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Laboratory column tests were performed to charac-other radionuclides were characterized by two or three
terize the mobilities 0f°Co, °°Sr, 13’Cs, 233U, 23%pu,  fractions, each having a distinctly different mobility.
and 2*1Am in a basalt sample and a composite of sediCobalt-60 had high- R = < 3), intermediate- R =
mentary interbed from the Snake River Plain at the34), and low- (R> 200) mobility fractions. Although a
Idaho National Engineering and Environmental Labo-majority of the2®°Pu and?**Am had low mobility (R>
ratory. The radionuclides were spiked into a synthetic200), there were high-mobility (R 3) fractions of each
groundwater (pH 8, ionic strengtk 0.004 M) and in- (17 to 29% for23°Pu and 7 to 12% for?>4Am). In
troduced into the columns (B 2.6 cm, L=15.2 cm) as sedimentary interbed, mobilities were generally much
finite steps with a width of 1 pore volume followed bylower than in basalt. Uranium-233 was the only radio-
unspiked synthetic groundwater. The effluent concentraauclide with 100% recovery within 200 displaced pore
tions were measured continuously for up to 200 poresolumes, and it had a retardation factor of 30. How-
volumes. Hydrogen-3 was used as a nonreactive tracezver, high-mobility fractions were observed féfCo
in all of the experiments to monitor for channeling. In (1 to 4%) and?3°Pu (1.1 to 2.4%). These results could
the basalt sample, the behavior ¥8r, 13’Cs, and?®®U  have important implications with respect to transport
was quite different from that §°Co, 23%Pu, and?*!Am.  modeling. If the multiple-mobility fractions observed here
The column effluent curves for the former were characare also present in the field, transport predictions based
terized by single peaks containing, within the limits ofon classical modeling approaches that incorporate mo-
experimental uncertainty, all of the activity in the spike.bilities from batch sorption experiments are likely to be
The mobilities were ordered as follows*U (R =5.6) > in error.
9Sr (R = 29) > 1¥Cs (R = 79). The curves for the

*E-mail: field@clemson.edu

tCurrent address: Radian Corporation, 1093 Commerce Park Drive, Suite 100, Oak Ridge, Tennessee 37830.
FCurrent address: Nuclear Regulatory Commission, Mail Stop TWFEN 8-A-33, Washington, D.C. 20555.
8Current address: 500 Stanyon Street, San Francisco, California 94117-1869.

llcurrent address: Department of Chemistry, Hartwick College, Miller Hall, Oneonta, New York 13820.
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I. INTRODUCTION behavior of selected actinides and fisstactivation prod-
ucts. The existing base of data for INEEL was limited to

90 137,
The Subsurface Disposal AréaDA) within the Ra- Srand™’Cs(Refs. 4, 5, and  and laboratory column

90
dioactive Waste Management ComplgXWMC) at the tle3§(t:ss azggubazg%gjeztﬁ d‘;ﬂ?)&if%”r‘i‘;gﬁg d"@ﬁgroé arzr’the
Idaho National Engineering and Environmental Labora- ’ ’ ' ) .
tory (INEEL) contains shallow pits, soil vaults, and reSults of laboratory column tests to characterize the mo-
trenches where a variety of low-level, mixed, and transPilities of these radionuclides in basalt and sedimentary
uranic wastes are buried. Among the radiological Con|_nterbed from the site.
taminants in the wasté$ (Table ) are particularly large
amounts of plutonium, americium, and uranium. The
Snake River Plain aquifer is locateell80 m below the II. EXPERIMENTAL METHODS
RWMC, and reliable models of radionuclide transport in
the subsurface are needed for evaluating human heal

