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SORPTION-DESORPTION STUDIES ON TUFF
III. A Continuation of Studies with Samples

from Jackass Flats and Yucca Mountain, Nevada

K. Wolfsberg, R. D. Aguilar, B. P. Bayhurst, W. R. Daniels,
§. J. DeVilliers, B. R. Erdal, F. 0. Lawrence, S. Maestas,
. A, J. Mitchell, P. Q. Oliver, N. A. Raybold, R. S. Rundberg,
J. L. Thompson, and E. N. Vine

ABSTRACT

This report is the third in a series of
reports describing studies of sorption and mi-
gration of radionuclides in tuff. The investi-
gations were extended to lithologies of tuff not
previously studied. Continuing experiments with .
uranium, plutonium, and americium are described.
The dependence of sorption on the concentration
of the sorbing element and on the solution-to-
solid ratio was investigated for a number of
nuclides and two lithologies. A circulating
system was designed for measuring sorption
ratios. Values obtained from this system, batch
measurements, and column elutions are compared.
Progress on measuring and controlling Eh is des-
cribed, .

EXECUTIVE SUMMARY

This report is the third in a series presenting the Los
Alamos National Laboratory’s investigations on the sorptive prop-
erties of tuff. If tuff is to be considered as a nuclear waste
repository medium, then it is necessary to understand transport
of radionuclides through tuff and retardation mechanisms
to perform safety assessments. It is also necessary to build up
a data base of sorptive properties for the specific location of

a tuff repository presently being considered.
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In FY 1981, our sorptive studies were extended to tuff lithol-
ogies not previously studied. Data presented in this report indi-
cate that the sorptive behavior of the zeolite analcime is not
like that of clinoptilolite or heulandite; rather, the behavior
seems similar to that of devitrified tuff.

Somewhat higher sorption ratios for americium and plutonium
were obtained for tuff samples from the Yucca Mountain hole
(UE25a#1) than for those from the Jackass Flats hole (J-13).
However, the differences may be due to an Iimproved phase-
separation technique.

Small sorption and desorption ratios for uranium(VI) have been
measured for Yucca Mountain tuffs; the desorption ratios are scme~
what larger than the sorption ratios. Sorption ratios obtained
with crushed-tuff columns are smaller than those with batch measure-
ments. '

The variation of sorption ratio with concentration of sbrbing
element was studied for strontium, cesium, barium, and europium
petween ~10~8 and ~1073 M. The largest variations from ideal
behavior are at the highest concentrations, perhaps because of
saturation of Sorption sites or precipitation. The data are
discussed in terms of deviation from linear isotherms.

The results of sorptive studies in air and in a nitrogen
atmosphere (£0.2 ppm oxygen, £20 ppm carbon dioxide) are compared.
The largest differences are found for technetium, uranium, and
plutonium, which sorb more strongly, somewhat dependent on the
mineralogy of the tuff, in the nitrogen atmosphere.

When the solution-to-solid ratio in batch measurements was
changed from 5:1 to 30:1, only small (or no) increases in sorption
of strontium and cesium were noted in most experiments. Larger
increases, by factors of ~5, were observed for sorption of barium,
cerium, and europium.

A circulating system has given sorption ratios that are quite
comparable with those from crushed columns. In addition, this
methodology does not appear to show as much contact-time dependence
for sorption as the batch method. Sorption ratios from batch,

circulating-system, and column experiments are compared.
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The methodology for studying transport through whole cores
has been Iimproved by use of encasing techniques. New experi~
ments are under way.

Control of redox potentials in the laboratory may involve
the use of a potentiostat to achieve a desired redox condition

‘and moderators to maintain the condition. Initial efforts to

develop such moderators are reported. Redox potentials are
measured with electrodes or may be obtained from analysis of
redox pairs such as Fe(II)/Fe(III).

ExCept for poor sorption of anions (also typical for other
media), tuff has excellent sorptive properties. An understanding
of sorption and migration mechanisms is being obtained;

I. INTRODUCTION

The Los Alamos National Laboratory has been studying the sorptive behavior
of tuff and transport of radionuclides through tuff as part of the Nevada
Nuclear Waste Storage Invesiigations (NNWSI). The study has been partly
generic in nature (to understand the sorptive behavior of tuff as a function
of many variables) and partly site specific (to obtain data for.a possible
repository site in tuff). It is necessary to have an understanding of the
mechanisms of transport and retardation of radionuclides through tuff, as
well as to have a data base of sorptive properties to perform the
required safety assessment dealing with possible releases from a repository
in tuff. Previous reports in this series are Refs. 1 and 2. The work has
also been summarized in Refs. 3-7.

When the work was initiated, the only appropriate tuff samples for this
study were from Drill Hole (later Well) J-13 (Ref. 8) in western Jackass Flats
at the Nevada Test Site (NTS). As the NNWSI identified Yucca Mountain as a
possible repository location and undertook an exploratory drilling program,
samples from Hole UE25a-1 (Ref. 9) became available. Studies presented so
far have been with tuff cores from these two holes. Work is now under way
with samples from Hole USW-Gl on Yucca Mountain.

" Tuffaceous groundwater for these studies has so far been obtained from
Well J-13 (Ref. 10) in Jackass Flats; none has been available from holes on
Yucca Mountain. To better simulate water in contact with the rocks under

investigation, the water from Well J-13 is pretreated with the particular rock.
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Analyses of the water before and after such treatment have indicated only
minor changes in composition.

Perhaps a more critical problem is simulation of the redox conditions
that exist in the actual rock-groundwater systems. If the underground condi-
tions are reducing, as is postulated for many deep geologic systems, then the
sorpﬁive behavior of elements such as technetium, uranium, neptunium, and
plutonium will be different than under the normal, mildly oxidizing conditions
in air. In their lower oxidation states, these elements are generally more
insoluble or sorb better on geologic media and, consequently, should be

retarded better than in the higher states. However, at the present time, we

.do not have a definitive description of the actual redox conditions in the

tuff formations under inﬁestigation or of conditions that might be in possible
release scenarios. Preliminary observations of the alteration features of
the mafic minerals in zones of the Bedded Tuff of CalicoAHills and Prow Pass
members of the Crater Flat Tuff suggest possible oxidizing conditions, at
least at the time that alteration was occurring (R. G. Warren, Los Alamos,
personal communication, December 1980). Our observations11 of the dissolved-
oxygen content of water pumped from the J-13 well through a flowing cell at
the surface also suggests oxidizing conditions. Independent work by the
U. S. Geological Survey (USGS) has also shown that there are significant
concentrations of dissolved oxygen in water from tuffaceous wells (J-12 and
J-13), as well as in some other deep water (I. J. Winograd and F. N. Robertson,
USGS, personal communication, December 1980). ‘However, contact of crushed
tuff with groundwater under a controlled atmosphere (£0.2 ppm oxygén, £20 ppm
carbon dioxide; Sec. XI) gave apparently negative Eh values. The crushing may
have exposed previously unexposed minerals. At‘this time, we are conducting
investigations under both atmospheric and oxygen-free conditions and are
planning to do experiments under controlled Eh conditions.

In Ref. 6 the variation of sorptive properties with mineralogy is

evaluated. A rough relatibnship between sorptive properties and mineralogy

for two categories of tuff, zeolitized (containing clinoptilolite and/or

heulandite) and devitrified (containing only quartz, cristobalite, and/or
feldspar), was identified. However, dependence of sorption on other minerals
such as analcime, clays, and glasses was not known. Sorption on alteration

minerals in fractures also remains to be studied.



Also in Ref. 6 we noted that sorption ratios obtained from dynamic
experiments (crushed-tuff column elutions) were in reasonable agreement with
those from static (batch) measurements, but usually a factor of 2 to 3
lower. This suggests that transport could occur somewhat faster than predicted
from batch measurements alone. It was reported that some columns do not
exhibit ideal ion-exchange column behavior with elution of elements in peaks,
but rather show a slow, continuous elution. This indicates that simple "Kd"
concepts of retardation in transport models may not be adequate.6 Other

retardation mechanisms such as precipitation, irreversible sorption, diffusion

into the solid, colloid transport, and fixation must be considered. Studies of

combined porous and fracture flow through solids are just beginning.

In this report we describe our efforts of the past year. Sorptive
studies have been extended to include tuffs of different mineralogies. We
summarize compérisons'of studies conducted in air and in a nitrogen atmosphere.
We investigated dependence of sorption om the:solution-to-solid ratio and on
the concentration of the sorbing element (isotherm studies). A circulating
system was used as an alternative to the mechanical shaking of rock-water mix-
tures in the batch experiments, and the results of the two methods are compared.
A new method of conducting experiments with whole or fractured cores was devel-
oped. Materials characterization is continuing. In particular we are attempting
to describe the redox potential of the systems by means of Fe(II)/Fe(III)
analyses and electrode measurements. We are developing ways of controlling the
Eh of the systems.

The origin of the tuff samples studied and their mineralogic composition

1,2,6,8,9,12

have been detailed elsewhere or are given in this report. The

prefix JA- indicates the sample was obtained from Hole J-13; the prefix YM-

from Hole UE25a-1. The following descriptions summarize the abundant minerals

observed in the samples studied for sorptive properties. Samples that contain
the zeolites clinoptilolite or heulandite (>15%) plus quartz, cristobalite,*

: and/or feldspars include those from cores YM-38, YM-42, YM-48, and YM-49.

f% Tuffs that are generally known as devitrified tuffs and that contain predomi-
8 nantly quartz, cristobalite, énd/or feldspars include those from cores JA-32,
M-22, YM-45, YM-46, and YM-54. Samples JA-8, JA-18, and YM-5 contain fresh

*

Opal has been identified in Prow Pass and Bullfrog samples. X-ray diffraction
patterns of opal and cristobalite are indistinguishable (R. G. Warren, Los
Alamos, personal communication, December, 1980).
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glass; in addition sample JA-8 contains clay (montmorillonite), and sample
JA-18, clinoptilolite. Samples JA-26 and JA-28 contain the zeolite analcime,
quartz, and feldspafs. Sample YM-30 is a devitrified tuff with clinoptilolite
{(~15%) in fractures. .

The granite used in some studies came from the mine dump area of the
Piledriver tunnel.13

We use the sorption ratio R, as a measure of sorption as a function of

d
many parameters. It is defined as

R. = activity in solid phase per unit mass of solid

d activity in solution per unit volume of solution

Many authors refer to this ratio as the distribution coefficient Kd' We
prefer not to use this term, which implies equilibrium, because we know that
reversible equilibrium is usually not attained. If equilibrium is attained,
then Kd is related to a retardgtion factor . Rf in a uniform flowing system
by :

Rf = Kd (p/e) + 1,

where p is the bulk density and € is the porosity.

II. SORPTION OF STRONTIUM, CESIUM, BARIUM, CERIUM, AND EUROPIUM ON ADDITIONAL
TUFF SAMPLES

Sorption measurements of strontium, cesium, barium, cerium, and europium
on a group of six Yucca Mountain tuff samples from Hole UE25a-1 at the NTS
were reported previously.2 Those measurements indicate, particularly for
strontium, cesium, and barium, that the presence of zeolites is important for
high sorption ratios. 1In order to expand those studies and, hopefully, to
better relate them to measurements made earlier1 on tuff samples from Hole
J-13, four additional Yucca Mountain tuffs were studied by the batch tech-
nique under normal atmospheric conditions. For comparison, measurements with
sample JA-18 were repeated.

The YM-30 sample is a fractured, densely welded, devitrified tuff con-
taining zeolites. The YM-5 sample is a fresh (glassy) nonwelded tuff without
zeolites. The YM-42 sample is an immature sandstone with a clay matrix; and
the YM-46 sample, a devitrified, densely welded, vitric-crystal tuff, has
heavy iron staining but no zeolites. Three tuffs from Hole J-13 were also

6



studied: JA-8, JA-26, and JA~-28. Analysis by x-ray diffraction (J. R. Smyth,
Los  Alamos, personal communication, April 1980) indicates that sample JA-8 is
~25 to 50% montmorillonite, 10 to 207% cristobalite, and 25 to 50% glass. The
JA-26 and JA-28 samples are primarily analcime, quartz, and alkali feldspar.
In addition, sample JA-28 contains 2 to 5% illite/muscovite.

Sorption data and average values are given in Table I. Data for 3-
week contact times are shown for samples JA-26, JA-28, and JA-8. Results
from additional experiments will be available when counting and data analysis
have been completed.

The data in Table I generally confirm the sorption-mineralogy correlations

3,6 It is interesting that cores JA-26 and JA-28, which

noted previously.
contain analcime in addition to quartz and feldspar, have sorption ratios

(Rd) very similar to those of devitrified, nonzeolitized tuffs. Apparently,
the sorptive behavior of analcime is quite different from that of clinoptilo-

lite and heulandite.

