
activities: characterization performed by the Tank Farms V adose Zone (TFVZ) core project, 
laboratory and field experiments performed by the Science and Technology Project organization, 
and process-specific research performed by Environmental Management Science Program 
projects: These data have been or are being developed for a variety of purposes and, in most 
cases, have not been systematically examined in a comprehensive, field-scale, modeling 
framework for consistency. An important role of the current modeling effort, therefore, is to 
identify inconsistencies between the observations and the process-level understanding, and 
prioritize areas that merit additional investigation. One difficulty with the retrospective 
reconstruction of historical tank waste release events is the very limited availability of data to 
characterize source terms and compare with modeling results. ·In tlµs respect, .the labo(atory and 
field studies provide invaluable, comprehensive data sets on the dynamics of liquid migration 
and contaminant mobility that would otherwise not be available. 

Field measurements of contaminant distribution in WMA B-BX-BY have shown at least several 
cases of enhanced lateral fluid migration. 1bis phenomenon is most evident in the area 
immediately east of tanks BX-101 and BX-102 where overlapping plumes of metal waste and 
isotope recovery waste exist (Section 3.2.1). These plumes, which originated from different 
sources at different times, have defined a common flow path through the vadose zone. In both of 
these plll])).es, the extent of lateral migration (e.g., 30 m) was quite remarkable and was equal to 
or greater than the depth of vertical penetration. Lateral migration to the northeast also has been 
observed in the strontium-90 plume believed to result from a transfer line leak near tank B-110 
(Section 3.2.2), and lateral migration is speculated to have transported water and contaminants 
from past-practices sites (e.g., cribs) adjacent to WMAB-BX-BYto the vadose zone below the 
tank farms (Section 3.2.3). These observations truly define a new conceptual model for water 
and waste migration in the Hanford vadose zone that has major implications to future projections 
of contaminant fluxes to groundwater and the need and strategies for corrective actio_n. 

Over the past two years; there has been growing awareness that significant lateral migration may 
occur under certain circumstances in the Hanford vadose zone. Lateral migration in the S-SX 
tank farm was implied by relative distributions of cesium-13 7 and technetium-99 beneath 
tanks SX-108 and SX-115 and by isotope geochemical measurements of perched moisture on the 
top of the Plio-Pleistocene unit (Knepp et al. 2001). Lateral migration and the causes for it were 
documented in a series of vadose zone field injection experiments performed at the Groundwater 
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Protection Program's Vadose Zone Field Test Facility near PUREX in the 200 West Area (Gee 
· et al. 2002). 

In this section, results are summarized from the injection experiments performed at the Vadose 
Zone Test Facility with the objective of defining the extent oflateral migration that may occur in. 
the Hanford vadose zone and the potential geohydrologic causes (Section D.4.1). Such 
information is provided with the belief that similar phenomena.with similar causes have occurred 
in WMA B-BX-BY. Second, modeling studies are presented and discussed on iiquid and solute 
migration through the sedimentary geologic system proximate to tarik BX-102 (Section D.4.2) 
with emphasis on the uraniwn plume. Sensitivity studies were performed on a number of critical 
hydrogeologic parameters believed to influence lateral migration with the objective of 
identifying those most important in the B, BX, and BY tank farms. The results provide 
important insights on the impact of small (i.e., subgrid scale), discontinuous sediment layers and 
their properties necessary to recreate the degree oflateral water and uranium migration noted in 
the field. Third, a one-dimensional reactive transport modeling as&essment (Section D.4.3) was 
performed for cesiuni-13 7 resulting from the tank BX-102 overfill event. The calculation 
objective was to evaluate whether deeply distributed cesium-137 in borehole 21-02-04 near BX-
102 could have resulted from transport through the sediment column, as opposed to an 
alternative mechanism, such. as migration along. the borehole casing. 
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HYDROLOG(C TESTS OF LATERAL FLOW AND TRANSPORT JN THE 
HANFORD VA.DOSE ZONE-

<l I H · ~1 (··1 d \P .. , 1 t 7.1 ' I 7.l l Au crson ,. ,·.:ar<1 . . . , ~n on w. <..ree ·, am ... mantang ., . . ,.Hmg 

=·"·=· 1Pacific Northv.:es1. N:uional Laboratot)' , Rich.land, \Vnshington 99JS2 

:•·-·-·-· 

D..t.lJ lntroductiou 

Extensive lateral flow appears to dominate t\\,cry tran:,port experiments, planned and unplanned, 
in the Hanford Sitt.· vadose zone over the past 40 years, Contaminant plnrnes typically show 
cxknsive lateral spreading, with splitting al.ong flov,1 paths and multiple zones of high 
c1)ntan1i11ant ~onccntra tions, even in sediments that ap~ar homogencou:, and isotropic at tlw 
regional scale . f nfiltration tests conducted in the early l 960~ d ... ~monstrated preferenri.al latci-al 

·=·=·=·= rnig.rntion of fluids , For example, Figure D .85 sho v=,=s lhe \vetting pa1.t .. ~rn in a typical oukrnp of 
the 1-fonhm1 fonnat1on foUo,ving the infiltralion of wat~r from a surface source den1clrcated by 
the white rectangular h()X on the surface. 

,:.:,:.· 

. •······· 

Figure D.85. Lateral Spn~ading of w~1t:cr i.n Hanford Fornrntiou Sediments 
\Vhitc Uo.x. 0dineates Infiltration Arca. nark Zones are Wetkd Sediment. Lateral 

Spreading is Greater ttum 10:l in these Hetuogcncous Layers. 

While fluid quantities v..-'erc not reportt.'.d, the pictorial repn:sentation of ta1.cral spreading is dear. 
Wu1.er v,:as applied over an area that was about (LS m diameter. The extent of the \.Vi?.tt1ng front is 
arntmd 5 m , or roughly l O times the diameter of the applicatinn z,me. '!11e wetting front ap~ars 
to bt~ strongly in-flucnced by the location of contacts bet\ve.en the coan;c-grnincd and fine-grained 
Ji.1cics. At this site, the palk~1:r1 of \.vetting appears to result from wicking within a fayer that is 
texturally fint.'r than the adjacent sediments . 

This layer, which is cmnprised of cross-1.aminated. facies, has been oh!::.ervcd a1 other sites. 
Although the lamfoates are lypica.11.y only a few centimeter~ in thickness and may extend from a 
few centimeters 10 lens of (',entimcters laterally. they t.'.Xert signifi .. :ant C()ntrol on \voter and sol.uh.~ 
dist.ribtuion patterns. Figure D.86 sh(nvs m.oisturc and dye dis1ributiom, al 1he Army Loop Road 
Clastic Dike S-it.c a1 Hanford fi.)HO\Ying an infiltration experiment conducted in the summer of 
2001 to !;tudy of the effects of elastic dikes on subsurface transport (Murray et aL 2001 ). Thi:-; 

- - ----------·················· ---------------· 
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site is the location of 1.he ctirrcnt V adosc Zone Transport Field Study aimed at investigating later 
!low pn)ccsscs, In 1.hb ~trnJy. w~ucr ,vas applied as a steady flux at a rate of about one tenth of 
mean Ks, Under the experimental conditions, war.er and a dye 1.rn.eer, which was used as a 
surrogate fnr a sorbing contaminant,. bypassed sign.iJi.-cant portions of the pore domain . Close 
examination ::;hmvcd dmk thin typically sloping band :-, of higher moisture and dye concenlrations 
cornm.inglcd with hands of 10\,ver moisture . These facies initially i;hovvcd no discernible 
difforences in texture from t.be main sand nwtrix, l·k,\vcvcr. particle si:i:.e analysis showed th.;,~sc 
foeics were typically 1 crn or kss in thickness and of a slightly finer tcx.tun: than the surrounding 
medium. It appears that at iow saturations, heter<>ger::.city causes •.vater to fl(>w in increasingly 
tornmns paths and regions of low conducth'.ity are bypassed, Transport oc-curs 1nalnly in the 
fint:~r textures, and contaminants can bypass regions occupied by rnarser textmes that me perhaps 
low-K rei::-ions at th.is flux , ,, 

:Figure D.86. Moisture and ])ye Dist:rihutions af th.e A.rn1y Loop Road Clastic Dike Site 
a1 the H:mford Site 

(a) The Effed of Thin Cross-Laminated t.'a.cics on Local Scale TransJJort and 
(b) Manifestation of tbe Effect. of Anisotropy on Local- and Macro-Scale Transport. 

Such observations of lateral m.igration from surface infiJtratinn tests Illustrates the impact of 
heterogeneity on trnnspo1.t in lhe subsurface and confi.m:ts t.hc importance of sedimentary 
architecture as a control of variability in penneabilities and ultimate the distribution of ,vater and 
contaminants. They also suggest arefationship ht-tween saturation and the cxpre:~sion of 
het~rogentityt which may be due 10 contrasts in hydraulic conductivity. Simifru· observations of 
anomalously high lateral solute velocities have also been observed 1n the Hanford. tank h.1rms. 
This phenmnenon will undnubtedly atl't:-ct the fate and transport pani.cularly of rt>act.ive 
contmninan1s, as pore by pass could .lead to an underestimation nf concentrations at cmnpliance 
hormdarics 

Gt:'.ology is neither uniform. h1)mogeneous, nor isotrnpic. in space, The procct:ses that create near 
surface geoingy leave behind patterns •.vith variations in space (heterogeneity). orientaticm 
(anisotropy),. and. scale (p~trticle sizts and their distribution). ln th1..~ vadose zont, the lateral IJ<.>w 
phennnicnon is otkn attrihut.ed to anisotropy in the hydraulic conductivity tensor, tt ls dear 
from Figure D.85 and Figure D.86 that Hanford formation sediments are anisotropic, 
Anisotropic sediments arc defined as materials that have dimensionally dependent hydraulic 
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properties. Typically for stratified soils, the effective horizontal hydraulic conductivity, Ktt, is 
considerably greater than the vei#.cal hydraulic conductivity, Kv, Literature values ofKH 
typically exceed Kv :by factors of2 to 10. Recent measurements conducted under the vadose 
zone transport field studies at the Army Loop Road Clastic Dike Site show Ktt:Kv ratios 
exceeding 60:1 near saturation. These ratios could easily exceed 100:1 at lower saturations. A 
detailed discussion of anisotropy can be found in standard hydrology texts and in recent review 
articles on the subject (Bear 1972; Bear·et al. 1987; Gelhar et al. 1979; Zaslavsky and Sinai 
1981; Yeh et al. 198 5 a, b, c; McCord et al. 1991, 1997). For the 'vadose zone, Stephens and 
Heennann (1988) conducted laboratory studies that clearly illustrate lateral spreading of 
moisture in unsaturated, layered sands similar to that observed in Figure D.85 and Figure D.86. 
McCord et al. (1991) conducted tracer experiments in the field and also demonstrated moisture 
dependency of anisotropy. The· simple concept is that as soil wets up, it becomes more 
conductive, so that wetter zones persisting .in the vadose zone are typically more conductive than 
dt:y zones with comparable textures. Slightly sloping subsurface layers, not subject to 
evaporation or water loss from plant root uptake, can contribute to significant lateral drainage 
(McCord et al. 1991). 

Based ·on observations in layered Hanford sediments, as typified in Figure D.85 and Figure D.86, 
attempts were made to account for so called feathering or lateral spreading of fluids in the vadose 
zone, particularly in relation to tank leak estimation techniques (Jansen et al. 1973). Because 
numerical computer models for subsurface transport were largely unavailable at the time, simple 
analytical methods were used which ~pproximated the contaminant spread from a given leak 
point. A worst case was assumed to be transport from below the midpoint of the tank bottom to 
a dt:y well a short distance from the edge of the tank. A conical flow path was assumed and 
angles between 30 and 60 degrees (from vertical).were used to compute the possible depths at 
which the leak would intercept the dry well. As an example, Jansen et al. (1973) computed that 
sediment with 50% saturation could sustain a leak up to 200,000 gal for a 30-degree angle and 
68,000 gal for a 60-degree angle, before detection. In these cases, detection would occur in the 
dry wells at 24 m (78 feet} and 8.5 m (28 feet) below the tank bottom, respectively. If there were 
an impermeable layer located 4.6 m (15 feet) below the tank bottom, Jansen et al. (1973) 
computed that the detectable leak volume would be reduced but could still range from 1,500 gal 
to 12, 000 gai. : The true effects oflayering of th.e strata could only· be approximated, but it is 
clear that huge uncertainties in leak detection occu,r as a result of unknowns in how and when 
lateral spreading occur in sediments beneath waste tanks. 

Isaacson (1982) provided an analysis for establishing dry well monitoring frequency that 
considered many of the features of the Jansen et al. (I 973) analysis. Included was a geometric 
factor that incorpor.ated hydrologic anisotropy in a qualitative manner .. For example, if the 
probable diameter of the wetted zone was estimated·to be 50 feet and the leak was thought to be 
confined to a relatively thin lens of 10 feet, the geometry factor was computed to be 10/50 or 0.2. 
It appears that such a geometric estimate of anisotropy is at best highly subjective and 
qualitative. Unfortunately, no .guidelines were provided for ensuring that accurate geometric 
estimates could·be made in the Hanford vadose zone. 

Standard practices for predicting transport under unsaturated conditions do not account for the 
random heterogeneity and strong anisotropy that can be expected under the extremes of 
nonlinear flow behavior typical of the Hanford vadose zone. More importantly, even though 
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lateral flow due to variable anisotropy has dominated every field experiment (both planned and · 
unplanned) performed at the Hanford Site; it is unaccounted for in all but a few models. During 
2001, a series of experiments conducted under the Vadose Zone Transport Field Study have 
focused on understanding the phenomenon of lateral spreading and quantifying anisotropy in 
hydraulic conductivity in the heterogeneous vadose zone at Hanford. The general goal of these 
studies is to develop predictive capabilities that can be used in tank farms and elsewhere to · 
determine the fate of contaminant plumes, their rates · of movement, and spatial distributions. 

D.4.1.2 The Vadose Zone Transport Field Study Site · 

During May and June of 2000, a mock tank leak test field experiment was carried out at the 
299-E24-111 Experimental Test Well Site (also know as the Sisson and Lu site) in the 200 East 
Area. The Sisson and Lu site was the location of a series of earlier tracer tests using nitrate, 
chloride, barium, rubidium, calcium, and the short-lived radionuclides cesium-134 and 
strontiuni-85 conducted during the early 1980s (Sisson and Lu 1984). FigureD.87 is a 
schematic map of the site showing the locations of a set of steel-cased wells that were installed 
for those tracer studies. Also shown on this figure are the locations of the injection wdland the 
sampling boreholes used for this project. 

The primary purpose of the current test was to identify mechanisms controlling transport 
process·es in the Hanford sediments (Ward and Gee2000). In 2000, over a 4-week period, 
5 aliquots of approximately 4,000 liters of water each were leaked into the subsurface at the 
Sisson and Lu site. The water was gravity-fed into the sediments at a depth of 4.5 m through a 
15 cm inner diameter cased borehole. A variety of different geophysical methods (e.g. , neutron 
logging, electrical resistance tomography, crosshole seismic tomography) were used to trackthe 
movement of the leak fluids in the subsurface. In addition, a tracer cocktail containing i Kg of 
D20, 3 g NaH13C03, 25 mg 87Sr, 1 mg 145Nd, 1 mg 179Hf, 3 mg 207Pb, and 1000 ppm of bromide 
was added to a third aliquot of leak fluids. The spread of tracers over time was monitored by 
measuring the isotope ratios and bromide concentrations in samples of the porewater extracted 
from a series of boreholes. In 2001, an additional suite of tracers and fluid were applied to the 
test site. A hypersaline fluid (36% by wt. sodium thiosulfate) was injected to the ground. 
19,000 L were injected over the course of 5 weeks. This was followed by 11,400 L of salt-free 

. river water. Monitoring of the site using neutron logging was continued for two months after the 
final water injection. 

The geology of the Sisson and Lu site consists of coarse- to fine-grained sands and silts from the 
upper part oftheHanford formation. Last and Caldwell (2001) and Last et al. (2001) identified 
six distinctive units in the upper 17 m of the sediments ( the sequence where the tracer tests were 
conducted) that could be correlated between boreholes. The stratigraphic column in Figure D.88 
sluumarizes this classification scheme. 
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Figure D.87. Schematic of Well Placement at the Sisson and Lu Experimental Site 
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Figure D.88. • Stratigraphic Column at the Sisson and Pre-Injection Moisture Contents 
Profile Measured for Samples from the Si .Core Lu E:x:perimental Site 
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The key features of the sediments are the two highly stratified units at depths of 6 to 7-8 m 
(unit C) and 10 to 12 m (unitE). These stratified layer sequences are not texturally dissimilar 
from the surrounding sediments. Percent fines or material passing the 270-mesh screen 
(< 53 µm) vary at the site from 9 to 29% while the average of 15 to 20% is typical of medium to 
coarse textured sands at the Hanford Site. The finer layers that exist frequently at the 6 and 10 m 
depths do not appear to be continuous (Last et al. 2001). 

Also plotted on Figure D.88 are the moisture contents of the sediments measured for samples 
from a borehole drilled before the leak test was conducted (Last and Caldwell 2001). In the 
coarser, poorly laminated units, the water contents were generally low (~2 wt.% water). In the 
two stratified units (Figure D.88 C and E), the moisture contents of the sediments were higher 
(to >8 wt% water), especially in the bottom meter of the lower stratified layer. 

Thus far, field-measured distributions of soil water content have been analyzed using 
three-dimensional spatial-moment analysis (Gee and Ward 2001 ). Results clearly show that the 
subsurface distributions of both dilute and hypersaline fluids are controlled by an interaction 
between small-scale horizontal stratification and fluid properties. The centers of mass for the 
two plumes were similar in the lateral and transverse directions, but were significantly different 
in the longitudinal plane. The cumulative travel depth of the center of mass for both the dilute 
and hypersaline water plumes showed a nonlinear increase with time and injected volume, 
indicative of the highly nonlinear transport process. After 20,000 L (5,283 gal), the hypersaline 
plume had traveled 2.6 times deeper than the dilute plume. Most of the difference occurred 
during the initial stages of the experiment with the vertical center of mass of the hypersaline 
plume. being twice as deep as that of the dilute plume. Over time, the hypersaline plume also 
remained more compact when compared to the dilute plume. The test site shows ~vidence of 
macroscopic anisotropy, comparing the ratio of fluxes in the principal directions for the dilute 
plume. Mean velocities were vx = 0.0067 m (0.022 ft) d"1

; vY = 0.0062 m (0.02 ft) d"1
; and 

v. = 0.0052 m (0.017 ft) d"1
• The average vxlVy ratio was 1.079 while. the average vJv'(. ratio was 

0.128. . 

Ionic tracer distributions were analyzed using one-dimensional spatial moments. Distributions of 
resident concentration profiles were generally asymmetric with a large mass occurring at 5 to 
7 m (16 to 23 ft), and a smaller mass at 10 to 12 m (33 t.o 3 9 ft) with a preferred flow path to the 
southeast. At the test site, there are two relatively fine-textured layers, one at about a 6-m (20-ft) 
depth and one at about the 12-m (39-ft) depth. The locations of multiple peaks were coincident 
with the general location of finer-textured lenses derived from lithologic fogs. The fine sandy 
sediments in these layers controlled the migration of the water in both tests and caused a 
substantial increase in transverse solute advection, while confining the moisture plume to a depth 
of 13 m (43 ft) in the fiscal year 2000 test. During the fiscal year 2001 tests, elevated water 
content and tracer concentrations were observed at depths of 16 m (52.5 ft) at two monitoring 
locations in the southeast quadrant of the monitoring site, suggesting that the plume had 
penetrated below the lower (12-m [39-ft] depth) confining layer. The exact cause of the 
observed preferential transport has not been detemiined at this point, but it could be due to 
:fingering induced by the fluid properties, or simply to rapid flow along an improperly grouted 
sampling point or access tube. The location of the peak tracer concentrations was almost 
identical for F, er, Br·, N03-, S203-, and Po/· but somewhat larger for So/· in the fiscal year 
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2001 tests. The distribution of SO.{ also appeared very sensitive to textural changes. The 
location of centers of mass for the different tracers was somewhat different and increased from 
about 5.7 m (18.7 ft) to 8.4 m (27.6 ft) in the order po/-< Br< F< S2O3" < NO3" < er sol. 
The deeper penetration of er relative to NO3" and S2O3 · may be indicative of preferential 
transport due to anion exclusion, a mechanism that would be of great significance to the transport 
of tecbnetium-99. 

These observations illustrate the importance of seclimentary architecture as a control of spatial 
variability in hydraulic conductivity and emphasize the need to consider local-scale textural 
discontinuities in conceptual models of field.;.scale transport at the Hanford Site. Lateral 
spreading ofcontaniinant plumes has been observed in the vadose zone at Hanford tankfartns 
and other waste sites. Preliminary modeling of the distribution of the fiscal year 2000 test was 
performed using the Pacific Northwest National Laboratory (PNNL) Subsurface Transport Over 
Multiple Phases (STOMP) simulator. The site was modeled as a heterogeneous system 
conditioned on initial water-content distributions and parameterized with constitutive properties 
of over 20,000 soil types. To date, these simulations have come closest to reproducing field 
observations of any of the simulations of experiments performed at this site. Although the 
general features of the predicted water-content distributions are similar to those observed in the 
field, the current conceptual and numerical model does not yet adequately describe the extensive 

_ lateral spreading observed in the field. 

Moisture-dependent anisotropy, an extreme of nonlinear flow behavior, can both subdue and 
enhance pr~icted migration rates depending on local stratigraphy and lead to the costly 
over-engineering of remediation and risk management strategies. Yet, standard practices for 
predicting transport under unsaturated conditions do not account for the random heterogeneity 
and strong anisotropy that can be expected under conditions typical of the Hanford vadose zone; 
In fact, this phenomenon is unaccounted for in all but a few models. Those models considering 
this phenomenon are formulated on the presumption that flow can be linearized and treated as a 
small perturbation to the unsaturated flow dynamics and are in contradiction of prevailing 
knowledge of field manifestations. In addition to the incomplete conceptual model, model 
parameterization for field-scale simulations continues to be a major limitation. Work is ongoing 
to evaluate the processes that can cause acceierated transport ofhypersaline plumes and to 
develop techniques to facilitate upscaling and parameterization of field-scale models. 