risk through the groundwater pathway. The vadose zonﬂ?A' Materials
between the waste site and the aquifer consists of a lay- Experiments were performed with basalt and inter-
ered sequence of fractured volcanic rocggmarily ba-  ped material from the INEEL site. The basalt was from a
salty and sedimentary interbeds. Modeling contaminangqy|der removed from one of the burial pits at the RWMC.
transport from the SDAto the aqUIferIS dlf'fICLI|'[ becauseThe Sample was Crushed and Sieved! and the fractlon
the system is hlg_hly heterogeneous,_and ther(_e_ls signifis 550 um was used in the experiments. Sedimentary
cant uncertainty in both the hydrological conditions anqnterped was obtained from an uncontaminated region
the geochemical interactions that affect contaminant trangggjacent to the RWMC. This unconsolidated material was
port. To reduce uncertainties in predictions of subsurgomposited from core samples collected at five different
face transport, a major program known as the Integrategepths ranging from 50 to 120 m and was sieved to the
Large-Scale Aquifer Pumping and Inf|ltrat|%n Tests wassjze fraction<250 .m. The physical and chemical char-
llJGndertaker?. However, the suite of tracetd®Se, ®Sr,  4cteristics of the two subsurface materials are given in
°Tb, and bromidewas limited because of regulatory Taple |1. The primary minerals in the sand fraction
and cost constraints and included only one of the CON>50 wm) of both materials were pyroxerf@0 to 50%
taminants of concer(strontium. Consequently, labora- ang plagioclasé30 to 50%, with lesser amounts of quartz
tory data were needed to characterize the geochemm(s}}1 the interbed only, olivine, and magnetite. The pri-
mary minerals in the clay fractiot<0.002 um) of in-
terbeds from this area are vermiculite, mica, and
montmorillonite. The interbed material had a higher cat-

TABLE | ion exchange capacitfl7 meq100 ¢ than the basalt
Estimated Inventory of the Principal Radiological (6 meq/100g)._
Contaminants Buried at the RWMC* A synthetic groundwatdiSGW) was formulated that
approximated the actual major ion concentrations as de-
Activity Mass termined from analysis of field samplé§he composi-
Radionuclide (Ci) (kg) tion of the SGW is given in Table Ill. Spiked SGW was
produced by adding acidic solutions of the radionuclides
H 1400000 0.15 to the SGW and adjusting the pH to 8.800.05 with
59& 1623(())(()) 822-8 0.1 N NaOH. The chemical form of these solutions is
63N 1100000 19 giveninTable IV. The radionuclide concentration ranged
60Co 4000000 35 from 10 to 100 Bgml in the spiked SGW for each ra-
90gy 450000 3.4 dionuclide. The final ionic strength of the spiked SGW
0 was typically 0.00M. Each spike contained a beta-
137;":0 600108000 107 L emitting activation or fission product and an alpha-
234US 65 10 emitting actinide. Hydrogen-3_was used as a nonreactive
235 5 2400 tracer in each column to monitor for channeling.
238y 110 330000
238py, 2400 0.14 I1.B. Column Transport Studies
239
240E3 %888 1022 The column apparatugig. 1) consisted of reser-
241py, 390000 3.8 voirs for SGW and spiked SGW, a peristaltic pufp,
241Am 150000 43 the column packed with either basalt or interbed, and a

*Reference 2. Measurements are not corrected for decay. &The pump was a Masterflex Model 7550-90.
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Physical and Chemical Characteristics of the Basalt and Sedimentary Interbed Samples as Measured

TABLE I

ACTINIDE MOBILITY IN BASALT AND SEDIMENTARY INTERBED FROM SNAKE RIVER PLAIN

by the Clemson University Agronomy and Soils Department

Characteristic Basalt Composite Sedimentary Interbed

Dithionite-citrate buffer extractable iron oxid&oFe,03) - 1.77
NH4OAc extractable Mr(ppm) 1.0 1.9
Total cation exchange capacifyneq/100 g 6.05 17.4
Particle size distributiof wm)

>250 84% 40%

100 to 250 4% 21%

50 to 100 1% 13%

2to0 50 8% 22%

<2 3% 4%
Bulk density(g-cm~3) 1.50t0 1.73 1.65t01.78
Porosity(n) 0.44t0 0.52 0.39t0 0.45
Major minerals Pyroxene Montmorillonite

Plagioclase Mica
Olivine Vermiculite
TABLE il . Radionuclide
Chemical Composition of the SGW ey Spiked
P Groundwater Groundwater
Concentration
Constituent (mg/t) |

ca?* 28.5 e

K+ 9.8

Mg?2* 8.3

Na* 17.0 Column

Cl~ 41.3 ]

SOz~ 23.4

HCO3 89.3

F- 0.5

) Fraction Collector

H25|02 22.0

pH 8.0 ) )

lonic strength(mol/¢) 0.004 Fig. 1. Experimental apparatus.