III. SORPTION OF PLUTONIUM AND AMERICIUM -- NORMAL AND CONTROLLED-ATMOSPHERE
CONDITIONS

A. Experimental

Measurement of the sorptive behavior of plutonium and americium on Yucca
Mountain tuff (cores ¥YM-22, YM-38, and YM-54) involved geologic materials and
groundwaters described earlier.2 The equipment used to achieve controlled-
atmosphere conditions (nitrogen, £0.2 ppm oxygen, 220 ppm carbon dioxide),
the calculational methods, and the experimental techniques have been described.2
For the current studies tracers were dried in air at room temperature. After
dissolution of the tracers in the appropriate groundwater under the desired
atmosphere, the traced feed solutions were centrifuged and passed through
0.4-pm and then 0.05-pm Nuclepore filters. All contacts were at 32°C for
controlled-atmosphere and 22°C for atmospheric experiments. Contact times
for sorption were 3, 6, and 12 weeks with the corresponding desorptions being
12, 9, and 3 weeks. The final separation of phases after contact was accom-
plished by three consecutive centrifugings at 12 000 rpm (28 000 g) for 1, 1,
and 2 hours, respectively. Transfers were performed by pipetting. The final
centrifuged solutions were aliqueted for counting and then passed through

0.05-um Nuclepore filters. They were then aliquoted again for comparison



TABLE I
SORPTION RATIOS FOR ADDITIONAL TUFF SAMPLESa’bf

Ry (m2/g)
: Time (d)

Tuff Sorption Desorption’ Sr Cs - Ba Ce Eu
YM~42 20.7 2 900 16 000 72 000 35 000 45 000
83.8 3 300 19 000 42 000 46 000 64 000
41.8 3 900 17 000 . 90 000 47 000 58 000
‘ 62.8 3 000 <19 000 83 000 35 000 59 000
83.7 5 000 19 000 120 000 39 000 53 000
20.8 6 000 25 000 150 000 52 000 70 000
YM-5 20.7 200 4 300 _ 670 160 000 150 000
83.8 270 7 800 1 000 260 000 21 000
41.8 830 6 600 1 100 930 000 270 000
62.8 310 a 000 1 200 320 000 23 000
83.7 360 6 500 1 400 270 000 270 000
20.8 370 9 900 1 400 350 000 65 000
YM-3:. 20.7 100 850 2 000 130 000 94 000
83.8 210 1 600 4 200 . 200 000 10 000
41.8 320 860 1 800 1 1060 000 '120 000
62.8 260 1 700 2 000 160 000 10 000
83.7 360 2 000 6 400 330 000 260 000
20.8 160 1 300 3 100 150 000 12 000
M-46 20.7 90 500 6 500 97 000 110 000
83.8 280 ‘ 1 800 23 000 370 000 27 000
41.8 170 . 320 11 000 360 000 320 000
62.8 290 2 200 25 000 ~ 400 000 35 000
83.7 ' 300 1'700 _ 25 000 470 000 _ 490 000

20.8 220 1 300 16 000 230 000 31 000



TABLE I (cont)

. SORPTION RATIOS FOR ADDITIONAL TUFF SAMPLES
R, (m2/g)
Time (d)
Tuff Sorption Desorption Sr Cs Ba Ce Eu

JA-18 20.7 16 000 16 000 96 000 1 400 1 700
83.8 17 000 19 000 240 000 2 000 3 000

41.8 45 000 18 000 110 000 5 700 1 100

62.8 16 000 17 000 220 000 1 100 2 300

83.7 20 000 18 000 170 000 1 300 1 400

20.8 26 000 19 000 370 000 - 2 100

JA-26 21 35 490 210 390 120
JA-28 21 110 1 200 720 1 400 1.200

JA-8 21 310 2 000 360 --- 1 700



TABLE I (cont)

SORPTION RATIOS FOR ADDITIONAL TUFF SAMPLES

Average R, (m2/g)a’b’c‘.

Sr Cs Ba Ce Eu
YM-~42 Sorption 3 500(5.9) 17 000(5.8) 86 000(5.9) 39 000(5.8) 51 000(5.8)
Desorption 3 100(4.4) 17 000(4.2) 48 000(4.8) 45 000(4.4) 61 000(4.2)
M-5 Sorption 270(6.5) 5 300(5.9) 880(6.1) 200 000(6.7) 200 000(6.0)
Desorption 300(4.1) 8 600(4.1) 1 000(4.0) 280 000(4.4) 24 000(4.9)
YM-30 Sorption 140(6.8) 960(6.1) 2 100(6.3) 170 000(7.1) 120 000(6.1)
Desorption 170(4.3) 1 200(4.2) 2 900(4.2) 160 000(4.2) 11 000(4.8)
YM-46 Sorption 200(7.3) 400(6.6) 8 600(6.4) 130 000(7.1) 150 000(6.9)

Desorption 240(4.2) 1 300(3.8) 19 000(4.2) 290 000(4.2) 18 000(4.7)

a . L
Atmospheric conditions.

Calculations of sorption ratios for cerium and europium on samples YM-5, YM-30, YM-46 were made assuming
the limit of detection of 50 dpm for each of these nuclides in solution because no activity was measured
in 500-min counts. In the desorption experiments, there was measurable activity in the solutions; the
values® from these desorption experiments are approximately one order of magnitude lower than those from
the sorption experiments indicating, that the assumption of a limit of 50 dpm may be too low.

“The values given are the averages of all samples with the standard deviation of the average given in
parentheses.



with the results from unfiltered solutions. Solid phases were also gamma

counted.

B. Results and Conclusions

The results for the batch measurements of the sorptive behavior of 241Am

d 237

an Pu under both atmospherié and controlled-atmosphere conditions are

237

given in Tables 1I-V. The Pu results suffer somewhat from the low concen-

trations of tracer remaining in solution after contact. This is primarily a
consequence of the small amount of 237Pu available, its short half-life, and
the generally large sorption ratios. In several caées only limits on the Rd
values could be set. It was previously reported that the current centrifuging

procedure gave plutonium, but not americium, solutions from which no additional

" tracer was removed by filtering. In general, these observations have been

confirmed by additional measurements;14 however, some solutions that have
extremely low concentrations of plutonium apparently lose plutonium when
filtered (Tables II and III). This effeci could be due to removal of some
minute amounts of solid phase remaining in the aqueous phase. As stated
previously, if the results for unfiltered solutions are in error, it is
probably in the conservative direction (that is, too low Rd values), so data
from these have been used to calculate the average sorption ratio values
given in Table VI. These data have been averaged over three contact times
and two particle sizes.

The current results for normal atmospheric conditions tend to give

somewhat higher R, values for unfiltered solutions than those reported pre-

viously.l’2 Thisdis reasonable because the improved phase-separation technique
removes essentially all solid matexial from the aqueous phase. The current
data are, therefore, considered to be more accurate. Current data for fil-
tered solutions are consistent with earlier results; in both cases americium
apparently sorbed on the filter membrane. -

The following observations can be made. The Rd values for both the
sorption and desorption of plutonium for all three tuffs tend to be higher
under controlled-atmosphere conditions than in air. Such a change with a
change in atmosphere is not surprising considering the known2 speciation
effects of plutonium; the oxidation states might even differ under the two
sets of conditions. The situation with americium is not consistent. For the

devitrified YM-22 tuff, americium has lower Rd values for both sorption and

11
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TABLE 1I

7Pu SORPTION RATIOS, ATMOSPHERIC CONDITIONS®

Fraction Approximate | Time(d) Rd (mg/g)

Core (pm) Pu Molarityb Sorption Desorption Unfiltered Filtered
YM-22 <75 4.5 x 10712 20.7 130 140
88.9 1 400 1 500

41.7 : 210 200

64.0 1 300 1 400

83.7 280 280

20.9 1 900 1 800

75-500 20.7 37 41

88.9 1 300 1 900

41.7 64 73

64.0 1 300 1 300

83.7 99 100

-12 20.9 1 400 1 400

YM-38 <75 3.6 x 10 20.7 : 130 140
88.9 1 700 2 300

41.7 : 320 340

64.0 2 200 3 000

83.6 650 740

20.9 4 300 7 400

75-500 20.7 ‘ 58 60

88.9 1 100 1 200

41.7 120 120

64.0 1 000 1 100

83.6 240 240

20.9 1. 800 3 100

pH
Initial Final
8.62 7.55
8.60 8.42
8.62 7.58
7.75 8.24
8.62 8.38
7.80 8.32
8.62 7.56
8.60 8.45
8.62 7.66
7.75 8.39
8.62 8.38
7.80 8.36
8.56 7.40
8.52 8.45
8.56 7.65
7.82 8.38
8.56 8.34
7.17 8.36
8.56 7.59
8.52 8.46
8.56 7.67
7.82 8.41
8.56 8.38
7.17 8.37
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TABLE II (cont)

237p, SORPTION RATIOS, ATMOSPHERIC CONDITIONS®
Fraction Approximateb Time(d) . Rd (m/g) pH

Core (pm) Pu Molarity Sorption Desorption Unfiltered Filtered Initial Final
™-54 <75 4.7 x 10712 21.6 66 68 8.70  7.71
89.9 830 820 8.55 8.44

42.6 64 63 8.70 7.79

67.8 590 640 7.85 8.43

84.6 76 76 8.70 8.48

20.9 670 720 8.29 8.34

75-500 21.6 ’ 52 54 8.70 7.73

89.9 660 850 8.55 8.47

- 42.6 81 86 8.70 7.84

67.8 600 700 7.85 8.47

84.6 160 210 8.70 8.52

20.9 660 850 8.29 8.36

a .
All measurements were made at ambient temperature (~22°C).

bAll feed solutions were filtered through 0.4- and 0.05-pm Nuclepore filters.
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TABLE III

237Pu SORPTION RATIOS, CONTROLLED-ATMOSPHERE CONDITIONS?

Fraction Approximateb Time(d) Rd (nl/g) pH

Core (pm) Pu Molarity Sorption Desorption Unfiltered Filtered Initial Final
YM-22 <75 4.1 x 10-13 20.7 85 84 9.25 9.01
85.8 1 000 1 800 9.20 9.34

48.7 260 250 9.25 8.87

54.7 1 500 2 150 9.13 9.32

84.7 190 280 9.25 9.22

21.8 3 100 4 200 9.67 9.07

75500 20.7 120 130 9.25 8.88

' 86.8 970 2 800 9.20 9.69

48.7 400 430 9.25 8.72

55.7 1 800 3 300 9.13 9.36

84.7 250 280 9.25 9.17

13 24.8 1 200 3 900 9.67 9.01

YM-38 <75 1.7 x 10 20.7 ’ 500 510 8.87 8.75
85.8 >2 200 >2 200 8.88 9.41

47.7 930 1 200 8.87 8.67

54.7 >2 000 >2 200 8.80 8.92

83.7 1 100 1 000 8.87 9.06

. 21.8 >2 600 >2 600 9.30 8.98

75-500 20.7 620 640 8.87 8.76

86.8 - >2 400 >2 400 8.88 8.90

48.7 830 760 8.87 8.79

55.7 >2 200 >2 200 8.80 8.93

83.7 830 1 000 8.87 9.17

24.8 >2 300 >2 300 9.30 8.72
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TABLE III (cont)

237p, SORPTION RATIOS, CONTROLLED-ATMOSPHERE CONDITIONS®

Fraction Approximateb Time(d) | Rd (m2/g) pH
Core (pm) Pu Molarity Sorption = Desorption Unfiltered Filtered Initial Final
M-54 <75 2.6 x 10713 21.7 . 65 69 9.29 8.88
85.8 1 000 2 300 9.09 9.60
48.7 ' ' 100 100 9.29 8.73
54.7 , 780 >2 600 9.13 9.22
84.7 . 120 190 9.29 9.25
21.8 1 900 >3 500 9.50 9.08
75-500 21.7 v 110 96 9.29 8.91
86.8 855 3 000 9.09 9.33
49.7 205 210 9.29 8.82
55.7 1 600 >2 800 9.13 9.20
84.7 190 260 9.29 9.09
24.8 1 500 3 200 9.50 9.02

aNitrogen, £0.2 ppm oxygen, $20 ppm carbon dioxide. Measurements were made at 32°C.

bFeed solutions were filtered through 0.4- and 0.05-pm Nuclepore filtérs‘

¢t
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TABLE IV

1Am SORPTION RATIOS, ATMOSPHERIC CONDITIONS?

s o s e it o

Fraction Approximateb Time(d) Rd (m2/g) pH
Core (pm) Am Molarity Sorption Desorption Unfiltered Filtered Initial  Final
YM-22 <75 1.4 x 1077 20.8 6 500 9 500 8.60 7.75
82.8 6 700 9 000 7.80 - 8.46
43.8 6 800 10 000 8.60 8.37
61.7 6 500 8 500 8.37 8.47
86.8 6 900 9 800 8.60 8.31
19.8 7 300 11 000 8.28 8.52
75-500 20.8 1 500 1 900 8.60 7.76
82.8 2 400 3 100 7.80 8.48
43.8 1 100 1 600 8.60 8.40
61.7 1 900 2 70C 8.37 8.48
86.8 1 100 1 700 8.60 8.32
-7 19.8 3 100 4 500 8.28 8.51
YM-38 <75 1.4 x 10 21.8 9 500 21 000 8.59 7.63
86.9 9 900 23 000 -- 8.38
42.8 7 300 18 000 8.59 8.44
63.7 13 500 22 000 8.44 8.23
83.8 2 600 6 800 8.59 8.31
28.7 12 000 25 000 8.26 8.45
75-500 21.8 6 100 15 .000 8.59 7.68
86.9 5 900 13 000 -- 8.35
* 42.8 5 200 14 000 8.59 8.46
63.7 9 600 19 000 8.44 8.28
83.8 2 500 8 000 8.59 8.33
' 28.7 5 800 13 000 8.26 8.42
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TABLE IV (cont)

241Am SORPTION RATIOS, ATMOSPHERIC CONDITIONS?