Work in fiscal year 2001 has led to the development of a parameter scaling method that can be 
coupled with inverse-flow modeling to estimate constitutive parameters for heterogeneous soils 
at the field-scale. The method is based on first assigning unique scaling factors to similar soil 
textures iri the field after which field-scale reference hydraulic parameter values are then 
estimated through inverse modeling of the field experiments. The parameters for individual 
layers are subsequently obtained through inverse scaling of the fitted reference values using the 
a priori relationships between the reference parameter values and the specific value for each 
layer. STOMP was combined with the universal inverse modeling code (UCODE) to estimate 
the unsaturated hydraulic parameters. Three cases of heterogeneity, i.e,, homogeneous soil, 
layered soil, and heterogeneous soil, were used to test the new techniqu,e. Predictive modeling of 
drainage from a well-characterized lysimeter site at Hanford that has both laboratory and 
field-measured soil hydraulic properties, resulted in an overestimation of soil water content, 0, 
and an underestimation of pressure heads, '\Jf. However, using field-scale parameter values 

AppD_12.13 D-229 December 13, 2002 



RPf> ... 10098., Re v. 0 

derived froro invcrse•-11m:v modeling ,vith. the rn:,,v scnling technique n~sulted in significantly 
b ... ~.t.t~r model fits for both O and 1-v (Figure D.89 an<l Fignrc D.90) . 

. Figure l).89, Comparison oftbe (a) Obscrvc.>:d and (b) Pl'cdictt•d Soil Water Contents at the 
U-Scction of the lnjedion Experiment using Parameters l)edycd from a Combination of 

Parameter Scaling and Inverse Modeling 
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The simulation of drainage from a layered soil at a well-instrumented field site near the 300 Area 
at Hanford also resulted in an overestimation of 0 and 'l' when the local-scale parameter values 
were used. Again, using field-scale parameter estimates, obtained from the inverse scaling 
method, resulted in smaller prediction errors with regression coefficients of0.956 to 0.997 
between the observed and predicted values of 0 and \jl, respectively. Application of this 
technique to the estimation of hydraulic parameters from the Vadose Zone Transport Field Study 
experiments has commenced with a two-dimensional simulation. The prediction of 
water-content distributions using laboratory-measured parameter values resulted in very poor 
model fits (t" = 0.28). However, using inverse scaling improved the goodness of fit with r2 
increasing to 0.74. Parameters derived from these studies will be compared with those derived 
from core measurements with the goal of developing an upscaling methodology. Such · 
techniques are critical to the development of long-term, field-scale transport predictions. This 
type of inverse analysis will be an ongoing effort in fiscal year 2002 and fiscal year 2003. 

The advanced characterization methods (i.e., ERT [electrical resistance tomography], HRR [high 
resolution resistivity], and XBR [ cross borehole radar]) for the vadose zone all have significant 
promise as diagnostic tools for defining the depth and extent of vadose-zone plumes at Hanford, 
particularly where monitoring wells can be adapted for use by these instruments. XBR requires 
polyvinyl chloride (PVC) casing, but HRR and ERT can be adapted for use with steel-cased 
wells, the typical infrastructure that currently exists at the Hanford tank farms. HRR appears to 
be particularly useful in being capable of diagnosing the lateral extent of the plume. Evaluation 
of the characterization methods will continue during future field experiments. 

D.4.1.3 Implications of Studies at the Vadose Zone Transport Field Study Site for the 
BXTankFarm 

Injection experiments at the S&T Vadose Zone Transport Field Study Site have demonstrated 
that lateral migration is important in evaluating transport and suggests mechanisms that may 
have occurred in the BX tank farm. The S&T field experiments documented cases of lateral 
unsaturated fluid migration promoted by discontinuous, low permeability laminations/lenses in 
the H2 (Hanford formation) that occurred at the 6 and 10-meter depths at the field test site . 
These observations support a conceptual model of moisture-dependent anisotropy, whereby 
metal wastes migrate horizontally along a conductive fine-textured lamination until it terminates, 
or its air entry potential is sufficiently low such as to allow breakthrough. The waste fluid 
migrates vertically after breakthrough, until encountering another wetter, conductive lamination 
that, again, promotes lateral migration. Lateral migration of tens of meters from the point of 
origin is possible with anisotropic rriedia similar to the Hanford formation sedimentary deposits. 
It appears thatthe mechanism of anisotropic flow co_uld have contributed to the lateral migration 
ofuraniwn in a northeasterly direction from tank BX~lOl to the west of tank BX-102. The 
distance of migration of several tens of meters seems plausible for liquid migration at this site, 
particularly with the known volumes that were largely discharged. 

Because current conceptualizations of state-dependent anisotropy have failed to describe field 
observations, this phenomenon will be a major component of studies conducted under the 
Science and Technology Project of the Groundwater Protection Program and the EMSP 
programs in fiscal year 2003. In addition, field studies of subsurface uranium transport are 
planned for fiscal year 2003. 

AppD_l213 D-231 December 13, 2002 



RPP-10098, Rev. 0 

D.4.1.4 References 

Bear, J., 1972, Dynamics of Fluids in Porous Media, Elsevier, New York. 

Bear, J, C. Braester, and P. Menier, 1987, "Effective and Relative Permeabilities of Anisotropic 
Porous Media," Transport Porous Media, Vol. 2:310-316. 

Gee, G. W., and A. L. Ward, 2001, Vadose Zone Transport Field Study, Status Report, 
PNNL-13 679, Pacific Northwest National Laboratory, Richland, Washington. 

Gelhar, L. W., A. L. Gutjahr, and R. L. Naff, 1979, "Stochastic Analysis ofMacrodispersion in 
Aquifers," Water Resources Research, Vol. 19(1):161-180. 

Isaacson, R. E., 1982, Supporting Information/or the Scientific Basis/or Establishing Dry Well 
Monitoring Frequencies, RHO-RE-EV-4 P, Rockwell Hanford Operations, Richland, 
Washington. 

Jansen, G., D. P. Granquist, R. D Dierks, J. N. Hartley, 0. H. Koski, J. A. Merrill, and 
C. A. Ratliff, 1973, Review of ARCHO Waste Tank Leak and Level Monitoring Systems 
and Material Balance Techniques, BNWL-B-308, Battelle, Pacific Northwest 
Laboratories, Richland, Washington. 

Last, G. V., and T. G. Caldwell, 2001, Core Sampling in Support of the Vadose Zone Transport 
Field Study, PNNL-13454, Pacific Northwest National Laboratory, Richland, 
Washington. 

Last, G V., T. G. Caldwell, and A. T. Owen, 2001, Sampling of Boreholes WL-3A through-12 in 
Support of the Vadose Zone Transport Field Study, PNNL-13631, Pacific Northwest 
National Laboratory, Richland, Washington. · 

McCord, J. T., D. B. Stephens, andl L. Wilson, 1991, "The Importance of Hysteresis and 
State-Dependent Anisotropy in Modeling Variably Unsaturated Flow.'.' Water Resources 
Research, Vol. 27: 1501-1517. 

McCord, J. T., C. A. Gotway, and S. H. Conrad, 1997, "Impact of Geologic Heterogeneity on 
Recharge Using Environmental Tracers: Numerical Modeling Investigation," Water 
Resources Research, Vol. 33:1229-1240. · 

Ward, A. L., and G. W. Gee, 2000, Detailed Test Plan for Simulated Leak Tests, PNNL-13263, · 
Pacific Northwest National Laboratory, Richland, Washington. 

Yeh, T.-C., L. W. Gelhar, and A. L. Gutjahr, 1985a, "StochasticAnalysis of Unsaturated Flow in 
Heterogeneous Soils. 1. Statistically Isotropic Media," Water Resources Research, 
Vol 21 :447-456. . 

Yeh, T.-C., L. W. Gelhar, and A. L. Gutjahr, 1985b, "Stochastic Analysis of Unsaturated Flow in 
Heterogeneous Soils. 2. Statistically Anisotropic Media with Variable," Water Resources 
Research, Vol. 21:457-464. 

AppD_l213 D-232 December 13, 2002 

I 
f 
(._ 

r 
r ... 
r­
\ 

i 
t. · ..... 

' i I 
l. 

r 
I ·, 
L 

\< 
L 

!'.""" 
t 

L. 

r 

L 
,-
f. 

L . 
. '-

r 
i .... 

[ 
l 
r 
r · 
L. 



r 
L 

~ I , 
I • 

,..., 
' ' ' t_ ~ 

r 
;. ~ 
L.1 

r 
; ' 

' ' 1,,.,./ 

~ 
I , 
I ' ..) 

,... 
I 

I 

L .. ' 

r I , 
l · 

-l ; 
L ~ 

!""'I 
! 
;. i 
'- ; 

r 
j • 
L . 

r 
1 ' . , 

,.,_ _ 

r: 
I 

L· 

RPP-10098, Rev. 0 

Yeh, T.-C., L. W. Gelhar, and A. L. Gutjahr, 1985c, "Stochastic Analysis ofUnsaturatedFlow in 
Heterogeneous Soils. 3. Observations and Applications," Water Resources Research, 
Vol. 21 :465-471. 

Zaslavsky, D., and G. Sinai, 1981, "Surface Hydrology. I. Explanation of Phenomena," Journal 
of Hydraulic Division America Society Civil Engineering, Vol. 107(HY1): 53-64. 

AppD_1213 D-233 December 13, 2002 



RPP-10098, Rev. 0 

D.4.2 MODELING STUDIES OF FLUID FLOW AND SOLUTE TRANSPORT AT 
TANK BX-102 IN THE HANFORD V ADOSE WNE 

Karsten Pruess1 and Steve Yabusaki2 

1Lawrence Berkeley National Laboratory, Berkeley, California 94750 
2Pacific Northwest National Laboratory, Richland, Washington 99352 

D.4.2.1 Introduction 

A key issue at the Hanford Site is the possible impact of uncontrolled releases of tank wastes on 
future groundwater quality. At the B, BX, and BY tank farms, modeling of fluid flow, solute 
transport, and chemical reactions is being performed to .better understand past tank waste release · 
events in the context of historical and contemporary field measurements. At issue is the quantity 
of contaminants of concern released to the subsurface, the behavior of these contaminants in the 
subsurface, and future risks posed by these contaminants. New knowledge from these analyses 
will support longer-term predictions of contaminant fate needed for WMA B-BX-BY waste 
management decisions. ·, 

D.4.2.1.1 Contaminated Sediments Near Tank BX-102. Tanks BX-101, BX-102, and 
BX-103 are a set of 530,000-gallon (2006.3 m3), single-shelled tanks linked together by transfer 
lines in a gravity-fed "cascade" from BX-101 to BX-102 to BX-103. The 30 ft (9.144 m) high, 
75 ft (22.86 m) diameter tanks were constructed in 1946. In October 1969, gamma probe 
readings in a dry well (now known as 21-27-11) approximately 72ft (21.95 m) from BX-102 
rapidly rose above the maximum detection level of the probe (Womack and Larkin 1971). In 
response to this suspected leak from BX-102, nineteen dry wells were installed to characterize 
the extent of vadose zone contamination. Gross gamma logs of these wells identified a large 
plume of undifferentiated gannna-ernitting radionuclides to the east and northeast ofBX-102. 
Twenty-seven years later, spectral gamma logging (DOE-GJO 1997, 1998) of these dry 
boreholes was able to identify a uranium-238 plume extending at least 150 ft (45.72 m) to the 
northeast and 75 ft (22.86 m) to the southeast. Uranium-238 observed in RCRA well E33-41 (in 
1991) at a depth of 137 ft (41.76 m). is consistent with the uranium-238 phune identified by the 
data from the nearby dry wells and probably represents the farthest (northeast) known extent of 
the plume, which is approximately 160 ft ( 48. 77 m) northeast of tank BX-102. From the spatial 
distribution of radionuclides observed in the spectral gamma logging, it was inferred that the 
plume source was near borehole 21-02-04 on the southeast edge of tank BX-102. Shallowest 
uranium-238 measurements were found to the east and southeast of the source, but the principal 
plume tracks to the north-northeast as indicated by the highest concentrations and deepest 
measurements. 

Prior to the spectral gamma logging of the BX tank farm dry wells in 1997, it was widely 
believed that the vadose zone plume identified in 1970 had resulted from a BX-102 leak of 
cesium-137 recovery waste in 1969. Conversely, the uranium-238 discovered in sediments 
during the construction ofwell 299-E33-41 in 1991 was thought to have come from cribs in the 
B tank farm since there were no known uranium-bearing metals waste releases from the B, BX, 
and BY tank farms at the time. The identification of significant concentrations of 
uranium-235/238 by spectral gamma logging in 1997, however, was not consistent with the 
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cesium-137 recovery waste that was being processed through BX-102 in 1969. 
Uranium-235/238 was a significant component of metals waste that was transferred through the 
BX~l0l/BX-102/BX-103 series of cascaded t~s when the tanks were first put into service in 
1948. 

The only documented release of metals waste in this area was found in a recently (1992) 
declassified Hanford Works Monthly Report dated February 1951 that describes an overfill event 
at tank BX-102 that resulted in the release of 91 ,600 gallons (346.7 m3) of metals waste (General 
Electric Company 1951 ). At the beginning of February 1951, metals waste containing depleted 
uranium from B Plant extractions was run through the BX-101/BX-102/BX.;. 103 cascade series. 
On February 9, 1951, it was found that the waste was not reaching the terminal tank in the 
cascade (BX-103). Subsequent measurements showed the liquid level inBX-102 had risen 
above the overflow point of 16 ft (7.803 m), indicating a plug in the effluent line to BX-103. On 
February 20, the liquid level in BX-I 02 was allowed to rise to 17 ft (5.182 m) to in~rease the 
head in an attempt to break the plug. A few days later, the liquid level in BX~ 102 was observed 
to be dropping slowly while the liquid levels in the. succeeding tanks remained unchanged. A 
day later, radiation determinations in the BX-102 dry well (assumed to be 21-27-11) were 
positive. By this time, the liquid levels in BX-102 had decreased 6 inches (152.4 mm). The 
released radioactive wastes included an estimated 4 to 10 metric tons of uranium. . 

While it seems reasonable that the uranium plume emanating from the southeast side of tank 
BX-102 is the result of the 91 ,600-gal metals waste release in 1951, the description of the release 
event and the present position of the plume have raised several important questions about the 
conceptual model of flow and transport in the Hanford vadose zone: 

• How did metals waste from the 1951 overfill event travel over 120 ft (36.58 m) froin the 
~pparent source on the southeast side ofBX-102 to well 21-27-11 in three weeks or less? 

• How did metals waste from the 1951 overfill event travel over 170 ft (51.82 m) laterally 
and 137 ft (41.76 m) vertically from the apparent source on the southeast side ofBX-102 
to well 299-E3_3-4 l? 

• How fast are the various components of the metals waste traveling through the vadose 
zone? 

' 
For the most part, the postulated transport has taken place within a single geologic layer, I-12, 
described in Lindsey et al. (2001) as a coarse to medium sand. The rapid and large lateral 
transport in the absence of identifiable intervening geologic layers challenges commonly held 
notions of solute transport in the Hanford vadose zone. Improved understanding of the 
conditions responsible for these behaviors will have significant implications for the interpretation 
of historical waste release events and, more importantly, for the prediction of future migration of 
radioactive waste components of concern. 

The goal of this work is to develop a predictive understanding of processes controlling 
contaminant migration at the B, BX, and BY tank farms. The initial. objective is to understand 
the events that have resulted in the current distribution of radionuclides near tank BX-102. The 
documentation of a significantly large (91 ,600 gal) release of metals waste at BX-102 in 1951 
and the identification of a vadose zone uranium-238 plume near BX-102 provide a unique 
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opportunity to investigate flow and transport processes responsible for the timing and extent of 
migrating tank waste. New knowledge from these investigations will also lead to improved 
estimates and predictions of the spatial and temporal distributions of important non-gamma 
emitting radionuclides ( e.g., technetium-99) .. 

Numerical subsurface flow and transport simulators will be used to test alternative vadose zone 
conceptual models that can plausibly link the 1951 overfill event with the lateral transport 
exhibited by the contemporary uranium-238 distribution. In particular, the investigation will 
focus on the effect of sloping sediments in the context of: 1) discrete continuous layers within 
the H2 lithologic unit, 2) local anisotropy, and 3) bulk or apparent anisotropy. 

D.4.2.1.2 Geology. The overfill event and subsequent waste migration occurred in two gross 
hydrostratigraphic units: the backfill and the H2 unit (Khaleel et al. 2001). The base of the BX 
tank farm was excavated in the Hanford formation to a depth of approximately 37 ft (11.28 m) · 
bgs with a one percent slope down to the north to accommodate the sequence of gravity-fed, 
cascading tanks. Although the base of the tank farm was undoubtedly compacted by heavy 
machinery operating around the tanks, there is no evidence of uranium accumulation on the tank 
farm base or transport along the engineered 1 % downslope to the north. In fact, the shallowest 
uranium-238 concentrations are found at 43ft(13.11 m) bgs, approximately 6 ft (1.83 m) deeper 
than the tank base at the bottom of the backfill in the H2. Thus, the focus of this study is on the 
H2 layer. · 

The gross geological interpretation of the H2 unit did not identify any distinct, continuous 
intervening layers, but there is evidence of thin (l to 10 cm) silty, :fine sand layers with varying 
degrees of continuity within WMA B-BX-BY. A re-examination of dril.lers logs, lithologic logs 
and, where available, geophysical logs from eight boreholes/wells (not including the dry 
boreholes) within and surrounding the WMA identified three silty fine sand intervals subdividing 
the upper Hanford formation H2 unit sand at approximately 75 ft (22.86 m), 100 ft (30.48 m) and 
120 ft (36.58 m) depths in well 299-E33-45. Reasonable correlations could be made for the 75 ft 
(22.86 m) and 120 ft (36.58 m) intervals in the majority of the surrounding wells, whereas the 
I 00 ft (30.48 m) interval appeared to be a less distinct, localized feature. With this data set, the 
average dip was calculated to be approximately 3% (1.5 to 2 degrees) to the north-northeast. The 
structural attitude of the two subsurface intervals (i.e., 75 ft [22.86 m] and 120 ft [36:58 in]) is 
the same as at the land surface (surface topography) which dips approximately 1.5 to 2 degrees 
to the north-northeast. This consistency in bedding structure suggests that the underlying 
shallow zone deposition may be related to the same depositional forces and features that created 
the larger scale remnant surface topography (in this local region there is dip toward the north into 
a paleochannel), i.e., the ancestral cataclysmic flood/paleo Columbia, River channels. 

The lack of explicit stratigraphic features controlling lateral transport within the H2 lithologic 
unit is consistent with observations of lateral solute migration resulting from discontinuous small 
scale laminations and lenses in field experiments in Hanford sands (including the Sisson and Lu 
site, which is also in the 200 East Area; Gee and Ward 2001). These small-scale features are not 
discernible in continuous cores or with standard characterization techniques. Aqueous fluids 
have been observed to move downdip along these thin ( < 1 cm) laminations until the lamination 
ends or a weakness is encountered. At that point;·the liquid moves downward until another 
lamination is encountered and the process is repeated. Local anisotropy within the background 
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sands and within the fine silty sand laminations is very weak, <1.5. From a modeling 
perspective, the laminations are subgrid features that can only be. accommodated through an 
upscaled or bulk anisotropy. 

Net infiltration through the undisturbed land surface is estimated at 0.01 to 5 mm/yr depending 
on vegetation type, and at 5 tp 10 cm/yr through land surface disturbed by tank farm construction 
(Fayer et al 1996). Large discharges of aqueous fluids from cribs and trenches have also 
occurred in the WMA B-BX-BY area. These could have produced substantial alteration to 
natural moisture regimes, and thereby affecte_d the behavior of the BX-102 spill. Elevated 
concentrations of uranium in the vadose zone near BX-102 persist to this day, and are sometimes 
correlated with distinctsilt layers with elevated moisture content (cf. logs of borehole 299-E33-

_ 45). 

D.4.2.1.3 Issues for Flow and Transport Modeling. The purpose of the present study is to 
determine the mechanisms and conditions thatgave rise to such pronounced lateral flow effects 
observed near tank BX-102 and other locations in WM.AB-BX-BY. Two basic issues need to be 
addressed: 1) what causes lateral diversion on such large scales, > 20 m, and 2) what causes the 
solutes to persist throughout the sedimentary profile, arid especially at certain distinct layers, and 
prevents them from simply being flushed away by continuous seepage from ambient infiltration. 
Answers to these questions could help understand the present distribution and likely future 
behaVIor of contaminants. 

While the spatial pattern ofuranium-238 indicates a source at the southeast edge ofBX-102, the 
highest uranium-238 concentrations were measured at deeper locations in boreholes that were 
not adjacent to BX-I 02. This implies that the uranium-238 was mobile during the initial 
migration away from BX-102. This behavior can be contrasted with strongly sorbing 
contaminants such as cesium~l37, which are typically found close to the source with 
concentrations diminishing with distance from the source. After approximately SO years of 
residence, the stability ofuranium-238 at relatively shallow depths (Myers 1999) would seem to 
indicate that it has been immobilized in or on the solid phases. At an ambient moisture content 
of approximately 0 = 5% that was observed in the subsurface near BX-102 down to 
approximately the 64 m depth, estimated net infiltration of Uin, = 5 - 10 cm/yr translates into a 

pore velocity for solute travel of v = um/0 = 1 - 2 rn/yr. This suggests that non-reactive solutes 
introduced in 1951 should no longer be found at shallow horizons. 

The observation of substantial lateral migration of solutes raises a number of questions: 

• • How much of this effect is due to a broadening of the plume as it descends, from effects 
such as capillarity, dispersion, and molecular diffusion? 

• How much of the lateral migration is due to advective displacement, i.e., due to flow and 
transport that is offset from the vertical direction? 

• What is the nature of plume displacement and broadening? 