TABLE IV

Chemical Makeup of the Radionuclide Sources
Used to Prepare the Spiked SGW

Radionuclide Chemical Form Solution
3H HTO H,O
60Co CoC} 0.5M HCI
05y SrCh 0.5M HCI
137Cs CsCl 0.M HCI
233y UO2(NO3), 0.1M HCI
239 PUNO3)4 4.0M HNO;
241Am AmCl3 0.1M HCI
94

fraction collectoP. The column design was based on Rel-
yed® to ensure that dispersion would not significantly
affect contaminant travel time. The columns were con-
structed of polyvinylchloride cylinders with a 2.6-cm
inner diameter and 15.2-cm length with bolted flanges at
each end. Basalt columns were wet packed by adding
crushed basalt in-5-g increments and tamping lightly
with a rod. Interbed columns were dry packed 1 cm at a
time and compacted by lightly tapping the column on the
bench top. The bulk densities of the packed columns
ranged from 1.50 to 1.73/gm?® for basalt and 1.65 to
1.78 g/cm? for sedimentary interbed. The porosity of

bAn Eldex Universal Fraction Collector.
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the packed columns ranged from 0.43 to 0.52 for basatiadionuclides were poor and thus did not provide a reli-

and 0.39 to 0.45 for sedimentary interbed. The pore volable means for providing a quantitative characterization

ume was~30 to 40 cnd. of their mobilities. Consequently, the decision was made
The spiked and unspiked SGW was introduced ato characterize mobilities using the moments mettbod.

the bottom of the vertically oriented columns, and efflu-In this approach, mean travel times are calculated by the

ent fractions were collected at the top. Analyses of thdollowing (see Nomenclature on p. 106

effluent fractions were performed with an alpteta-

discriminating liquid scintillation countérThis made it ftC(t) dt

possible, in a single test, to simultaneously meastte ~ T

betas, higher-energy betas from an activation or fission t=——""- P 1
product, and alphas from an actinide. The alfiieta- fc(t) dt

emitting pairs were33U/%°Co, 23°Pu/90Sr, and?**Am/

137Cs. In the?®9Pu/°°Sr experimentsH was introduced
as a separate spike that was followed by tRPu/°°Sr
spike because of*'Pu contamination in thé**Pu solu-
tion. Plutonium-241 has a beta particle with an endpoin
energy(21.6 keV) that is indistinguishable from th&H
beta particle, which has an endpoint energy of 18.6 keV. o

The column tests were performed at least in dupli- Ry =t/ty . )
cate for each set of alplibeta emitters and each type
of matrix. Results from a total of 15 column experi-

whereC(t) is aqueous phase concentration in the efflu-
ent andT is the width of the finite step spike. The retar-
dation factorR was calculated as the ratio of the mean
fravel time of the radionuclide of interest, to the mean
ravel time of3H, fy,

Aqueous recoverji was calculated from

ments are presented here. The test procedure was as

follows. First, the unspiked SGW was pumped through fC(t) dt

the column for a 24-h equilibration period. Then, the fr= —— , ®)
spiked SGW containing the alpfiaeta pair andH (ex- Co-T

cept as noted earligwas introduced into the column as
a finite step of~1 pore volume in width. Following the
spike, the column was washed witf200 pore volumes
of unspiked SGW. With one exceptiotbasalt col-
umn 2, the volumetric flow rate was 1 mhin, and the
corresponding mean linear velocities ranged from 0.006
to 0.0082 cnis. The column effluent was collected in
3- to 20-ml fractions from which 1-ml aliquots were
analyzed with the liquid scintillation counter for a 10-
min count time. Elution profiles, i.e., normalized efflu-
ent concentration versus tinjas displaced pore volume
(DPV), which is the integrated volumetric flow divided
by the pore volumg were plotted for each radionuclide.

whereC, is the radionuclide concentration in the spike.
Aqueous recovery is typically expressed as a percentage.
Some of the columns with agueous recoverid90%
underwent further testing. Some were scanned with a
al(TI) detector to determine the location of gamma-ray
mitters at the end of the elution period. The detector
was placed behind a 5-cm-thick lead shield that had a
1- X 10-cm slit. The column was positioned so as to be
scanned in contiguous 1-cm segments. Also, the basalt
and interbed in selected columns were acid washed. Ap-
proximately 3 pore volume®0 ml) of 2.0M HNO; was
pumped through the column, and the effluent was col-
lected. A 1-ml aliquot of this effluent was analyzed.

