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EQUILIBRATION OF LEACHANTS WITH BASALT
ROCK FOR REPOSITORY SIMULATION TESTS

INTRODUCTION AND SUMMARY

In a nuclear waste repository in basalt, the groundwater will have
a low redox potential (Eh) which may affect the leach rate of SW
waste glass. Accurate laboratory simulations of conditions in a
basalt repository must maintain low Eh values throughout the course
of the experiment. In this report, important parameters affecting
the ability of basalt to maintain appropriate Eh-pH conditions are
examined, in particular basalt type and groundwater simulation.

The principal results demonstrate that:

o Groundwater simulations must be deoxygenated and equili-
brated with crushed basalt to maintain basalt repository
conditions during leaching experiments.

o Equilibration of crushed basalt with one of the simulated
groundwater compositions (GR-4) reached the expected Eh-pH
conditions of a basalt repository; the other simulated
groundwater (GR-3) did not. Thus GR-4 is recommended for
all further tests simulating conditions in a repository in
basalt.
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0 Simulated basalt groundwaters equilibrate faster at
rock surf ace area to solution volume (SA/V) ratios.

DISCUSSION

1984

higher

Three geologic formations are being considered for the first high-
level waste repository in the United States - tuff, salt, and
basalt. Of these, the groundwater in a basalt repository is
expected to be the most strongly reducing with an oxidation poten-
tial, or Eh, of -0.40 ~ 0.05V [1,21. Many recent attempts at labo-
ratory simulation of low Eh have not fully addressed possible
experimentally induced interactions. The use of hydrazine [31, or
of a redox-active metal [4,51 in an oxygenated system, may cause
interactions that will not occur in a basalt repository, where no
hydrazine or oxygen are present. The presence of iron species in
solution precludes the use of a potentiostat for Eh stabiliza-
tion [6,71. Hydrothermal experiments can achieve low Eh but often
use temperatures higher than those expected for defense waste
glass. Moreover, higher temperature interactions may not be repre-
sentative of the reactions occurring at lower temperatures. Purg-
ing the solution with an Ar-4%H2 gas mixture in the presence of a
palladium catalyst can be used to lower solution redox potentials
but measurements of only -0.12V have been reported [81.

The use of redox-active solids in deoxygenated solutions to stabi-
lize low redox potentials was, therefore, examined. The iron-bear-
ing phases in basalt yield redox-active species in solution which
give stable Eh measurements. Because the Fe2+/Fe3+ redox couple
dominates the controlled laboratory experiments, it was ass~ed
that the electrode measurements were controlled by this redox
couple.

In this study the interactions between crushed Umtanum basalt and
deionized water or simulated basalt groundwaters were examined.
Two Grande Ronde groundwater simulations representative of the
candidate repository horizons were examined, GR-3 and GR-4 (Table
I). The latter, GR-4, is lower in sulfate and more representative
of the actual groundwater analyses given in Table I. Equilibration
of rock and solution was examined as a function of (1) rock surface
area to solution volume (SA/V CM-l); (2) residence time (t in
hours); and (3) solution composition. Compositional variation of
the basalt as a function of size was also examined to ensure that
equilibration was a function of rock surface area and not of rock
compositional variation. Subsequent reaction of solutions equili-
brated with Umtanum basalt, a repository horizon, with pomona*
basalt rock cups was also examined.

* Pomona basalt is not one of the candidate repository horizons
but is chemically similar (Table XI) and more readily available
than than Umtanum basalt.
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EXPERIMENTAL

The experimental cell consisted of a one and one-half liter Pyrex@
vessel and lid filled with leachant. The vessel was placed on a
hot plate (Figure 1) in a glove box continually purged with 99.999%
argon. The leachants were deoxygenated with an argon (99.999%)
sparge* before any redox-active solid was added. Continuous moni-
toring of Eh and pH at temperature was achieved using a Pt measur-
ing electrode, cslomel reference electrcde and a pH electrode. The
temperature of the experiment is limited by the maximum temperature
(80”C) of the electrodes. T-perature was measured with a thermo-
meter. A Teflon@ floating stirrer bar and continuous argon sparg-
ing maximized solution homogeneity during measurement. The Pt
electrode must be periodically cleaned with 1 micron diamond paste
to minimize poisoning of its surface [11]. The measured electrode
potential was calibrated with Zobell solution (potassium ferro-
ferricyanide) at room temperature [111.