• Do these effects occur throughout the sediments, or are they primarily caused by flow 
processes that are associated with specific discrete layers? 
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Prono-unced la1.eml How effects have frequently been seen at Hanford in fluids leaked froin tanks, 
and h.:tvr also been observed in cont.rolled and carefully instrumented htjection experiments 
(Sisson and Lu 1984:. Rockhold ct al. 1999; (kc and Ward 2001). Figure D.91 shO\VS. field 
observations folliJ\ving the Sisson and Lu<_ 1984) injection experiment. rnc.reascs in moisture 
contc-nt are seen w propagate away frorn the injection point in discrete layers, but this does nol 
necessarily imply that latent! moisture migi-ation pn:.:frrentia!!y occurs in those layers. It is also 
possible tfoH moisture migrates through a larger ll'.11:,n: dispersed v<.1lu.me, and that larger mi)isture 
contents in (.'.Crtain layeJs simply arise from accun:1ufa.tion of dcs'.:ending moisture, The~,~ two 
alternative concepmal modds are sketched in Figure D.92. 

Figure D.92 is highly simpfrficd and sdk'matk, and ignores Mher important hydrogevlogic 
featun::s. For example, byers in t.h~~ Hanford scdirn.ents may be dipping, and lateral migration 
t:ould be enhanced. in the do1,.vnslope direction. In additi()n to discrete layers that are ;:;uffkicntly 
thick to he visihlc in borehole l<Jg.g.ing. there are fine layers and laminations down to cm and 
mm•scalc. Stnall-scale hw(~ring can cause strong anisotropy, giving rise to large hydraul.k 
conductivity in the direction parnlld to bedding, and srnall condllclivity perpendicular to 
bedding. The anisotrnpy is t:~xpressed as the ratio of (sub-)hnrizontal to (suh- )venkul hydraulic 
conductivity. a"' K1/ Kv, and may be a function of moisture tension. 

Figure n.1)1. Obi,cned \\later Content. llistributinn F'ollowing tbc Sisson and Lu ln_jed:ion 
:r.xperim4.'nt along a North-South Trm1s(•ct (from Rockhold et al. 199')) 
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figure D.92. Alteroath-'e Ccm('.cptual Models for Laternl Moisture Migration in a 
J.,ayc1·ed Medium 
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Fi!;urn D .92 (a) ;;iwws a combination of downward migration i11 <·.oarse htyi'.rs, corobincd with lateral !low in f ine 
layer:,, Difforeni -;;hading i, inknckd t.o indk:att' dii~\~reut moi$turc .:outcnts. Figure D.92 (b} ~bow;; a sitw1ti1.Jn 
where 1rmi:;tim: R migration orq1rs i11 a more vl)lume•averagtd 1tunn,•r. Im! m<1isture a.ccmnobt icm i;; c<mct~1l1:rnted 
in fine layers. 

The ol~j~ctive is to develop mathtllH\ticul .models that use i:xi:4ing infr:innati.o.n for hydrngeolngic 
conditions Hnd parameters to reproduce observed llmv and transport behavior in the fidd. The 
ma.in paramekrs dctem1ining unsaturated flow behavior arc the relatiomi-hips het\vecn n10h,ture 
i.:Ontcnt hydraul.ic conductivity , and capillary pressure. No measurements of soil moisture 
cht1i-acteristics are available for the sediments in the B, BX, and RY tank farms . Ho\vever, there 
arc data sets lbr sampks from the vicinity of these tank farms thm can be used as surrogaks 
(Khaleel and Fre(.'.man 1995: Khaleel et aL 2001 ). Recent data from the nearby Sisson and Lu 
inject ion site Vadose Zone Transport field study were also made availabk and have been used 
frH· this study . One fundamental limitation i~ that moisture tension and hydraulic conductivity 
diaracteri~tic~; an:. typical.ly nicasured on bbni-atory specimens of small s.ize (e.g ., a fow inches) . 
Applicability of sud) measurements to th('- fiel.d scale is questionable. The m.odels are built on 
the basis of laboratory-measured data, but the possibility of making scale-dependent 
modifications is let} open if laboratory-scali:. parmnctcts a rc unable to explain field obscrvati.ons 
leaving open the issue of scaling pammekrs to fidd-scnfo applications. 

UA.2.2 Definition of Tc.st Case 

Tank BX-l02 has a capacity of 5}0.000 gal {2,006.3 m3, Jones ct al. 200 l). Lateral migration of 
solutes spil.lcd frorn BX-102 has m.-cum::d near 1.hc 22.9 m (75 H) depth belnw ground surfi:tcc 
(bgs); at an elevation ,vhcrc a strong, spike of ckvated moisture was seen in borehole 
299-r33-45, drilled to the southeast of tank BX~l02 (Section 3.0). The horizon in question 
occurs within the H2 unit, \"-'hich is a thick unit dcscf"ibed as c.:oarsc to ,ncdhnn sand, Th(~ larg~:­
scale hydrogcologic descJiption (foes not include any differentiation at this depth. but the drilling 
log for well 299·-E33-45 indicates a "muddy vcxy fine to fine sand unit" at 21 .9 m depth hgs 
(Section 2.6.2. l .2). This unit has an approx.imately }~.•·o slope hTwards the north<::ast, 
corresponding to an angle of 1.7 l W. lnitia.l 2-d.imcnsional \vork carried out in this sludy used a 
slope a.ngle of T (Section D.4.2.5); new inJhnnation made available during the course of the 
study suggested that the slope was close to 3~'o. and that value \Vas used in the 3-dimcnsioirnl 
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modeling work (Section D.4.2.7). Some of the units near tank BX-102 have larger slopes of 
from 10° to 20° or more. Data on stratigraphy near BX-102 are given in Table D.61. 

Laboratory measurements of moisture contents on samples obtained during drilling of borehole 
299-E33-45 provide important constraints for hydrogeologic properties and conditions. Moisture 
contents down to the 64 m depth are generally close to 5%, with larger values of 14 to 25% 
reported at specific silty horizons. Hydrogeologic data from the nearby Sisson and Lu site also 
provide useful constraints. 

The data package for B, BX, and BY tank farms modeling described in Section 4.0 (Khaleel et 
al. 200 I) includes an east-west geologic section that passes just north of tank BX-102. · This 
section shows the Hl unit having a thickness of about 7 m and extending to 20 m bgs west of 
BX-102. The contact with the underlying H2 sand slopes upward going east, and Hl pinches out 
about 20 m east ofBX-102. This section shows no indication of the muddy very fine sand 
associated with the observed moisture spike at 22.9 m bgs, and also shows no features at depths 
of 120 ft and 170 ft where additional moisture spikes were seen in borehole 299~E33-45. 
Elevated moisture content beneath 220 ft bgs correlates with the Plio-Pleistocene uriit there. 

Table D.61. Stratigraphic Sequence at B, BX, and BY Tank Farms 

Unit 
thickness (m) to depth (m) . 

(a) (1) (b) 

backfill 12.7 1.1.5 12.7 11.5 

gravelly sand HI 6.3 o · 19. 11.5 

coarse to medium sand H2 58.7 40.3 77.7 51.8 

slightly pebbly to very coarse sand H3 7.6 14.6 85.3 66.4 

silty sand (ppu) 6.1 6.4 91.4 72.5 

Ringold gravel/sandy gravel (ppl) 6.4 6.7 97.8 79.2 

(a) section at X = 573648, Y = 137348 

(b) from 299-£33-45 borehole log (Appendix B) 

Very large uranium concentrations were measured in borehole 299-E33-45 at 75 ft bgs, and also 
deeper at 120 ft bgs (Appendix B). 

Important issues for unsaturated flow and transport modeling relate to scale. Thin layers and 
laminations down to the cm-mm scale are capable of causing considerable enhancement of 
lateral flow as compared to downward flow. An analysis of layering anisotropy· for the 
formations at the BX tank farm was performed (Gee and Ward 2001). Figure D.93 shows 
hydraulic conductivity functions for laboratory samples from sediments near the B, BX, and BY 
tank farms that were presented by Khaleel et al. (2001 ). These data were analyzed using the 
composite medium approximation (COMA) (Pruess 2002) to obtain insight into the possible 
magnitude of anisotropy. The COMA method is based on interpreting each of the samples in the 
hydraulic conductivity data set as representing a distinctlayer, which gives an upper limit for the 
strength of such anisotropy. As seen in Figure D.93 and Table D.62, the data provided by 
Khaleel et al. (2001) yield rather weak anisotropy at ambient flow conditions ( corresponding to a 
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hydraulic conductivity of 0.1 m/yr or 3.17 x 10-9 mis), typically considerably less than one order 
of magnitude. These results may be due to the limited coverage of small-scale layering in the 
data set. The drilling report for 299-E33-45 (Section 3.0 and Appendix B) suggests that there are 
many thin layers, which were evidently not captured by the limited number of samples included 
in Khaleel et al. (2001). The analysis of solute transport in the sediments near BX-102 suggests 
that anisotropy may be considerably stronger than estimated from the data of Khaleel etal. 
(Section D.4.2.5.3). 

Table D.62. Anisotropy at a Conductivity of 0.1 m/yr (3.17x10~9 mis), Calculated with a 
CO:l.\fAModel from Data Provided by Khaleel et al. (2001) for Different Stratigraphic Units 

Fonna1ion Anisotropy Psuc (Pa) 

Ringold 6.22 l.387e4 

Hl 3.04 2.439e4 

H2 2.74 l.955e4 

H3 245 2.306e4 

silty sand 1.14 4.380e4 

Another data set relevant for flow and transport at tank BX-102 provides laboratory 
measurements of characteristic curves for samples from the nearby Sisson and Lu injection site 
(Gee and Ward 2001). Figure D.94 shows hydraulic conductivity characteristics of these 
samples. For a base case model, data of sample 2-2225 was adopted for the sand units; while 
sample 2-2230 data were used to represent the silt layer near 23 m depth (Table D.63 and Figure 
D.95). A composite medium (COMA) representation for the sands was also explored, in which a 
certain fraction of vertical thickness was assumed to consist of(thin) silt layers. For most 
COMA calculations, it was assumed that 90% of vertical thlclmess had sand properties, while 
10% correspondsed to tighter silt layers with properties of sample 3-0589 given in the WMA B­
BX-BY data package (Table D.63; Khaleel et al. 2001). The resulting composite hydraulic 
conductivity functions are shown in Figure D.95. Anisotropy is seen to be rather weak at the 
hydraulic conductivities corresponding to ambient moisture conditions. Specifically, for K = 10 
cm/yr we have an anisotropy a= 2.42 (P sue = 1.147 x 104 Pa), while for K = 1 cm/yr this 

increases to a= 10.2 (Psuc = 1.514 x 104 Pa). Accordingly, the predicted lateral flow diversion 
under these conditions turns out to be weak also (Section D.4.2.5.1). 
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t'igure n.9J. Hydraulic Conductivity Functions for Different Stratigraphic Units from tbc 
\VMA 13-llX-llY Ditta Package (Khaleel et al. 2001) 

The lines sho," corn~lntions. obtained for difforent laboratory samples. Hodzontal aud 
vertkal hydraulic conductivities derived for a st1·ktly fayered COMA model {tre 
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Figun'. D.94. Hydraulic Conductiviii.es for 15 Samples from the Sisson aud Lu Sit(~ 
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Table D.6]. Formation Parttmcters for R~Z Model(nl 
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Attempts at detailed definition of layering heterogeneity and identification of hydrogeologic 
parameters for the units near tank BX-102 are ongoing. Given the ctnTent limitations of 
geometric and hydrogeologic data, fluid spills are studied in hypothetical model systems, which 
are specified to capture important features at the site of the BX-102 fluid spill. The purpose of 
this kind of analysis is to determine whether or not observations of fluid spill behavior near tank 
BX-I 02 are consistent with plausible subsurface features, and known mechanisms of flow. The 
fundamental variables to investigate are: 1) hydrogeologic properties of the layers, 2) the slope 
of the contact between layers of high and low effective hydraulic conductivity, and 3) rates and 
duration of fluid spills. · 

D.4.2.3 Modeling Approach 

The fluid spill at tank BX-102 poses a 3-dimensional flow problem. Numerical simulations 
would be simplified greatly, and finer discretization with better accuracy could be employed, if 
the problem could be reduced to 2-dimensions. In order to model a 2-dimensional vertical 
section, it would be necessary to allocate a certain fraction of total spill rate to that section. 
However, such an allocation would be arbitrary, and would prejudice the interplay of vertical 
flow and lateral flow in different directions. As an alternative 2-dimensional approximation, a 
radially symmetric model may be considered. An advantage of such a model is that it actually 
represents a 3-diinensional volume, and no arbitrary assumptions about allocating a fraction of 
total spill rate to the model need to be made. Unfortunately, however, important features ofthe 
flow system at tank BX-102 do not possess radial symmetry. This is obvious for the 
neighborhood of the spill point itself, which is believed to be near the perimeter of tank BX-102. 
Another feature that violates radial symmetry is the excavation and subsequent placement of 
backfill at the BX tank farm, which provides a steeply dipping linear feature, along which 
hydrogeologic properties change from those of backfill to those of undisturbed sediments. The 
aforementioned violations ofradial symmetry occur at shallow depths. For an analysis that is 
focused on the fate of the spilled fluid and the solutes carried with it, there may still be merit in 
ignoring those violations of radial symmetry at shallow depth~. A more serious limitation arises 
from the fact thatthe generally quite permeable sediments at the site contain numerous thin 
(i.e., decimeters to centimeters and less) tex:tl.lral layers, which are non-horizontal, inducing a 
downdip migration that cannot be captured in a rad(al model. The sloping contact between sands 
of higher and silts oflower absolute permeability is,believed to play a significant role in causing 
lateral diversion of spilled fluid in the downslope direction. Depending on prevailing moisture 
tension, downward migrating fluicl may enter a layer of smali-:saturated hydraulic conductivity 
only at small rates, ormay remain largely copfined to finer-grained layers and advance into the 
coarser material below only with considerable delay and at small rates due to capillary barrier 
effects. · 

In spite of these features, which violate radial symmetry, it is believed that important insights 
into flow behavior at tank BX-102 can be gained from a radial flow modeL A 2-dimensional 
radial (R-Z) model is a convenient and computationally efficient setup within which to explore 
flow mechanisms, and examine the suitability of proposed hydrogeologic parametrizations to· 
produce lateral flow diversion (Section D.4.2.4). Effects of sloping layers are studied in 
2-dimensional vertical section models. From the surface downward, the first extensive silt layer 
that has been recognized and may be implicated m lateral flow diversion occurs at a depth 
interval from approximately 22.7 to 23.0 m bgs in well 299-E33-45. 
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There are several processes that could amplify lateral flow, including salinity-driven 
redistribution of moisture towards the plume, moisture migration towa,rds the plume due to 
gradients :in surface tension, and moisture migration due to osmotic effects. Salinity of the 
aqueous phase in tank BX-102 was considerable; waste fluids contained 0.5 lb/gal uranium and 
were approximately 2.5 molar carbonate. (fable D.4.2.4 ofRPP-7389 lists carbonate much 
lower, as 0.6 mol/1). The former translates into approximately 60 g/L and the latter 150 g/L. 
Other solutes were present as well, so that salinity appears to have been significant, with fluid 
density and viscosity quite different from water. However, a considerable fraction of solids may 
have precipitated (Jones et al. 2001 ), so that the salinity of the leaked fluid may have been less. 

The simulations reported below were carried out with the TOUGH2 code, using the EOS9 fluid 
properties package (Pruess et al. 1999). Salinity effects were neglected and fluids were modeled 
with density and viscosity properties as for pure water (p = 999 .2 kg/m3 and 
µ = 1.136 x 10-3 Pa-sat assumed conditions ofT = 15 ·c, P = 1.013 bar). The gas phase is 
considered a passive bystander at constant pressure,i.e., a Richards' equation approximation is 
used. Non-isothermal effects are ignored. All calculations done so far assume that the spill 
occurred at a constant rate over a 3-week period. 

Molecular diffusivity of aqueous solutes is of order 1 o-9 m2/s ( de Marsily 1986), and in partially 
saturated porous media is smaller due to saturation-dependent tortuosity effects. At the rather 
dry conditions prevailing in the Hanford vadose zone, effective diffusivity :in the aqueous phase 
is expected to be below 10-10 m2/s. The length scale of diffusive penetration over time t can be 
estimated as y = .J7ii5i. , which fort= 50 yr and D = 1 o-10 m2/s gives ·y ~ 0.56 m. This indicates 

that broadening of solute plumes from molecular diffusion will be insignificant in single-porosity 
media. Diffusive effects may become significant in multiple-porosity (multi-region) media, 
where they can contribute to solute exchange between regions with mobile and immobile water, 
causing potentially.large dispersion of solute plumes (Gwo et al. 1996). All simulations reported 
here used a single~porosity description, and molecular diffusion was neglected. 

D.4.2.4 Two-Dimensional R-Z Model 

A first 2-dimensional R-Z model was specified to extend from the ground surface to a depth of 
40 m. Vertical grid resolution was 1 m down to 7 m bgs, followed by increased spacing of up to 
3 m., then finer grid spacing of O .3 m was used in the vicinity of the silt layer that extends from 
22.7 to 23 m bgs. Beneath the silt layer, the grid resolutj_on is gradually coarsened, and the grid 
ends at 40 m bgs with a layer thickness of 5 m. Free drainage conditions are employed at the 
bottom boundary of the model. Radially, the model also ~xtends to 40 m, using 40 :increments of 
1 m each. The model was run in two variations: 1) assuming the sand to be homogeneous, and · 
2) accounting for the presence of sub-grid scale layering in the sand by means of a composite 
medium approximation (COMA) (Pruess 2002). For the COMA model, it was assumed that 
90% of vertical thickness of the sand has properties as shown in Table D.63 for sample 2-i225, 
while 10% ofvert~cal thickness.is made up of tighter silt layers. For the latter, properties were 
asswned as given for sample 3-'-0589 (Table D.63), leading to COMA characteristic curves as 
shown in Figure D.95. · · 

Initial conditions prior to the fluid spill were obtained by running the model to gravity-capillary 
equilibrium for an applied net infiltration rate of 10 cm/yr at the land surface. Simulated 
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moisture contents are virtually identical for both models (Table D.64), and agree very well with 
moisture contents measured on samples obtained during drilling ofwell 299-E33-A5. 

Table D.64. Simulated Moisture Content for 10 cm/yr Net lbfdtration 

FaciesModel Sand . Silt 

1) homogeneous 5.1% 24.5% 

2)COMA 5.1 % 24.6% 

The fluid spill was modeled by discharging 346.7 m3 (91,600 gal) of water at a constant rate over 
a period of three weeks. The source of the spill was placed at a depth of 4.5 m, in the center of 
the radially synunetric model. A conservative tracer was added to the spilled fluid to be able to 
track it. Net infiltration occurs at 10 cm/yr at the ground surface. After three weeks, the spill is 
terminated, and the flow system is simulated for a period of 50 years, so that final conditions 
correspond to the year 2001. Results are given in Figure D.96 through Figure D.98. 

Figure D.96 shows total rates of fluid flow across three different horirons for the model with 
homogeneous properties for the sand. The topmost horizon is at 5 m bgs, immediately beneath 
the spill point, while the horizons at 22 and 24 m bgs are just above and below the silt layer. It is 
seen that response from the spill at the 22 m horizon occurs with a time delay of approximately 
4 x 1 o5 s, and a slightly larger delay at the 24 m horizon. Response to terminating the spill is 
almost instantaneous. The behavior of the COMA model is significantly different, (Figure 
D.97). There is a noticeable delay of water flow even at the 5 m horizon, and the del&y at the 
22 m horizon is approximately 1.3 x 1 Q6 s, much larger than for the homogeneous model. The 
response to cessation of the spill after three weeks (1.8144 x 106 s) is also delayed, as flow rates 
continue to increase at the 22 and 24 m levels. Peak flow rates occur after 2. 7 x 106 s at 22 m 
depth and after 2.9 x 106 s at 24 m depth. Peak flow rates are considerably reduced in magnitude 
and amount to only slightly more than half of the peak flow rate at 5 m depth. 1bis behavior is 
consistent with what is expected from stronger lateral flow effects in the C()_MA model, which 
would delay and dampen peak flow rates. 

Flow rates of spilled fluid for both models are shown in (Figure D.98) at the 22 and 24 m 
horizons. It is seen that the arrival of spilled fluid is delayed in the COMA model, and that its 
peak flow rate is somewhat reduced also. It was expected that the reduction of total flow rates in 
the COMA model (Figure D.97) would enhance capillary barrier effects atthe silt fay'er, and 
would produce an additional retardation effect between the 22 and 24 m horizons. The results as 
shown in Figure D.98 indicate that the COMA model indeed gives rise to more retardation in 
absolute terms (larger ~t between the breakthrough curves at 22 and 24 m)~ but the effects are 
not large, and the ratios of breakthrough times at 24 and 22 m are similar for both models. The 
peak flow rate of spilled fluid in the COMA model occurs after 2.85 x 1Q6.s (32.9 days) at 22 m 
depth, while at 24 m depth it occurs after 3.05 x 106 s (35.3 days). This modest delay is due 
primarily to increased fluid storage in the silt layer under wetter conditio~. Capillary barrier 

· effects (lateral flow diversion) at the silt layer are weak, due to the weak contrast in hydraulic 
conductivities at the relevant suction pressures of order 1 Q4 Pa. 
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Figure U.9t•. Simulat:t:d \\later Flow Rates Across Different Horizons for the Model with 
lfomogcneou.s :Properties for the Sand 
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Figure 0.97. Simnlate.d Water Flow Rates Across DiffcrcntHorb:ons for tbc COMA l\fo<ld 
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Figm·c D.98. Simulated Flow Rates of Spilled Fluid Arross Dim.•rent Ho1·izons fol' the 
Model with a Homogeneous Sand and for the COMA M.odcl 
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Muss .fractions of spilled fln_id aHer 50 years of simu1ution are she.rwn 111 Figure D.99, At Uri ::. 
time. all rnoisture contents have returned to their original (pre-spill) values, but considcrabk: 
amounts ()f spilkd fluids remain in the system. The COMA calculati()n (Figure D.99b} sho,vs 
n:iore lateral spreading and a somewhat slO\•Ver downward progression oft.he plume. The break 
provided hy the silt layer is insignificant in either t:a.sc. 