Fraction Approximateb Time(d) Rd (m2/g) pH
Core (pm) Am Molarity Sorption Desorption Unfiltered Filtered Initial Final
TM-54 <75 1.5 x 1077 20.8 900 1 200 8.63 7.76
82.8 690 1000 7.82 8.52
43.8 1 300 2 400 8.63 8.43
61.7 670 1 100 8.52 8.54
86.8 900 1 600 8.63 8.33
. 19.8 560 940 .8.43 ~ 8.58
75-500 20.8 : 150 180 8.63 7.79
82.8 400 520 7.82 8.54
43.8 150 240 8.63 8.51
61.7 680 1 100 8.52 8.55
86.8 , 160 240 8.63 8.41
19.8 570 840 8.43 8.58

3A11 measurements were made at ambient temperature (~22°C).

bAll feed solutions were filtered through 0.4- and 0.05-pm Nuclepore filters.



8T

24

TABLE V

1Am SORPTION RATIOS, CONTROLLED-ATMOSPHERE CONDITIONS®

Fraction Approximateb Time(d) Rd (m2/g) pH
Core (um) Am Molarity Sorption Desorption Unfiltered Filtered Initial Final
YM-22 <75 3.1 x 1078 20.7 1 400 2 200 9.12 9.15
83.8 2 500 -7 900 9.15 8.76
41.7 2 100 2 800 9.12 9.08
63.9 3 100 7 500 9.04 8.80
89.7 1 800 3 600 9.12 8.92
) 18.8 7 500 12 000 9.27 9.00
75-500 20.7 : 750 1 000 9.12 9.16
83.8 2 300 3 800 9.15 8.80
" 41.7 960 1 200 9.12 9.05
63.9 2 300 4 900 9.04 8.86
89.7 1 200 1 800 9.12 8.94
8 18.8 4 300 9 200 9.27 9.03
YM-38 <75 3.4 x 10 20.7 4 600 12 000 9.45 8.78
84.7 18 000 61 000 - 8.24
43.7 8 800 28 000 9.45 9.24
63.9 10 000 54 000 9.19 8.40
83.7 8 200 39 000 9.45 8.54
22.8 19 000 41 000 8.56 8.53
75-500 20.7 3 400 14 000 9.45. 8.77
84.7 18 000 24 000 - 8.39
43.7 3 600 31 000 9.45 9.21
63.9 8 400 64 000 9.19 8.44
83.7 5 000 33 000 9.45 8.57
22.8 9 100 11 000 8.56 8.60
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TABLE V (cont)

241

Approximate Time(d)

Am SORPTION RATIOS, CONTROLLED-ATMOSPHERE CONDITIONS®

Fraction b Rd (me/g)

Core (pm) Am Molarity Sorption Desorption Unfiltered Filtered
YM-54 <75 1.1 x 1077 19.8 1 000 3 600
83. 2 400 12 000

41.8 1 400 4 900

62, 3 200 18 000

88.8 1 900 6 500

18. 3 800 21 000

75-500 19.8 650 2 400

83. 1 400 5 700

41.8 620 3 000

62, 1 600 10 000

88.8 660 4 000

18. 2 900 16 000

aNitrogen, £0.2 ppm oxygen, <20 ppm carbon dioxide.

bFeed solutions were filtered through 0.4- and 0.05-pm Nuclepore filters.

All measurements were made at 32°C.

pH
Initial Final
9.03 9.12
9.14 8.80
9.03 9.14
9.09 8.99
9.03 8.87
8.65 8.97
9.03 9.13
9.14 8.76
9.03 9.04
9.09 8.89
9.03 8.87
8.65 9.07



TABLE VI

AVERAGE® SORPTION RATIOS (m2/g) FOR Am AND Pu

UNDER ATMOSPHERIC AND CONTROLLED-ATMOSPHEREb CONDITIONS

Sorption » Desorption
Tracer Core Atmospheric Controlled Atmospheric Controlled
237py H-22 140(38)°¢ . 220(46) 1 400(95) 1 600(330)
YM-38 250(88) 800(87) 2 000(490) >2 200
™M-54 84(17) 120(29) 670(35) 1 300(190)
241 - | '
Am YM-22 4 000(1 200) 1 400(210) 4 600(990) 3 700(830)
YM-38 5 500(1 100) 5 600(950) 9 500(1 300) 14 000(2 100)
YM-54 590(200) 1 000(210) 600(45) 2 500(380)

aSorption ratios for unfiltered solution after contact have been averaged
over two particle sizes and three contact times.

bNitrogen, £0.2 ppm oxygen, 520 ppm carbon dioxide.

c . s . ' .
Standard deviations (absolute) of the means for six measurements are given
in parentheses.

desorption under controlled-atmosphere conditions. For the YM-54 (devitrified)

sample and the YM-38 (zeolitized) sample, americium R, values for both sorption

and desorption are either the same or slightly greateg under the controlled
atmosphere. As reported2 previously, americium has also exhibited a tendency
toward large variations in behavior when experimental conditions are changed.
This, also, is probably due to speciation effects.

As observed2 before, sorption ratios for americium and plutonium on
zeolitized tuffs such as YM-38 tend to be higher than those for devitrified
tuffs such as YM-22 and YM-54. Current results, however, indicate significant
differences between the two devitrified tuffs.

Within the errors on the data, particle-size effects appear to be minimal
as, fér the most part, do changes with contact time. Variations in Rd values with
particle size that do occur appear to be in different directions for different
conditions. Where any contact-time effects can be observed, the trend, as

expected, is an increase in R, values with increasing time. Again, as usual,

d _
desorption Rd values tend to be higher than those for sorption; possible reasons

for this effect have been discussed in earlier reports.‘l’2

20



IV. URANIUM(VI) SORPTION STUDIES

Uranium.may be an important component in nuclear waste. Because strong
reducing conditions are necessary to reduce U(VI) to U(IV) and because U(VI)
forms anionic complexes that sorb poorly on rocks, it is necessary to know
the migration behavior of the element. '

Uranium(VI) sorption ratios measured under atmospheric conditions are
listed in Table VII for Yucca Mountain cores. The average values are given
in Table VIII. The sorption and desorption values for sample YM-38 (zeolitized)
are a factor of 3 to 4 less‘in air than under controlled-atmosphere
conditions2 (0.2 ppm oxygen and S$20 ppm carbon dioxide). However, sample
&M-ZZ (devitrified) appears to sorb uranium better in air than in the controlled
atmosphere,2 even copsidering‘the large uncertainties associated with the small
sorption ratios. Approximate values in the controlled atmosphere are 0.5, 15;

and 1.5 mf/g for samples YM-22, YM-38, and YM-54, respectively.

V. COMPARISON OF BATCH STUDIES MADE UNDER ATMOSPHERIC AND CONTROLLED-
ATMOSPHERE CONDITIONS '

Because reducihg conditions are expected for some groundwater-rock
systeﬁs,it may be anticipated that the sorptive behavior of some elements
will be different in such systems from that under normal atmospheric conditioms.
One could also expect differences in the sorptive capacity of a rock if its
surface were altered by exposure to air. These effects were investigated by
comparing the results of studies performed in a nitrogen atmosphere (0.2 ppm
oxygen and S$20 ppm carbon dioxide) with similar measurements made under
normal atmospheric conditions on the same geologic materials. It should be
emphasized that the controlled-~atmosphere studies are not truly representative
of the conditions to be found in deep geologic systems because essentially no’
carbon dioxide was present.

The pH values of the groundwaters after the experiments in the controlled
atmosphere were ~0.5 unit higher than for similar experiments in air (see,
for example, Tables IV and V). This may be a consequence of some loss of
carbon dioxide (and total carbonate) from solution and may affect sorption of
uranium(VI), which is strongly complexed by carbonate. The increase in pH
may decrease the solubility of some multivalent ions significantly and may

also result in changes in ionic charge, degree of hydration, etc.

21
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TABLE VII
U(VI) SORPTION RATIOS, ATMOSPHERIC CONDITIONS?

Sorption Desorption Sorption
Fraction Time Time Ratio
Core (}m) (d) 4 (m2/g)
YM-22 <106 : 6.744 2 (71)
14.921 5 (287)
13.745 2 (75)
6.744 8 (217)
20.741 2 (79)
106-500 6.744 1 (306)
14.921 0
13.745 2 (92)
6.744 11 (203)
, 20.741 2 (93)
YM-38 <106 6.744 5 (38)
14,921 15 (78)
13.749 6 (33)
6.744 16 (65)
20.741 6 (30)
106-500 6.744 ' 5 (37)
14.921 12 (81)
13.749 5 (37)
' 6.744 16 (71)
20.741 5 (37)
YM-54 <106 6.744 2 (158)
14.921 14 (176)
13.749 2 (93)
6.744 15 (172)
20.741 2 (74)
106-500 6.744 1 (158)
14.921 4 (635)
13.749 2 (92)
6.921 19 (146)
20.741 1 (102)

a

22

The values in parentheses are the standard deviations for a single measurement
of the R, value expressed in percent; these were obtained from the errors
associated with the activity measurements and estimated uncertainties for the
various parameters entering into the calculation; these estimated uncertainties
were propagated using the rule for change of wvariables in a moment matrix
assuming independence of the variables.
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TABLE VIII
AVERAGE U(VI) SORPTION RATIOS, ATMOSPHERIC CONDITIONS

, R, (m2/g)
Fraction
_Core (jm) Sorption Desorption
M-22 <106 2.0 6.4
106-500 1.2 5.6
™-38 <106 5.5 15.1
106-500 4.7 < 1401
YM-54 <106 1.9 14.3
. 106-500 1.4 11.3

The experimental techniques and calculational methods have been reported
85Sr, 137Cs, 133Ba, lélce’ 152Eu, QSmTC’

1,2 The radionuclides were

, and 241Am.
YM-22, YM-38, and YM-54. The groundwaters used in the determinations in

earlier.

237U, 237Pu ‘The rock samples were from Yucca Mountain tuff cores

air and nitrogen atmospheres had the same initial composition. Fractions of
<75 um and 75 to 500 um were used for most studies under both conditions; frac-

tions of <106 pm and 106 to 500 um were used in some experiments under atmos-

pheric conditionms.

A. Results and Observations

The Rd values from both sorption and desorption studies were reported

earlier. Atmospheric R, values for tuff were reported in Refs. 1 and 2 and

Sec. IV above. Resultsdobtained under controlled-atmosphere conditions were
reported in Ref. 2 and Sec. III above. General comparisons of the sorptive
behavior of tuff for various elements follow.

1. Cesium. The cesium Rd values for the three tuff samples
studied in the controlled-atmosphere experiments are higher for the smaller
particle size than for the larger one; however, this dependence on particle
size is less than that observed in the measurements carried out under atmos-~
pheric conditions. The sorptive behavior of cesium on tuff appears to be
independent of the atmosphere involved.

2. Strontium. A small dependence on particle size is observed for

the sorption of strontium on Yucca Mountain tuffs under controlled-atmosphere

23



conditions. There does not seem to be a time dependence for sorption ratios
in either atmosphere. The strontium Rd values are essentially the same for
atmospheric and controlled-atmosphere conditions.

3. Barium. The coﬂirolled—atmosphere determinatiéns show a
particle-size effect for barium sorption on the three tuff samples. The
dependence was not observed in the atmospheric measurements. Changing the
atmosbhere did not seem to have any major effect on the sorptive behavior.

4, Cerium and Europium. The R, values are similar for the two

d
different atmospheres. The sorption of cerium and europium may be strongly

dependent on the formation of insoluble forms of these elements (namely,
precipitates or colloids).

5. Technetium. Technetium sorbs more strongly in the controlled

atmosphere. The sorption ratios on zeolitic tuffs are about 15 times larger
under controlled-atmosphere conditions than in air. The values for devitrified
tuffs are 10 to 25 times larger under the controlled-atmosphere conditions.

6. Uranium. Under controlled-atmosphere conditions,the sorption

ratios are similar to those in air for YM-22 and YM-54 samples (devitrified)
but somewhat higher for YM-38 tuff (zeolitized). It was anticipated that
uranium(VIf might be reduced to uranium(IV) under the controlled-atmosphere
conditions and that more sorption wmight take place; apparently'this did not
happen. The uranium(VI) may remain strongly complexed by carbonate in the

groundwater.

7. Plutonium. The Rd values for both the sorption and desorp;ion
of plutonium for all three tuffs are significantly higher under controlled-
atmosphere Eonditions than in air. Such a change with a change in atmosphere
is not surprising considering.the known tendency of plutonium to exhibit
large variations in behavior when experimental conditions are changed, pre-
suﬁably due to speciation effects.

8. Americium. For the YM-22 (devitrified) tuff, americium has

lower Rd valuesvfo; both sorption and desorption under the controlled atmosphere.
For the sample YM-54 (devitrified) and sample YM-38 (zeolitized), americium Rd
values for both sorption and desorption are either the same or slightly
greater under the controlled atmosphere. As reported2 previously, americium
has also exhibited a tendency toward large variations in behavior when experi-

mental conditions are changed, which may also be due to SPeciation effects.
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B. General Conclusions

The effects of atmosphere on the sorption ratios of the nine elements
studied are summarized in Table IX. The Rd values for strontium, cesium,
barium, cerium, and europium on tuff samples are not affected significantly
by the presence or absence of oxygen and carbon dioxide. The Rd values for
technetium and plutonium are most strongly dependent on atmosphere; they are
higher when measured under controlled-atmosphere conditions. The Rd values
for uranium are higher for zeolitized tuff only under controlled-atmosphere

conditions.