11.C. Data Analysis

Attempts were made to fit three conventional one-"l' RESULTS AND DISCUSSION

dimensional1-D) advectiorydispersiorsorption trans- IILA. Basalt
port models(equilibrium, one-site kinetic, and two-site
equilibrium) to the data using the CXTFIT software pack- Elution profiles for basalt are presented in Figs. 2a
age? Originally, the objective of the fitting effort was to through 2f. Each graph contains profiles fat and one
determine transport parameters such as dispersion co@ftthe radionuclides of interest. Transport parameters cal-
ficients, retardation factors, sorption rate constants, etculated from the elution profiles are presented in Table V
The fits of the equilibrium model téH data were good, for 3H and in Table VI for the radionuclides of interest.
and the CXTFIT code was used to obtain dispersion co- All of the 3H elution profiles were similar in that
efficients. This was accomplished by specifying the widththey were approximately symmetric and showed no ev-
of the contaminant step and the mean linear velocitydence of channeling. Aqueous recoveries ranged from
(both of which are experimental control variablesxd 91 to 112%, and retardation factors ranged from 0.94 to
allowing the program to converge to the best estimate 0f.09. The dispersion coefficients ranged from 0.0006 to
dispersion coefficient. However, the fits for the other0.0021 cni/s.

The elution profiles for uranium, cesium, and stron-
°Model 1415 manufactured by Perkin Elmer Wallac. tium (Figs. 2a, 2b, and 2c, respectivelyere similar in

NUCLEAR TECHNOLOGY VOL. 135 AUG. 2001 95



Fjeld et al. ACTINIDE MOBILITY IN BASALT AND SEDIMENTARY INTERBED FROM SNAKE RIVER PLAIN

(a) @ Uranium - Basalt Col 2

A A Uranium - Basalit Col 3
0.1k o) (e O Tritium - Basalt Col 2
2 [e] A Tritium - Basalt Col 3
i L4 @ ..
0.01 ") % .:AM
Q 8 A
O [ )
) g 0 2 o M,
o [0 e ok el
L oA A ® ‘e L
e O A ° ’ o0
0.0001 4 [ Jeo) °®
0.00001 AT
0.1 1 10 100 1000
Time (DPV)
1F
F (b) ﬂ @ Cesium - Basalt Cot 7
i A Cesium - Basalt Col 10
0.1 3 OA % O Tritium - Basalt Col 7
g % ATritium - Basalt Col 10
A )
0.01 o
=]
3 o B
(&)
0001} ©o & ‘%
o '~ Loy
| d A Py ﬁ“ ° A.'A
00001 | . oy .
i A @
0.00001 - ‘
0.1 1 10 100 1000
Time (DPV)
1 H
(c)

@ Strontium - Basalt Col 8
A Strontium - Basalt Col 11
O Tritium - Basalt Col 8

®
5
o
i 5 ATritium - Basalt Col 11
, > .w
g A
0.01 E Y

Py
01 | é
A
(o)

S A
(8] I A
SRR T
0001 L ® 4 s B "o
F o ®a lz A
i ®
0.0001 } a4 A
i (o]
0.00001 A e
0.1 1 10 100 1000
Time (DPV)

Fig. 2. Elution profiles for basalt columngFigure continues on facing page.
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TABLE V

Physical Characteristics of the Basalt Columns and Parameters Obtained by Fitting the 1-D Adspersion Equation
to the 3H Data

Fitted Parameters foiH
(Equilibrium Mode)
Basalt Aqueous
Column p v T Recoveryfr D Correlation
Number pH n (g/cm3) | (cm/s) | (DPV) (%) t(DPV) | (cm¥s) R Coefficient
2 8.02 | 0.52 1.50 0.0123 0.97 91 0.95 0.0006 0.p5 0.98
3 8.09 | 044 1.73 0.0073 1.15 101 1.03 0.0021 094 1.00
8 8.04 | 0.49 1.62 0.0065 1.12 97 1.02 0.00Q9 0.85 1.00
11 8.05| 0.47 1.65 0.0064 0.95 102 1.13 0.0014 1j01 1.00
12 8.13 | 0.43 1.69 0.0074 1.02 110 1.10 0.0010 1{09 0.98
13 8.09| 0.44 1.64 0.0072 0.99 112 1.06 0.0009 1/06 0.95
7 8.12 | 0.49 1.60 0.0066 1.14 100 1.04 0.0014 0.96 1.00
10 8.12 | 0.46 1.62 0.0064 1.09 98 1.8 0.0012 1.p4 1.00
TABLE VI
Aqueous Recoveries and Corresponding Retardation Factors for the Basalt Columns
Basalt Agueous Aqueous
Column Recoveryfr Recoveryfr
Number Radionuclide (%) R Radionuclide (%) R
2 60Co 3.0 B 23y 99 5.1
60Co 59 34 - - -
3 60Co 2.3 0.9 23y 106 6.1
60Co 74 34 - - -
8 90gr 93 33 239y 29 4.3
11 90sy 118 25 23%py 17 5
12 —_— — —_— 23%py 17 1.3
13 - - _ 239py 24 1.2
7 137Cs 67 70 241Am 12 2.6
10 137Cs 90 88 24IAm 7.0 5.8