Figure D.99. Mass Fractious of Spilled Fluid after 50 Yenrs for the Model with a 
Homogeneous Sand (a) and for thli COMA Model (1)) 
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As was discussed above, the calculation presented here ignores the slope of the silt layer at 
22.7 to 23.0 m depth, and therefore will underestimate the effect of that barrier. However, if the 
slope of that layer indeed is as small as the most recent. estimate of 3 ·, then that layer may not 
have a significant impact. It does not seem possible .that retardation and liquid holdup at that 
layer could be greatly enhanced. It appears that a much greater contrast in hydrogeologic 
properties between the sand and silt layers and/or considerably larger slope would be needed to 
generate substantially stronger lateral diversion. 

D.4.2.5 Two-Dimensional Vertical Section 

A 2-dimensional vertical section model was set up to study the possibility of lateral displacement 
of the moisture plume m the downslope direction upon _descent. A 100 m (horizontal) by 60 m 
(vertical) section of 1 m thickness was modeled and subdivided with 1 m grid spacing, except 
that finer gridding of 0 .3 m was used near the explicitly modeled silt layer in the depth interval 
from 22.7 to 23.0 m (Figure D.100). The entire section was tilted against the horizontal 
direction; two angles of a, === 3 • and 1 o· were explored (Figure D .101 ). The section is oriented 
from southwest to northeast, perpendicular to the observed steepest slope of the silt layer near the 
23 m depth. Boundary conditions were net infiltration of 10 cm/yr at 'the top, free drainage at the 
bottom, and saturation profiles corresponding to steady flux of 10 cm/yr maintained at the left 
and right boundaries. Cases where net infiltration was. reduced to 1 cm/yr over part of the 
section, corresponding to net infiltration in undisturbed sediments beyond the tank farm 

. excavations, were also explored. These did not produce significantly different.solute migration 
and are not further discussed in this report. 

It is not possible to properly replicate the behavior of a fluid spill, which is intrinsically 
3-dimensi-0nal, in a 2-dimensional section model, because the relationship between volume and 
surface area of the moisture plume will be different. ,Applying the same spill rate in a 
2-dimensional as in a 3-dirnension~ model will give rise to larger moisture contents and water 
fluxes. The fluid spill was modeled in the 2-dimensional section by injecting water with a 
conservative tracer at 4.5 m depth over a 3-weekperiod at a rate that produced a similar moisture 
regime as the 91,600 gal spill did in the R-Z model. · 
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Figure D.100. Gridding used for 2-Dimensional Tilted Section 
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Figure D.101. Schematic of 2-Dimensional Section, Tilted by an Angle a, Against the 
Horizontal Direction 
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D.4.2.5.1 Exploratory Calculations. Inhia! cxploratoi-y calculations used a smaller sccticm of 
80 n:l length and 40 rn depth, The cornpnsitc medium description of the medium and the 
hydrogcologk propertieg nfthe explicitly modeled silt layer wen.~ the same as in the .R-Z model, 
Results tbr moisture contents .ind mass fractions of spiHed fluid at different time~ arn.i tilt angle:; 
of 3" and l O", respectivdy, arc given in Figure D.102 through Figure D, 105, wlwre injection \vas 
m.ude ut 4.5 m depth and 40 m lateral distance. h is seen that increased slope angle 1·esults in 
mrn·e plume spreading and more dm:vndip migration. The moisture plumes show that the 
explkitly modek·d sill layer provides very little fater • .d diversion. Also note that the moisture 
plume di ssip,Hes very quickly, in a matter of weeks. At later time, waler fl()wS return to the 
pattern from arnbient infiltration. ,md cnns~rvative solute is passively carried along in the 
a,.nbient flow· field. Ta .. ~ing the contour for a mass fraction of 0.001 as the extent of the St)lui.e 
plume, latcra.! extent of 1h~~ plt1me after 50 yr at the depth of the silt layer is estimated as 19 111 for 
T slope and :~J m fi.)r l ()° slope. Downdip migration as measured by tht: leading edge of the 
0.001 mass fraction contour is 15 m for 3'· slope and 28 m for w·· slope. T11e Hr numbers arc 
approaching tht'. range seen in field observations near icrnk BX-102, hut the 3•· values are too 
s1.na1L By visually i.dentifying the centroids of the solute pl urnes, the deviation of the plume 
trajectory fiom the sub-vertical coordinate axis can be estimated as l l J ' and 34.4 • f1.)r tilt angles 
of 3° und 10'., respectively, correspond-ing to angles of 8.3'' and 24;4" against the true vertjcal. 

The overall condusiolls frnm the simulations discussed above are that: l) lateral diversion and 
broadening of moisture and solute plumes are \.,,eaker t.ban observed in the field. and 2) for the 
hydrogcologic C()nditions and parameters used here. the explicitly modeled silt layer prnvidcs 
very little lakral d1version, Instead, luteral. !lo'w occur~ primarily li:-01.n an overall anisotropy that 
is due to sub-grid scale layer ing, ·1-1:ow can sub:,tantially stn:mger lateral flow be obtaint:"d? The 
simulations provide Jitt:k support for the idea th,1t lateral. tfo\v would primarily occur in spt~dfic 
.recog.nizablc !ayers. /\ . more plausible hypothesis is that (_sub-Jhorinmtal-to-vertical anisotropy 
may be considerably stronger tb.:ln assumed in the cib~wt~ models, Strnnger anisofrnpy is 
discu~scd in Sccti()n D.4 . L 
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f'i.gnn~ 0. 102. Simulated Moistm·c Content in a Model with Layers Sloping at an Angle 
of 3° Slope 
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Figure D.l 03. Simulated Mass Fractions of Spilled Flu.id after 50 )'l'ars iu the Model with 
3-- Slope 
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.Figure D.104. Simulated l\foishu·e Content in a Model with Layers Sloping at m1 Angle of 
HfSlope 
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])A.2.5.2 ModtJ with Strong Lateral Anisotl·opy. The strength of anisotropy nce..:kd to obtain 
lateral diversion commcnsurnt~ \.Vith observations tan be easily estimated, as fbllo"vs. Assuming 
thal the hydraulic conductivity tensor is aligned with bedding, volumetric lluxes parallel and 
perpendicular to bedding. are given by 

uh --· K h sin o. (5.1) 

Uy - K.,. cosu. (5 ,2) 

vvhen:. c, .. is I.he lilt. ungle. As a rough estimate . .it is considered that mo.istme migration should 
occur at a 45 " angle vvith respect tn the verticaL i.e., descending moisture plumes should be 
displaced s1tk\vays by as much as their d<Jwnward migratit)n. This requires th .. 'lt (sub~)horizontal 
and ( t;ub .. }vertical fltixcs he t~qual, S<:.) that 

cotu. (5 .3) 

This function is plotted in Figure D.106. Specifically, Jbr a -slope of3'', an anisotropy ofa "" 19. l 
is required. For a sl.Qpc of 3'J.:{), cc>rresponding to an angle of l . 72·· . an anisotropy of a "" 3 3 .J 
would be required. A possible approach would be to build a COMA model from individual 
hydr~ulk.conductivity functions available in Hanford-data sets in such a way as to obtain tfa~ 
di:.~sired anisotropy at a hydraulic conductivity corresponding !o ambient infiltration Hux, while 
also enforcing the constraint that vertil:al hydrnu.llc conductivity corresponding to that Hux 
should occur at a moisture C(mtent of 5~o. Here~ the sirnpkst model that can be n:utde .consistent 
with field obi;erv;_~tions is pursued. The characteristic. curves for sample 2-2225 continue to he 
used; and an anisotropy <.1f 20 independent of moisture content is imposed. In order to achieve 
this anisotropy, either K1i can be increased or Kv cnn be decreased or a con1bination of the t\VO. 

These revision:, may be made by appr(.)priate changes in Ks.hand Ks.v, the saturated hydraulic 
conductivities in sub-horizontal and sub-vertical directions, respectively . 

It was nowd above that the K(O) curve selected tz)r the sands pn.widcs a hydraulic conductivity of 
l O cm/yr, corresponding to the pn:surned <1mbicnt infiltration, at a moisture content of 
approxinm.tdy YV<'.I, in ,lgreemenl with fiel<l observations. If Kv ,,. .. ere reduced~ a larger moistun~ 
content would be required t() achieve a conductivity of l O cm/yr. For example, reduction of Kv 
by a factor 20 would cause an lrn.:teasc tQ 0 ·-· 8 %, which i.s ruled out by the field metl'iuremt:'.nts. 
Kv is esscntiaHy fixed by the observed moisture content.. To obtain an anisotropy of 20, K1 1 must 
therefr1re be inl"reascd by a factor of approximately 20,. or slightly less if a small reduction in Kv, 
that would still bt' consistent with a moisture content near 5~:✓.-l , is consi.dered. This requir('.S 
Ks.h --- 110 x 10-12 m2 (-- 110 darcy) in the (sub-)horizontal direction, a val uc that seems 
unreasonably large. HO\vcvcr. in the model. Ks.h is merely a calibration parameter that is used tn 
obtain the desired flow behavior and anisotropy for unsaturated conditizmJ,,:. Conditions remain 
tmsatumtcd in the simulation so lhat Ks ,h is n<.)t actually engaged in the caJc.ulation. and no 
particular significance ~hnuld be lHtached to Hs value. At ambient cnnditions of 10 cm/yr net 
irifiltration, hydraulic conduGtivity in the ve11.ical direction is J. l 7 x I o-9 mis, corresponding to 
an effrctive penn.eability of 0.317 >< 10-15 m2, or 0.317 millidarcy. For an an.isolrnpy fa.ctm 
of 2t\ horizontal dlective permeability is t.hen 6.34 x l ()· 15 m2, a value that does not seen'l 
unreasonably large .. 
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Figure D,10(• • Horiz.ontal.-to-Vt!rtkal Con.dudivity Anhwtnlp}' Required for Moisture 
!\'1igra:tion to Occur at a 45'' Angle with Respect to the Vc1iicalt as a Function of 

Layer Slope 
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In praetieal applications. the K:r•parameter in van Genuchkn '·s fonnulation (1980) is ofren 

interpreted as a fit parameter fr>r J~sctibing unsaturated flnw, and it may be considerably 
different from the trnc saturated hydraulic conductivity. Khaleel et aL (1995) examined the 
application of van Genuchten-~.-foalcrn relationships to unsaturated hydraulic conductivity m low 
water contents. Their imalysis showed that. \Vhen K;; is adjusted w match unsaturated 

conductivities in the dry regime, saturated hydraulic conductivii:y rnay he overestimated by as 
much as two ()rders of magnitude . 

Results for the case w-ith anisotropy a''' 20 ind~pendcnt ofmoistnrc tension are given in Figure 
D. I 07 thrc:iugh Figure DJ i 1. The 11~jcction point ,vas located al 4 . .5 m d~pth and ut a distance of 
21 m fron:1 tJw ten boundary . lt is seen that moisture and solute plumes n.ow move along a · 
trajectory that is uppr.oxi.mately 45 ' a-vay from the vcrticat as expected. In addition,. the plume 
;:;preading is cnhanrcd n:lativc: to the c:arl.icr cases of weaker anisotropy , so that moisture contents 
decrcas(~ more rapidly (compare Figure D.107 with Figure D.102 and Figme D. l 04). Figmc 
D.108 shows that substantial c.onccntrations of spilled fluid migrate over lateral distances of 
30 min a matter of a few weeks. Figur~ D. l 09 was included to show that a.Her some years, the 
moistnn:. plume is completely obliterated. indicating that over mm,l of the time period. since 
1951 , solute transport occurred in essentially unaltered ambient flow fie-l.ds . M,rns fractions of 
spilled fluid a:fk~r 8.65 years show a broad dist.ribut.ion that covers the region ·where strong 
signals from uranium in the spilkd fluid were deteded (Figure D.110). The explicitly modtl.ed 
si lt fo yer (22.7 to 23 .0 m depth) provides an insignificant increment oflaternl diversion, even 
,vith the enhanced horizontal conductivity . Afrer 50 y1·, corresponding tc, the y~ar 2001 , most of 
the spilled Jh.1id has migrated to greater depth, due to the flushing action nf infiltration at. the land 
smfac:e at a rale of l 0 cm/yr {Figure D.111 ). Of course, if net infiltration \.Vere smaller less 
downward mignit.ion would occ.ur . 

-------------------············· ............ _________ _ 
,\rrn .... 12i·; J) .. 255 December U , 2002 
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The modd with anisotropy a '" 20 may be considered calibrated to fidd observations of moistun: 
contents ,md soluk travel. Simulated llloist:ure c<mknts fr,i- natural infiltration conditions n.~main 
urn;hangt::d when (sulHhorizontal conductivities are increased. and agree ,vith qbservcd values of 
approximately 5%) throughout most of the section, and approximately '.J:4% at the silt layer. 
Solute transport behavior is in general agreement with field observations, \Vhich suggests that 
solute moves comparable distance in lateral and dowmvard directions. lhis calibration was 
acbk'.ved for a realistic value of 3" for layer slope. and usinglaborati)ry~mct-1sured characteristic 
curves (sample 2-2225), the sole adjustment being the introduction of an anisotropy ratio of 20. 

One aspect of fidd observations not reproduced by the model is the pcrsiste11ce of solutes 
throughout the profile, Severn! possible efiects may he cousidert:'.d tn explain this. The modd is 
anisotropic hut t:'.Ssentially homogeneous. except for the singk <.~XJ)l.i<.'. itly repn:.scnt.ed $ill l<1yer. so 
that all solute, travels with voiume-averaged vdocit.ii?.s. ln reality , there may he multi-region 
behavior, ,vit.h wat.er fluxes much smaller in so.me places thun in others (e.g,, al the base of the 
tank form excavation ·were soil was compacted and concrete spilled), S() that some of the solutes 
are subject to much less flushing action than others. Anoth<?.r possible hydrogeologic eHect 
could be that net infiltrati{m decreases towards t.h('. ambient value of 0.5 to l cm/yr avvay from the 
region \iii th consttuct.ion-di.sturbed iattd surface, slowing the dowmva.rd Hushing action .. 
.Persistence <if solutes at shaJl.ower horizons may als<J involve chemical effects. such as 
precipitation, compl.cxation. an<l sorption that could r¢duce the rn<)bil.ity of radionudide species. 

Figure l).107. Moisture Plume fo•• Anisotropy a= 20 at 38.26 Days after Start of Injection 
Tbt l.ujection Point was Located at 4.5 m .Oepth and at a Distance of21 m from the 

Left Boundary. 
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Figure D.108. Simulated Mass Fractions of Spilled Huicl after J8.3 D:,ys for 
Anistotrnpy a::: 20 
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Figure DJ 09. Moisture Plume fot· Anisotropy a = 20 at 8.€>5 yr after Sta11 of htjcction 
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Figure D.110. Simulated Mass Fr,,ctfons of S1>illed Fluid after 8.65 yr for 
Anistotropy a = 20 
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:0.4.2.5.3 .Model with Horizontal Layering and Strnng :Latcra.l Anisotropy. Th~ strong 
anisotrnpy invoked in the pi-eceding section in conjunction with sloping layers leads to 
tr~jectories of t.hc rooisturc and solute plumes that m~ considerably otfset from the venkaL The 
enhanced (sub-)horizomal hydrat1lic conductivity \vill also accel.erate lateral plurne spreading, 
from capillary effects, ~md it is of interest to examine how much lateral migration can ht' induced 
by capillary t:·ffects alone. ,vithout an overall advective displacement from sloping layers. 
A.ccordingly, a 2-dimensional vertical scdion 1.nodel identical to the one presented in 
Section D.4 .2.5,2 wa~ studied. bm asswning that all layers ar~ strictly horizon.taL For the case 
with horizontal layering, injection was made i11to the c?ntcr of the model , at a distance of 50 m., 

Results h)r simulated mass fractions of spilled fluid. a.re given in Figure D.11 2 and Figure D, l 13. 
lt is seen that lateral broadening of the phtmt> as mt:'.asured by 1he 0.001 .mass fraction contour 
axnounts to approxirnat.ely 13 m, which is considcrahly smaikr than lateral solute mig.rnri.nn 
<>bscrvcd jn the field. There is very li!tle1 if any, transverse plume broaikning between 8.65 yr 
and 50 yr, which is explained from the absence of any driving force for lawra1 flow a.tkr 
moisture contents have rt)tlirncd to ambient levels. 

Figure D. U2. Simulated Mass Fractions of Spilled Fluid after 8.(;5 yr for a System with 
Horizontal Layers and au A.nistot1·op,-· a = 20 
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Hgtn-e D.113. Simulated Mass Fractions of Spille-d Fluid after 50 yr for a System with 
Hori1.ont:al Layers and an Anistotro1>Y a = 20 
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The case \Vith horizonta.l layering was also nm in the R-Z model (Figmt· lU 14}. Transverse 
plume broadening is consistent with results from the vertical section model. There is sLronger 
lateral migration than in the cases with no or weak moistLnc-tension dependent anisotropy; 
compare Figure D.91 . 

From these results, il is con.duded that capilla(vvdrivcn plume broadening i1> an important 
process, but is insullkient to explain lateral migration of ~;olutes over distarn.:es of 20 m or more 
that \Vere observed in the field. 

There is much lc~s transverse plume broadening for the system with horizontal layers than was 
observed Ji.)r sloping layers with strong an.isotropy (Figure D.110). These ditfrrcn,'.es are due to 
numerical disper:sion ; sec Section D.4.2.6 belo\'v, 

-···············----------- ----------------------
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Fjgure D.114. Mass Fractions of Spilled Fluid for a System with Horizontal Layers and.an 
Anistotropy a = 20 
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D.4.2.6 Space Discretization Issues 
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Propagation of moisture and solute plumes in finite difference grids is subject to space 
discretization errors, which introduce artificial numerical dispersion into solutions to flow and 
transport problems. Here, a brief analysis of such errors is presented to shed light on the strong 
plume broadening observed for the case with strong anisotropy (Section D.4.2.5.2). 

Using a multiphase notation, Richards' equation for unsaturated flow in an anisotropic medium 
A . 

with permeability tensor k can be written 

a 1 Ii ~ ) 
8t ~S = µ div\kr k(VP cap - pg) . (6.1) 

Here, <I> is porosity, Sis liquid saturation, µ is viscosity, kris relative permeability, Pcap is . 
capillary pressure, pis fluid density, and gis acceleration of gravity. In writing Equation (6.1), it 
is assumed that fluid density and viscosity are constants throughout the flow domain. From 
Equation (6.1), a mass balance equation for solute transport is given by 

.£.~SX = l_div(Xkrk(VPcap-pg)) (6.2) 
at .µ 

where X is the mass fraction of solute in the aqueous phase. Equation ( 6.2) includes only 
advective transport · A more complete formulation should consider molecular diffusion and 
hydrodynamic dispersion as well, but here, effects of finite difference space discretization on the 
advective te~ are of interest. The special case of advective transport in a homogeneous but 
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anisotropic unsaturated medium at constant saturation: throughout, as is appropriate for steady 
infiltration, is now considered. Then krand Pcap will also be constants, and Equation (6.2) 

simplifies to 

(6.3) 

The analysis is specialized further to two dimensions and considers a permeability tensor whose 
principal axes are aligned in the directions parallel and perpendicular to bedding. This results in 

" kg = ep kp gsina. + eq kq g cos a. (6.4) 

where ep and eq are unit vectors parallel and perpendicular to bedding, kp and kq are the principal 

components ofthe permeability tensor, and a. is the slope angle. Equation (6.3) becomes 

a krPg l . ax axJ - X = - -- k sma.- + k cosa-
ot <j>S µ P op q Bq 

(6.5) 

This is a first-order hyperbolic equation, which describes mass transport with components of 
pore velocity in p and q-directions given by 

Vp = krkppgsina/ cj>Sµ 

Vq = krkqpgcosa./cj>Sµ 

Substituting finite difference approximations for the first~order space derivatives in 

(6.6a) 

(6.6b) 

Equation (6.5) is tantamount to adding higher-order space derivatives. For a grid system aligned 
with the principal axes of the permeability tensor, the second-order term appearing on the r.h.s. 
of the space-discretized version of Equation (6.5) is found to be (Pruess 1991) · 

hl . cPx cixJ 
- vp-2-+vq-2-
2 cp 8q 

(6.7) 

where h is the grid spacing. Space discretization is thus seen to introduce anisotropic diffusion 
with di:ffusivities of vph/2 and Vqh/2 in p and q-ditections, respectively. The corresponding 
dispersivities are egual to half the grid spacing. · 

In a grid system where nodal lines are aligned with horizontal and vertical directions ( a. = 0), 
numerical dispersion in the horizontal direction is seen to be exactly zero, so there will be no 
artificial transverse pluine broadening in this case. For the model with strong anisotropy 
presented in Section D.4.2:5.2, pore velocities are approximately 2 rn/yr in .both p and 
q-directions, whic~ for the h = 1 mgrid spacing used, gives rise to numerical dispersion.with a 
diffusivity of D = ·1 m2/yr =3.17xl0-8 m2/s. This is more than an order of magnitude larger than 
typical solute diffusivities in free (bulk) water, and more than two orders of magnitude larger 
than effective aqueous phase diffusivities under the rather dry conditions in the Hanford. 
sediments. Lateral plume broadening from this numerical diffusivity can be estimated as 
y = .J2Dt ,which corresponds toy= 4.16 m after 8.65 yr, and y = 10.0 m after 50 yr. This 
numerical artifact explains why the solute plumes in the tilted grid system used for the case with 
strong anisotropy are significantly broader (Figure D .110 and Figure D .11 i) than those for the 
system with horizontal layers in which the grid is aligned with horizontal and vertical directions 
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(Figure D.112 and Figure D.113). The trajectory of the solute plume, especially the large lateral 
diversion for strong anisotropy, is not affected by numerical dispersion. 