VI. DEPENDENCE OF SORPTION ON THE SCLUTION-TO-SOLID RATIOC

Although batch sorption measurements allow for the investigation of many
variables that would be difficult to investigate in column experiments, it
is necessary to conduct the batch experiments under unrealistic proportions

of rock and water. The solution-to-solid ratio even in a porous rock is

TABLE IX
COMPARISON OF SORPTION RATIOS (Rd) MEASURED UNDER
ATMOSPHERIC AND CONTROLLED-ATMOSPHERE (CA) CONDITIONS?®

Element Effect
Cs No effect
Sr No effect
Ba No effect
Ce No effect
Eu No effect
Tc Higher in CA
(factor of 210)
U ' Higher in CAb
: (factor of 2-3)
Pu Higher in CA
{(factor of 2)
Am No effect®

aNitrogen, £0.2 ppm oxygen and £20 ppm carbon dioxide.
bYM-38 (zeolitized) tuff only; otherwise no effect.

cMay depend on mineralogy.
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<1:1, whereas the ratio in our batch experiments has been 20:1, An investigation
of the effect of changing this ratio is being performed.

The YM-22 (devitrified) and YM-38 (zeolitic) samples were selected for
these experiments, and two fraction sizes, <75 pm and 75 to 500 um, were used.
The procedures for preparing feed solutions and for performing batch determina-

tions have been given before.l’2

were 855r, 137Cs, 133Ba 141C

The radionuclides used for these studies
152
e, and E

with three solution-to-solid ratios, 5:1, 10:1, and 30:1. Contact times

s u. The experiments were performed

were 3 and 6 weeks at ambient temperature under atmospheric conditioms.
Results are presented in Tables X and XI; for the YM-22 samples only, the
3-week results were available for this report.

The sorption ratios for tuff YM-38 increase as the solution-to-solid
ratio is increased from 5:1 to 30:1. For cesium ard strontium, the increase
is small; whereas for barium, cerium, and europium, there are large increases (a
factor of ~8 in most -cases). For YM-22 samples the effect is less noticeable
than for YM-38 samples. Cesium, strontium, and barium sorption ratios remain
rather constant at different solution-to-solid ratios. Cerium and europium
sorption ratios increase with an increase in the solution-to-solid ratio.
This may be a ménifestation of a different sorption mechanism for lanthanides
than for strontium, cesium, and barium, which probably sorb by ion exchange
processes. Again, tuff YM-38 shows a larger effect than tuff ¥YM-22.

The solution-to-solid ratios under natural conditions and in column
experiments are much smaller than those of the laboratory batch experiments,.
The observation of generally decreasing sorption ratios with decreasing
solution~to-solid ratios may be at least a partial explanation for the lower

»

sorption ratios5 deduced from the crushed-tuff column experiments.

VII. DEPENDENCE OF SORPTION ON ELEMENT CONCENTRATION -- ISOTHERMS

Most 6f our experiments have been conducted with only trace concentrations,
usually <10-6 M, of the sorbing element. Higher concentrations may be a possi-
bility in some repository release scenarios, particularly in the near-field
environment. Batch sorption experiments are being performed to determine the
dependence of the sorption ratio on the concentration of the element studied.
These data also give indications of mechanisms (ion exchange or precipitation)

for removal of the element from solution. Experiments with strontium, cesium,
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TABLE X

VARIATION OF SORPTION RATIO WITH SOLUTION-TO-SOLID RATIO - SAMPLE YM-222°P
Fraction Solution:Solid . Rd (me/g)
(pm) Ratio Cs Sr Ba Ce Eu
<75 5:1 827(4.7) 122(2.0) 1 490(1.8) 459(8.5) 926(7.8)
10:1 755(2.9) 80.3(2.1) 1 360(1.4) 500(5.7) 1 270(5.2)
30:1 749(2.1) 67.4(2.5) 1 010(1.1) 1 050(4.5) 1 640 (3.5)
75-500 5:1 363(3.4) 63.0(2.0) - 601(2.2) 303(6.6) 794(6.7)
10:1 ' 336(2.5) 44.9(2.2) 530(1.9) 508(5.4) 909(4.8)
30:1 368(2.2) 1 000(4.6) 1 600(3.5)

195(2.0) 412(1.9)

aContact time of 3 weeks.

bSee footnote a, Table VII.
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TABLE XI
VARIATION OF SORPTION RATIO WITH SOLUTION-TO-SOLID RATIO - SAMPLE M-382

Fraction Solution:Solid Rd (m2/g)
(pym) Ratio Cs Sr Ba Ce Eu
<75 5:1° 5 970(11.7) 2 770(5.4) 11 000(5.1) 1 330(17.3) 2 700(17.7)
10:1° 5 760(7.5) 2 790(3.4) 60 000(9.6) 6 390(13.1) 9 070(13.2)
30:1° 7 980(3.4) 3 610(2.2) 81 500(3.6) 9 070(6.0) 9 700(5.4)
5:1°€ 5 100(12.2) 2 370(6.4) 9 020(5.2) 1 140(20.4) 2 160(18.4)
10:1€ 5 120(6.1) 2 410(3.4) 16 000(3.4) 5 460(15.3) 4 330(9.4)
30:1° 8 050(5.5) 3 700(2.4) 78 900(3.7) 9 190(8.3) 6 000(5.7)
75-500 5:1P 3 660(10.6) 2 040(4.9) 7 410(5.1) 2 560(17.2) 3 060(16.3)
10:1° 5 750(7.0) 2 840(3.3) 48 000(7.2) 7 230(13.0) 6 780(11.3)
30:1b 540(3.2) 2 770(2.1) 54 200(3.1) 16 000(5.8) 10 400(4.9)
5:1€ 110(18.1) 1 760(5.5) 6 180(4.1) 1 600(19.3) 2 500(17.7)
10:1€ 7 280(7.0) 3 080(3.8) 23 200(3.9) 6 050(15.3) 6 330(11.2)
30:1€ 270(4.3) 3 050(2.6) 49 200(3.8) 11 600(11.3) 8 810(7.4)

43ee footnote a, Table VII.
bContact time of 3 weeks.

cContact time of 6 weeks.
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barium, and europium have been completed; those with cerium will be reported in

a subsequent report.

A. Experimental

Experiments were performed with <75- to 150-um fractions of crushed
tuff from cores YM-22 and YM-38. After being pretreated with each tuff, ground-
water from Well J-13 was used for preparation of the tagged solutions. Each
so0lid sample was pretreated with water from the same well for at least 2 weeks
before adding the traced solutions. All contacts for the sorption experiments
were conducted for 3 weeks at ambient temperature under normal atmospheric
conditions. Separate experiments were performed with each tracer.

Carrier stock solutions of strontium and barium were prepared by dis-
solving the nitrate salts in rock-pretreated groundwater; for cesium the
chloride salt was used. Concentrations were calculated from the weights of
the salts. The europium solution was prepared by dissolving Eu(NO3)3°xH20
in deionized water. The europium concentration was determined to be 8.92 x
10-3 M with an emission spectrometer (Spectrometrics, Inc., 20-channel,
direct current, plasma source). Subsequent dilutions of the europium carrier
solution were made with the appropriate rock-pretreated groundwater.

Tracer stock solutions of 85Sr, 137Cs, 13333, and 1SzEu in the ground-
waters were prepared, and solutions of different element concentrations were
prepared by dilution and/or mixing of the tracer and carrier solutions. The
actual concentrations of strontium and barium were determined later with the
emission spectrometer. Concentration data (concentration added with carrier
solutions and actual concentrations determined by emission spectrometry) and
pH values of the solutions before contact with the rocks are given in Table XII.
Element concentrations, in the solutions and on the solids after the
experiments, were not measured but are based on the specific activities of the
solutions in Table XII and the activities measured after the experiments. It
is assumed that the solids do not contribute significant quantities of these
elements. Control experiments with the europium solutions but no rock were
performed to give information on europium losses from solution in the

absence of the rock.

B. ' Results and Conclusions

The results are given in Tables XIII and XIV, and sorption ratios are
plotted as a function of initial concentration in solution (Figs. 1 and 2).
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Element Solution
Sr(1I) 1
2
3
4
5
Cs(I) 1
2
3
4
5
Ba(II) 1
2
3
4
5
Eu(III) 1
2
3
4
5

SOLUTIONS FOR THE ISOTHERM MEASUREMENTS

TABLE XII
INITIAL CONCENTRATIONS AND pH VALUES OF

Element Concentration (M)

Added
17 x 1072
-5
.20 x 10
.85 x 1077
94 x 1078
.29 x 10_9
.85 x 1073
.84 x 10-5
.88 x 1077
.83 x 1072
.83 x 10710
-4
.10 x 10
.12 x 10'5_
: -6
.25 x 10
.56 x 10"/
.56 x 1078
-6
.83 x 10
-6
.54 x 10
.30 x 1078
-8
.17 x 10
-9
.67 x 10
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Total

10

.15
.62
.26
.95
.83
.54
.30
.17
.67

2.17 x 10~
2.20 x 10
2.38
7.28
5.57
2.85
2.84
2.88
1.83
1.83
1.
1
1
6
3
5
3
6
4
5

X

X

L -

w

3
5

1077
1078

8.13
8.30
8.19
8.26
8.32
8.17
8.18
8.21
8.14
8.16
7.57
8.00
8.06
8.14

" 8.14

7.76
8.00

© 8,08

8.12
8.09

M-22
Element Concentration (M)

Added Total pH
2.97 x 1073 2.97 x 1073 8.17
3.00 x 107> 3.11 x 107> 8.19
1.78 x 1077 1.32 x 10°° 8.27
1.78 x 1078 1.16 x 107° 8.28
1.78 x 1072 1.14 x 107° 8.35
1.94 x 1073 1.94 x 1073 8.15
1.94 x 107> 1.94 x 107> 8.17
1.99 x 107/ 1.99 x 1077 8.20
2.57 x 1077 2.57 x 1077 8.12
2.57 x 10710 2.57 x 10710 8.14
1.08 x 107% 1.07 x 107 7.74
1.08 x 107> 1.07 x 107> 7.96
1.25 x 107/ 4.17 x 1077 8.02
1.26 x 1078 3.20 x 107/ 8.11
1.88 x 1078 2.95 x 1077 8.15
9.22 x 10°° 9.22 x 1070 7.80
2.97 x 107° 2.97 x 107° 8.03
3.69 x 10°° 3.69 x 10°° 8.08
1.05 x 10°° 1.05 x 1073 8.13
2.80 x 1077 2.80 x 1077 8.17
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TABLE XIII

SORPTION RATIOS (mf£/g) FOR YM-22-ISOTHERM STUDIES

. Sr Cs
Solution
Number <75 pum 75-500 um <75 um 75-500 pm
1 20.3 9.43 11.9 10.1
2 53.6 55.2 125 106
3 81.3 71.4 612 264
4 70.1 95.4 384 659
5 64.8 64.5 606 548
8ps defined in Table XII.

TABLE XIV

Ba
<75 pm 75-500 pm
400 211
757 475
1 220 795
1 270 594
1 030 669

SORPTION RATIOS (mf£/g) FOR YM-38-ISOTHERM STUDIES

. Sr Cs
Solution
Number <75 pm 75~500 pm <75 um 75-500 pm
1 1 500 1 190 3 520 3 440
2 12 600 5 660 3 720 6 010
3 10 300 9 050 6 340 4 170
4 10 200 4 110 2 740 4 020
5 3 300 1 510 3 190 3 540

8ps defined in Table XII.

Ba
<75 pm 75-500 pm
103 100 79 420
92 600 74 500
97 500 35 600
81 400 68 700
71 700 33 300

Eu
<75 y 75-500 pm
5 819 1 140
686 1170
1 885 1 890
891 1 880
- 2 100
Eu
<75 p 75-500 pm
7 140 4 590
2 560 1 720
3 690 1 680
3 140 2 670
5 030 3 670
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The sorption ratios for strontium, cesium, and barium (both fractions) and for
europium (75- to 500-um fraction) on tuff YM-22 increase slowly as the concen-
tration of the element decreases. At the highest europium concentration, the
sorption ratio for the <75-pm fraction is much higher than at the other
concentrations. This might indicate precipitation or coprecipitation of
europium. The control solution for this concentration, however, did not
&ecrease in activity, which suggests that the high sorption ratio is not due
to preciPitation.

Sorption ratios for sample YM-38 do not vary regularly with concentration;
it is possible that several different processes are taking place. Barium and
europium sorption ratios are somewhat larger at the highest concentration,
which might indicate some precipitation. The sorption ratios for all elements
studied are smaller on tuff YM-22 (devitrified) than on tuff YM-38 (zeolitized)
at all concentrations.

The concentrations in solution and on solids are represented on logarithmic
scales in Figs. 3-6, and the same data are given in Tables XV and XVI. One
way of representing sorption data15 is with the Freundlich equation y = kcn,
where y is the element concentration on the solid and c¢ is the concentration
in solution. This equation should result in a linear log-log plot of concen-
tration in solution‘vs concentration on solid. The figures indicate that
the simple Freundlich isotherms do not entirely describe the data. The
nonlinearity of the data may be an artifact of the measufements because the
actual concentrations of the elements on the solid were not measured.

A trend approaching a constant concentration on the solid with increasing
concentration in solution may be a result of saturation of ion-exchange or
other sorption sites on the solid. The opposite trend suggests that the
“limit of solubility may have been reached, resulting in onset of precipitation.

