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Experimental Study on the Hydrodynamic Dispersion of
Contaminants in Geologic Media : Adsorption and Diffusion of
Sr and Cr-EDTA in Granitic Rocks
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Abstract : To investigate the migration behavior of contaminants in rocks, adsorpdon and diffusion
experiments for Sr as a sorbing contaminant and for Cr-EDTA as a non-sorbing contaminant were carried out
on granitic rocks. The Sr adsorption on separated minerals and crushed rocks tends to slightly increase with
increasing pH. It also greatly decreases with the increase of ionic strength in NaCl solution. Among separated
minerals, biotite and sericite have adsorbed much more amount of Sr than other rock-forming minerals, such
as quartz, plagioclase, and potassic feldspar, because the specific surfaces and cation exchange capacities of
phyllosilicates are generally much greater than those of the other rock-forming minerals. The intrinsic diffusion
coefficients of Cr-EDTA for granitic rocks differ litde from those of Sr. This indicates that they are
independent of water-rock interactions. Experimental data show that the intrinsic diffusion coefficients are
positively correlated with the porosities of the rocks. They are close to the theoretically predicted values,
especially in pre-steady state diffusion region, with the increase of rock sample thickness.
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INTRODUCTION

The critical concentration values of contaminants in biosp-
here depend on not only groundwater flow but also the in-
teraction between contaminants and rocks.

The transport of contaminants is affected by various parame-
ters, such as distribution coefficient, diffusion coeflicient, and
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dispersivity. The parameters can be obtained from adsorption
and diffusion experiments in field and laboratory.

In the study, in order to investigate the behavior of con-
taminants in granitic rocks, adsorption and diffusion ex-
periments for Sr as a sorbing contaminant and Cr - EDTA as
a non-sorbing contaminant were carried out on granitic rocks

as a function of contaminant concentration, pH, and ionic

strength.

EXPERIMENTAL PROCEDURE

Samples used in experiments
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Mugeug Granodiorite: The granodiorite is distributed
near Mugeug Gold Mine located at Yonggyeri, Geumwang-
eup, Eumsung - gun, Chungcheongbuk - do (Cheong et 4/,
1976). The rock shows medium-grained equigranular but lo-
cally pgrphyritic texture with the phenocrysts of pinkish po-
tassic feldspar. The texture changes slightly in place without a
wide variation in whole rock compositions. The rock mainly
consists of quartz, potassic feldspar, plagioclase, biotite, horn-
blende, and the accessory minerals, such as apatite, sphene, zir-
con, and opaque minerals. Bjotite was slightly altered to chlor-
ite along its cleavage and often replaced by sericite. Horn-
blende shows poor cleavage and occurs as subhedral to an-
hedral crystals and encloses fine-grained pyroxenes as a rem-
nant. Sphene occurs as euhedral crystals and it was commonly
einclosed by hornblende and/or biotite. Mafic minerals such
as biotite and hornblende and opaque minerals constitute 16
vol.% of the rock.

Naeduckri Granite: The Naeduckri granite is distributed
in the whole district of Naeduckri, Sangdong-eup, Youngwol-
gun, Kangweon - do. The rock is tourmaline-bearing granite,
which is coarse — grained and equigranular. The rock mainly
consists of quartz, potassic feldspar, plagioclase, tourmaline,
muscovite, and/or biotite and the accessory minerals, such as
apatite, sphene, zircon, and opaque minerals. Both of muscov-
ite and biotite were partly altered to sericite.

Adsorption Experiments

The rock samples of Mugeug granite and Naeduckri granite
were crushed in an agate mortar to avoid iron contamination,
and sieved. The crushed rock samples with the size of 0.125
to 0.177 mm and 0.25 to 0.50 mm in diameter were used in
adsorption experiments. Minerals were separated from one
another by magnetic isodynamic separation and hand ex-
traction methods. The groundwater used in the study was tak-
en from Mt. Kwanak located at Sillimdong, Kwanakgu, Seoul.
The chemical compositon of the groundwater is given in
Table 1. The crushed and sieved rock samples were contacted
with the groundwater by washing of three or four times and
then dried at 1057 for 12 hours in an oven. The Sr solution
samples, where the concentration of Sr ranges from 5.71 to
571 mg/] were prepared using Sr(NOj;),. One gram of crush-
ed rock samples was equilibrated with 4 ml of the each Sr
solution at 24+ 17 for five days in a glass vial. Subsequently,

Table 1. Chemical composition of the groundwater used in ad-
sorption experiments.