Although the origin of the solute plume dispersion in the simulations is numerical, the effect is 
not entirely artificial. Indeed, heterogeneities of the medium will introduce a physical 
(hydrodynamic) dispersion due to spatially and temporally variable flow velocities. The 
numerical dispersivity of 0 .5 m that is present in the calculations may well have the right order of 
magnitude for approximating physical dispersion on the length scale analyz.ed in the simulations. 

D.4.2. 7 Three-Dimensional Model 

In order to avoid artificial effects encountered in 2-dimensional vertical section models, a fully 
3-dimensional model was set up with specifications that closely correspond to the 2-dimensional 
section with strong lateral anisotropy presented in Section D.4.2.5.2. As shown in Figure D.l 15, 
the model domain is a parallelepiped with Y'-Z' dimensions identical to those in the 
2-dimensional section model (Figure D .100), while a thickness of 50 m was used in the 
X-direction. The Y' and Z' coordinate axes in Figure D .115 . are denoted with primes to indicate 
that these axes are attached to the parallelepiped ("body-fixed" coordinates), which as a whole is 
rotated around the X-axis to represent the sloping of sedimentary layers at the site. The Y' axis 
points in northeasterly direction and in the 2-dimensional section had been rotated downward 
by 3 •. During the course of this study, updated estimates for the slope of sedimentary deposition 
in the vicinity of BX-I 02 became available. Analysis of geologic markers corresponding to thin, 
semi-continuous silty fine sand layers in the H2 Hanford formation unit identified a slope of 
a= 1.5 - 2.0 degrees [tan(a.) = 0.03] dipping to the north-northeast Accordingly, this was the 
slope used in the 3-dimensional model. In order to preserve the feature of the 2-dimensional 
model with strong anisotropy that (sub)horizontal and (sub-) vertical volumetric fluxes should be 
approximately equal, anisotropy was specified as a= cot(a) = l/.03 = 33.3 (Equation 5.3). This 
will cause flow to proceed at an angle of 45· with respect to the vertical. All other 
hydrogeologic parameters were identical to those used m the 2-dimensional section model. Grid 
spacing was generally 2.5 min X and Y'-directions, 2 min Z ' -direction, with smaller increments 
used in the Z' -direction at and near the explicitly modeled silt layer at 22. 7 - 23 .0 m depth. The 
calculational grid has a total of 15,543 blocks. Boundary conditions were the same as in the 2-
dimensional section, namely, net infiltration of 10 cm/yr at the top, free draihage at the bottom, 
and saturation profiles corresponding to steady flux oflO cm/yr maintained at the left (Y' = 0) 
and right (Y' = 100 m) boundaries. The fluid spill was modeled by injecting water with a 
conservative tracer into a grid block with 2.5 x 2.5 = 6.25 rn2 footprint area and 12.5 m3 volume 
located at Z' = -5 m depth, at a distance of Y' = 21,.25 m from the left boundary. A total of 
91,600 gal (346. 7 m3) was injected at constant rate over a 3-week period. Bec~use of symmetry, 
only a 25-m thick section extending from X = 0 to X = 25 m needs to be modeled; the X = 0 and 
X = 25 m planes were modeled as no flow boundaries. 
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Figure D.115. Definition Domain of the Three-Dimensional Model 

X 

I 
I 

I 

z· 

I 
I 

------100 m -------

50m 

I 

}------ ---
/ 60m 

Results for the 3-dimensional model are given in Figure D.116 through Figure D.118, and Figure 
D.120 through Figure D.125. Figure D.l 16 shows total water flow rate across three horizons at 
different depths. For ambient in.filtration at a rate of 10 cm/yr, the volume infiltrated into the 
modeled domain in one year is V = 25xl 00xcos(l .7184°)xO.l = 248.89 m3. The total 
background mass flow rate is then 

Vp 
q = - = 

t 

25 x 100 x cos(l.7184°} x 0.1 x 999.213 

365.25 X 24 X 3600 
= 7.912 X 10-3 kg I s .(7.1) 

The water density of p = 999.213 kg/m3 corresponds to conditions of (T, P) = (15 °C, 
1.013 x 105 Pa). In response to the fluid spill, flow rate across the Z' = -6 m horizon increases 
until injection ceases after 3 weeks (1.8144 x 106 s), and then quickly returns to the ambient rate. 
At deeper horizons, the fluid pulse arrives with much reduced amplitude, refl~cting the 
weakening of the moisture spike as the plume broadens from capillary and dispersive effects (the 
latter being due to numerical dispersion (Section D.4.2 .6). Figure D.117 and Figure D.r18 show 
that the moisture plume weakens rapidly with time. After one year, maximum increases in 
moisture content are 0.6% above the background value of 5.1 %. Accordingly, the disturbance of 
the ambient -flow field due to the fluid spill is rather short-lived; moisture contents are essentially 
back to ambient values after 1 year, and solute movement subsequent to this time occurs in an 
essentially unaltered ambient infiltration field. The silt layer is visible in Figure D.117 and 
Figure D.118 as a linear feature with elevated moisture content. 
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Figure D.11.6. Water Flow Rah~ Anoss Tlm.~e Horizons at 6, 22. and 50 m depth, 
respectively, shown on l.hgaritbmic time scafo (top) and linear time scale (bottoni) 
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Figure 0.1.J 7. ·Moisture ])istribution in tht.~ Vt.~rtical Plane X = L25 m after 38.26 days 

0 -----..---,r-;;1;:-;b-,,.-.e-. -.,-.,-. _-;-:?-;;S~.,;.::;-,_6:::-_ .. -d7i,-J-·s7· -------~ 

-10 

,-.. -20 
E -,.r:; --30 -a. 
cu 
0 

-40 

.. 50 

-60 

.. 

0 2:0 40 
Distance (m) 

tJ.OS5 
(), ()8 

) 117 

()J/6 

.Jfoistmir. 
U>l1h?lli 

80 100 

Figure l).118. Moisture Distribution fo the Vcrtk.d Plane X = 1.25 m aftc1· 1 yc-ar 

.. 10 

- -20 
E --.c -30 ,..., 
Q.. 
(!) 

0 
.40 : 

.. so .. 

-60 
0 20 40 80 

Distance (ml 

D-266 

0.057 • ., ,. . 

lta.56 • 
JJ.05.5 

(f054-
Nt053 

1 0 

Dcct:rnber LL 2002 



:,:,•.••: 

......... 

::······· 

•.• ❖. •. 

:•:•:•:•. 

RPP-10098, Rev. 0 

Solute migration is considerably retarded relative to th~ propagation vel.oc.ity of a moisture 
distl1t'bm.1ct~. In a. partially saturated medium with rnnisture co11tent O "'' 41S, where $ is porosity 
aud S liquid saturation,, migration of a cons~rvativc tra;:'.er in a flow field with Darcy velocity 
(volumetric flux) u occurs '>Vith a velocity 

u 

0 

Equation (7,:2) is valid fi)r a single-porosity medium. in which soluk is distributed locally 
uniformly throughout the porcwater. Under ambient conditions, e ~~ 0.05 , so that for an applle'(i 
volumetric flux of u = 0.1 m/yr, tracer propagation velocity is Vt"' 0.1/0.05 === 2 m/yr. Some 
complications arise Jc.H' anisotropic media. Consider a si.tnation as depkted in Figure D. l 19, 
\\twre gravity-driven seepage proce,~ds in a domain J at. a velocity v1, then encounters an 
interface below which there is au anisotropic medium. Suppose that the principal axes. of 
anisotropy ,ne rotated against the horizontal and verticsil directions in such a ..,,.·ay that flO\A/ in th.:.~ 
anisotropic domain 2 proceeds with vdodt.y v2, at an angle I> against the horizontal direction. 

The cross-sectional area for flow is then reducl?.d by a factor sin(f~), and conservation of volmnc 
den:1ands that V2 sinf:1 = v1, so that v2 - v1/sinB . Forv1 "" 2 nv'yrand fl "" 45 '·, 
v2 = 2 .828 rn/yr. The rnte of do\vnward adv:mccrnent in domain 2 is v 2 sin t3 .... v1• unaltered 
fronl that in do1nain 1. 

:Figure D. tl~). Gravity-.l}d,,cn Seepagt• in an Anisotropic Medium 

The inigrntron velocity of saturation (moisture) disturbances in gn1vity~driven flow is given by 
(Pruess l 991) 

kpg dkri 

~µ dS 

,::dkr!/dS 

41 krl 
(7.3) 

·where k is absolute permeability, p and. ~l are liquid density and viscosity , respectively, g is 
acceleration of gravity~ and ki:1 is relative penneability, ' l11e ratio of tracer velocity rdative to 
th..=u of moisture disturbance:, is 

~ .... -- kr1/ S 
vs d krifdS 

(7.4) 

,\ppi,)_.,1213 D-267 December 13 , 2002 



RPP- J 00.98, Rev, 0 

Hccaus~~ relative pcm1eability functions are concave upwmd (positive cu.rvamre), this ratio is 
ahvays less than 1 and will attnin smafl values where the slope of the rdative penneahility 
function kri(S) is large. These notions are borne 0111 by contour diagrams of snlute plumes at 
d.ii:1:b:ent times shov,,n in Fig.urn D.120, Figure LU 21; Figure D.123, and Figure D.125, 
38.26 days aller the beginning of the spill, conservative solute is just arriving atthe silt !ayer at 
2:J rn depth. The movement of the center-ot:..m;1ss oft.he solute ph:une in l year is comparnblc to 
that of tht~ moisture plume in 38.26 duys; compare Figure D.12 l with Figure D. l l 7. Aft.er 
8.65 yr, the center of the solute plume has just passed the silt layer. Lateral broadening of the 
solute plume in the X-<lirei..:tion (Flgurc D.115) occ.ms only as long as elevated moi:;ture co1ttcnts 
give rise to capillary-driven sidcvvays i1mv. Comparing Figure D. 122 and Figure D.124, it is 
sce,n that despite considerable longitudinal elongation, there is no forther lateral broadening of 
the solute plnmc after the moisture phmte has dissipated . . After 50 years, only smfill solute 
co11ct~ntralioi1s ren'lain at the silt layer, and most of the s,)lutc has rnigratcd b.elow the bottom 
boundary of the rnodel domain (Figure D.125). From the vdocity estihmte made from 
Equation (7.2), it is expected the center of the so l.ute plume near - 100 m depth at that t1me. Note 
that these cstirnates were made Jbr a single-porosity medium; ifpoorly a<.:ccssible pore regfrms 
arc present into which solute may diffuse, then larger rtmcent.nHions could persist at shallo\VCr 
levels for longer tirnes. 

Tracer breakthrough curves (fffCs) at different depth horizons are shown in :F igtm.~ fU.26. 
· TlK'SC . data n~present Ho-..ving concentrations averaged over ph·m.cs <lt different depths Z', and 
\v\:~re computed as X "" { flow rate of spilled V•'Uter}i{tolal rate of water flO\\'}. At the 22 m 
horizon, there is a double~hump structure, which arises trom the interplay of larger solute 
concentrations being propagated nwre rapidly near the center of the pl.time, and the later ,1nivaJ 
of the hulk of the solute inventory in the more diffuse fringe (Pruess 2002), Increasing dilution 
eHcds are evident from the lovver amplitude and broader peaks in the HTC at dt~cper horizons. 

Figure\ D.120. Solute Jlistribution in tht\ Vertical Plane X = l.25 m after 38.26 days 
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Figure l)-J2.1. Solute Distribution in the Vertical Plan(' X = 1.25 m after l year 
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.Figure D.U3. Solute Distribution in the Vertical J>lanc X = 1.25 m after 8.t;s years 
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figure D.125. Solute Distrihuti.on iu tbc Vertical Plane X = l.25 m ~ftt.\r 50 ye:1rs 
·· 0 Time ,~~'. J() vr i 
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Figure D.126. Tracer Breakthrough Curvei,; at l)ifforeut Depths, on Logarithmic Time 
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D.4.2.8 Conclusions 

The key to substantial lateral flow effects. is the strong anisotropy found in the layered sedhn.ents 
of the Hanft.ml vadose zone .. [n a layered system, hydrnn1ic condudiv.ity parnllel to bedding may 
he much larger than in the perpendicular (do\.vnward) direct.ion. This will cnl1ancc lateral flow, 
and in systems with sloping layers, migralion of moisture as ,vell as solutes may be offset from 
the vertical by large angles. Enhanced (sub~) horizontal conductivity also accdcrat.es plume 
broadening and latt~ral spreading from capiilary forces. 

This study bas investigated mathematical modds for moisture and solntc migrati011 at tank 
BX-l 02 that are constrained by field observations and laboratory mea<;urc:ments on sampks, Th(~ 
models are capable of reproducing observed moisture contents and flow ru1d transport behavior, 
and provide useful insight into fl.ow and tmnsport mechanisms affecting fluid spitls. A key 
finding is that enhanced lateral flow cannot be attributed to strong .flo,v diversion at a frw major 
layc:.-~rs , but is caw,ed by strong anisotropy throughout, due to pervasive multi-scale layering of the 
sediments. 

An as yet tmi-esolved prob I.cm is the observed persistence at. relatively shallow depths of solutes 
that prcsltmably have limited reactivity ,vith the sediments. Volume-averaged models of 
unsaturated seepage imgge:,t that these solutes sh()t1.ld have been flushed downward by ambient 
infiltration. A possible hypothes is is that their persistem:.e may be caus(~d by local variability .in 
infiltration Huxc,s and exchanges b etween regions with d.iffci-ent moisture mobility, 
Alternatively, they rnay becorne immobiliz,'.d chemically due to sorption, compkxat:ion, or 
precipitation, 

The main findings of this stndy can be summarized as follows: 

• lJranillm-238 transport has oc-curred in a single stratigraphic m1iL H2, \,;,'hich extends 
from depths of 35 ft to 170 fr ( 10.67 to 51 ,82 m). and \vas described by Lindsey et al, 
(2001) as a coarse to mcditm1 sand, Despite the "homogeneous'' lithologic dass.ification, 
large-scale lateral migration of uranium-238 has been observed. 

• Laleral migration of unU1ium-238 from the BX tank farm extends beyond the dry wdls to 
at least 299-EJJ-41. a RCR.A well an additiona l 100 11(:10.481n) to the northeast ()f the 
contemporary BX-102 borehole (i.e., 299-E33-45), indicating lateral migration of at least 
170 ft (51.82 m) at a vertical. depth of 137 ft (41.76 m). 

• Cores from the contemporary bord101es 299-E33-45 , 299-E33 -46, and 299-E33-338. 
examination oflogs thmt nearby .RCRA wells (i.e., 299-.E33-4L 299-E.33-339, 
299-E33-42), and neutron moisture logging of dry boreholes 21-27-02. 21-27-09, 
21 -27-Ht and 21-27-11 indic,1te the pn~~ence of continuous, thin (1 to IO cm). silty fine 
sand layers al depths of 75 ft (22.86 m), 100 Jl (30.4i m ), and .t 20 ft {36.58 m) within the 
H2. These l;rycrs exhi.bit a 3% slope that dips to the northeast which is C<msistcnt -.vith 
the ground surface slope outside of the distmbed areas of tl1c tank forms and the 
predominant axi.s oft.he ura.i1ium-238 and antimony-125 distributions. 
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• Modeling results suggest that the few (2 or 3) semi-continuous silty fine sand layers that 
have been identified in the H2 unit cannot by themselves account for current moisture 
contents and radionuclide distributions to the east and northeast ofBX-102; 

• Capillary-driven plume broadening is an important process, but is insufficient to explain 
lateral migration of solutes over distances of 20 m or more that were observed in the 
field. 

• Large permeability anisotropy ratios (20 or more) are necessary to simulate the lateral 
uranium-:-238 migration and distribution. In order to preserve the observed moisture 
contents, horizontal permeabilities were enhanced in our model, as opposed to decreasing 
the vertical permeabilities. 

• The current interpretation, based on observations at the field experiments, is that there are 
numerous, discontinuous, low permeability laminations/lenses in the H2 unit oriented 
with 3% general slope towards the northeast. Liquid migrates sub-horizontally along a 
lamination until the lamination terminates or is weak enough to allow breakthrough, 
whereupon it migrates vertically until encountering another lamination. 

• Simulations that approximate field observations of soil moisture and uranium extent are 
consistent with a very rapid transport (i.e. , 4 weeks) from the 1951 tank BX-102 source to 
the present location. This agrees with historical accounts as well as gross gamma logs 

. . . 

from 1975 to 1990, which indicate that uranium-238 and antimony-125 mass has 
remained stable at most depth intervals when correc~d for radioactive decay. 

• The depth and extent of the antimony-125 plume is consistent with a more recent (late 
1960s and early 1970s) cesium-13 7 recovery waste released from the vicinity of BX-101. 
No specific release event has been identified as the source of this antimony:.125 
distribution, but the relatively short half-life of 2. 758 years constrains the event timing to 
a PUREX supernate processed at B Plant in the identified time frame. 

• The driving force for moisture redistribution of the 91 ,600-gal pulse in 1951 is 
. significantly diminished within a few weeks of the end of the release, whereupon 
recharge becomes the principal driving force. · For a 10 cm/year recharge ·with 
5% moisture content, the nominal pore velocity and transport rate is 2 meters per year . 
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D.4.3 CESIDM-137 REACTIVE TRANSPORT MODELING AT TANK BX-102 

Steven B. Yabusaki1, Steve C. Smith1, and Carl I. Steefel2 

1Pacific Northwest National Laboratory, Richland, Washington 99352 
2Lawrence Livermore National Laboratory, Livermore, California 94550 

D.4.3.1 . Introduction 

In the present study, a one-dimensional reactive transport simulator was used to model 
cesium-137 subsurface migration from the BX-102 overfill event in 1951. The reactive transport 
model was parameterized using a series of Cs-13 7 adsorption measurements in B tank farm 
sediments. The objective of the modeling was to determine if the deeply distributed Cs-137 
observed in borehole 2 i-02-04 could be naturalized as wsulting from transport through sediment, 
or whether an alternative pathway ( e.g., migration down the borehole casing) need be evoked. 

AB part of a tank leak investigation at BX-102 in 1970, 19 boreholes were installed to determine 
the spatial extent of a suspected release of tank waste (Womack and Larkin 1971). The 
additional boreholes identified the origin of a gamma-emitting plU.Qle at tank BX-102 with a 
likely source at the tank footing 40 ft (12 m) bgs on the southeast side of the tank near borehole 
21-02-04, where the highest gamma ray activity was detected. Borehole 21-02-04 was also the 
only borehole in the area drilled to groundwater. 51 kCi of cesium-13 7 were estimated to have 
leaked according to Fraser and Larkin ( 197 4) and cesium-13 7 was detected in the groundwater at 
21-02-04. Recent spectral gamma logging of borehole 21-02-04 in 1997 and 1999 identified 
cesium-13 7 concentrations sufficiently high to mask other gamma emitting radionuclides in this 
borehole. Figure D.127 is the Cs-137 concentration distribution with depth measured in 1999 
with a special high-rate logging system (DOE-GJO 2000). Although cesium-137 below a depth 
of 83 ft (25 m) has been attributed to borehole effects at 21-02-04, there have been changes noted 
in the distribution of cesium-13 7 between 1970 and 1999 that have been interpreted as cesium 
migration (Randall and Price 1999). 

It is likely that many of the radionuclides identified by the gross and spectral gamma logging 
predate the 1969 event that triggered the installation of the dry boreholes. Under this scenario, a 
large volume waste release would have been necessary to drive the uranium plume to its present 
position to the east and northeast ofBX-102. The only documented large-scale release of waste 
at BX-102 was found in a recently ( 1992) declassified Hanford Works Monthly Report dated 
February 1951 (General Electric Company 1951) that described an overfill event at BX-102 that 
resulted in the release of91,600 gallons (346.7 m3

) of metals waste over approximately three 
weeks. In addition to cesium-137, the metals waste contained depleted uranium and elevated 
concentrations of sodium and bicarbonate from B Plant extractions. 
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Figure D.l.27. Cesium-137 Concentrations in Borehole 2 1-02-04 Measured with EHgb Rate 
Logging System (DOF>G.JO 2000) 
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A series of cesium a<ls()rpli<>n cxperim.ents were performed to idcntif),. and characterize ion 
cxchangr behavior in l r<.-1 :r,faN03 and l M NaUC03 electrolyte solutions over a large range of 
~csium concentrations, Concentrations ofthc Na\ NO.,-~ and HC()]. are of the same order as 
comparable c.<)tnponents fn:m1 the n1ctals was1e in tank BX-102 al the lime of the 1951 overfill: 
cesium ..::onc(;ntrations in the waste are bracketed by th~ larg.e nmge nf (.;esium that was tcst.cd. 
Th~ matrix of 32 batch mcasun:-ments is summarized in Table D.65. Al l experiments \Vere 
pt~rfhrmcd in replicate. 

Table l).<,5 . . Matrix of Adsorption Measurements 
-·-- ··---·················· .................................................................................................... ···--·-·---------------, 

I::LECTROL Y'fE SOLUTION 
I SE OIMEN'(· l ;i·;:~N:~:,_;······································· ·······························1··~;1;,;;;·;.(::C)J 
i -------···-·-·········-··-········ ······ ····· ··································· ······ ·· ·· ····· ···· ······· ·· 

Upper 13 
Composite 
Scdimen! 