If, in spite of these difficulties, one fits the Freundlich isotherm
equation to the data, the parameters given in Table XVII are obtained. For
some applications this may be adequate. The values of n for the YM-38 (zeo-
litized) samples are all near unity. This is consistent with the observation
that the sorption ratio (Rd) is independent of concentration. The values of
n for YM-22 (devitrified) samples are less than unity; that is, there is some

dependence of sorption on element concentration.
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TABLE XV
5 FINAL Sr, Cs, Ba, AND Eu CONCENTRATIONS
? FOR ISOTHERM MEASUREMENTS ON YM-22

<75-um Fraction 75- to 500-um Fraction
Element Solution® §gli§? Solution® §gligb
| St 3.16 4.85 2.92 4.95
Jé 5.18 6.61 5.16 6.42
) 6.65 7.64 6.98 7.74
f 6.64 7.80 6.67 7.69
!
§ Cs 2.87 4.74 2.85 4.79
j 5.52 6.37 5.54 6.46
§ 8.05 8.21 - 8.00 8.53
. 10.06 ‘ 10.31 10.05 10.18
E 11.10 11.26 10.97 11.18
b

! Ba 5.71 6.11 5.50 6.17
i 6.64 6.76 6.52 6.84
‘ 8.29 8.21 8.07 8.17
8.40 8.30 8.16 8.39

Eu 7.05 6.29 6.85 6.79

g 7.48 7.65 7.28 7.21
| 9.41 9.14 9.36 9.08
. 10.12 10.17 9.95 9.68
| -- | -- 10.49 10.17

®The concentration in the solution is reported as the negative log (moles/%).

b . . L .
The concentration in the solid is reported as the negative log (moles/g).
This calculation was made assuming no natural contribution.



TABLE XVI

FINAL Sr, Cs, Ba, AND Eu CONCENTRATIONS
- FOR ISOTHERM MEASUREMENTS ON YM-38
<75-pym Fraction '75; to 500-pm Fraction
Element Solution® §gligp Solution® §gligb
Sr 4.46 4.42 4.34 4.31
’ 7.37 ‘ 6.32 7.11 : 6.40
9.30 8.33 9.26 8.35
9.97 8.91 9.62 9.05
Cs 4.80 4.25 4.79 4.25
' 6.95 6.38 6.94 6.20
9.03 8.23 8.95 8.33
11.15 ©10.71 _ 11.13 10.52
12.01 | 11.50 12.01 11.46
Ba 7.73 5.72 7.65 5.75
8.84 6.70 8.43 6.56
9.52 7.53 9.24 7.69
9.83 7.92 9.77 7.93
Eu 7.82 6.96 7.61 6.95
7.68 7.27 7.55 7.32
9.30 9.08 19.30 9.08
: 9.53 9.11 9.53 9.11
10.54 9.98 10.54 9.98

a . . . . .
The concentration in the solution is reported as the negative log (moles/£).

b . . s s .
The concentration in the solid is reported as the negative log (moles/g).
This calculation was made assuming no natural contribution.
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TABLE XVII
FREUNDLICH ISOTHERM PARAMETERS®

z;;;_ " Fraction (pm) Element n -log k
M-22 <75 Sr 0.83 2.23
' ' Cs 0.80 ©2.17
Ba 0.83 1.34
Eu 1.1 -1.20
75-500 : Sr 0.71 2.85
Cs 0.79 2.34
Ba 0.82 1.57
, Eu 0.92 0.46
M-38 <75 Sr. 0.85 0.38
' Cs 1.0 -0.66
Ba 1. -2.41
Eu 1. -1.0
75-500 Sr 0.87 0.41
Cs 1.0 -0.65
Ba 1. -2.50
Eu 0.98 -0.29

a , . . . L
Freundlich isotherm y = kcn, where y is the concentration on the solid in
moles/g and c is the concentration in solution in moles/Z£.

VIII. MIGRATION RATE STUDIES ON CRUSHED TUFF

A. Measurements

The migration of radionuclides through columns of crushed tuff was studied.
Samples from Jackass Flats Hole J-13 (JA- ) and Yucca Mountain Drill Hole UE25a-1
(YM- ) were used in order to compare results with those obtainea previously by
batch sorption ratio (Rd) measurements. The waters used for infiltration, the
water delivery system, and descriptions of the columns themselves have been
reported previously.2

Each column was characterized in terms of the total column volume V (the

size of the column calculated from column dimensions), the free column volume
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(FCV) (measured and used to calculate the effective column porosity), the dry bulk
density, the particle size, and the flow rate.

The FCVs of approximately one-third of the columns studied
1311° 1In the iodide case, the 311

were determined by use of both HTO and
breakthrough (leading edge) curve and the rinse (trailing edge) were both used.
There was essentially no difference in the values obtained with HTO or with
1311-, and all measurements for a given column were averaged irrespective of
the method used. For example, the FCV for a YM-54 column obtained &ith iodide
(breakthrough) was 0.177 m2 and with HTO was 0:182 mf. On a YM-22 column, the
iodide breakthrough method gave 0.249 mf, and the iodide rinse gave 0.239 ml.

Flow rates were determined by weighing the eluate sample delivered in a
known time period. Upward-flow columns had relatively constant flow rates
with a given syringe aﬁd pump setting, whereas gravity-flow columns tended to
decrease in flow rate before a steady flow was established. Upward-flow rates
generally ranged from 0.041 to 0.082 m¢/h. (A flow rate of 0.045 ml/h for a
2.1-cm-long by 0.3-cm-diam column with a free column volumé of 0.224 ml
corresponds to an average mobile-phase velocity of ~37 m/y.) Flow rates were
varied from 0.082 to 18 mi/h on three JA-32 tuff columns loaded with °S°Sr.
However, the fastest flow coiumn was run with 858: tracer added to the ground-
water, rather than loaded onto the column in a spike.

The effect of the cesium ion concentration of tuff was also investigated.

Two YM-54 columns were loaded with 137Cs in 5- to 15-pf spikes at a concentra-

tion 6f ~10-9 M. Another‘YM-SA column was also run with‘a continuous feed of

137Cs at a concentration comparable to that of the batch measurements, ~10"9 M,
to see if the Rd value of cesium increased with decreased cesium ion concentra-

tion.

B. Data Collection and Analysis

General methods of sample collection, detection of radioisotopes, data
analysis, and equations for calculation of retardation factors and corresponding
distribution coefficients (Rd) have previously been described.2 Sample collection
techniques were modified for samples loaded simultaneously with 1311 and 237U.
Because the sorption ratios measured for U(VI) are small, the retardation factors
should also be small. With the columns used, the eluate volumes of interest
required drop collection. A fraction collector (ISCO model 1200) and a column

were placed in a humidity box ("Manostat' glove box with the glove holes capped),
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in which ~100% humidity was maintained in order to prevent evaporation of the
drops before collection. Thin tubing (0.15 cm) connected the syringe pump to
the column. The 1311 and 237U on each planchet (1 drop) or in the scintillation
vials were measured with a Ge(Li) detector.

Some difficulty was encountered due to the loss of iodide from the column

effluent when it was dried in carrier~free form. Experiments showed that the I~

can be "fixed." Filter paper disks were punched to fit the bottom of the planchets
and were pretreated with 100 uf of NaHSO3 (~1 mg) and 100 uy2 of Nal (~2 mg) and
then were air dried. After collection, 50 p2 of AgNO3 (~0.5 mg) was added to

the paper disks, which were air dried again. These fixers made very stable

samples that had good reproducibility.

C. Results and Conclusions

Sixteen columns of crushed tuff have been studied to date. Several kinds
of elution behavior have been observed: (1) symmetric peaks where 50%
of the activity eluted corresponds closely to the peak of the elution curve,
(2) asymmetric peaks, and (3) "no peaks'" - but instead a slow, usually uniform
elution of activity. Plots of elution curves having symmetric and asymmetric
peak shapes have been given in Ref. 2. With the exception of the JA-18#1 and
YM-38#1 tuff columns, the elution curves of 85Sr fell into the first category,

i
i
o
1
!
!
i
I
!
!

that is, symmetric peaks, with the column Rd value being 1 to 3 times lower

§ than the corresponding batch Rd value. Three JA-32 columns were loaded with

858r to compare the effect of varying the flow rate from 0.082 mf/h to 18 mf£/h.

g The effect of flow rate on the calculated distribution coefficients was negligible.
However, as mentioned earlier, the fast-flow column was run with 85Sr tracer

added to the groundwater rather than lcaded as a spike as-Qere the slow-flow-

f rate columns. |

The YM~38#1 column was loaded with 8SSr before the batch R. measurement

a
2 (12 000 m2/g) was completed. None of the strontium (1:.;2 = 65.2 days) was eluted
‘ before the isotope decayed. A Polaroid film,exposed to the YM-38 column

85Sr remained in

several months after elution was started,inaicated that the
the top quarter of the column. Petrographic analysis of crushed rock from
YM-38#1, as well as JA~32#1, was done both before and after elution. No

change in YM-38 tuff was observed, but there was a slight alteration of

feldspar in the JA-32 tuff (M. L. Sykes, Los Alamos, personal communication, May

1980). The JA-18#1 column was the only other one loaded with 85Sr for which

»
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a large batch Rd value (16 000 m¢/g) had been measured. The strontium on
this column was eluted at a rate of ~0.07%/day for ~72 days; then a small,
sharp peak (Rd = 381 m&/g) containing 9% of the total activity was observed.
Elution of the JA-18#1 column has continued for 95 days since the peak was
observed, and the slow, uniform "leaking” has resumed. The JA-18 sample is a
highly glassy tuff, and the slow elution may be due to a gradual dissolution
of glass. This, however, would not explain the weak, sharp peak, which seems
to indicate that more than one "sorption" mechanism exists. The JA-18#1 and
YM-38#3 columns were also loaded with 137Cs, and the same slow leaking
without a sharp peak was observed. Besides dissolution of glass, the slow
elution of 855r and 137Cs might also be the result of eXchange of the sorbed
radioactive species with stable isotopes in the pretreated waters used, which
 € contain ~10-9 M cesium and ~6 x 10.7 M strontium. Another column, JA-18#3,
has been started to see if the results obtained are reproducible. |
Only two tuffs, YM-54 (three columns) and YM-22, have been analyzed to date

137

in which elution)of the Cs activity occurred in a peak. The three YM-54

columns were run at two cesium concentrations, 1()-6 M and 10_9 M, to see if

the Rd value was affected by the cesium ion concentration. No effect was
observed. On a JA-37 column, elution of 137Cs began on day 95, and the
activity has increased from 25 to 500 dpm/mf. In 184 days 3.6% of the total
cesium has been removed.

Cesium-137 was loaded onto another YM-38 tuff column that was then run

at a fast (4-5 m2/h) flow rate. The 137Cs was not detected until 1150 mf had

137

passed through the column. Fifty percent of the total Cs was eluted in

7680 mf in slowly increasing amounts. (If the average flow rate used on the

majority of columns had been used in this case, about 29 years would have

been required to collect the total of 10.5 £ eluted.) Although a sharp peak

j was not observed and the expressions relating distribution coefficients with
;é retardation factors are not appropriate for such cases, one can calculate a

L "lower limit" column Rd value of 21 900 m2/g from the volume required to

i elute 50% of the activity. This is a higher value than that observed from
batch measurements (8 600 m2/g), is indicative of the "complications" revealed

by flow experiments, and is probably due in part to the fast flow rate used.

" All of the columns run to date with 133Ba have shown peaks, followed in
i some cases by a gradual elution of activity. The Rd values calculated from
the columns are 2.5 to 4.8 times lower than the corresponding batch Rd values.
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with Ce, both before and after elution, indicated that ~6% of the

Other isotopes studied were 141Ce and 237U. The cerium loaded on a

YM-45 tuff column [batch Rd of 730 m¢/g (sorption), 5700 mg/g (desorption)]
was not eluted in 165 days at a flow rate of £1.020 m2/day. Because the 1410e
had decayed significantly in that period of time and the column could not be

continued much longer, the flow rate was increased to $0.6 m£/h until a total
of 250 m£ had been collected from the column. No 141Ce was detected, indicating
that the Rd value is >880 mf/g; however, counting the whole column loaded

141 141Ce

had been removed from the column. The YM-38#2 column was run for 112 days at

141

a flow rate of 0.911 m¢/day with no Ce detected in the eluate; it was

stopped due to insufficient activity remaining on the column. The lower

limit column Rcl was >430 m/g. Batch values were 830 mf/g for sorption and
3800 m2/g for desorption. Another column, JA-18#2, was loaded with 141Ce and
15zEu. 152Eu ($50 dpm/mf£) was eluted.

A tuff column, YM-54#4, loaded with spikes of tritium, 1311, and 237U

also In 9 months a small amount of

gave an R, value of 0.72 m2/g for uranium, compared with an average batch Rd

value of g.S me/g. The elution curves are shown in Fig. 7. The uranium peak
ﬁas quite asymmetric, and the activity eluted per milliliter slowly decreased.
Only 50% of the uranium activity had been eluted by drop 23 when
most of the iodine had been eluted (Fig. 7). The marked asymmetry may be an
effect of the complicated sorption illustrated by the large difference
between batch sorption (1.5 m&/g) and desorption (11 mf/g) ratios.

If a general conclusion can be stated from these observations, particularly

858r 137CS 133

from the data of , and Ba, it is probably that -- except in the

s
simplest of cases, where sorption coefficients are'relatively low, and ion-
exchange equilibria not only exist but are the dominant mechanism for removal
of radioisotopes from solution -- the simple relation between the distribution
coefficient Rd or Kd and the relative velocity of radionuclides with respect
to groundwater velocity may be insufficient to permit accurate modeling of

the retardation of radionﬁclides. This indicates the need to study the
(probably many) mechanisms causing retardation, which could lead to an under-
standing of the_relationéhip between the behavior in a dynamic laboratory
experiment (and, ultimately, behavior in the field) and the many available

batch Rd data.
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Fig. 7. Elution of 1311 and 237U from a column of crushed tuff, YM-54.