Na Mg
6.6 1.1

K
1.3

Ca
0.5

Cl
4.5

Solute

Conc.(ppm)

% The concentratons of cations were determined by AAS and
that of chloride by ion selective clectrode. pH was 6.22.
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aqueous phase was separated from solid phase by a centrifuge,
and the concentrations of Sr in the aqueous phase were
measured with atomic absorption spectrometry (AAS).

The pH and ionic strength of solutions were adjusted using di-
luted NaOH (or HCl) and NaCl solutions, respectively. To at-
tain the equilibrium between solid and liquid phases, crushed
rock samples and separated minerals were mixed with the solu-
tion added Sr to deionized water. The solid to liquid ratdo was 1/
10 (g/ml) and the initial Sr concentration of the solution was 10
mg/l. After the samples mixed with the Sr solution® were cen-
trifuged, the upper part of liquid phase was taken and analyzed
using AAS for Sr concentration. Blank samples were run as well
to measure the adsorption on the walls of vials. The experimental
conditions are summarized in Table 2.

Diffusion Experiments

The method used for diffusion experiments is in principle
the same as that described previously by Bradbury and Green
(1985, 1986), Lever et al, (1985), and Skagius and Neret-
nicks (1982, 1986). The diffusion cell apparatus consists of a
holder made of the acrylic plate of 8 mm in thickness. The
holder is divided into two half-cells by a rock slab fixed by sil-
icon glue in the center of the holder. One half-cell of the
holder is a high concentration reservoir for solute and the oth-
er a measurement cell. Skagius and Neretnieks (1982) found
that the diffusion of Cr-EDTA through silicon glue was so
small as to be negligible.

The tracers used in diffusion experiments were Cr-EDTA
and Sr. Cr-EDTA as a non-sorbing species, was chosen be-
cause its very weak sorption property, which minimizes any
uncertainty due to the complex sorption process (Abelin and
Neretnieks, 1981). Other non-sorbing species, which have
been used in diffusion experiments by other investigators
(Strickert et al., 1980; Skagius and Neretnieks, 1984, 1986;
Bradbury and Green, 1985; Lever et al, 1985), are chloride,
iodide, and uranin. Sr as a sorbing species was chosen because
it has moderately sorbing feature(Keren.and O'conner, 1983).

The reservoir was filled with the mixed solution of 0.1 M
Cr-EDTA and 0.1 M Sr(NO;),, whereas the measurement
cell with deionized water. The solution sample of 5 ml was ex-

tracted every two days from the measurement cell, and then

Table 2. Conditions for adsorption experiments.

minerals and crushed rocks
0.25~0.05 mm in diameter
deionized water

Solid phase
Particle size
Aqueous phase

Solid/liquid ratio 1 g/10 ml
Initial strontium concentration 10 ppm
Temperature 24+1°C
Equilibration time 5 days

AAS and ion selective electrodes

Analytical instrument
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the distilled water of 5 ml was added to the measurement cell
to keep the constant volume. The concentrations of diffused
Sr and Cr-EDTA in the measurement cell were determined
with AAS.

THEORY AND MECHANISM

Adsorption

The ion exchange and adsorption of contaminants on min-
erals and rocks decrease the concentration of contaminants in
groundwater. Among various chemical reactions affecting the
migration rates of contaminants in groundwater, ion exchange
appears to be the predominant process with respect to Sr. The
degree of ion exchange is commonly represented by a dis-
tribution coefficient (Ky), which describes the equilibrium par-
titioning of a contaminant between solid phase and aqueous
phase. The migration rate of contaminants depends on the dis-
tribution coefficient, such that the greater distribution coef-
ficient the slower migration rate.

The distribution coeficients used in models predicting the
migration rates of contaminants require two major  as-
sumptions (Reynolds et al, 1982): the reaction of solute with
solid phase during transport maintains reversible equilibrium,
and the ratio of the concentration of solute component in sol-
id phase to that in liquid phase must remain constant.

Well known equilibrium adsorption isotherms are Fre-
undlich isotherm and Langmuir isotherm, of which the latter
was originally derived from the adsorption of gases by solids.
Though the distribution coefficient of an element can be ob-
tained from the linear portion of Langmuir isotherm, in many
instances, experimental data do not well conform to Lang-
muir isotherm (O'Conner and Connolly, 1980; Skagius and
Neretnieks, 1988). Accordingly, they can be fitted by the em-
pirical relation known as Freundlich isotherm,

q=KC¥ (1)

where q is the mass of chemical species sorbed by solid phase,
and K and N are Freundlich distribution coefficient and ex-
ponent coefficient, respectively. C. is the dissolved species con-
centration in aqueous phase at equilibrium. The linear portion-
of Langmuir isotherm corresponds to Freundlich isotherm for
N=1.