Lower B 
Composiie 
Sediment 

Initial Cesium (()nc~nlralion (M!U: 

10·:, 10-\ 10-J, io-4, Hr", l(r\ 10·\ 10-~ 

lniiial Cesium Corn:entration (M'L): 

w·3, w•:1. w-::, 10-\ Hr\ rn·6J<Y\ 10·•i 

foitial Cesinrn Conecntrafam (tvl/L): 

rn- 1
• 1cr\ w). 1(r', Hr', io ·<,, Hl ' ,IO·'' 

Initial Cesium Conc~ntnttion (M/L"}: 

Ht ', 10·1. rn·\ lW\ Hr\ 10·\ rn ·', t(r'J 
..................................... ,, _________________ ......... ,, ......................................... ................................................... . 
···········--·····-·---------------------------------------------
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l).4.3.2.1 S~diments. Two B tank fam1 < 2 mm composite sediments from RC.RA. monitoring. 
wcll 299-E33-337 ,-vere used: an upper cmr1posite representing the depth interval 36 to 70 ft hgs, 
and a )0\-vcr composite representing the depth lnkrval 75 to 120 ft bgs. The preparation and 
charact:eri;r,ation of these composite samples arc described in detail in Zacharu ct ul. in 
Section D.1 ,L 

U.4.3.2.2 Cation .Exchange Ca pa.city. Cation ex.c.hange capacity was measu.red using a 
sequential extraction of the B tank farm upper and lo\ver composite sediments ( < 2 mm size 
fraction). The intent of the initial extractit)Jl with deionized \.Vatcr was to dissolve readily soluble 
salts and account for porewakr cations. rollowing tl.1e deionized water extraction, the sediment 
\

1vas contacted wi.th l mol/L ammonium chloride solution for 4 hNJr::- . The cations presem iu the 
second extract were ass urned to be associated with the exchange sites of the sediments and "i,vere 
readily ex.changeable by ammonium, The sum of the adsorl:>ed cations represented the 
cqncentralion of exch~mge sites per gram of $(iiL For the B tank fann upper coff1posite sediment 
the mean of three replications was 79.3 iieq/g net ammonium extractable. Similarly, the mean 
f<.lr the H i,mk farm lower composite sediment ,vas 73,l~teq/g net ammonium extractable, These 
CE Cs were between the 120 ~ieq/g reported by Stect<.~l el at. (2002) for an SX tank farm ~<llmenl 
and the Hanford fine sand ¢zm:tpositc CEC of 50.2 ~teq!g n:~po1ted by Zachara el at in 
Si.:ction D.2, 1. 

D.4.J.2.3 J~quilibration with Cesium-137 Spike So)utions, Stock 1 M NaN OJ or I M 
NaHCO3 electrolytes were prepared with C<.'.sium~l 37-labckd CsN03 to produce the series nf 
initial cesium concentrations in the experiment matrix, Each solution \Vas allowed 20 hours to 
equi librate at 25 °C \Vith the sediments at a nominal solid solution ralio of 250 g/L 

D.4.3.3 Expe1•imental Results 

Resuhs from the B tank form cesium sorption experiments are summarized in Table D,66 and 
Table D.67 for the l M NaNO:; electrolyte and Table D.68 and Table D.69 fi.H· the J M NaHC03 

declrolytc. ln g~ncral in all four of these cases, cesium sorption behavior (figure D .128 and 
Figure D .129) exhibits the same general trend and v.:1tiability with Cs ' conccntralions. On the 
log _ .. tog K.1 graph~ tbere appear to he at least t\V-O regimes of cesium sorption behavior: 1) high. 
nearly constant K.t (O. l L!g) f<.H' Cs-t con.ccntrntions below l•-~ moks/L, and 2) a variably 
decreasing Ki for Ct conccr.1trations greater than 1 o·R moks!L that evcntu~1Hy goes to 0.001 L/g 
at a Cs,. concentration of(U moks/L Differences bet,i..:een the cases are srnall but consistent: 
the lo\vcr composite sediment cesium Kd is ahvuys slightly smaller than the upper composite 
sediment Kct in both electrolyte solutions, Conversely. the cesium Kd is always slightly higher in 
the NaHCO:; electrolyte than the NaN03 d .cctrotytc for both sediments. 

--- - ---·····••·••·•·•· ....... _______________________ _ 
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Table D.66. Distribution of Cesium on B Tank Farm Upper Composite Sediment in 
1 M NaN03 Electrolyte 

Initial [Cs) 
Solid Kd Final Final 

Total Cs 
density % Sorbed pH [Cs)aq [Cs]ads 

(mol/L 
(g/L) 

(L/g) 
(mol/L) (mol/g) 

(mol/L) 

1.0E-01 249 20.26 8.91 l.022E-03 6.656E-02 6.801E-05 8.348E-02 

l.OE-01 250 20.95 8.93 l.062E-03 6.586E-02 6.992E-05 8.331E-02 

1.0E-02 251 37.23 9.07 2.364E-03 6.187E-03 l.463E-05 9.857E-03 

l.OE-02 251 35.79 9.07 2.223E-03 6.312E-03 1.403E-05 9.829E-03 

l.OE-03 249 .56.06 9.08 5.121E-03 4_. 7l OE-04 2.412E-06 l.072E-03 

l.OE-03 250 56.9_1 9'. 11 5.279E-03 4.596E-04 2.42~-06 l.067E-03 

1.0E-04 252 64.81 9.05 7.304E-03 3.748E-05 2.738E-07 l.065E-04 

l.OE-04 249 64.44 9.10 7.279E-03 3:768E-05 2.743E-07 l.060E-04 

l.OE-05 249 76.60 9.15 l.313E-02 2A85E-06 3.263E-08 1.062E~o5 

l.OE-05 250 79.98 9.10 1.5968-02 2.1238-06 3.388E-08 1.061E-05 

1.0E-06 . 250 93.3.7 9.12 5.621E-02 7;041E-08 3,958E-09 l.061E-06 

1.0E-06 251 92.35 9.12 4.822E-02 8.llOE-08 3.911E-09 1.061E-06 

l.OE-07 .250 95.72 9.12 8.941E-02 4:ss6E-09 4-. lOlE-10 i.072E-07 

l.OE-07 251 95.86 9.10 · 9.217E-02 ( 423E-09 4.077£-10 l.067E-07 

l.OE-09 248 95.90 9.13 9.431£..02 8,107E-11 7..645E-12 1.976:E-09 

l.OE-09 252 96.15 9.15 · 9.907.E-02 7\572E-11 7.501E-12 l.965E-09 

Table D.67. Distribution of Cesium on B Tank Farm Lower Composite Sediment in 
1 M NaN03 Electrolyte 

Initial [Cs) Solid density Kd Final Final 
Total Cs % Sorbed pH (Cs]aq [CsJads 

(mol/L (g/L) (L/g) 
(mol/L) (mol/g) 

(mol/L) 

l.OE-01 248 18.53 9.11 9.1538-04 6.909E-02 6.324E-05 8.481E-02 

l .OE-01 247 16.60 9.10 &:056E-04 7.071E-02 5.696E-05 8.478E-02 

l .OE-02 248 27.14 9.21 1.500£-03 7.507E-03 l.l26E-05 l.030E-02 

1.0E-02 248 27.91 9.18 1.560E-03 7.459E-03 1.164£-05 1.035E-02 

l.OE-03 249 51 .58 9.21 4.275E-03 5280E-04 2.257E-06 l.091E-03 

l.OE-03 249 52.74 9.24 4.475£-03 5.142E-04 2.301E-06 1.088E-03 

1.0E-04 250 56.72 9.23 5.235E-03 4.679E-05 2.449E-07 l.081E-04 
· l.OE-04 248 57.50 9.21 5.463E-03 4.589E-05 2.507E-07 1.0SOE-04 

l.OE-05 248 69.97 9.22 9.392E-03 3.228£-06 3.031E-08 1.075&05 

l.OE-05 248 702 4 9.23 9.519E-03 3.208E-06 3.053E-08 1.078£-05 

l,OE-06 247 90.91 9.19 4.0SOE-02 9.758E-08 3.952E-09 l.073E-06 

1.0E-06 250 91.20 9.21 4.143E-02 9.506E-08 3.938E-09 l.080E-06 

l.OE-08 249 95.55 9.21 8.625E-02 5.278£..10 4.553E-l l l.186E-08 

1.0E-08 249 95.74 9.19 9.0478-02 5.0478- 10 4.566E-11 1.185£-08 

l.OE-09 250 95 .79 9.19 9.l llE-02 8.360E-ll 7.616E-12 1.987£-09 . 
1.0E-09 249 95.15 9.22 7.884E-02 9.649E-11 7.608£-12 1.9908-09 
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Table D.68. Distribution of Cesium on B Tank Farm Upper Composite Sediment in 
1 M NaHC03 Electrolyte 

Initial [Cs] 
Solid 

Kd Final [Cs]aq 
Final 

Tota) Cs 
density ¾ Sorbed pH [Cs]ads 

(mol/L) 
(g/L) 

(IJg) (mol/L) 
(mol/g) 

(mol/L) 

1.0E-01 251 20.32 8.38 l.016E-03 6.727E-02 6.831E-05 8.442E-02 

l.OE-01 250 18.36 8.37 9.0028-04 6.878E-02 6.1928-05 8.4258-02 

l.OE-02 250 · 37.74 8.38 2.420E-03 6.229E-03 l.508E-05 l .OOOE-02 

l.OE-02 250 39.22 8.37 2.582E-03 5.779E-03 l.492E-05 . 9.509E-03 

l.OE-03 251 62.67 8.37 6.678E-03 4.041E-04 2.698E-06 l.083E-03 

l.OE-03 . 250 62.95 8.37 6.790E-03 4.00lE-04 2.717E-06 l.080E-03 

l.OE-04 251 70.78 8.38 9.645E-03 3.156E-05 3.044E-07 l .080E-04 

1.0E-04 251 69.25 &.37 8.958E-03 3.307E-05 2.963£-07 . 1.076E-04 

1.0E-05 251 81.15 8.36 l.716E-02 2.025E-06 3.474E-08 l.074E-05 

I.OE-OS 249 83.01 8.37 l.960E-02 1.824£-06 3.575E-08 l.074E-05 

l.OE-06 249 94.08 8,37 6.381E-02 6.356E-08 4.056E-09 l.074E~06 

1.0E-06 250 94.58 8.35 6.968E-02 5.827E-08 4.060E-09 l.075E-06 

1.0E-07 249 97.01 8.37 1.304E-01 3.233E-09 4.215E-10 l.083E-07 

l.OE-07 252 96.90 8.43 1240E-Ol 3.34&E-09 4.150E-10 1.0798-07 

1.0E-09 250 97.09 8.37 l.336E-Ol 5.796E-l l 7.744E-12 1.994E-09 

l.OE-09 251 97.55 8.39 1.592E-Ol 4.865E-11 7.746E-l2 1.989:E-09 

Table D.69. Distribution of Cesium on B Tank Farm Lower Composite Sediment in 
1 M NaHC03 Electrolyte 

Initial [Cs] 
So1id 

Kd Final (Cs]aq 
Final 

Total Cs 
density % Sorbed pH {Cs]ads 

(moJ/L) 
(g/L) (L/~ (moJ/L) (Jnol/g) (mol/L) 

1.0E-01 249 16.65 8.48 8.019E-04 7.072E-02 5.671E-05 8.485E-02 

l.OE-01 248 17.07 8.48 8.300E-04 7.045E-02 5.848E-05 8.495E-02 

l.OE-02 250 . 30.61 8.50 l.766E-03 . 7.1698-03 1266E-05 l.033E-02 

l.OE-02 251 31.74 8.48 1.853E-03 7.059E-03 l.308E-05 1.034E-02 

l.OE-03 249 58.20 8.48 5.5848-03 . 4.574E-04 2.554E-06 l.094E-03 

1.0E-03 249 57.95 8.49 5.535E-03 4.590E-04 2.541E-06 l.091E-03 

l.OE-04 249 65 .19 8.48 7.524E-03 3.784E-05 2.847E-07 l.087E-04 

l.OE-04 248 65.16 8.47 7.541E-03 3.749E-05 2.827E-_07 l.076E-04 

l.OE-05 250 74.63 8.49 1.175E-02 2.752E-06 3.235E-08 l.085E-05 

1.0E-05 247 73.41 8.48 l.l 17E-02 2.869E-06 3.204E-08 1.079E-05 

l.OE-06 249 93.25 8.52 5.551E-02 7.2818-08 4.041£-09 l.078E-06 

l.OE-06 251 93.29 8.50 5.553E-02 7.245E-08 4.023E-09 l.081E-06 

l .OE-07 251 96.81 8.47 1208E-Ol 3.469E-09 4.191E-10 l.087E-07 

1.0E-07 251 96.&2 8.48 l.214E-Ol 3.449E-09 4.186E-10 l.085E-07 · 

l.OE-09 251 97.36 8.50 l.468E-Ol 5.274E-ll 7.743E-12 l.994E-09 

l.OE-09 251 97.12 8.50 l.344E-Ol 5.752E-ll 7.730E-12 2.000E-09 
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Fi gun~ 0 . 12.8, Ccsi.um S01·ption on B Tank Farm llpper and Lower Composite Sediments 
in l !\11 NaN03 Electrolyte (top) and 1 M NaHC03 (bottom) 
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0.4.3.4 Modeling Cesium Adso1·ption Experiments 

D.4.3.4.J Mul.tisitc lon Exchange Model. The experimental results were analyzed with a 
reactive lrnnsport simulator (SteeJel and '{ahusakl 1996: Steefol 2001) to test the applicability of 
a cesium multicomponent ion cxc:hange modd developed t\1r SX tank fam1 sediments (Stecfrl 
ct al. 2002) in the 200 W~st An.~a of the Hanford She. This model used. three exchange sites to 
accounl., in part, for a wide range of affinity fi.)r cesiurn: frnm frayed edges and intralmndlar 
sites in .micas at the high end, to surfaces of expansible layt:-r sHicatcs at the lo\.vcr end (Zad1an:1 
et al. 2002). The fitting l'Jfthc high affinity site concentrations (yxchangc sites 1 and 2 in Tabk 
D,70) and a set of selectivity coct1ici'.~nts for each site (Table D.71) were based on a 
comprehensive array of batch and column experiments perJi)rmed on a composite sedirnent 
representative of the SX tankfr1rm vadose zone. The low affinity site concentration was set to 
the total CEC of 120 i1eq!g, which was reasonable consideriilg the two high atllnity sites 
accounted fhr 0.02% and 0.22% of the total CEC. To accommodate hypersaline tank farm 
waste, the ion exchange modd addressed high-ionic strength activity corrections within the 
fh1mew ... )rk of a Dcbye-Huc.kel activity model., supplemented by elfoctive equilibrium constants 
1<.)r CsNO:,. and NaN03 ion pairs. 'll)e effective equilibrium constants for CsNO.~ and NaNO·; 
were calibrated hy fitting free ion activities to values predicted by the Pitzer-based speciation 
code GML'J (Fdmy 1995). 

Table n. 70. l)istrihation of Rx.change Sites for SX Tank F'arm 
Sediments (Steefel d al. 2002) 

Tabl.e 0. 71. Equilibrium Consta~tts for SX 'fank 
Farm Sediments (Stccfel ct al. 2002) 

Rtaction 

NaXI ·'· cs• .·.-. Na".; C :.XI 

NaX2 + C:f "Na; i CsX2 

NaX3 .,. cs· ... Na ' + CsX3 

KX1 i· C,{ "' J(" i c~x l 
KX2 + Cs' = l(' + CsX2 

• KX3 + Q;'" "" I<·'+ CsX3 

05C1X I.? ' t Cs ' ,,, 0.5Ca :,. . .,. CsX I 

0.5CtX2:! + Ci>' ,,, (). 5Ca h + CsX2 

O.SCaXJ~ + c~• .,. 0. 5Ca •' .; C:;X3 

NaNOJ(aq)- Na '+ No, · 

CiNO,(aq) ···•Cs ' + NO/ 

Debye•Huckel Bdot paramet~r (Cs-X) 

l)-282 

L<1g K 

7.25 

4,93 

.1.99 

4.99 

Ui3 

0.74 

15,27 

W.89 

) .2 

O,J7 

0.47 

·•\l .136 
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l).4.3.4.2 Modeling Cesium Sorption on n Tank Farm Sediments. T11c maui:x of cc.sium 
:1dsorpticin measurements (fable D.65) on B tank farm sediments was modekd with the 
nn1lt.icomponent ion exchange model developed .for the SX tunk t'urm s~xhrnents. For each hatch 
l:'.Xperiment three different CEC.s wen~ tested: 1) the sum of t:'.XChangeabk c:.rtiom; (in pcq/g) 
dispk1cc'.d from B rank form sediment by ammonium chloride (79.3 ~leq/g for the upper 
tomposite and 73.l ~ieq/g for the lower composite sediments), 2) a value <:if 120 µcqig 
det.ermined for SX sediment by Na-22 isotopic excJmngei un<l 3) 1.he ammonium d1lorldc 
extractable cations from .Han.frmt fine :.-and compc:>site <' 50.2 µeqig, (Zachara el al. Section l).1..1 ). 
The relative CFC distribution over the three cxdumge site typt..~s was in the same proportions as 
tht~ SX t,tnk form sediment calibration. All 01.her reaction parameters calibrated for cesium ion 
('.XChange cm SX tank farm sediments tvcrc med without modification. 

·n,e initial cesium L:oncentration h)r ea<.:h rnodeled experiment was based on the sum of the 
n-1casu.red cesium in sorbcd and aqueow, J<.irn1, not the nomi.na.l solution concentration added to 
the sediment. Solid S<}lution ratios. pH, nitrate. and bicarbonate were the only other experiment• 
spec·ific inl<Jnnation used in the modeling analyses. 

DA-3.4..3 Modeling Results for the Batch Experiments. The thn.~e CECs tc~sted within the 
existing. <.:csit1m nllll.tisite. mt1lticompnncnt ion exchange n:1odcl were abk to capture the general 
behavior for :tll the expcriment.s (i.~~-, upper B composite sediment. lower B compos.ile scdirnent. 
l M NaN03 solution, and l M NHC03 solution} over .W orders of Cs' concentrations. The 
comparison of the model. predictions of cesium sorption for the upper B wmposite sediment is in 
Figure D .129. Of the three CECs tested, the Hanford. fine sand composite CEC of 50.2 peq/g 
t.onsistently provi(kd the best match for all cases. 

U.4 . .3.4.4 !\fodding Di.scussion for Batch Experiments. Results from the modeling of the 
batch experiments demonstrated that the three~site multicomponent ces1w11 ion exchange model. 
developed for the SX tank farm sediments could be adapted for use on the B tank farm sediments 
·with a CFC nf 502 µeq/g. While t.hi.~ experimentally derived CECs (i.e., 79.3 p.eqig and 
73 .1 iicq/g for the upper and lower B composite sediments, respectively) in conjunction with the 
multisite ion exchange model provided reasonable predictions of cesium .~orption, predictions 
with the Hanford fine sand composite CEC of 50.2 ~ieq/g were always better ovcraH. Whik a 
refilling of the exchange site c<mcentrations and sck·ctivity coefficients for the H composite 
sediments could be performed to ac,~ommodate the experimentally-deriv(~d CECs, the predictive 
capability of the existing rnultisite cesium ion exchange model with only an adjustment oft.he 
tot<ll CEC was deemed suf11cient for scoping c.ukulations of cesium migration in the BX tank 
farm. 

- - ------------------············-·-
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Figun~ D. l29. Comparison of Model Pt-edictions of Cesium Sorption for the- UJ>per n Tank 
FaranContposite Sediment Batch Experi.ments 
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:Figure 0.130. Comparison. of Model Predictions of Cesium Sorption fo1· the Lower B 'fonk 
Farm Composite Sediment Uakh Experiments 
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D.4.3.5 Application to Tank BX• 102 
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0.4.3.5.l (hcrfill E.,·ent, Tht updated mullisil'c ion exchange model was applied to tht? 
predi1.:tfon of cesimn migration from tank BX-102. A onc~dimens1onal scoping caJculation was 
perfonned bastd on the February t 95 l <)vcrfill event at tank BX-102 that released 91 ,600 gallons 
of' tank wasw over approximately 3 weeks (General Electric Company 1951). Flux rat.es and 
m c,isture contents from th,~ tht·ce-djmensional vadose Z\'mc tlmv modeling study in Section D.4.2 
vvere used to develop the hydrologic conditions for the onc -<lirnensional scoping calculations.. 

l).4.3.5.2 Geology. The flow nwdcting in Section D.4.2 focused on the b<:havior of the H2 unit 
of the Han.frm.i formation . The same emphasis was used and only the vertical section between 
tlw tank m approximately 40 -n· ( 12 m) bgs and the bottom of the H2 at l 70 tt (5:2 ml bgs was 
examined . 

APJJl.)_ _121'.\ D-285 December ! 3, 20()2 
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D.4..3.5.J. F'tow Rate. The flow i-atcs of interest at BX-102 are the I 00 mm/year recharge, which 
amounts to 2.74 x 1 <r1 m/dav and the overfill rate of 1.32 m/dav based on a 21-dav. 
91 ,600-gallon rde.=rne over a~ area of 12.5 m2 (Section D.4.2.). ~rhe highest moistl;re content 
( 19.4%) predick.d by the three-d.imern,ional How modeling pcrfonned in Section D.4.2 occurred 
during the overfill event. The lowest moisture content (5 .12'}o) occurred with the h.=1ckground 
con<liti<m from the iong-tcrm rec.barge. 

0.4.3.5.4 CEC for J3ulk Sediment. Since the laboratory experiments on the B tank farm 
C(wnposite sediments were performed 011 the <2 mm size fraction, an estimate \Vas nec(kd of the 
CEC for the bu1k sediment.. Assuming that all the cation exchange capacity is associated with 
the <'2 .1t11n size fract.ion and extrapolating to the purtide size distribution in the upper B 
composite sediment resulted in a bulk sediment: CEC of ]6.0 ~teq/g. 

D.4.3.5.5 Solid Solution Ratio. To calculate the solid solution ratio~ a porosity of OA l 6 
(R.()Ckhold 1999), a partick density of 2.80 glen? (AP1m1dix B)~ and moisture contents; .fror.n 
Section D.4.2 ,vcri;~ used. Solid solution ratios ranged from 8426 g!L (corresponding to l 9A'//o 
moisture Ct)nlent) during the leak event to 31 ,930 g!L (corresponding to the 5. l 2(}·o mois ture 
t'.Onkm) under the l 00 mnvyt,~ar recharge. 