aFirst peak in elution profile.
bSecond peak in elution profile.

that each was characterized by a single peak containirtge likely species are hydroxides afod carbonate com-
essentially all of the activity that was in the spike within plexes of the UG* cation!-13 Such complexes are ei-
the limits of experimental uncertainfgstimated to be ther neutral or anionic and have a low affinity for the
+15% from the3H data. The uranium mobility was solid phase. This is consistent with the high mobility
very high(R = 5.6), and the average aqueous recoverybserved in the columns. For cesium and strontium, re-
was 103%. Cesium mobility was much low@ = 79).  tardation is likely due to interaction of the Cand S¢F*
Aqueous recovery for one of the cesium columns wasations with clay minerals in the basalt sample. The greater
only 67%; however, the test was terminated before all ofetardation of cesium compared to strontium is consis-
the peak appeared. In the replicate, the duration of thent with results from batch partitioning experimettd®
test was increased, and the aqueous recovery was 90%his is commonly attributed to irreversible retention of
The strontium mobility(R = 29) was between that of cesium between structural layers of clay minerals such
uranium and cesium, and the average aqueous recoveag mica and vermiculité The moderate degree of retar-
was 105%. These results suggest that uranium, cesiumation of both is consistent with the relatively low cation-
and strontium are present as single species. For uraniumxchange capacity of the basalt and the relatively small
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surface area associated with the basalt size fraction usdést Site, which is similar to the SGW used in our ex-
in the columns. periments. He observed fractions of plutonium, ameri-
The elution profiles for americium, plutonium, and cium, and neptunium to travel through the columns at
cobalt(Figs. 2d, 2e, and 2f, respectiveéhyere substan- approximately the same speed as tritium. For plutonium,
tially different from those for uranium, cesium, and stron-the high-mobility fraction depended on the oxidation state.
tium in that they suggest multiple forms having distinctly It was as high as 70% for PW) and/or Pu'VI), but it
different mobilities. For americium and plutonium, a smallwas generally<10% for P{IV ). The behavior of amer-
fraction of the activity in the spike had a high mobility, icium was similar to that of PUV ), and the behavior of
but the majority of the activity did not appear within 200 neptunium was similar to that of PJ)/Pu(VI). High
DPV. The average retardation factors and recoveries weraobility forms of plutonium have also been observed in
R = 4.2 andfz = 9.5% for americium an®R = 3.0 and field studies. Penrose et #lfound elevated plutonium
fr = 22% for plutonium. Cobalt was particularly intri- and americium concentrations in a small aquifer at LANL.
guing because it had a sméliz = 2.6%), high-mobility  All of the plutonium and part of the americium was as-
(R=1) fraction; a largd fr = 67%), moderate-mobility sociated with particulate material in the 0.025- to 04%-
(R = 34) fraction; and the remainddrfz ~ 30%) re-  size range. Although Penrose et al. attributed the pres-
tained in the column. It is interesting to compare theence of the radionuclides to particulate transport through
elution profiles of the high-mobility fractions of cobalt, the aquifer, Marty et 8% subsequently made a case for
americium, and plutonium to those f8H. The cobalt infiltration of surface water. Buddemeier and Heééind
profile appears to have an identical shape to thaffbr Kersting et aP? observed high-mobility transport of ra-
while those for americium and plutonium differ. The lead-dionuclides at the Nevada Test Site. In the most recent
ing edges of the americium and plutonium profiles arestudy by Kersting et al., the high-mobility forms of co-
somewhat irregular and slightly retarded compared tdalt, cesium, europium, and plutonium were almost all a