Solution analyses were done by inductively coupled plasma (ICP),
ion chromatography (IC) and atomic absorption (AA). Comparative
solution analyses were made between filtered
samples and between acidified and nonacidified
were analyzed by both HC1/HF bomb dissolution and
followed by ICP, IC, and AA analyses.

INTERACTIONS BETWEEN BASALT AND DEIONIZED WATER

and non~iltered
samples . Solids

Na202 ‘issO1utiOn

Deionized water is a more aggressive leachant than silica saturated
simulated groundwater. Hence, laboratory control of the solution
Eh (oxidation potential) was first atteinpted with crushed basalt
and deionized water. Crushed Umtanum basalt was found [12,131 to
be most effective at setting or controlling the Eh at negative
values. Basalt SA/V ratios of <10 ~-l have little effect on
Eh equilibration in deionized water but larger ratios affect the Eh
dramatically, and make it a strong function of rock residence time
in solution [12].

Eh values of -0.42V at a pH of 8.44 were reached with deoxygenated
deionized water and crushed Umtanum basalt in 20 to 120 hours at
60”C depending upon the SA/V of the basalt in the leachant (Tables
II and III). Replicate experiments with deionized deoxygenated
water and crushed Umtanum basalt confirmed the results shown in
Figure 2. These values compare favorably to the -0.40v at pH
9.1 ~ 0.5 calculated [21 for a basalt repository at 70”C, but never
measured in situ due to sampling difficulties associated with field
measurements [11,141. The calculated Eh and pH values for the BWIP
repository groundwater are shown by the cross on Figure 1. The
vertical bar shows the range of Eh values actually measured for
BWIP groundwaters [15].

● The purity of the argon is a critical parameter.



DPST-84-658
M. J. PLODINEC -4- September 5, 1984

The crushed Umtanum basalt interactions with deionized water pro-
duce a colloidal suspended material [131. The unacidified solution
analyses whether filtered or not filtered did not approach the com-
position of either GR-3 or GR-4 groundwaters (Table IV). The solu-
tions were not analyzed in the acidified condition. Dissolution of
the colloidal material, identified as a mixture of FeO,.47MgO.53
S103 and NaO.33 CaO.66 A1l.8 S12.208 [131, by acidification would
have altered the equilibrated solution composition to be more
representative of a Grande Ronde groundwater. The solution is
silica saturated with respect to the Grande Ronde (GR-3) composi-
tion.

INTERACTIONS BETWEEN BASALT AND SIMULATED GR-3 GROUNDWATER

Since crushed basalt in deoxygenated deionized water achieved the
Eh and pH calculated by the Basalt Waste Isolation Project (BWIP)
for a basalt repository [21, similar experiments were attempted
with a simulated groundwater composition recommended by BWIP (GR-3
see Table I) [14,15]. Even with SA/V ratios as high as 20 m- 1

and residence times as long as 144 hours at 60”c, the calculated Eh
and pE values achieved with deionized water could not be achieved
with GR-3 (Table V).

The simulated Grande Ronde groundwater is pH-adjuated in the air-
saturated condition, as suggested by Jones [91. As the crushed
basalt is added, the pH decreases frcm 9.2 to 8.6 while the Eh
decreases as shown by the solid symbols in Figure 2. The open
symbols on Figure 2 show the Eh-pH trends delineated frm the
crushed rock-deionized water experiments. Difficulty in the labo-
ratory measurement may be due to the presence of sulfate in the
GR-3 groundwater composition and/or nonequilibrium between the
groundwater composition and the basalt. There is independent data
that the latter may actually be responsible [161.