Diffusion

When contaminants in groundwater are sorbed on or chem-
ically react with fissure surfaces or micropore surfaces in the
rock body, the diffusion process acts as a retarding mechanism
for the contaminants.

The theory and experimental methods on the diffusion of

dissolved chemical species have been described by previous in-

107

vestigators (Bradbury and Green, 1985; Skagius and Neret-
nieks, 1986). The diffusion equation can be expressed from

Fick's second law:

o€ _p o€ .
ot Yoxz

o= &a+Kgp (2)
where, D, : intrinsic (effective} diffusion coefficient for 1 species
o : rock capacity factor
£t : total porosity
K, : adsorption coefficient
p : density of material
D, is related to the free water diffusion coefficient (D,) and
the formation factor (¢).

D;=Dy ¢ (3)

The formation factor (¢) depends on various pore geometries
and is often written as

€9
=2

(4)
where & : through-transport porosity

4 : constrictivity

T tortuosity

The equation (2) can be solved for porous rocks with initial

inlet concentradon, C, at x=0 and outlet concentration, C,
(C,<Cy) at x=I in thickness of sample. From the equation (2),
the total amount Q of a diffused species through porous rock
after time t was solved by Skagius and Neretnieks (1986):

c:,_Q = Cv
"TAIC,  AIG
Dt o 20 (1) D2t
6 nzz n2 exp (- Pa ) )

where A and V are cross-section area and solution volume,
respectively. C, is the relative concentration of a diffused
solute through the rock sample after time t.

For large times, the exponential terms in equation (5) can
be negligible, and consequently, the asymptotic solution of e-
quation (5) for the steady-state diffusion region is

(6)

From a plot C, against t/I, both of D; and o can be cal-
culated from the steady state diffusion region of the linear por-
tion of the curve.

The intrinsic diffusion coefficient (D;) is independent of the
sorption behavior of diffusing species. In contrast, the rock
capacity factor (&) strongly depends on the chemistry of diffus-
ing species and essentially determines the time scale to reach

the steady state diffusion region in laboratory experiments.
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In laboratory diffusion experiments, the following three par-
ticulars are not considered (Lever et al, 1985): (1) the effect
of lithostatic pressure, which may reduce porosity and dif-
fusion coefficient, is not simulated, (2) the experiments are
carried out on relatively small rock samples, in which the pore-
connectivity may be greater than that in large intact rock mass,
and (3) natural rock surfaces generally covered with weath-
ering products such as clay-like minerals are not taken into ac-

count in the experiments.

RESULTS AND DISCUSSION

Adsorption

The results of the Sr batch experiments for Mugeug grano-
diorite and Naeduckri granite are shown in Figure 1. As stat-
ed above, the linear isotherm of Sr on a log-log plot can be in-
terpreted by Freundlich isotherm. The distribution coefficients
(K;) of Sr and N values for Mugeug granodiorite and
Naeduckri granite are obtained from Figure 1 as 2.30 ml/g
and 1.14 and 1.55ml/g and 1.18, respectively. The diff-
erence in the distribution coefficients of Mugeug granodiorite
and Naeduckri granite is probably due to the difference in
mineral compositions. Modal analyses inform that biotite
amounts in Mugeug granodiorite and Naeduckri granite are
14.5 and 1.4 vol. %, respectively. Biotite has large cation ex-
change capacity and specific surface area. According to Allard
et al,, (1980), its cation exchange capacity and specific surface

1000 7

Adsorbed Sr (ppm)

10 4

rTT

TTrYTY

1000

T

™y
10 100

Sr in solution (ppm)

Figure 1. Sr adsorption isotherms for Mugeug granodiorite
(closed circles ; Ks=2.30 ml/g) and Naeduckri gran-
ite (open circles ; Ky=1.55 ml/g).

1NKR

area are about 17 meq/kg and 14 m’/g, respectively, of
which the values are much higher than those of quartz and
feldspar. The sorption capacities of these minerals are also
proved by adsorption experiments for separated minerals and
crushed rock samples (Figure 2).