3H, especially for plutonium. For cobalt, this suggests garticulate form. McCarthy et &F concluded that high-
soluble species or a small particulate form. For amerimobility forms of americium at the Oak Ridge National
cium and plutonium, the implication is not known. How- Laboratory were due to natural organic matter.
ever, since americium and plutoniuhy ) generally have There are at least three possible explanations for the
very low solubilities at high pH, it is possible that par- observed high mobility 0f°Co, 22%Pu, and®**Am. These
ticulate forms may have played a role in their behaviorare(a) association with a mobile particulate phade for-
For plutonium, the interpretation is clouded by the likelymation of a mobile complex, @c) kinetically limited sorp-
presence of a mix of plutoniufiV ) and plutonium(VV)  tion. Experiments were performed to test for each of these
in the spike. three mechanisms. First, to investigate the possibility of
The gamma-ray scans showed f8€o, 3’Cs, and particulate transport, the spiked groundwater influent so-
24IJAm remaining in the column to be approximately uni- lution was double filtered through 0,4m SUPOR 100
formly distributed throughout its length. Acid leaching polysulfone filters, and®°Pu concentrations were mea-
of the basalt yielded total recoveries of 98% f6fCs  sured before the filtrations and after each of the two fil-
(basalt column 10 89% for 2%°Pu (basalt column 1)l trations. There was no loss of activity in the second filter,
and 82% for>4*Am (basalt column 1P which indicates that plutonium was not sorbed by the fil-
Fried et al'” and Thompsot have also observed ter material. Approximately 25% of thHé°Pu in the spike
low- and high-mobility forms of plutonium and ameri- solution was removed by the first filter. This fraction re-
cium under geochemical conditions similar to those studmained constant over a 20-h period following preparation
ied here. Fried et al. performed two types of experimentsf a pH-adjusted spike. Effluents from plutonium and am-
with volcanic tuff from Los Alamos National Laboratory ericium columns were similarly filtered. The first filter
(LANL). In the first, plutonium and americium were de- removed 5 to 22% of thé3°Pu and 28% of thé*Am.
posited in a depression on the top of a block of tuff. AfterAlthough not conclusive evidence of particulate trans-
several “rain-drought” cycles in which the block was port, these results indicate the presence of suspended
showered with water and allowed to dry, cores were exparticles in both the influent and the effluent, they are
tracted from the block. Each core showed two zones ofupportive of a particulate transport hypothesis?f§Pu
activity as a function of depth. There was a low-mobility and 24?Am, and they are consistent with the findings of
zone close to the site of deposition that contained th#hompson'® Similar filtrations were not performed for
majority of the plutonium and a high-mobility zone some 6°Co; however, it is also known to form and strongly sorb
distance away that containedl% of the original activ- to suspended particl@4:-2"Thus, particulate transport is
ity. Small, high mobility fractions were also observed ina possible explanation for the cobalt high-mobility frac-
column tests with crushg@nd washeptuff. From these tion as well.
experiments, it was estimated that 1% of the plutonium  Plutonium-239 and*’Am are known to form neutral
had a mobility that was 25 000 times higher than the bullor negatively charged complexes with carborfate.2°
of the plutonium. Thompson peformed column tests withTo examine the possibility of enhanced transport of plu-
crushed tuff and groundwat€fJ-13") from the Nevada tonium due to the formation of negatively charged
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TABLE VII
Effect of Bicarbonate on Plutonium Recovery
HCO3; Concentration | fgr (0 to 4DPV) fr (0 to 60 DPV)
Eluent (mg/€) (%) (%)
SGW without added carbonate or bicarbonate salts 4 ow 12 59
SGW 90 30 52
SGW with high bicarbonate 1800 58 78