Analysis of the groundwater after equilibration with hsalt showed
enrichment in Ca, Mg, Na, Li, Ni, and Pb (Table VI). Alkali conta-
mination could be due to leakage frcxn the KC1 reference electrode
used during in-situ Eh measurement. Silica is undersaturated in
the rock equilibrated GR-3 solution (Table VI).

INTERACTIONS BETWEEN BASALT AND SIMULATED GR-4 GROUNDWATER

A low sulfate simulated groundwater composition (GR-4) was then
supplied by the Basalt Waste Isolation Project (see Table I or Ref
10) at our request. Equilibration of GR-4 with crushed Umtanum
basalt (SA/V approximately 10 CM-l) at 60”C achieved an Eh of
-0.34V at a pH of 9.4 after 90 hours residence time (Figure 2).
Adding additioml basalt or allowing residence times of up to 216
hours only changed the Eh to -0.36V at a pH of 9.5 (Table VII).
These values compare favorably with the -0.40V oxidation potential
at pH 9.1 ~ 0.5 calculated for the basalt repository at 70”c [2].
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Analysis of the unacidified groundwater after equilibration with
the crushed rock showed increases in Al, B, Ca, Li, and Na (Table
VIII). The rock equilibrated solution was oversaturated with
respect to silica. Acidification of the unfiltered equilibrated
groundwater enhanced the concentrations of these elements further
suggesting that they are indeed a finely dispersed colloidal mate-
rial. These solutions apparently change with time as the acid
slowly digests the colloidal material. The filtered samples have
the same elemental concentrations whether acidified or not acidi-
fied (Table VIII).

Additional interactions of the equilibrated GR-4 groundwater with
monolithic Pomona basalt (rock cups) at 90”C for 672 hours [17]
decreases the silica, iron, and aluminum concentrations in solution
(Table VIII). Concentrations of B, Ca, and Mg are increased drama-
tically while alkali concentrations remain the same. The inter-
granular amorphous phase of the basalt is highly reactive [18] and
preferential leaching of this rock component is likely responsible
for these variations in solution chemistry.* Alternatively,
solution-solid surface interactions could be dominating.

Reproducible compositions of GR-4 with crushed Umtanum basalt can
be achieved when the solutions are filtered whether acidified or
not acidified (Table IX). The resulting compositions are not as
reproducible as the unfiltered and unacidified samples (Table X) .

The colloidal material appears to be rich in iron and silica, per-
haps a ferrous iron silicate [131. The presence of this colloid
stabilizes the low redox potentials needed to simulate basalt
repository conditions.

VARIATION OF BASALT COMPOSITION WITH PARTICLE SIZE

Since a variety of basalt sizes were used throughout this study,
the potential of basalt composition change with particle size was
investigated. In particular, since the intergranular glassy phase
was found [13,181 to be the most reactive basalt component, there
was concern that this glassy material might be softer than the
rmaining basalt matrix phases. The reactive component could then
potentially fractionate into the finer mesh sizes.

I Both Pomona and Umtanum basalts were crushed and sized into the
fractions used in the solution/rock equilibration studies. Solids
analyses of the various sizes were compared to each other and to
whole rock analyses found in the literature (Table XI) . No chemi-
cal variation as a function of size was observed.

~

* Independent data from BWIP suggests that the intergranular glass
increases concentrations of Si, Al, and K in the solution [19].
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CONCLUSIONS

Basalt repositories are anticipated to be mildly to strongly reduc-
ing and the presence of free oxygen will be limited. Redox- active
solids such as crushed basalt must be used to control the oxidation
potential of waste glass leachants during laboratory experimenta-
tion under basalt repository conditions.

Iron is present in the basalt in the ferrous and ferric state which
readily allows stable and reproducible laboratory measurements of
the oxidation potential with platinum electrodes [12,131. The
redox species must be present in sufficient concentrations to be
measured reliably. Their concentration, in turn, is a function of
SA/V of the redox-active basalt leachant system and the residence
time of the redox-active solid-leachant interaction. Basalt compo-
sition does not change with size.