IX. SORPTION MEASUREMENTS USING A CIRCULATING SYSTEM

It has been frequently observed that the sorption ratios determined by
use of the batch technique increase slowly with contact time. Self-grinding
of the crushed rock by the shaking used to agitate the phases is a possible
cause of the increase. A series of experiments-has been initiated to deter-
mine whether such self-grinding is responsible. A circulating system in

which a 355~ to 500-um fraction of crushed rock is placed in a polycarbonate

column (1.0 cm diam by 5.0 cm long) is being used. The appropriate groundwater

is continuously circulated through the column in a closed loop as a substitute
for shaking in the usual batch experiment. The columns have polyethylene bed
supports and polypropylene Luer fittings on each end. A peristaltic pump
(Pharmacia model P-3) is used to produce flow rates of 20.6 m&/min.

_ "Experiments have been started with three crushed tuffs: JA-37, YM-22,
and YM-54. Each uses the pretreated water appropriate for that tuff. The
columns hold ~4.5 g of rock, and the initial solution-to-solid ratio of

the system was ~20 m¢/g. First, the groundwater was circulated for 2
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months to check out the system and to pretreat the rock samples. Rock—pfetreated

groundwaters were then tagged with 85Sr, 137Cs, 133Ba, 141Ce, and 152

Eu by

the usual evaporation-dissolution procedure. Because the sorptive capacity of
some of the components in the systems was unknown, groundwaters were circu-
lated through similar systems without rock. Components of the system will be
examined for activity at the conclusion of the experiments. Aliquots (5 mf)
of the aqueous phases were removed at intervals of 4, 7, 9, 12, and 16 weeks.
With the removal of aliquots for counting, the solution-to-solid ratio changed
to ~9 me/g at the end of the experiment. Preliminary data are given in

Table XVIII. The time dependence observed in some of the batch studies1 does
not seem to be present in these studies, except for the earliest results for
sample YM-22. (No significant time ‘dependence was observed in the batch
studies with samples YM-22 and YM-54; the shortest contact times were ~20 days
in these batch experiments.z) The results from these circulating-column

studies will be compared with those from batch studies and crushed-tuff

columns in Sec. XIII.

X. RADIONUCLIDE SORPTION AND TRANSPORT STUDIES WITH SOLID ROCK CORES

Radionuclide sorption on rocks is principally a surface phenomenbn;
therefore, the surface condition is a critical parameter in experiments
involving partitioning of radionuclides between solutions and geologic media.
Studies using crushed rock involve mineral surfaces newly exposed to the
atmosphere and to water; those using geologic thin sections involve
surfaces exposed and possibly altered by grinding and polishing. 1In an
attempt to work with unaltered rock surfaces, we have initiated experiments
in which pumped groundwater is used to move radionuclides through rock cores.

The intent of these experiments is to understand the
transport of radionuclides through rock by either porous or fracture flow.
These studies provide an intermediate step in the extrapolation from batch to
in situ studies. Studies with granite cores are reported here, as well as
those with tuff, because those studies contribute to the development of method-
ology and because of the possible similarity in flow patterns expected for
welded tuff and granite.

The apparatus has been described previously.2 The rock cores are 15.9 mm
high by 25.4-mm-diam right-circular cylinders. The confining pressure is

usually 1000 psi. The groundwater used in these experiments is pretreated
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TABLE XVIII
Sr, Cs, AND Ba, SORPTION RATIOS
CIRCULATING COLUMNS

Contact Rd (m2/g)
Sample Time (d) ~_Sr_ Cs Ba
M-22 26 9.3 99 33
49 29 405 129
63 28 441 129
84 30 616 133
112 21 494 102
™-54 26 39 105 111
49 : 53 158 153
63 - 49 131 . 146
84 44 : 112 132
112 41 99 116
JA-37 ' 26 401 _ 1770 948
49 , 390 1890 | 819
63 398 1800 891
84 420 1920 729
112 365 | 1480 899

with the appropriate crushed tuff, then centrifuged, and filtered through a
0.05-um membrane. Prior to the introduction of radionuclides to the rock
cores, pretreated water is forced through the cores to pretreat the rock
surfaces. This minimizes alteration of the rock during the experiment and

hopefully better simulates the actual, in situ, conditions.

A. 85Sr in YM-22 Tuff

- The movement of 85Sr with water flowing through a core of YM-22 tuff was
observed. This tuff is devitrified and densely welded and has relatively
poor sorptive properties. The core was loaded with 20 pf of 858r activity.

Water was pumped through the core for a period of 12 months with an average
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flow rate of 0.8 m&/day. About 40% of the activity was eluted at a fairly
constant rate; no peak was observed. The core was sectioned, and the residual
activity was found to be relatively low in the top few millimeters of the

core; it then increased to a peak in the core midsection, and remained high

throughout the remainder of the core (Fig. 8). Based on the anticipated

volume corresponding to élution of 50% of the activity, a crude estimate was
made of the Rd value for strontium on this YM-22 core. The resultant value

of ~20 m2/g is less than the 53'm2/g value obtained from batch measurements2
but similar to those obtained with crushed-rock columns.6 More elution and

distribution profile studies of this type are planned after modifications in
our experimental methodology are completed.

B.  2*lan in YM-45 Tuff

The movement of 241Am through a YM-45 core was observed by monitoring

the eluted solution and using microautoradiography on core slices. The column
was run for 5 weeks with a flow rate of 0.8 m#/day. Approximately 0.2% of the

activity added to the column was collected.
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Fig. 8. Distribution of 858r activity in a solid core of YM-22 tuff.
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On disassembly of the pressure apparatus, it was found that the metal
end cap in contact with the top surface of the core showed a high level of
radioactivity and that ‘the bottom end cap showed almost none. The activity
on the core sides and bottom was measured using microautoradiography. Low-to-
moderate levels of activity were found on these surfaces. The 24lAm seemed
to have been deposited primarily in an aggregated form, as a high ratio of
stars t0‘sing1e tracks was observed in the autoradiographs. One giant colloid
was observed on the bottom surface.

The core was then sectioned with a rock saw. Three slices about 1 mm
thick were cut from the top of the core, and one slice was cut from the
bottom of the coré. The activity levels in these slices were measured with a
NaI(T1l) well crystal and an alpha proportional counter. The activity on the
top surface of the core was 103 to 104 times greater than the activities on
the bottom of the top slice and the other interior surfaces. The activities
on the exterior surfaces and on the interior slice surfaces were compared
using a collimator with the proportional counter. The exterior surfaces had
activity levels greater by a factor of 5 then the interior surfaces. The
activity on the exterior surface was relatively uniform, varying from region
to region by only a factor of 2,

The results of this experiment indicate that almost all of the activity
originally placed on the‘top core face remained there. The small fraction of
activity that was mobilized by the water flow appears to have been deposited
at higher concentrations on the exterior surfaces than in the interior of the
core. This may imply that more flow occurred over these surfaces than through
the core or that these surfaces were particularly sorptive. The observation

241Am‘was in an aggregated form on the exterior

that a large fraction of
surfaces, however, indicates that this portion of the activity probably did
not flow through the core.

C. 241Am in Climax Stock Granite

Climax Stock granitevcore C-79-5b-1 was placed in a Teflon sleeve and
fractured using a hammer and chisel. The crack occurred along an old fracture
plane extending through the core. After initial attempts to force water
through the core failed, the two core segments were displaced axially and
then returned to the initial configuration. A reasonable flow rate was then

achieved. A solution containing 24'Am was placed on the top surface of the
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core at the crack. Water was pumped through the core for a period of 5
weeks with about 2% of the activity eluting.

On disassembly it was noted that both metal end caps showed extremely
high levels of alpha activity. The whole core was counted in the NaI(Tl)
well counter and then sectioned with the rock saw. The first three slices
from the top of the core and the first slice from the bottom shattered into
six to eight fragments during the sawing operation. These were recovered and
counted in the well counter. The activities of these slices are given in
Table XIX.

The second slice from the bottom was recovered intact and was coated
with emulsion for examination with microautoradiography. The interior sur-
faces of the core midsection and of r-a reconstructed mosaic of the second
slice from the top were examined using glass slides coated with Kodak ETB-3
emulsion that were placed in contact with the roék-surfaces. ‘The emulsions
showed that a very large fraction of the activity was confined in the major
crack system. Some activity was readily visible alcong the Teflon sleeve-core
interface, especially in the regions whére cracks reached the core surfaces.
The tracks not in the vicinity of the cracks were mostly single with a few
stars and were present in rather low density. No colloids were observed.

The exterior (curved) surface of the core midsection was monitored
through a collimator with the proportional counter. The ends of the midsection
were coated with epoxy resin to facilitate handling and to prevent detection
of alpha particles from the cut faces that were originally interior portions
of the core. The surface activity at various angles of rotation of the core
under the counter are shown in Table XX.

The counting data and microautoradiographs indicate that the 241Am was
strongly concentrated in those regions that the solution could readily pene-
trate, namely, the major crack system and the exit line of the cracks at the
core surface., Although the activity was distributed along the length of the
core, the concentration in. the topmost slice was about a factor of 3
higher than elsewhere. Less than 2% of the detected activity eluted from the
core. It appears that the 241Am was deposited primarily on those surfaces
initially contacted by the solution introduced into the core. In addition to
the activity on the surfaces near the cracks, there was significant activity

on the other regions of the core surface, indicating exposure of these sur-

faces to the aqueous phase.

51



TABLE XIX

241Am IN VARIOUS SECTIONS OF A CLIMAX STOCK CORE

Slice ' Width Activity (cpm/mm)
1st 1 mm 6.5 x 10°
2nd 1 mm 2.3 x 105
3rd 1 mm 1.4 x 10°
Midsection - 8 mm 2.0 x 105
2nd from bottom 1.5 mm 1.3 x 105
1st from bottom 1.5 mm 1.5 x 105

TABLE XX
24

1Am ACTIVITY VS ORIENTATION OF CORE SLICE

Degrees Alpha Activity
of Rotation (cpm) . Comments
0 187
45 5 330 Visible crack
90 82
135 4 290 Visible crack
180 56
225 1 110
270 57
315 74
360 172

D. Encased Cores

The data in the preceding two experiments, as well as evidence from pre-
vious studies,2 strongly suggest that there can be leakage of pumped water
between the Teflon sleeve and the core surface. For example, higher activity
levels were sometimes found on the exterior surfaces of the core than on the
interior surfaces of the core slices. Possible routes for this exterior flow
were thought to be (1) leakage along the top surface between the end cap and
the core and then down the core sides; and (2) flow from within the core to the

side surfaces, then down the core sides. If the sorptive behavior of solid
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cores is to be compared with that of crushed-rock columns, it is imperative
to be able to define with confidence the volume of rock exposed and the flow
rate through this volume.

Experiments were performed to develop a method of completely encasing
the cores in a material impermeable to water. A polyurethane and an epoxy
were tested with and without confining pressure. Exploratory experiments,

described below, were performed with grbundwater and 233U tracer. Because 233U

sorbs only weakly, the location of 233U in the rdck was used as an indicator
of flow path.

The polyurethane was used in two experiments with YM~45 tuff. One core
was given a thin coating on the éurved surfaces and then inserted in a Teflon
sleeve. The other was cast in a mold with both end caps; the polyurethane
thickness was 4 to 8 mm. The latter core was used with no confining pressure.
The core with the thin coating was fitted with polyethylene washers and end
caps, and a confining pressure of 5000 psi was imposed. The cores were
treated  with filtered, pretreated groundwater, and then 233U was loaded on
the top face of each core. Water was pumped through the cores under a pressure
of.~30 psi, which gave a flow rate of ~1 m2/day. Activity appeared in the
eluate after 2.5 to 3 mf of water had passed through the cores, and the cores
were then removed for analysis by microaﬁtoradiography. Substantial amounts
of activity were found on the exterior surfaces of the core with the thin
coating. It was not clear whether this was due to leakage from the top
(although the washer did appear to confine moét of the activity placed on the
top face), flow through surface areas not completely coated with the polyure-~
thane, or simply penetration by alpha particles of the very thin coating.

The rock with the thick coating showed no leakage around the end caps, and
the rock-to-resin bonds seemed to have maintained their integrity. Some
variation in the activity levels near the rock surfaces was observed.

Several granite cores were encased in epoxy by casting in a mold, and
the epoxy pottings were tested for their ability to withstand pressure. One
core was fitted with end pieces having a polished surface, and another with
end caps that had been sand blasted. These were attached to the high-pressure
column apparatus, and the pumping pressure was gradually increased; no con-
fining pressure was employed. Both epoxy coatings held overnight at a pressure
of 360 psi. A third granite core was placed under a confining pressure of up

to 5000 psi with no leaks occurring. The confining pressure was dropped to
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2000 psi, and a gradually increasing pumping pressure was imposed. The
maximum imposed pressure of 880 psi was held for a period of 3 days with no
leakage.

Several different types of rock cores were examined using 233U tracer to
determine the activity distribution in the core at the point at which the
activity was just beginning to elute. Of particular concern were the extent of
pehetration of the epoxy into the core (which might inhibit the water flow)
and the possibility that ﬁhe activity might concentrate in regions containing
the epoxy.