aDue to CE~ from the atmosphere and possibly carboyibtearbonate salts leached from the basalt.

carbonate complexes, a set of experiments was con- Finally, the effect of flow rate orf*}Am mobility
ducted in which the bicarbonate concentration was varwas examined. The results are given in Fig. 3. As the
ied. The eluent solutions for these experiments were aow rate was increased from 0.1 to 10 fmiin, the high-
follows: (a) SGW without added carbonate or bicarbon-mobility fraction increased from 1 to 43%. This could be
ate salts(b) SGW, and(c) SGW with 20 times the base due either to an increase in the release of particles with
bicarbonate concentration. The spikes were allowed tncreased water velocitybecause of increased shear
equilibrate for 24 h before the test was begun. The reforces or to a decrease in the sorbed fractidrsorption
sults are summarized in Table VII, where the fractionais kinetically limited).

recoveries are given for the 0- to 4-DPV time period and

for the entire elution period of-60 DPV. The recovery :

for the 0- to 4-DPV time period increased dramatically"I'B' Sedimentary Interbed
with increasing bicarbonate concentration. Though not Elution profiles for sedimentary interbed are pre-
conclusive, this is consistent with the carbonate complexsented in Figs. 4a through 4f. As for basalt, the interbed
ation hypothesis regarding enhanced transport of plutaggraphs contain profiles foFH and one of the radio-
nium. The recoveries for each of these experimentauclides of interest. Transport parameters calculated from
exceeded 50%. For the SGW, this is a factor of 2 highethe elution profiles are presented in Table VIII féid
than in the previous experimentisasalt columns 8 and and in Table IX for the radionuclides of interest. As
11 through 13 and is possibly due to differences in the for basalt, the®H elution profiles for interbed were all

preparation antbr aging of the spike solution. approximately symmetric and showed no evidence of
0.5
1 * ®0.1 mUmin (f = 1%)
i . A1 mU/min (f = 14%)
04 F W 3.5 mU/min (f= 21%)
b 10 mU/min (f = 43%)
i . .
03 |
° i
&) |
o [
.
0.2 i - B = .
I ] A A M N
0.1 A
i . 4 ‘aa
i . ) o in
° . [
0ommana$ ©°°%° 0 2% int ntintmirmeesiem
0 1 2 3 4
Time (DPV)

Fig. 3. Elution profiles fo?*%Am for volumetric flow rates from 0.1 to 10 nnin. The legend value in parentheses is the aqueous
recovery.
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TABLE VIII

Physical Characteristics of the Interbed Columns and Parameters Obtained by Fitting the 1-D Adipéstiersion
Equation to the’H Data

Equilibrium Model
Interbed Aqueous
Column p v T Recoveryfr D Correlation
Number pH n (g/cm?®) | (cm/s) | (DPV) (%) f (cm?/s) R Coefficient
1 8.48 | 0.45 1.65 0.0072 1.13 110 1.13 0.0008 1)05 0.98
2 8.46 | 0.43 1.69 0.0075 1.18 106 1.13 0.0006 1)03 0.99
6 8.36 | 0.40 1.78 0.0080 1.42 99 1.26 0.0009 1.p4 1.00
7 8.57 | 0.41 1.74 0.0079 1.09 101 1.13 0.0008 1)07 1.00
9 8.51 | 0.39 1.78 0.0082 1.13 96 1.11 0.0013 1.p4 1.00
5 8.62 | 041 1.69 0.0072 1.37 93 1.20 0.0022 1.p1 0.98
8 8.72 | 041 1.72 0.0077 1.22 99 1.16 0.0005 1.05 1.00
TABLE IX
Aqueous Recoveries and Corresponding Retardation Factors for the Interbed Columns
Interbed Aqueous Aqueous
Column Recoveryfr Recoveryfr
Number Radionuclides (%) R Radionuclides (%) R
1 50Co 11 >80 23y 96 31
2 60Co 3.9 ~1 233y 101 30
6 90Sy S >200° 23%py 1.1 ~3
7 90sy - >200° 23%y 2.4 ~3
9 905y - >200° 239y 14 ~3
5 137Cs R >8007 24Am - ~8007
8 137Cs N >200P 24IAm e >200P

3As determined from the contaminant remaining on the column by gamma-ray scans.
bAs determined from the contaminant not appearing in the aqueous effluent.