Crushed Umtanum basalt in contact with GR-4 simulated groundwater
was found to be the most reactive material, and was able to main-
tain the Eh at negative anoxic values. Eh values of -0.42V at a pH
of 8.44 can be reached with deoxygenated deionized water and
crushed basalt in 20 to 120 hours depending on the SA/V of the
basalt in the leachant. These values compare favorably to the
-0.4v at pE 9.1 calculated for a basalt repository at 70”C.

Equilibration of the high sulfate GR-3 simulated groundwater with
crushed basalt did not achieve the environmental conditions
expected for a basalt repository. Tbe low sulfate GR-4 simulated
groundwater readily achieved the basalt repository Eh and pH after
90 hours residence time with crushed Umtanum basalt. Values of
-0.34V at pH of 9.4 were reproducible. The chemistry of the rock-
equilibrated GR-4 groundwater was also found to be reproducible.

Cf.lJ/pmc
Att
#16
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Scenario

Air Saturated

99.999% Ar Purge

Umtanum Basalt Crushed
15 g <100 mesh

CRUSHED UMTANUM BASALT AND DI WATER AT 60°C
(Not in Glove Box)

Time Duration
Cumulative (hrs) Eh (volts)

Initial +0.6

6 +0.2

8 -0.05

Umtanum Basalt Crushed
15 g <100 mesh

Umtanum Basalt Crushed
15 g <100 mesh

15 -0.20

34 -0.40

@

5.6

6.9

7.0

7.5

8.6
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Scenario

TABLE III

CRUSHED UMTANUM BASALT IN DI WATER AT 65°C

(In Glove Box)

Time Duration
Cumulative (hrs) Eh (Volts) ~

No Heat
Ar Purge in vessel
Ar Purge in glovebox

No Heat
Ar Purge in vessel
Ar Purge in glovebox

Added 15 g
100-200 Mesh
Basalt

Added 15 g
200-325 Mesh
Basalt

Stirrer Bar Off

Initial +0.6 5.78

75 +0.13 7.46

75.5

100

101

123

130

-0.28

-0.37

-0.34

-0.42

-0.41

8.46

8.46

8.41

8.44

8.49



Element

Al

B

Ca

Fe

K

Li

Mg

Mn

Na

Si

Sr

Ti

F

c1

S04

TABLE IV

CRUSHED UMTANUM BASALT AND DI WATER AFTER 22 HOURS

Recipet
for GR-3

2~

.-

--

2.76

--

3.43

--

0.032

--

363.

36.

--

-.

33.4

310.

173.

Not Acidified

Gravity Settle Filtered Soln
(C1OU* <0.45 Pm

7.00 0.04

0.40 0.32

7.60 3.68

12.20 0.43

KC1 Probe KC1 Probe

0.10 0.10

7.3 1.66

0.13 0.003

4.5 3.67

38.0 16.06

0.05 0.03

0.40 --

Q.

Residual in ppt
m

~~L mole% ~
H

z

7. 16. n

-- -.

4. 6.

12. 13.

KC1 Probe KC1 Probe

.- --

6. 15. I
E
I-- --

1. 2.5

22. 47.5

-- --

m%-- -- ~y
<0.1 <0.1 ‘eo.47M90.53sio3 92
KC1 Probe

0.98

KC1 Probe
‘Na0.33ca0.66A11.8si2.20E

1.17

Had achieved measured Eh of - 0.41 volts at pH of 8.46.
w

~ Jones 1982 (ref 9). E
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TABLE V

CRUSHED UMTANUM BASALT AND GR-3 GROUNDWATER INTERACTIONS

Time Duration
Scenario Cumulative (hrs) Eh (volts) ~ TemP (“C)

Air saturated Grande
Ronde groundwater o +0.36 9.2 45

45 to 60 g BWIP basalt
crushed at 80-100 mesh
(SA/V approximately 5 +0.22 9.4 45
0.6 to 1 cm-l) with Ar purge
in Grande Ronde groundwater.