A core of YM-54 tuff was coated with epoxy and loaded with 233U. After
3 mf of water had been collected over a 2-day périod, 233U was observed in
the eluate and pumping was stopped. With the aid of a small rock saw;the
end caps were removed, and the core was sliced into several sections. Surface
activity, as measured with a proportional counter and by autoradiography,
revealed that most of the 23-3-U had penetrated only about 5 mm down into the
core. Within this region of penetration, there was not much spreading of -
activity toward the perimeter of the core. At the top face of the core, the.
activity had been confined largely to the area in the center of the washer.
Some penetration of washer-rock and washer-end cap interfaces was indicated,
and the activity levels oh both surfaces of the washer were appreciable. At
a depth of 4.7 mm,mosﬁ of the activity was still concentrated in the center
of the core. This flow pattern is in marked contrast to that previously
observed for a JA-26 tuff core in which the activity was distributed uniformly
below a depth of a few millimeters, showing no concentration gradients across
the face of the core slices. ‘

A granite core, C-79-9b-1, which had been coated with epoxy and tested
for leaks under confining pressufe, was treated with 233U in an experiment
similar to that described above for the ¥YM-54 tuff. A pumping pressure of
about 880 psi and a confining pressure of 2000 psi for a period of 1 day
gave an eluted volume of 0.1 m¢ that contained about 3% of the initial 10b
cpm of activity introduced onto the top of the core. As in previous experi-
ments, the polyethylene washer confined most of the activity to the top
center of the core face; however, this pattern of activity was not maintained
into the core. The activity levels on the interior surfaces of slices taken

through the core were very low. A system of cracks over about 25% of the

slice area seemed to be responsible for all of the flow through a slice taken
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about 3 mm from the top face of the core. Similarly, the top side of the
bottom slice had activity confined to two small areas; however, on the bottom
of this slice (the bottom exterior of the core), the activity level was
nearly as high as on the top surface of the core. Likewise, the bottom’end
cap was found to have nearly 60% as much activity as the top end cap. This
would seem to indicate that a "reservoir' of radioactive solution accumulated
at the bottom face of the core, perhéps with the bottom washer inhibiting
clean elution from this area. In neither the tuff nor the granite core was

there any indication that the epoxy had penetrated appreciably into the core,

- nor were there regions of high track density near the core~epoxy interface.

XI. REDOX POTENTIAL OF GROUNDWATERS

The redox potential (Eh) of a natural groundwater-rock system may be
oxidizing or reducing. Consequences of oxidizing or reducing conditions were
discussed in Sec. I. In this section we discuss the initial investigations
of the measurement and control of the oxidation-reduction potential of rock-
groundwater systems in the laboratory. Either pletinum or gold electrodes,
referenced to a standard calomel electrode, are currently being used to
measure Eh. Standards of +430 and -388 mV relative to the normal hydrogen
electrode are used to calibrate the electrodes. Both a potentiostat and
reducing agents or buffers will be uséd to obtain the desired potentials.

Measurements of Eh on unpoised or complex systems are difficult to
interpret.16 A weak signal can be undetectable because of electrical noise
in the system. Measurements in our laboratory of both aerated and oxygen-free
groundwaters in the absence or presence of many of the samples studied (Climax
Stock granite, Eleana argillite, and some of the tuffs) have mostly shown
positive potentials. However, mixtures of pulverized YM-54 (devitrified) or
YM-38 (zeolitized) tuff samples and water from Well J-13 that have been
shaken in the controlled atmosphere for more than 1 year show slightly
lower Eh values, -20 to -140 mV, compared to the values of +300 to +350 mV
for aerated solutions at pH values of about 8.

Hydroxylamine hydrochloride was examined as a reducing agent. Solutions
were sparged with nitrogen gas for several hours tec remove some of the oxygen,
NH,OH-HC1 was added, and the pH was adjusted to neutral or slightly basic

2
with dilute NaOH. The Eh was measured as a function of pH. An approximately
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linear correlation was found. At pH 7, Eh 2 +120 mV, and at pH 10.8,
Eh = -130 mV.

Nile Blue (10-6 M) in é sodium carbonate solution (10-'3 M) was used in a
preliminary experiment of Eh control. Ferrous ion was necessary to reduce
the Eh to the Nile Blue théoretical value of -160 mV at pH 8.3. . This reading
was maintained for several hours with the addition of ferrous ammonium sulfate.
Ottéway17 states that conéentrations of élO-7 M Nile Blue are needed for true
solution behavior. | A

A potentiostat cell similar to those of Harrar18 and Rai et 31.19 has
been fabricated. The Teflon cell is 3.6 cm in diametef and 7.5 cm in height.
The working electrode is a 3.3-cm-diam, platinum~-gauze cylinder. The
counter electrode is a folded 5- by 2-cm platinum gauze isolated in a glass
cell with a porous Vycor frit making contact with the solution. A salt
bridge contains a calomel reference electrode. Inlet and outlet tubes for
inert-gas sparging and a sample port with stoppér are included. The potentio-
stat will be used to reach various desired potentials. For long-term experi-
ments, a study is being made of the use of Eh buffers or moderators to maintain
a particular potential after it is obtained by the potentiostat.

H. Taube (Stanford Uhiversity, personal communication, 1980) has
suggeéted Osmium(II-III) complex couples to buffer the Eh. Ottaway17 discussed
organic redox indicators in the applicable range. Possible moderators are
listed in Table XXI, with the corresponding E; (defined as the formal potential
at pH 7) values and the pH range under which they were investigated.

If it is determined that the buffer does not interfere with sorﬁtion,
then the method will be applied for studying sorption of elements such as

plutonium, uranium, technetium, and neptunium under both éontrolled-atmosphere

and controlled-Eh conditions.

XII. MATERIALS CHARACTERIZATION

Sorption and transport of nuclides iﬁ geologic media are dependent on
the nature of both the groundwater and the rock. Changes in the groundwater
as it moves through various types of rock may affect sorﬁtive properties;
thérefore, it is neceﬁsary to adequately characterize the rocks and waters
studied in the laborafory. Characterization includes determination of concen-
trations of major and minor elements and measureﬁent of oxidation states of

elements that may exist in several states in both the waters and the rocks as
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TABLE XXI
POSSIBLE Eh MODERATORS

E; W) ' pH range
Inorganic Couples
Os(II) - 0s(III) couples
tris (1,10-phenonthroline) 0.88
2,2 ~bipyridine : 0.88
dicyano-bis=-(2,2 “~-bipyridine) 0.78
4,7-dimethylphenanthroline 0.68-0.73
3,4,7,8—tetramethylphenanthroline 0.68-0.73
Co(I1) - Co(I11) sepulchrate - =0.3
Organic Couples
Bindschedler's Green 0.224 2 -9.5
Induline Scarlet | -0.299 3.0 - 8.6
Rosinduline 26 . ’ ' ~0.281 4.8 - 11.4
Lissamine Bue BF - -0.253 1-11
N,N’-dimethyl viologens -0.446% 8.4 - 13
Indigo Carmine =0.125 <9b
Pyocyanine : -0.034 1 - 12

%potentials of substituted viologens are independent of pH and follow the
simple Nernst equation Eh = Eo + (Rt/F) 2n(C°/Cr).

bSemiquinone is formed above pH 9.

well as the mineralogy-petrology of the rock. Some of these measurements are

given in this section.

A. Water Composition

Water from Well J~13 was pretreated for a minimum of 2 weeks with
crushed tuff from each of the cores studied from Hole UE25a-1. The sorption
measurements with cores ¥YM-22, YM-3é, YM-45, YM-48, YM-49, and YM-54 were
reported previously.2 Analyses of these Qaters are reported here together with
analyses of waters prepared with cores YM-5, YM-30, YM-42, and YM-46. The
water prepared by pretreatment with each of these cores was sent to the USGS

for analysis. These results are given in Table XXII. The composition of Well
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TABLE XXII'
WELL J-13 TUFF-PRETREATED WATERS®

YM-54 YM-38 YM-5 ¥YM-22  YM~30  YM-42  ¥YM~45  YM-46  YM-48  YM-49
Analysis Air  CA® Air cA®
Barium 0.03 0.2 0.1 0.2 0.03 0.1 0.1 0.08 0.02 0.09 0.02 0.09
Calcium 14 13 14 13 15 13 14 15 14 15 18 20
Chloride 6.8 6.5 7.5 6.6 7.9 7.3 7.0 6.9 6. 7. 6. " 6.9
Fluoride 2.6 2.5 2.5 2.6 2.5 2.6 2.5 2.4 2. 2. 2. 2.5
Iron 0 <0.01 0.01 0.01 <0.01  <0.01  <0.01 0.04 0.04 0.02 0.03 0.03
Lithium 0.06 0.05 0.05  0.05 0.04 0.05 0.05 0.05 0.06 0.05 0.06  0.06
Hagnesium 1.4 1.8 0.1 0.3 4.1 2.4 1.5 0.5 1.2 1.1 1.2 1.2
Manganese  0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.01 ~ 0.002  0.03 0.002
Potassium 5.9 5.3 5.8 5.8 8.2 5.3 2.5 2.2 5.6 3.9 2.5 2.6
Silica 74 66 63 71 70 68 60 56 68 67 74 71
Sodium 56 52 57 56 51 54 53 59 53 51 50 49
Strontinm  0.04 0.04 0.003 0.003  0.25 0.10 0.15 0.009  0.04 0.03 - 0.03 0.03
Sulfate 24 23 26 23 23 24 23 27 24 24 24 25
pH 8.3 8.7 8.4 8.7 8.2 8.3 8.2 8.2 8.3 8.2 8.3 8.1

a . . L ies . .
Concentrations are in mg/2. Unless specified all waters were pretreated in air.

bCA refers to the controlled atmosphere: N, with £0.2 ppm 02,§20 ppm CO

2 2°
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J-13 water has been given previously (see, for example, Ref. 1); it did not
change significantly on addition of any of the crushed rock from Hole UE25a-1.
’ In order to determine whether additional changes in water composition
would occur with longer exposures to the crushed rock, two tuffs were kept in
contact with the well water for periods as long as 256 days (YM-30) and
131 days (JA-26). The water treated with YM-30 tuff changed very little with
time, whereas that treated with JA-26 tuff changed significantly, especially in
concentration of iron. However, the analyses of water treated with JA-26
tuff for 131 days were made on turbid solutions and are probably not reliable.
Repeated centrifuging and filtering of the water through 0.45-um Millipore
filters did not help to clear the turbid, reddish-brown water. Data obtained
with the direct current, plasma-soufce, emission spectrometer are given in

Table XXIII.

B. Determination of Fe(II) in Silicate Rocks

The presence of Fe(II) and Fe(II1) has important effects on the oxidation
potential in geological systems. Total iron can easily be determined.
However, a good method for determination of Fe(II) in silicate rocks must
involve careful techniques to keep the Fe(II) from oxidizing during preparation,
dissolution, and analysis. In most procedures, hydrofluoric acid is used;
this restricts the container composition. The method that we have selected
is based on a procedure20 in which the silicate rock is dissolved with the
simultaneous oxidation of Fe(II) with ICl to form 12. The I2 is immediately
extracted into carbon tetrachloride, which is present in the dissolving

vessel, and then determined by titration with standardized KIO, solution,

3
keeping the carbon tetrachloride from contact with air. Iodine monochloride
has a lower oxidation potential than either permanganate or dichromate. The
use of ICl as oxidant precludes interference by Mn(II) or Cr(III). The per-

tinent half-cell reactions are

M0, + gat + 5¢” = Mot + 4H,0 : E° = +1.52 V ,

Cr2072' + 165 + 6e” = 2005 + 7H,0 E° = +1.33 V ,
+ - 2+

M0, + Wi’ + 2¢” = Mn®' + 2H,0 E° = +1.23 V ,
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217 (C17) + 2 = I, + 2017 E°©

+1.19 V , and

Fe3+ +e = Fe2+ E°

+0.77 V.

The method described above has been modified and tested on several USGS
"standard" rocks. The results (Table XXIV) usually agree within 2% of the
stated Fe(II) concentration.

No Fe(II) was detectable in YM-22, YM-38, and YM-46 tuffs. The limit of
detection by the present method is ~0.2%.

C. Determination of Fe(II) in Groundwater

Knowledge of concentration ratios of members of redox pairs such as
Fe(II)/Fe(III) in groundwaters and solutions that have been pretreated with
rocks under various conditions is necessary to understand the redox potential
of the waters, to interpret the sorption results for multivalent elements,
and to complement electrode Eh measurements. A method modified from that of

Lee and StummZI.is being used to determine the Fe(II) concentration. The

TABLE XXIII
CHANGE IN TUFF~PRETREATED J-13 WATER WITH TIME

YM-30 (mg/2) JA-26 (mg/L)

Element 42 d 51 d 256 d -14 d 52 d 131 d
Mg » 2.08 2.03 2.09 1.29 1.90 1.83
Mn 0.72 0.58 0.73 0.170 0.073 0.321
Si 45.4 40.6 42.5 48.0 45.0 67.9
Fe 0.194 0.145 0.100 0.185 0.296 4.99
Sr 0.205 0.173 0.176 0.077 0.078 0.64
Ba 0.147 0.096 0.153 0.235 0.231 1.34
\' 0.049 0.037 0.038 0.037 0.043 0.061
Ti 0.087 0.041 0.059 0.047 0.068 0.226
Ca 19.1 17.0 17.7 11.3 13.9 5.92
Li 0.207 0.191 0.184 0.200 0.213 0.185
K 4.02 4.18 3.67 5.08 5.41 7.98
Na 59.5 58.3 58.0 67.8 64.9 96.4
Al 0.075 0.162 0.120 0.169 0.109
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TABLE XXIV
Fe(II) ANALYSES ON USGS "STANDARD" ROCKS

% FeO
"Standard" Rock Los Alamos USGS % Deviation
DTS-1 (Dunite) 7.26 7.23 +0.4
PCC-1 (Peridotite) 5.11 5.24 -2.5
BCR-1 (Basalt) 8.81 8.80 +0.1
GSP-1 (Granodiorite) 2.23 2.31 -3.5
AGV-1 (Andesite) 2.02 2.05 -1.5
6

limit of detection is about 0.2 ug/mf (4 x 10~
the small interference from Fe(III). The 4,7-diphenyl-1,10-phenanthroline

M). Correction is made for

reagent is more sensitive and the color developed is more stable than other
phenanthrolines. Absorbance is measured at 533 um with a Hewlett-Packard

model 8450A UV/VIS spectrophotometer. Iron-free reagents have been preparéd.