)).4.3.5.6 .Magnesium Sclccth1ity Coefficients. Jvf.agne-sium was not indu(kd in. tt-11:.~ cesium 
sorption cxperirnems that were the basis of the multi site ion exchange model of the SX tank farm 
sediments . For the BX-102 field application. it was assumed that the Mg+--- selectivity 
coefficients \l\'ere the same as the other divalent cation, Ca+;-_ 

0.4.3.5.7 \Vastl! Composition. The initial concentrations nf chemical components in the tank 
\\'USlC arc based on a rec1)nstruded BX- I 02 composition (Jones ct al. '.WO I _) at the time of the 
1 '>51 overfill.. Although spcciation of the reconstructed composition identified minewl.s that 
were thermodynamically favored to precipitate (e.g. , calcite and apatik), the higher electrolyte 
concentrations \Vere maintained as a conservati.ve. simplification that would increase the 
competition \.Vith cesium for exchange sites. Total concc-ntrations of the m~jof ions appear in 
Table D .72. 

l).4.3.5.8 Total Cesium. Jones ct al. (2001) reported ccsit1m in ten.ns of cesium-1 37 
c:onccntratiom,. Total cesium is considerably higher because cesiuin-133 and cesium-US 
accompanied cesium-137 in the \Vaste streams transferred to the tank farms. M.easurements (If 

the ratio of total cesiurn to cesium-137 in the slant borehole at tank SX-108 averaged 4.76 
(Appendix A of Knepp 2002). This \•Vas appn.rximately 37~ycar old waste, S.ince only the 
ccsium-B7 decays appreciably dudng this time period, the total cesium to cesfom-137 rali.o at 
th.e- time of the waste generation c.an be calculated. ' 'l.Jndecaying'' the ccsfom- J 37 fraction over 
3 7 ye;:1rs results in a total ct:sium to ccsium-13 7 ratio of 2 .6 l at the time of the original waste 
transfer. Assuming thin the 1951 overfill event ca.me from the trnnsfor of waste that had not 
sign.ificanlly aged, we applied this ratio to the Jones (2001) cesinm-137 estimate of 
8.61 x l (r1 l\,·1/L \Vhich re~ults in a total cesium concentration of 2.24 x l ff{> .M/L. 

0.4.3.5.9 Geochemical Conditions. The initial porewatcr chemistry is taken from sample 
C3391 in the H2 lfanfotd unit at 77.3 ft bgs from borehole 299-E33-338, an uncontarninakd 
borehole south of the B tank farm (Appendix B}. The exchange sites are equilibrated ,vith these 
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r concentrations prior to the start of the transport simulation. The initial condition including 
exchanged cation concentrations is summarized in _Table D.72. At the conclusion of the tank 

~ waste loading flow regime, the initial condition was used as the aqueous boundary condition for 
i_ ' the balance of the simulation. 

r Table D. 72. Concentrations of Porewater and Waste Source 
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INITIAL CONDITIONS SOURCE 

Aqueous Total Exchange Site Aqueous Total 
Component Concentration Concentration Concentration 

(molaJity) (equiv/ g) (molality) 

cs+ 0.0 0.0 224E-6 

Na+ 5.85E-3 l.21E-06 2.92E+0 

ca++ 3.90E-3 l.92E--05 1.33E-2 

Mg* l.74E-3 8.76E--06 0.0 

K .. l.77E-3 6.79E-06 2.73E-3 

HCO3- 2.70E-2 6.43E-1 

N03· 4.37E-4 5.76E-l 

er 5.94E-4 l.25E-2 

so4-- 9.58E-4 2.30E-1 

pH 7.14 10.5 

D.4.3.6 Tank BX-102 Modeling 

· D.4.3.6.1 Modeling Approach.' The goal of the modeling was to obtain an order of magnitude 
understanding of cesium migration beneath tank BX-102 based upon the characterization of 
cesium ion exchange in a laboratory setting. A one-dimensional model is used here for 
simplicity with the recognition that multidimensional modeling studies are under way but will 
not be available for publication in this document. A succession of two steady states based 
loosely on the three-dimensional fl.ow modeling in Section D.4.2 is used to represent the 21-day 
waste release and subsequent migration under the background recharge rate of 100 mm/yr. The 
130-ft (40-m), one-dimensional model domain was uniformly discretized into 0.5 m grid cells. 
Diffusion and dispersion were ignored in this calculation. 

D .4.3.6.2 Modeling Results. After 21 days of constant loading of BX-102 waste into the 
vadose zone column, cesium is predicted to sorb strongly to the initial sediments it encounters. 
The predicted position of the cesium front after the first 21 days in the system is 5.25 meters into 
the formation (Figure D.131). This is significant in view of the 6.8 mid pore velocity imposed in 
this one-dimensional model domain during this ti.me period. The apparent retardation factor for 
these conditions is 31. 7. Under the conditions modeled, this represents the lowest retardation . 
that could occur as other conditions have much lower concentrations of competing cations, 
which are associated with higher cesium ~s. Over 70% of the cesium is associated with the 
high affinity exchange site (i.e., site 1) with the balance divided nearly equally between the other 
two exchange sites. 
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After the overfill event, the background recharge rate of 100 mm/yr and moisture content of 
0.0512were imposed on the waste that had already entered the system. After 50 years of 
simulation under these conditions, there was essentially no additional migration of the cesium 
front (Figure D.131). Exchanged cesium concentrations did not change significantly although 
small changes from differential sorption and desorption were occurring in the first 1.5 meters 
with a net increase in the cesium concentration on the low affinity exchange site, and a 
commensurate decrease on the second higher affinity exchange site. These changes are · 
relatively small when compared to the effect of radioactive decay on the ·cesium-137 fraction 
during this time period. 

D.4.3.6.3 Discussion of Modeling Results. The modeling results indicate that the primary 
penetration of cesium into the formation occurs during the dynam1cs of the loading event, in this 
case, the BX-102 overfill in 1951. For the waste composition modeled, cesium transport during 
the loading event is highly retarded resulting in a localized distribution near the point of entry. 
Flow modeling in the vadose zone sediments near BX-102 described in Section D.4.2 
demonstrated that elevated moisture contents from the 91,600-gallon liquid release rapidly return 
to near-background conditions in a few months. Once the waste loading stops and the system 
returns to the recharge driven flow regime in this short time period, the cesium is essentially 
immobilized. Under these conditions, radioactive decay of the cesium-137 fraction is the 
dominant transformation process. 

While a more detailed three-dimensional modeling study with heterogeneous material properties 
and anisotropic permeability may predict a different -depth for the cesium-13 7 exchange front, 
the one-dimensional model has identified a considerable retardation effect that severely limits 
cesium migration, even during a large volume release event. Based on these analyses, other 
mechanisms would have to be invoked to account for the deep cesium migration observed at tank 
BX-102. This is consistent with field observations and modeling analyses at tank SX-115 
(Steefel and Yabusak:i 2001), which identified very limited cesium migration de.spite cesium-137 
and sodiwn concentrations (8.31 x 10-6 Mand 3.593 M, respectively; Jones et al. 2000) that were 
considerably higher than concentrations at tank BX-102 (8.61 x 10-7 Mand 2.92; Jones et al. 
2001). One significant difference between the two cases is the CBC, 120 µeq/g , for the SX tank 
farm sediments and 50.2 µeq/g for the B tank farm sediments. 
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Jrigurc .D. Lll. Predktcd Spaifal Oistrihution of Total Cesium on Exchange Sites After 
2J Hays (left) and 50 Years (right) 

Cesium Distribution after 21 Days 

() 

"' 
.... ····.·.·.·.•-·.·· t", -. __ :_. __ ._. ___ . __ ._._._._. 

I,, 
/. ~-, 

30 

~~ 

/. (t 

~:J.:E,: •-:_V.) ;·.:..:e:--~3 ~ cr:---::i 
Conct-ntration (ufq /9) 

D.4.3.7 Cont'.lusions 
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Cesilim Distribution after 50 years 

(J 

)) ·_._,, · ·..., .::•,._ .•.•,•,·.·.:• : • .-.... · .......,...,,......,.,,.,.,.,,.,..,.,.,,.,. .• ,., ••••;,n.-,. ,.,. _.,,,_.,, ••••• • 

fi 

1,,, 
;;~ 

::-(: 

$~ 

.:-:": 

C.:>t:>~Q ~:Cf: ~(.l~ 

·F.:,::r1.> n:-j<· s,:c~::-

• ,., .., - t:).~h-611{;, :'i.llf. ~ 
,•,'i!~.:> :..: t lhitStj 

4.c,: .(j .~ 

Cort,; entration (ueq/g) 

<s.nr .. :.::~ 

A matrix of c,~:;ium adsorption experimems ,vas rx~rformed on t\V(1 scdimcnb (.i.e .. upper and 
lo\.Wr B tank farn1 composites) from the JOO East Area of the Han.ford Site using two eled.rolyte 
solutions (l t\:1 NaNO:~ and .I M NaHCO:;) with initial cesium concentr.1tions ranging Jrom 
l(f

1 M to 10·9 M. The adsorption behavior of the tW<) sedinwnts '-Vas nearly ident1caL A 
mul1isite cesium multicomponent ion cxchzmge model devdoped for SX tank form sediments 
'..vas adapted for use- on the B tank farm composite sediments by kstlng lhree laboratory-derived 
cation exchange capadt.ies, A CEC of 50.2 ~.wq/g ,,vas f<mnd lo provide the best predictions of 
1he cesium adsorption behavior in the B tank farm sediments, The resulting adsorption model 
was mo<lHied for field conditions during the 1951 tank BX-102 overfill evenl hy adjusting. the 
CEC based on particle size distribution and the solid solntion rntio based on moisture con.tent 

Specific findings from these analyse:; are: 

1. For the experiment.al conditions that were investigated,. the multisite, mullicmnponcnt 
cesium. ion t·xch.:1ngc model developed for SX tank Jimn sediments could: be ada.pkd for 
use on the H tank farm sediments by adjL1sting the cation exchange capacity and retaining 
the fitted selectivity coeH'icienls. 
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2. Application. of the modified ion exchange model to the 1951 BX-102 overfill event using 
.:t one~dimensfonal multicomponent reactive transpflrf. simulator suggests tllat the cesium 
exd1ange front should be highly retarded (retardation factor of 3 .l. 7) during the active 
\.Vaste release period. Essentially all the cesium m1gratfrm is predicted to take place under 
this regime of high th)\v and high electrolyte loading. 

3. t-\ft.cr th.c. ovc.~rJ1U event-:: as 1noisture co11te11ts rapidly Tt~tnrn to their rechargc ... cJriven 
values, the reintroduction of lower background electroly-re con.centrutiom; through the 
zone of exchanged cesium does not result in turthcr mobilization. 

4. \Vithout subsequent flow and/or waste release eve.ms of similar magnitude, the dominant. 
process controlling cesium. coru::entrations is rndioa(:tivc decay. 
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ISOTOPE TRACKING OF THE FATE AND TRANSPORT OF 
RADIONUCLIDES IN B, BX, AND BY TANK FARMS SEDIMENTS 

The isotopic compositions of a number of contaminants and associated compounds provide ideal 
tracers for following the movement of specific waste streams through the subsurface. Isotopic 
analyses are generally much more precise and reproducible than most chemical analyses, making 
it possible to use isotopic measurements to detect relatively small inputs from specific sources. 
This is critical for determining the origins of subsurface contaminants where multiple possible 
sources are present such as in the Hanford Site tank farms. Without this information, it can be 
difficult, if not impossible, to determine the potential impact of specific waste streams. In this 
section, preliminary results on the uranium isotopic compositions of vadose zone contamination 
are presented. Using distinct differences between the isotopic compositions of natural uranium 
and the multiple anthropogenic sources of uranium present at Hanford, it has been possible to 
narrow down the potential origins of this contamination, including being able to link the 
groundwater plume to its likely origin. 

In addition to providing potential fingerprints for different contaminant sources, some isotopic 
measurements can be used to understand interaction between the waste fluids and the sediments. 
Through previous work on uncontaminated background samples, it has been possible to 
determine the natural shifts in stable strontium isotope ratios (87Sr/86Sr) that are produced by 
exchange between the infiltrating porewaters and the sediments. By comparison, high-pH waste 
streams (such as the one in the sediments in the vicinity of tank B-110) isotopically equilibrate 
with the sediments much more quickly, indicating that the waste fluids are causing rapid 
dissolution of silicate minerals in the sediments. Tiris information can be used to quantify the 
impact of interaction between the fluids and the sediments on the chemistry of the waste fluids 
and assess the effect that interaction will have on contaminant transport through the vadose zone. 
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THE ISOTOPIC COMPOSITIONS OF WATER LABILE URANIUM FROM 
299-E33-45 AND 299-E33-46 CORE SAMPLES: IMPLICATIONS FOR THE 
SOURCE AND IDSTORY OF GROUNDWATER CONTAMlNATION IN THE 
WMA B-BX-BY AREA 

John N. Christensen1
, P. E~ Dreset2, Mark Conrad1, Kate Maher3, and Donald J. DePaolo1

.3 

1Lawrence Berkeley Natio~al Laboratory, Berkeley, California 94720 
2Pacific Northwest National Laboratory, Richland, Washington 99352 
3University of California, Berkeley, C~ifornia 94720 

D.5.1.1 Introduction 

Natural sources of uranium have a uniform 238Ui235U ratio (with the notable exception of the 
Oklo natural reactor), but can have variable 234u/238U depending on natural processes that can 
clisturb the secular equilibrium of the 238U decay chain. In contrast, anthropogenic U can have 
altered 238UP5U due to 235U enrichment for nuclear applications or to changes due to the bum up 
of natural or enriched uranium in nuclear reactors. In addition, the consumption of uranium .fuel 
rods in reactors produces 236u (half-life= 23 million years), an isotope that does not occur 
naturally, through neutron capture by 235U. These contrasts in uraniwn isotopic compositions of 
natural and anthropogenic uranium, as well as the wide variation in the isotopic composition of 
different anthropogenic uranium sources, promotes the measurement of uranium isotopic 
composition as a tracer of uranium contamination in the environment. Here is reported the 
isotopic compositions of uranium from vadose zone samples obtained from two contaminated 
cores in the B, BX, and BY tank farms. Toe·isotopic analyses are discussed in relation to 
previous measurements of groundwater uranium isotopic composition in order to produce a link 
between vadose zone and groundwater contamination, identify contamination sources, and 
provide estimates of the relative proportions of anthropogenic uranium in the analyzed samples. 
In addition, the uranium isotopic compositions measured in the vadose zone and groundwater 
samples can be related to calculated estimates of the uranium isotopic compositions of clifferent 
waste fluids to constrain the history of contamination events in the· B, BX, and BY tank fanns. 

r D.5.1.2 Analytical M~tbods .. -. , 

I ; 

r 

-I . 
r 
' 

Sediment samples from tw<;> cores were analyzed, one core from near tank BX-102 (borehole 
299-E33-45) and one near tank B-110 (borehole 299-E33'-46). Depths of the analyzed samples 
are provided in Table D.7Jand Table D.74. ·Analyses were conducted on de-ionized water rinses 
of sediment samples from the cores that remained after previous chemical and racliological 
analyses were completed. Concentrations of total uranium of the rinses were determined by 
ICP-MS at PNNL. 
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Tahle D.73. Uranium Isotopic Data Core 299-E33-45 (Near Tank BX-102) 

Sample Ave. depth, PW (UI ppb 234U/238U x 106 ±2cr X 1()6 238{J/23!!U ±2cr 236UJ23SU x 106 
feet 

S01014-01A 10.64 44.l 59.84 0.06 138.142 0.067 0.712 

S01014-06A 20.84 14.6 60.19 0.10 138.116 0.059 0.602 

S01014-33A 73 .39 29705.2 54.12 0.12 147.900 0.054 78.97 

S01014-35A 78.19 22406.3 54.12 0.14 147.888 0.061 78.51 

S01014-40A 88.65 90,19.7 54.00 0.12 147.902 0.087 78.94 

S01014-54A 120.99 661396.2 53.98 0.04 147.861 0.046 78.82 

S01014-72A 151.55 92930.5 53.96 0.13 147.888 0.108 78.74 

S01014-78A 160.85 70364.4 54.12 · 0.16 147.906 0.068 ]8.72 

S01014-82A 168.65 5316.2 54.04 0.11 147.924 0.082 78.55 
S01014-83A 171.05 4804.5 53.87 0.07 147.99 0.15 78.81 
S01014-93A 190.65 47916.l 53.95 0.12 147.881 0.042 78.78 

S01014-l 16A 231.45 16.9 57.48 0.11 138.950 0.040 8.22 

Table D.74. Uranium Isotopic Data Core 299-E33-46 (Near Tank B-110) 

Sample Ave. depth, PW [U]ppb 234Uf238U x 106 ±2cr X 106 238U/23SU ±2o- 236U/238U x 106 
feet 

S01052-06A 21.12 24.l 62.45 0.12 138.051 0.071 0.789 
S01052-21A 53.02 69.4 56.33 0.11 142.496 0.052 · 35.20 
S01052-26A 60.72 560.2 54.44 0.06 144.368 0.036 52.15 

S01052-36A 79.95 2161.2 54.35 0.04 144.470 0.120 53.64 

S01052-38A 83.05 3425.0 54.34 0.04 .144.510 0.110 53 .46 

S01052-42A 90.62 160.2 56.24 0.12 142.333 o·.014 35.79 

S01052-47A 98.62 580.3 55.96 0.05 142.974 0.044 39.46 

S01052-53A 111.42 150.l 60.27 '0.12 138.724 0.020 6.78 

S01052-57A 119.92 141.4 60.81 0.06· 137.881 0.051 0.437 

S01052-82A 164.55 42.8 60.39 0.12 137.966 0.070 0.209 

S01052-90A 179.85 27.2 59.87 0.08 · 137.901 0.041 - 0.303 

Percent anthropogenic uranium in porewater based on 236U/23 8u, see text. 

±lcr x lo6 

0.012 
0.019 
0.10 

0.09 
0.12 
0.15 
0.16 
0.11 
0.11 
0.13 
0.09 
0.04 

:!:20' X 106 

0.011 
0.0& 
0.07 
0.07 
0.12 
0.07 
0.04 
0.05 
0.004 
0.005 
0.005 

t% Anttir. 

0.90 
0.76 

100 
.JOO 

100 
100 
100 
100 
100 
100 
100 
10.4 

2% Anthr. 

1.47 
65.68 
97.31 
100 
100 
66.78 
73.63 

12.66 
0.82 
0.39 
0.57 
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For the isotopic analyses, the uranium was chemical~ ~arated from the allotted sample 
aliquots. The uranium isotopic com.positions (234U/2 8U, 38U/235u and 236u/238U) were measured 
on a multiple collector ICP source magnetic sector mass spectrometer (MC-ICPMS) at Lawrence 
Berkeley National Laboratory. This instrument is equipped with nine movable Faraday cups, 2 
movable channeltron electron multipliers, and an axial Daly photo multiplier system with ion 
counting. The Daly system is situated behind a wide angle retardation potential lens providing 
an abundance sensitivity at mass 237 compared to mass 238 of ~80 ppb. Uranium isotopes 235 
and 238 were measured on Faraday cups, while isotopes 234 and 236 were measured on the Daly 
system. Corrections for mass fractionation and Daly-Faraday inter-calibration were calculated 
from bracketed analyses of an in-house secular equilibrium natural uranium standard .. Isotopic 
compositions were normalized to 238U/235U = 137.88 of the standard solution. The measured 
concentrations and isotopic compositions are compiled for borehole 299-833-45 in Table D.73 
and for borehole 299-E33-46 in Table D.74. 

n D.5.1.3 ResuUs 
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D.5.1.3.1 Borehole 299-E33-45. A total of 12 samples were measured from core 299-833-45 
near tank BX-102. The uranium concentrations of the de-ionized water rinses outline a distinct 
plume between 72 to 205 ft depth in the core, with a peak at about 120 to 130 ft depth (Table 
D.73). Nine of the samples analyzed come from this plume region, including the highest 
concentration samgle. The U isotopic compositions of these nine samples are essentially . 
homogenous in: 23 U/238U, 238U/235u, and 23<>-c.J/238U across the uranium contamination plume. 
The weighted averafe ratjos are 234u/238U= 5.3979 x 10-5 (±0.097%, 95% confidence limits), 
weighted average 23 U/23' U = 147.889 (±0.014%, 95% confid.), and weighted average 
236U/238U = 7.875 x 10-5 (±0.16%, 95% confid.). The extremely high U concentrations.of the 
plume samples (from 4,800 ppb to 660,000 ppb calculated for porewater in the plume compared 
to background values of 15 to 150 ppb), and the consistency ofthefr measured U isotopic 
compositions, indicate that this is the isotopic signature of theU contaminant. In contrast, a 
sample (S01014-116A) from within a perched water body at 231.45 ft depth has a distinct 
isotopic composition (234U/238U= 5.748 X 10-5 (±0.19% 2cr), 238U/235U = 138.950 (±0.029% 2cr) 
and 236t.J/238U = 8.22 x 10-6 (±0.2% 2a)). Two samples (S01014-lA and S01014-6A) from near 
the top of the 299-E33-45 core from depths of 10.6 ft and 20.8 ft hav~ near normal isotopic 
compositions {238UP35U = 13 8.142 and 138.116, respectively), but with small but measurable 
236t]/238u (7.1 x 10·7 and 6.0 x 10-7• respectively). 

The data for 299-833-45 are presented on a plot of 23
8U/235U versus 236t.J/238U in Figure D.132. 