80 to 125g BWIP basalt
crushed at 80-100 mesh
(SA\V approximately 20
1 cm-l) with Ar purge
in Grande Ronde groundwater.

+0.15 9.43 45

30g BWIP basalt
(SA/V approximately
7 cm-l) 2
<200 mesh with Ar
purge in Grande
Ronde groundwater.

60g BWIP basalt <200
(SA/V approximately
zo cm-l) mesh with
Ar purge in Grande
Ronde groundwater. 144

+0.04

-0.04

-0.08

8.75 60

8.59 60

8.6 60
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Element

Al

Ca

Fe

K

Li

Mg

Mn

Na

Ni

Pb

Si

Sr

Ti

F

c1

S04
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TABLE VI

GRANDE ‘RONDE 3 GROUNDWATER ANALYSES

Recipet
m9/L

--

2.76

-—

3.43

--

0.032

--

363.

--

--

36*.

--

--

33.4

310.

173.

As Made

0.651

13.2

<0.01

KC1 Probe

0.031

0.054

<0.01

368.0

<0.05

<0.03

37.3

0.364

<0.003

--

KCL Probe

--

In Deaerated water with
Basalt at SA/V 20 an-l

144 Hours/60°C

0.17

33.8

0.05

KC1 Probe

2.03

3.27

0.11

738.

0.31

0.49

22.6

0.27

0.02

.-

KC1 Probe

--

Calculated fra amount of Na2Si03.9H20 given in Jones 1982 (ref 9).
~ Jones 1982 (ref 9).
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TABLE VII

CRUSHED UMTANUM BASALT - GR4 GROUNDWATER INTERACTIONS

Condition

Air Saturated Grande
Ronde Groundwater GR4

Ar Purge

Time Duration
Cumulative (hrs)

o

3

15g Umtanum Basalt Crushed
200-325 Mesh 1

30g Umtanum Wsalt Crushed
200-325 Mesh 1

30g Total Umtanum Basalt
Crushed 200-325 Mesh 90

Added 15g <325 Mesh
Basalt 216

Eh (volts)

+0.50

+0.35

-0.04

-0.2

-0.34

-0.36

~

9.9

9.9

10.0

10.0

9.4

9.5

Temp (“C)

25

50

50

50

65

65
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Recipe
Element mg/L

Al

B

Ca

Fe

K

Li

Mg

Mn

Na

Si

F

cl

so
4

. .

.-

2.2

--

13.0

--

--

--

334

45

19.9

405

4.0

As Made

0.07

--

1.79

<0.01

13.9

<0.005

0.01

<0.01

370

45.6

17.7

364

4.97

TABLE IX

REPRODUCIBILITY OF GRANDE RONDE 4 GROUNDWATER ANALYSES IN CONTACT WITH UMTANUM BASALT
(Solutions Are Filtered)

216 hrs Residence Time*
Filtered

No Acid With Acid As Made——

192 hrs Residence Tim~
Filtered

No Acid With Acid

1.24 1.30 .-

9.3 9.00 --

7.79 7.18 1.83

0.46 1.69 --

KC1 Probe KC1 Probe 14.9

0.29

--

--

464.6

100.9

28.5

KC1 Probe

<0.05

0.29

0.02

0.04

460.8

96.3

25.0

KC1 Probe

<0.05

--

--

--

331.7

45.7

16.6

377

5.07

0

2.30

1.90

0.10

KC1 Probe

0.22

--

--

540.0

93.2

24.0

KC1 Probe

<0.05

<0.25

2.28

2.93

0.25

KC1 Probe

0.22

--

--

547.1

87.1

30.0

KC1 Probe

<0.05

3

* January 1984.
? April 1984.
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TABLE X

REPRODUCIBILITY Ol?GRANDE RONDE GROUNDWATER ANALYSES
IN CONTACT WITH UMTANUM BASALT

(Solutions Not Acidified and Not Filtered)

Element

Al

B

Ca

Fe

K

Li

Mg

Mn

Na

Si

F

cl

so
4

Recipe
m9/L

--

-.