channeling. Aqueous recoveries fé ranged from 93 for plutonium(Figs. 4e and 5dand cobal{Figs. 4f and
to 110%, retardation factors ranged from 1.01 to 1.075e), there was evidence of small, high-mobility fractions
and dispersion coefficients ranged from 0.0005 toof each. The average recoveries were 1.6% for three plu-
0.0022 cnd/s. tonium columns and 2.5% for two cobalt columns. Al-
Uranium (Fig. 48 was the only radionuclide, other though close examination of the americium dd&ms. 4d
than3H, with essentially 100% recovery within the 200- and 5¢ suggests the possibility of a high-mobility frac-
DPV sampling period. Its mobility in interbedR = 30)  tion, the signal was not sufficiently above background
was lower than in basalt. This is consistent with interfor confirmation. The gamma-ray scans of the columns
bed’s larger cation exchange capacity and larger surfacghowed®°Co, 13’Cs, anc?**Am to be located within 3 to
area compared to basalt. To assist in distinguishing bet cm of the inlet(Fig. 6), suggesting high retardation
tween very low breakthrough and no breakthrough, théactors. A travel distance 6£4 cm during the~100 h of
elution profiles for cesium, strontium, americium, pluto-the column experiments implies a retardation factor in
nium, and cobalt are also plotted on an expanded lineaxcess of 600. This, in turn, implies a distribution coef-
scale in Figs. 5a through 5e, respectively. For cesiurficient in excess of 3200, which is consistent with the
(Figs. 4b and 5gand strontiun(Figs. 4c and 5p there  results of other studie’$:3° Acid leaching of the inter-
was no breakthrough within the first 200 DPV. However,bed yielded total recoveries of 112% f#iSr (interbed
AUG. 2001 101
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Fig. 4. Continued.
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Fig. 5. Elution profiles for sedimentary interbed with an expanded scale on the ordinate.
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Fig. 6. Spatial distribution of°Co(interbed column R 37Cs (interbed column § and?*%Am (interbed column 5in interbed
columns as determined from a gamma-ray scan with 1-cm resolution. The values are connected point to point to assist in
distinguishing among the sets of data.

column 9, 49% for *3"Cs (interbed column 8 63% for  increased with increasing mean linear velocity. A second
23%Py(interbed column B and 83% for’4’Am (interbed  reason, which is specifically applicable to plutonium, is
column 8. the effect of spike preparation on the plutonium oxida-
tion state. It is well known that plutonium can be present
as Pdlll), PulVv), PuV), and PyVI) simultaneously

in natural waters. The plutonium oxidation state was nei-

Most models for predicting the subsurface transporther controlled nor monitored in these experiments. Thus,
of contaminants consist of a hydrological component tdt is likely that the oxidation state distribution varied
determine the direction and speed of water flow and §0mewhat from experiment to experiment. This variabil-
geochemical component to determine the extent to whiclly may be the reason for the considerable difference in
the subsurface material retards contaminant movemeR{utonium recoveries in basalt columns 8 and 11 through
with respect to the water. The effect of geochemical in-13 and those in Table VII. A third reason is the possible
teractions is usually inferred from batch experiments andifference between geochemical conditions in the field
incorporated into the model as a single retardation facand those in the laboratory experiments. The laboratory
tor. Whereas batch tests can provide useful data for modgolumns are probably a reasonable approximation for
eling the transport of a contaminant that is present in #e far field, where the geochemical conditions are not
single physicaichemical form, they are not useful for a influenced by the waste. However, they are probably a
contaminant that is present in two or more forms having?©0r approximation in the near field, where the constit-
different mobilities. This is because multiple forms areuents leaching from the waste are likely to affect both
masked in batch sorption experiments. In this study, trithe aqueous chemistry and the reactive surfaces of the
tium, uranium, strontium, and cesium were present in gubsurface material.
single form; but plutonium, americium, and cobalt were
observed to have multiple forms.

However, it is necessary to exercise caution in atlV. CONCLUSIONS
tempting to extrapolate observations from our laboratory
columns to draw conclusions about transport under the The principal objective of this study was to charac-
complex conditions encountered in the field. There are gerize the mobilities 0f°Co, °°Sr, 137Cs, 233U, 23%Puy,
number of reasons for this. One is that the mean lineaand?#'Am in laboratory columns containing a sample of
velocity in the laboratory columns was between two andasalt and a composite of sedimentary interbeds from
three orders of magnitude greater than that typical of ththe Snake River Plain at INEEL. In basalt, the behavior
subsurface. Evidence of a velocity dependence can haf °°Sr, 137Cs, and?33U was quite different from that of
seen in Fig. 3, where the high-mobility fraction®fAm  69Co, 22%Pu, and®*’Am. The column effluent curves for

II.C. Transport Modeling Implications
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the former were characterized by single peaks contairnsreek
ing, within the limits of experimental uncertainty, all of B . . 3
the activity in the spike. The relative mobilities were? = Pulk soil density(kg/cm?)
23 (R=5.6) > %Sr (R = 29) > ®Co (R = 34) >

137"Cs(R=79). The elution profiles fof°Co, 23°Pu, and

24IJAm suggest multiple physicathemical forms with ACKNOWLEDGMENTS

distinctly different mobilities. Although the majority of .
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