In addition, data for Hanford groundwater samples (Dresel et al. 2002) and estimates of the U 
isotopic compositions of the tank leaks in the WMA B-BX~BY areas (Jones et al. 2001) are 
plotted on this figure. On such a plot, natural U should plot on the x-axis (236t.J/238U = 0) at a 
value of 238u/235U = 137.88±0.04. The U isotopic compositions representing the plume in 299-
E33-45 form a titt cluster, while the perched water zone sample and the two shallow samples 
fall closer to the 8U/235u axis. A best-fit line through the plume data (nine points) and the data 
for S01014-116A:from the perched water zone gives an intercept of 137.908±0.044 (±2cr, 
MSWD= l.3), within error of the 238U/235U of natural uranium. This suggests that the sample 
SO 1014-116A consists of a mixture of natural uranium and anthropogenic uranium. Assuming 
the weighted average 238U/235U (= 147.889±0.021) of the plume samples as the end member 
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contaminant; then 10.7±0.4% of the uraniwn in that sample is anthropogenic. A similar · 
calculation based on 236U!238U gives an indistinguishable but better constrained result of 
10.44±0.07%. Likewise, plotting 234U/238U against 23 6U/23gU (Figure D.133) can give an 
estimate for the pre•coritamination 234U/238U of sample 116A. At 236u/238U = 0, the 234U/238U is 
5.789±0.022 x 10·5 (±95%, MSWD=2.8) which indicates an excess of 234U relative to . 
238U (234u/238U activi~ratio = 1.056±4) as is typical of natural groundwater sampies. Similar 
calculations based on 6U/238U can be made for samples S01014-IA and S01014-6A; indicating 
<1 % anflrr.?£ogeruc U in those shallow samples (0.90±0.02% and_0.76±0.03%, respectively). 
The 2~/23 U of these two samples corrected for the _anthropogemc component are for 
lA = 5.989±0.007 x 1"0·5 and for 6A = 6.024±0.01 l x 10·5_ Therefore,- both these samples 
exhibit similar excesses of 234U (23'1J/238U activity ratios of L092±0.001 and 1.099±0.002): 

Figure D.132. 238u/235u versus 2360/2380 

Grey filled squares data for water extractions from samples from the borehole 299-E3~~45 
(near tank BX-102) contaminated core, black solid squa(~ 4ata for water extractions of 
sample~ from the borehole 299-E33-46 (near tankB-110) contaminated.core. . Open squares 
are estimates by Jones et al. (2001) of the uranium isotopic composition of tank leaks in the 
WMA B-BX-BY area. Filled black circles are uranium isotopic data for groundwater 
samples from Dresel et al. (2002). 

~-9~~, ..... -. ----------------------...... 
·':Q~ 

~#~ 
6'l1 

:t1Pt 

jl,1;~:~ :~~µ,;_ ' ----• . .. 14'.j . . . ·• ,. 
~ 1~ 

- J.. ·· 238u· ~ .u· .. · 'Nii.~~ 1--..rr, 

. . .. ·- ·, .~ ~ . .. - --· 
1!50. 

AppD_1213 . D-296 December 13, 2002 

' L 

i . ,. 
'-

,· 
l 

[ 
r 

t 
~L;: 

. 

,-
1·:{ 
I 
l.... 

:.... 

L 

r, , .. 
L 

i 
[ 

[. 
I.:. 

t 



[ , 

,..., 
! 
; J 

r 

r 
[ , .. 

r 
l ; 

-~ ! 

r 
I 

t. . 

r 
' 
I""' 
[ 

l i 

L : 

r 

l: · J 

r 
I 
l . 

- ~ 

r 
l 

r-, 

RPP-10098, Rev. 0 

Figure D.133 . . 234U/238U versus ~/l.38U 

Grey filled squares data for water extractions froni samples from the borehole 299-E33-45 
(near tank BX-102) contaminated core; black solid squares data for water extractions of 
samples fi-oin the borehole 299-E33-46 (near tank B-110) contammated core. Filled black 

· circles are uranium isotopic data for gfoundwater samples from _Dreselet aL (2002). 
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D.5.1.3.2 Borehole 299-E33-46. Eleven samples were analyz.ed from 299-borehole 299-£33-46 
near tank B-110. The calculated porewater U concentrations in this core are _much lower thau in 
borehole 299-E33-46, with ~9,700 ppb being the highest concentration found . . From the 
concentration data (Table D.74), the U contamination plume covers a depth range from 
approximately 50 ft to 125 ft, witba peak concentration at ~70 ft depth. Eight samples are from 
tlris zone, two from greater depth (samples S01052-82A from 164.5 ft and S01052- 90A from 
180 ft) :and one sample (S01052-06A) from within the backfill at a depth of21 ft. Unfortunately, 
the sample with the highest U concentration, SOi052-~lA was :riot available for U isotopic 

: analysis, but the next highest concentration samples were analyzed. · 

Tue eight samples from the 299-E33-46 plume exhibit a significant range in isotopic 
composition compared to the 299-E33A5 plume (Table D.74). The two highest concentration • 
samples (S01052-38A and S01052-36A). analyzed, though, have similar isotopic compositions 
and likely represent the com.position of the contaminant uranium. The average isotopic : 
compositions of those two samples are: 2341JJ238u = 5.434 X 1075 (±0;057%, 95% confidence), 
238UJ235u = 144.492 (±0.056%, 95%), and 236U/238U =S.359 X 10·5 (±0.12%, 2cr internal). The . 
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data for the 299-E33-46 samples are also plotted on Figure D.132. The best-fit line to the plume 
data has an intercept of 137.90±0.22, indistinguishable from the value for natural uranium. In a 
plot of 234U/238U versus 236u/238U (Figure D.133), the data for the 299-E33-46 plume forms a 
linear array with an intercept at 234u/138U = 6.091±0.028 x 10·5 (±2cr MSWD=l 1). This value 
falls roughly at the mean of the measured 234u/238U of the three remainin$ samples . -
(S01052-06A, S01052-82A, and S01052-90A) that have very low 236u/23ZSU and 238u/235U that is 
very close (S01052-06A and S01052-82A) or indistinguishable (S01052-90A) from the natural 
ratio. From these relationships, it can be concluded that the samples from the plume zone likely 
vary from 100% anthroiogenic to 0.8% anthropogenic. These values were calculated on the 
basis of the measured 2 6uf 38U and with the assumption that samples S01052-38A and S01052-
36A represents the composition (ave. 236U/238U = 5.39 x 10-5) of the contaminant uranium (Table 
D. 73). The percentage of anthropogenic uranium can be used to estimate the concentration of 
natural uranium in the samples. This is shown in Figure D.134, and compares the measured 
porewater uranium concentrations· and the estimated natural uranium porewater concentrations. 
In general, the corrected uranium concentrations appear consistent with the stratigraphy. 
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Figure D.134. Depth versus 238U Concentration (ppb) in Porewater for the: Borehole 
299-E33-46 core Near Tank B-110 

Filled squares are sainples analyzed for uranium isotopic composition for this report. 
Numbers in parentheses are porewater uranium concentrations corrected for the· · 
anthro:e~eenic portion as calculated based on measu:red ~/238U. Inset to figure is a plot 
of 234UF U versus 236Uf.38U for the samples from the borehole 299-E33-46 uranium 
contamination plume. Numben to left of data points are porewater uranium -: 
concentrations, while number pairs to right ofdata·points are uranium pore concentrations 
corrected for antli;ropogenic uranillDl and the depth in the core of the sample. · · 
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D.5.1.4 Discussion 

D.5.1.4.1 Source ofthe WMA B-BX-BY Area Groundwater Uranium Plume. The results of 
the u isotopic analyses above can be compared to inventory estimat~s for the single:..shell tan.ks 
(Jones et al. 2001) ;md to analyses of groundwater samples (Dresel et al. 2002), The cluster of 
data representing.the plume in 299.:E33-45 is a close match to the core of the WMA B-BX,BY 
groundwater U plume (da1:a within oval on Figure D.132). This r.elationship implicates the 1951 
overflow event from tank BX-102 as the primary source of the U contamination plume in the 
groundwater. This composition, however, is distinct from the inventory estimate for the BX.:102 
~tll ~ Jon~s et al. (2001 ), which therefore may be incorrect. On the plot of 234l.Jt238U versus 

6u; -U (Figure D.133), the. WMA B-BX-BY groundwater datafall along an array from the 
299-E33-46 plume toward groundwater sample 299-E33-7, supporting the connection between : 
the 299-E33-45 (tankBX-102) vadose zone contamination and groundwater contamination. 
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The isotopic composition of the WMA B-BX-BY groundwater U plume is consistent with the 
model estimates of production from the Al clad-0.71% 235U (natural uranium) fuel type (Dresel 
et al. 2002). In addition, Dresel et al. (2002) provide a model history of the abundances of 234u, 
235U, and 236u of the fuel rods that were .processed by the Hanford plants. The average 
abundances of235U, 6.72 x 10·3, and 236U abundance, 7.82 x 10·5, for the 299-E33-45 plume are 
consistent with the composition of Af..,0,71 fuel rods processed in approximately mid-1951. This 
supports the conclusion -that the 1951 tank BX-102 event is the source of the vadose zone and 
groundwater contamination. The abundance of 234U did not vary much for the Al 0.71 % 235U 
fuel, but the average·234U abundance, 5.36 x 1 o·5, for the 299-E33-45 plume is consistent with 
the A 1-0. 71 % 235U fuel and distinct from other fuel types processed later. 

. . 
Assuming that the 299-E33-45 vadose zone U plume represents the source ofU contamination in 
the groundwater samples (data from Dresel et al. 2002) from wells 299-E33-41 (20 ppb U), 
299-E33-42 (9.5 ppb U), and 299-E33-16 (15 ppb U) (Figure D.132), the :fraction of altered U in 
those samples and their pre-contamination U concentrations estimated. This indicates for 
299-E33-41, 84% altered U and had a .pre-contamination U concentration of3.2 ppb, for 
299-E33-42, 62% altered U and a pre-contamination U concentration of 3.6 ppb, and for 
299-E33-16, 50% altered U and a pre-contamination U concentration of7.3 ppb. These adjusted 
U concentration compare well to a sample from well 299-E33-7 with a U concentration of 
3.5 ppb in which no 236u was detected and therefore likely represents uncontaminated 
groundwater. The implication is that most, if not all, of the uranium in the groundwater samples 
from the WMA B-BX-BY area is consistent with contamination by the 1951 tank BX-102 event. 
This is supported by recent modeling of the supernatant chemical compositions for the B, BX, 
and BY tanks (Lichtner 2002, Section D.3.1) that indicates that the highest supernatant uranium 
concentration (by several orders of magnitude) was in tank BX-102. This, together with the 
large volume of that leak (347,000 liters of solution), suggests it as an important source of 
uranium contamination in the area. 

D.5.1.4.2 Source of the Vadose Zone Uranium Plume in Borehole 299-E33-46. The isotopic 
composition of the 299-E33-46 U plume does not match the isotopic composition estimated by 
Jones et al. (2001) for the 1970 to 1971 leak from tankB-110. Even if this estimate is in error, 
the 236U abundance (5.322 x 10-5

) and 235U abundance (6.873 x 10·3) would appear to be 
inconsistent with the composition of fuel processed in the late l 960s (see estimates by Dresel 
et al. 2002). Rather, such a composition would indicate Al-0.71 fuel from early (pre-1950) in 
the history of processing. Therefore, it is possible that the plume in the 299-E33-46 core is not 
related to the 1970 to 1971 leak from tank B-110; but related to an earlier unrecorded leak. In 
support, the modeled supernatant uranium concentration for tank B-110 is very small, on the 
order of 6 x 10-10 moles/L compared to 0.1 moles/L for tank BX-102 (Licbtner 2002, 
Section D.3 .1 ). On that basis, the B-110 leak was probably not a significant source of uranium 
contamination. . . 

Given the large volume of material spilled from tank BX-102, the possibility exists that the 
299-E33-46 plume is a diluted mixture of tank BX-102 uranium and background uranium picked 
up during lateral spreading of the contaminant fluid. In a plot of 234U/238U versus 236U/238U, the 

- dat_a for the 299-33-46 plume forms a linear array that represents mixing between anthropogenic 
uranium and background natural uranium (Figure D.133; see also inset to Figure D.134), as was 
also concluded from the plot of 23

8U/234U vsersu 236u/238U. However, the 299-E33-45 plots off 
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the line defined by the 299-E33-46 plume samples. This suggests that there were probably 
separate sources for the 299-E33-45 and 299-E33-46 plumes. 

This distinction can also be expressed in terms of the 236u/2J\J of the two vadose plumes. The 
236u/234U for the 299-E33-45 plume is 1.489±0.003, which is di_stinct from the 236u!234U 
(0.986±0.001) of the 299-E33-46 plume (represented by samples S01052-36A and S01052-38A). · 
In addition, as noted above, the WMA B-BX-BY groundwater samples follow a trend away from 
the 299-E33-45 (BX-102) plume toward background 23'1.J/238U (represented by 299-E33-7) on 
Figure D.133. The data for the 299-E33-46 plume fall along a separate mixing line. This 
emphasizes the connection between the 299-E33-45 plume and the WMA B-BX-BY 
groundwater contamination, indicating that the groundwater plume is more closely related to that 
plume. 

D.5.1.5 Conclusions 

Multiple collector ICP-MS provides a very sensitive and precise technique for the measurement 
of U isotopic composition. It is able to provide 236u/238U ( or 236U abundance) measurements 
down to the l 0-7 range with~ 1 % precision, and precision in 238U/235U down to ±0.035% at the 
2cr level. 

This technique was applied to water extractions of uranium from sediment samples from two 
contaminated cores, 299-E33-45 and 299-E33-46, taken near tanks BX-102 andB-110. From 
the uranium isotopic data, it can be concluded: 

1. The vadose zone uranium contamination plume in borehole 299-E33-45 is the source of 
groundwater uranium contamination in the B-BX-BY area. 

2. The source of the uranium contamination in borehole 299-E33-45 is most likely the 1951 
tank BX-102 spill event of processed aluminum clad natural uranium fuel. 

3. The vadose zone uranium contamination in borehole 299-E33-46 near tank B-110 is 
probably not related to the 1970 to 1971 leak from tank B-110. The uranium isotopic 
_composition indicates early (pre-1950) processing of aluminum clad natural uranium 
fuel. 

4. The uranium in the vadose plumes in cores 299-E33-45 and 299-E33-46 are derived from 
different sources. 

5. Uranium isotopic measurements provide a sensitive means to tracing uranium 
contamination and defining the fraction of anthropogenic uranium in porewater and 
groundwater samples. 
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D.5.2 STRONTIUM ISOTOPE EVIDENCE FOR INTERACTION BETWEEN 
WASTE FLUIDS AND SEDIMENTS IN THE WMA B-BX-BY VADOSE 
ZONE 

Mark E. Comad1
, John N. Christensen1, Katharine Maher2, and Donald J. DePaolo1

,2 

1Lawrence Berkeley National Laboratory, Berkeley, California -94720 
2University of California, Berkeley, California 94720 

D.5.2.1 Introduction 

The concentration of strontium in vadose zone porewaters is relatively low relative to the 
concentration in the rocks (2 to 4 orders of magnitude). As a result, the strontium isotope ratios 
of the porewaters can be sensitive indicators of interaction between the flui~ and the rock 
matrix. The degree and nature of interaction between pore fluids and the Hanford Site sediments 
is of special concern given the extreme chemical compositions of the waste fluids and the 
importance of processes such as sorption, mineral precipitation and dissolution on the trans&ort 
ofradionuclides (especially 90Sr) in the waste fluids. To examine this interaction, the 87Sr/ ijS:r 
isotope ratios of de-ionized water rinses of sediment samples from the boreholes 299-E33-45 and 
299-E33-46 have been measured. 

D.5.2.2 Results 

D.5.2.2.1 Borehole 299-E33-45. The 87S~/86Sr ratios of de-ionized water rinses of 12 sediment 
samples from borehole 299-E33-45 have been measured and the results of these analyses are 
given in Table D.75. The upper 9 samples (from between 10 to 191 ft depth) had strontium 
isotope ratios ranging from 0.7138 to 0.7150. The lowest 3 samples (from between200 and 
254 ft depth) have significantly lower ratios (0.7i06 to 0.7132). 

The relatively homogenous values measured for the upper part of this core are in contrast with 
the results of an extensive set of de-ionized water rinses of sediment samplbs from borehole 
299-W22-48~ a background borehole drilled in the 200 West Area (Maher et al., in review). In 
the borehole 299-W22-48 samples, the 87Srr6Sr ratios of the de-ionized water rinses ranged from 
0.721 in the shallow subsurface down to 0.715 near the base of the Hanford formation. It is 
possible that this represents a difference between the two areas. Alternatively, the range of 
values measured in the upper part of the 299-E33-45 core matches the range values that have 
been measured for Columbia River water (the primary source of water that was used for Hanford 
operations) and it is also possible that this reflects addition of significant amounts of process 
water to the sediments (either from tank leaks or surface disposal of dilute flµids). 

The deeper samples from borehole 299-E33-45 are from the bottom of the Hanford formation 
and into the Plio-Pleistocene formation. The lower 87Sr/86Sr ratios measured for these samples 
are similar to the values measured in borehole 299-W22-48. 
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Table D.75. Strontium Isotopic Data Core 299-E33-45 (Near Tank BX-102) 

Sample Ave. depth (ft) PW [Sr] ppb 17Srfi6Sr ±2cr 

S01014-01A 10.6 376 0.714877 0.000010 

S01014-06A 20.8 337 0.713920 0.000013 . 

S01014-33A 73.4 2549 0.714212 0.000009 · 

S01014-35A 78.2 547 0.714975 0.000011 

S01014-72A 151.6 6757 0.714138 0.000010 

S01014-78A 160.9 5048 0.714515 0.000009 

S01014-82A 168.7 1790 0.713758 0.000010 

S01014-83A 171.l 1876 0.713775 0_000011 

S01014-93A 190.7 1936 0.714084· 0.000010 

S01014-99A 201.4 2646 0.713155 0.000010 

S01014-116A 231.5 2132 0.710603 0.000009 

S01014-129A 253.7 1963 0.711683 0.000010 

D.5.2.2.2 Borehole 299-E33-46. The results of analyses of de-ionized water rinse samples from 
borehole 299-E33-46 are given in Table D.76. The limited number of analyses for tlris borehole 
( only 7 samples were successfully analyzed) are due to the extremely low porewater Sr 
concentrations in the sediments from the area of the contaminant plume (between 40 and 120 ft 
depth) coupled with the small volumes of liquid from the de-ionized water rinses of these 
samples that were available. 

There is one major difference between the results of the analyses for the 299-E33-45 and the 
299-E33-46 samples. Outside of the contaminant plun;i.e, the de-~onized water rinses from the 
299-E33-46 samples have 87Sr!86Sr ratios in the same range as the upper samples from 
299-E33-45 (all of the samples analyzed from 299-E33-46 are from the upper 180 ft of the core). 
Within the plume, however, the 87Sr/86Sr values of the de-ionized water rinse~ are lower, 
especially from the most contaminated sample that was able to be measured (S01052-38A), 
which had a ratio of0.7118. 'This value is significantly lower than any de-iom.zed water rinse 
sample from the Hanford formation that has been measured to date. 

Table D. 76. Strontium Isotopic Data Core 299-E33-46 (Near Tank B-110) 

Sample Ave. depth (ft) PW[Sr]ppb 87Sr!"sr ±lo- 90Sr (ppti•> 

S01052-06A 21.1 657 0.713759 0.000007 ND 

S01052-38A 83.1 63 0.711785 0.000014 4.991 

S01052-42A 90.6 297 0.713234 0.000010 0.032 

S0l052-47A 98.6 185 0.713442 0.000014 0.112 

S01052-57A 119.9 184 0.714266 0.000016 0.003 

S01052-82A 164.6 839 0.714205 0.000010 0.014 

S01052-90A 179.9 619 0.713933 0.000009 0.019 

(•) Concentration of 90Sr extracted with 8 N HNO3 (ppt of dty sediment). 
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D.5.2.3 Discussion 

. D.5.2.3.1 Strontium Isotopic Evidence for Enhanced Dissolution of Silic.ate Minerals by the 
Fluids in the 299-E33-46 Plume. °The 87Sr/86Sr values measured for the de-ionized water rinse 
samples from borehole 299-E33-46 are plotted versus depth on Figure D.135 along with the total 
Sr concentrations in the rinse samples and the 90sr concentrations in concentrated nitric acid 
leaches of the samples. In the area of the plume, there is a clear decrease in the concentration of 
Sr in the de-ionized water rinses. As noted in Section D.2.4, interaction between the high-pH 
waste fluids and the sediments led to a combination of sorption of Sr in ion exchangeable st.ates 
and precipitation in high magnesium calcite, causing the low porewater Sr concentrations. 

The bulk sediments in the Hanford formation have 87Sr/86Sr ratios between 0.710 and 0.712 
whereas the porewaters have much higher ratios ( up to O. 721 ), especially in the upper part of the 
Hanford formation (Maher et al., in review). The cause of the high ratios in the porewaters is not 
clear, but is suspected to be due to rapid weathering of a mineral phase with high ratios 
(e.g., biotite or muscovite). As the fluids infiltrate, slow dissolution of the other minerals in the 
rock leads to a geueral decrease in the 87 Sr/86S r ratios of the vadose zone porewaters with depth 
in borehole 299-W22-48. In 299-E33-46, there is a similar decrease associated with the waste 
plwne. Given the relatively recent introduction of the waste fluids (i.e., ~50 yrs ago), this 
implies that there has been significant dissolution and exchange of strontium between, the waste 
fluids and the sediments. Furthermore, given that the waste fluids are precipitating carbonates, 
this exchange must be primarily with the silicate minerals in the sediments (e.g. , feldspars). 

The extent of Sr exchange between the waste fluids and the sediments is a function of the rate at 
which the fluid moves through the sediment and the degree of mineral dissolution. This 
information could potentially provide valuable information for estimating the kinetics of in situ 
reaction rates between the waste fluids and the sediments. 
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Figure D.135. Conce11t~tions and 87Sr/16Sr Ratios of Sr in De-Ionized Water Leaches and 
. Acid-Extractable 90Sr in the Sediments Plotted versus Depth in Borehole 299-E33-46 

Also shown is the range of 87Sr.t86Sr ratios in sediments from the Hanford formation. 

D.5.2.4 Conclusioll.$ 
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1. The de-ionized water rinses of the borehole 299-E33-45 and 299-£33-46 core samples 
· .suggest that the vadose zone in WMA B-BX-BY has undergone extensive irlteraction 
with fluids derived from Columbia River water (e.g., process waters). 

2. There is a strong shift in the 87Sr/86Sr ratios in the de-ionized wate~ rinses from the 
contaminant plume in borehole.299-E3J-46, indicating thatthe high-pH waste fluids in 
this plume have resulted in rapid dissolution of silicate minerals in.the sediments: 

D.5.2.S Reference 
. . . 

Maher, K., D. J. DePaolo, M. E. Conrad, and J. R. Seme,. in review, "Vadose Zone Infiltration 
Rate at Hanford, Washington, inferred from Sr isotope measurements,-" Water Resources 

·:Res. 
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