D. Emission Spectrometric Analysis of Groundwaters

The Spectrometrics, Inc., 20-chaﬁne1, direct current, plasma-source,
emission spectrometer described in Ref. 22 is being used to analyze the
4 extensive suite of acid-stabilized solutions saved from most of our batch
sorption studies.l’2 The samples are being analyzed for the elements on the
first two cassettes described in Ref. 22 (the major ions plus representative
minor elements). Selected samples are being analyzed for lanthanides using
the fourth cassette.

The results will be summarized in a future report, as will the conclusions

reached concerning the effects of water composition on sorption behavior.

XIIYI. COMPARISON OF SORPTION RATIOS FROM BATCH, CIRCULATING-SYSTEM, AND
COLUMN METHODS

'~ The first studies of sorptive processes in this investigation were with
the batch method, and use of this method has been continued because of its
simplicity. It enables the relatively rapid determination of sorptive proper-

ties in scoping studies and the investigatioh of the effects of changes in

|
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many parameters. At the same time it must be recognized that the experiments
may not represent in some ways the phenomena that occur in dynamic flowing
systems, that is, water flowing through pores or fractures underground. Column
and core experiments, which are more difficult and require much more

time, are a closer approximation to true situations. The circulating system,
discussed in Sec. IX, is a hybrid system that incorporates features of both
batch and column methodologies.

Tables XXV, XXVI, and XXVII compare representative sorption ratios that
have been obtained by the batch, circulating system, crushed-tuff column, and,
in one case, whole-core column methodologies for strontium, cesium, and
barium. The first three methodologies use crushed rock and may give problems
in interpretation because of the freshly exposed surfaces. The batch and
circulating-system procedures are similar in some ways, but the solid phase
remains stationary in the circulating system and is not subject to self-
grinding. It is necessary to assume sorption-desorption equilibrium to
obtain a sorption ratio from a retardation factor from column experiments.

It must be emphasized that the values from the circulating system are still
preliminary.

In most cases the sorption ratios are comparable and agree within a
factor of 3. The values obtained by the batch method are generally
greater than those from the crushed-tuff column elutions. There is no obvious
pattern for a relationship between the results of the circulating-system
method and the other two. However, the sorption ratios for strontium and
cesium obtained by the batch system agree with those from the circulating-
system method within a factor of 2 for all samples studied.

Although elution of 855r from the solid YM-22 core did not exhibit a
peak, the calculated sorption ratio agrees fairly well with the other methods.

We have pointed outl’z’6

that simple jon-exchange equilibrium cannot

fully account for the data from batch and column experiments except for the
simplest caseé for strontium, barium, and cesium where sorption ratios are
relatively low. This caution should be kept in mind when comparing results

from different types of dynamic and static measurements.

XIV. CONCLUSIONS

The experiments and results presented in this report were summarized in

the Executive Summary.
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TABLE XXV
COMPARISON OF REPRESENTATIVE SORPTION RATIOS (mf/g)
FOR STRONTIUM

Sample Batch Circulating Column Core
™-22 50 23 30 20
YM-54 84 45 44 ’
JA-32 56 42

JA-37 300% - 394 106

aThe strontium and cesium values in Table A3 of Ref. 6 should

be reversed.

TABLE XXVI
COMPARISON OF REPRESENTATIVE SORPTION RATIOS (mf2/g)
’ FOR CESIUM
Sample Batch Circulating Column
Y™M~-22 287 E 411 122
YM-54 247 121 97

JA-37 : 7402

aThe strontium andd cesium values in Table A3 of Ref. 6 should be

reversed.

b
In progress.

TABLE XXVII
COMPARISON OF REPRESENTATIVE SORPTION RATIOS (m&/g)
FOR BARIUM
Sample Batch Circulating Column
M-22 899 105 355
YM-54 620 131 124
JA-37 835 857

1770 >560
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From a geochemical viewpoint, tuff should provide a natural barrier to
the migration of cations because of the excellent sorpﬁive properties of this
medium. Sorption varies with mineralogy in a reasonably consistent manner,
and the best sorptive properties are found for zeolitized tuffs.

As with most geologic media, tuff exhibits relatively poor sorption for
anions, for example, iodine, technetium(VII), and uranium(VI) (carbonate
complex). Special consideration for retaining these eiéments should be given
in the design of engineered barriers. . _

Our understanding of mechanisms of sorption and transport has increased.
Isotherm experiments show that precipitation or saturation of sorption sites
may occur when the sorbing element is present in high concentrations as in
some release scenarios. ﬁifferences, up to a factor of 3, have been
noted in sorption ratios obtained by static and dynamic experiments. This
may be due in part to differences in solution-to-solid ratio, to self-grinding
in batch experiments resulting in fine particles not present in crushed-tuff
columns or in the circulating system, and to nonreversible equilibrium.
Considerable progress has been made in the methodology of performing experi-
ments with flow through whole cores of tuff. _

The redox conditions in a geochemical system may affect the sorptive
properties and migration of several elements with multiple oxidation states.
Obtaining knowledge of this parameter in the natural condition undgrground is
necessary but difficult. Experiments for the measurement and control of the
Eh in the laboratory are in progress.

ACKNOWLEDGMENTS

The authors thank E. A. Bryant for his interest, encouragement, and
reading of the manuscript. They acknowledge assistance from the following Los
Alamos personnel: M. L. Sykes, J. R. Smyth, F. H. Caporuscio, and R. G. Warren
(mineralogy and petrology); D. A. Mann (technical assistance); P. A. Elder,

8. Lermuseaux, and M. E. Lark (sample counting and gamma spectral analysis);

and L. M. Mitchell (typing of the manuscript).

64



ik n o b

REFERENCES

1. K. Wolfsberg, B. P. Bayhurst, B. M. Crowe, W. R. Daniels, B. R. Erdal,
F. 0. Lawrence, A. E. Norris, and J. R. Smyth, "Sorption-Desorption Studies
on Tuff. I. Initial Studies with Samples from the J-13 Drill Site, Jack-
ass Flats, Nevada," Los Alamos National Laboratory report LA-7480-MS
(1979).

2. E. N. Vine, R. D. Aguilar, B. P. Bayhurst, W. R. Daniels, S. J. BeVilliers,
B. R. Erdal, F. 0. Lawrence, S. Maestas, P. Q. Oliver, J. L. Thompson, and"
K. Wolfsberg, "Sorption-Desorption Studies on Tuff. II. A Continuation of
Studies with Samples from Jackass Flats, Nevada and Initial Studies with
Samples from Yucca Mountain, Nevada,"” Los Alamos National Laboratory
report LA-8110-MS (1980).

3. B. R. Erdal, W. R. Daniels, D. C. Hoffman, F. 0. Lawrence, and K. Wolfsberg,
"Sorption and Migration of Radionuclides in Geologic Media,"” in Scientific
Basis for Nuclear Waste Management, Vol. 1, G. J. McCarthy, Ed. (Plenum,
New York, 1979), pp. 423-426.

4. B.'R. Erdal, B. P. Bayhurst, W. R. Daniels, §S. J. DeVilliers, F. O.

Lawrence, E. N. Vine, and K. Wolfsberg, "Parameters Affecting Radionuclide
Migration in Geologic Media," in Scientific Basis for Nuclear Waste Manage-
ment, Vol. 2, C. J. M. Northrup, Jr., Ed. (Plenum, N.Y., 1980), pp. 609-616.

5. E. N. Vine, B. P, Bayhurst, W. R. Daniels, S. J. DeVilliers, B. R. Erdal,
¥. 0. Lawrence, and K. Wolfsberg, "Radionuclide Transport in Tuff," in
Scientific Basis for Nuclear Waste Management, Vol. 3 (Plenum Press,

"New York, 1981), (in press).

6. J. K. Johnstone and K. Wolfsberg, Eds., "Evaluation of Tuff as a Medium
for a Nuclear Waste Repository: Interim Status Report on the Properties
of Tuff,'" Sandia National Laboratories report SAND80-1464 (1980).

7. B. R. Erdal, B. P. Bayhurst, B. M. Crowe, W. R. Daniels, D. C. Hoffman,
F. 0. Lawrence, J. R. Smyth, J. L. Thompson, and K. Wolfsberg, "Labora-
tory Studies of Radionuclide Transport in Geologic Media," in Underground
Disposal of Radioactive Wastes, Vol. II (Internatlonal Atomic Energy
Agency, Vlenna, 1980), pp. 367-382.

8. G. H. Heiken and M. L. Bevier, "Petrology of Tuff Units from the J-13
Drill Site, Jackass Flats, Nevada," Los Alamos National Laboratory
report LA-7563-MS (1979).

9. M. L Sykes, G. H. Heiken, and J. R. Smyth, "Mineralogy and Petrology of
Tuff Units from the UE25a-1 Drill Site, Yucca Mountain, Nevada," Los
Alamos National Laboratory report LA-8139-MS (1979).

10. K. Wolfsberg and B. R. Erdal, Eds., "Research and Development Related to

the Nevada Nuclear Waste Storage Investigations, October 1 - December 31,
1980," Los Alamos National Laboratory report LA-8739-PR (1981).

65



11. H. C. Classen, "Water Quality and Physical Characteristics of Nevada
Test Site Water-Supply Wells," USGS report USGS-474-158
(1973).

12. K. Wolfsberg, B. R. Erdal, and J. R. Smyth, Eds., "Research and Develop~-
ment Related to the Nevada Nuclear Waste Storage Investigations, April 1 -

4 June 30, 1980,'" Los Alamos National Laboratory report LA-8471-PR

(1980).

S g S O U

13. B. R. Erdal, R. D. Aguilar, B. P. Bayhurst, W. R. Daniels, C. J. Duffy,
- F. 0. Lawrence, S. Maestas, P. Q. Oliver, and K. Wolfsberg, "Sorption-

Desorption Studies on Granite," Los Alamos National Laboratory report
LA-7456-MS (1979).

14. W. R. Daniels, Ed., "Laboratory Studies of Radionuclide Distributions
Between Selected Groundwaters and Geologic Media, October 1, 1979--
September 30, 1980," Los Alamos National Laboratory report
LA-8586-PR (1981).

15. T. Vermeulen, G. Klein, and N. Hiester, "Adsorption and Ion Exchange,"
in Chemical Engineers' Handbook, R. H. Perry and C. H. Chilton, Eds.
(New York, McGraw-Hill, 5th Ed., New York, 1973), section 16.

16. W. Stumm and J. J. Morgan, Aquatic Chemistry (Wiley—Interscience, New
York, 1970), pp. 300-382.

17. J. M Ottaway, "Oxidation Reduction Indicators of E < 0.76 Volt," in
Indicators, E. Bishop, Ed (Pergamon Press, Oxford 1972) p. 469

18. J. €. Harrar, "Techniques, Apparatus, and Analytical Application of
Controlled-Potential Coulometry,” in Electroanalytical Chemistry, Vol. 8,
A. J. Bard, Ed. (Marcel Dekker, New York, 1975) p. 1.

19. D. Rai, R. J. Serne, D. A. Moore, and R. W. Stromatt, "Electron Transfer
Method of Controlling Eh during Adsorption of Multivalent Elements by
Geologic Media," Battelle Pacific Northwest Laboratories report PNL-SA-
6766 (1978).

20. S. Banerjee, '"Direct Determination of Ferrous Iron in Silicate Rocks and
Minerals by Iodine Monochloride," Anal. Chem. 46, 782 (1974).

21. G. F. Lee and W. Stumm, "Determination of Ferrous Iron in the Presence of
Ferric Iron with Bathophenanthroline," J. AWWA 52, 1567 (1960).

22. B. R. Erdal, Ed., "Laboratory Studies of Radionuclide Distributions
Between Selected Groundwaters and Geologic Media, Annual Report,
October 1, 1978 - September 30, 1979," Los Alamos National Laboratory
report LA-8088-PR (1979).

66 ¥ U.S. GOVERNMENT PRINTING OFFICE: 1981-0-777-022/67

SR .



i it iy e e

Printed in the United States of America
Availsble from
National Technical Information Sezvice
US Department of Commetce
5285 Port Roys! Road
Springfield, VA 22161
Microfiche $3.50 (A01)

‘ Domestic NTIS Domestic NTIS Domestic NTIS Domestic NTIS
Page Range Price Price Code  Page Range Price Price Code  Page Range Price Price Code  Page Range Price Price Code

=
i
)

{ 001025 $ 5.00 A02 151-175 $11.00 A8 301-325 $17.00 Al4 451475 $23.00 A20
; 026050 6.00 A03 176-200 12.00 A09 326-350 18.00 AlS 476-500 24.00 A2l
. 051078 1.00 AQ4 201-225 13.00 Al0 351-378 19.00 Alé 501-525 25.00 A22
; 076-100 8.00 A0S 226-250 14.00 All 376400 20.00 Al7 5$26-550 26.00 A2l
i 101-125 9.00 A06 251-275 15.00 Al2 401425 21.00 AlB 551-575 27.00 A4
! 126-350 10.00 AO07 276-300 16.00 Al3 426450 22.00 Al9 - 576600 28.00 A2S

601-up 1 A99

tAdd $1.00 for each additional 25-page i or portion thereof from 601 pages up.