2.2

--

13.0

--

--

--

334

45

19.9

405

4.0

t 216 hours at 65°L.
S 192 hours at 65”C.

As Made

0.07

--

1.79

<0.01

13.9

<0.005

0.01

<0.01

370

45.6

17.7

364

4.97

Gravity?
Settle
(cloudy)

1.99

9.4

5.69

0.69

KC1 Probe

0.29

<0.01

0.04

487.75

104.5

25.8

KC1 Probe

12.6

As Made

--

--

1.83

--

14.9

--

--

--

331.7

45.7

16.6

377

5.07

GravityS
Settle
(cloudy)

0.57

2.22

2.05

0.81

KC1 Probe

0.22

<0.05

<0.01

611.7

92.4

30.0

KC1 Probe

<0.05
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~xI

-CAL _SITIOWtt OF ~HIA = =TS
z.

ROE-1 mum Fl@ E Panom Pcmuna (Wt%) mm (Wt%)
Q

(htanun)* Fld

.

Msaltt Sasaltt >100 100-200 200-325<325 >100 100-200200-325 <325 -
“-(wt%)
54.66

(Wt%)
56.26

13.77

11.71

(Wt%)

53.99

13.89

12.2a

(Wt%)

52.12

15.12

11.19

Mesh Mesh——

50.83 50.99

15.43 15.81

12.81 12.44

Mesh Mesh Wsh Wsh mh -h g— —— — — .

50.5048.28 54.40 55.06 652.79 58.96 H

15.4916.19 14.03 14.65

12.8814.84 15.45 14.45

z

14.08 15.24
m
n13.48

10.07 16.74 9.67

‘=203

Mno

3.62

0.24

7.19

3.73

— . —— —— —— ——

0.20

7.25

3.37

0.20

8.42

4.35

0.19

9.99

7.00

0.20 0.19

10.99 11.08

6.64 6.28

0.06 0.08

1.37 1.48

0.19 0.24 0.24 0.22

10.6510.29 7.58 7.73

7.00 5.93 3.62 3.43.

0.14 0.54 0.14 0.16

1.65 2.21 2.40 2.33

0.24 0.15

m 7.48 8.62

3.25 4.17

NiO 0.15 0.10 L
w

2.88 1.79 I

— — — —

wa20

5°
Ti02

‘2°5

2.90

1.60

2.17

0.34

3.34

1.64

2.07

0.39

1.20

3.43.

1.94

0.31

2.13

0.46

1.57

0.24

—— —— __ ——

2.38 1.31

—_

1.68 1.65 1.51 1.48 2.14 2.00

—— —. __

● M. J. Apted~ J. Myers, “~rison of The fl~othennalStabilityof Simulatd Spent-1 ad
SorosilimteGlass In A E?esslticR~sitory, ” (~~sT-38P, July 1982).

tik

f P. F. =lter, L. L. Ames,and J. E. M~rah,
til?l

“T& Sorptionof Selectd Radionuclideson Coltiia River ~ m
Bssslte,“ (e~-m-48, A~ust 1981). .

tt All data mnnalizd to 100%. G
a
*
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FIGURE 1: The E~erimental Design
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MEA5U?iD REPOSITORY CONDITIONS ‘“’

CdLWATED REPOSITORY CONDITIONS
{ t 1 1

1 4 a o to 12 1.

pH ‘

Eh-pE changes ~asured (~0.05V) for deoxygenatd deion-
ized water and 13mtanum basalt (triangles) and the Eh-pH
changes measurti. for deoxygenated GR-3 and GR-4 simula-
ted basaltic groundwater (hexagons and squares respec-
tively). The X represents the calculated ~ and pH
values for the basalt repository groundwater (Ref. 2)
and the VertiCS~ bar represents the range of Eh values
actually measured for the MIP groundwaters (Ref. 15).
SA/V = 10 cm-l (<100 mesh). The open symbols repre-
sent Eh conditions achieved by argon sparging ooly.
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