The Sr adsorption on Mugeug granodiorite is about two
times greater than that on Naeduckri granite (Figure 2). As
mentioned above, the amount of Sr adsorbed on rocks de-
pcndg"mainly upon the mineral composition of rocks. The Sr
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Figure 2. Sr adsorption on crushed rocks (A) and separated
minerals (B) as a function of pH. All minerals were
separated form Mugeug granodiorite. MG: Mugeug
granodiorite, ND: Naeduckri granite.
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adsorption on the hydrothermally altered Mugeug grano-
diorite is greater about two times than that on the fresh e-
quijvalent. This seems to be due to the presence of secondary
alteration minerals such as sericite having high sorption capa-
city.

The Sr adsorption on the minerals in Mugeug granodiorite
are shown in Figure 2. The sorption capacity of biotite is
much higher than that of the other minerals. These ex-
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Figure 3. Sr adsorption on altered Mugeug granodiorite (A)
and Naeduckri granite (B) as a function of pH and
ionic strength(I) in NaCl solution.
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perimental results coincide with those of Allard et al. (1982).

In general, adsorption increases as pH increases, but in Fig-
ure 3 the Sr adsorption on minerals and crushed rocks does
not show distinct change with pH. These results show that
the higher ionic strength causes the less adsorbed Sr, and that
the Sr adsorption on samples is markedly depressed by the
presence of sodium ion. Keren and O'connor (1983) also in-
dicated that the adsorption capacity of rocks decreased ex-
ponentially with the increase of ionic strength. This effect is
known as “competition effect” .

Diffusion

All pores in rocks can be divided into two groups: through-
transport pores and dead-end pores (Lever er al, 1985 ; Ska-
gius and Neretnieks, 1986). The dead-end pores are not
necessarily to be closed at one end, as even the dead-end
pores connected to through-transport pores at both ends have
a no-flux boundary at some point along their length (Lever et
al., 1985). Although dead-end pores are of no importance for
repository-scale migration, they have implications for la-
boratory-scale migration. The concentration - ime curve for
the diffusion of an element is divided into the pre - steady
state diffusion region and steady state diffusion region. The
steady state diffusion takes place only in the through-transport
pores. The dead - end pores acting as sinks and/or sources of
contaminants contribute mainly to the pre - steady state dif-
fusion.

Intrinsic diffusion coefficient (D;) and rock capacity factor
(o) are determined by a least square fit from the steady state
diffusion region of the concentration-time curve and they are
listed in Table 3. The intrinsic diffusion coefficients of Cr-
EDTA and Sr in Mugeug granodiorite are 7.63x10™ to 4.
75% 10" m’/s and 1.61x10" to 4.59x 10" m’/s, respec-
tively. The intrinsic diffusion coefficients for Cr-EDTA and Sr
are similar. This indicates that there is no significant difference
in intrinsic diffusion coeflicients between non-sorbing and
sorbing species in small-scaled laboratory experiments.

The increase in the thickness of rock slabs induces the in-
crease of the formation factor (¢) expressing the pore geome-
try of rock (Table 3).

The experimental data for Cr-EDTA diffusion in Mugeug
granodiorite clearly show pre-steady state (A) and steady state
(B) diffusion regions on the theoretically calculated curve
from equation (6) (Figure 4). In the thin rock sample of 0.24
cm in thickness (Figure 4), a discrepancy between the ex-
perimental data and the theoretically calculated curve exists in
the pre-steady state diffusion region, i.e. the concentrations
theoretically predicted are consistently lower than those ex-
perimentally measured. Whereas, this discrepancy decreases
for the samples of 0.50 cm in thickness (Figure 5). Bradbury
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Table 3. Intrinsic diffusion coeflicients (D;) and rock capacity
factors (@) determined by experimental data,

. D, o,y | Thickness| Formation | Porosity
Sample | Species| sl %) | (cmy  [Facror(109| (%)
475 (422 024 297
Cr- | 240 249} 0.30 1.50
EDTA| 229 | 149 | 0.50 1.43
Mugeug 076 |2.11| 052 0.48 _
Granodiore 045-071
161 |269| 030 1.24
Sr | 333 |4.06! 055 2.56
459 | 1.57| 060 3.53
Naeduckri | Cr—-
Granite . | EDTA| 180 | 1.62 | 050 113 ]098-1.74
0.10
“ A B
U L) e Y e
0.08 |
0.06 |
0.04 | .
[
®
0.02} '*
L )
..
0.00 L 1 L
0 100 200 300 400 500 600
t (hr.)

Figure 4. C. vs. t plot. Cr-EDTA diffusion in Mugeug grano-
diorite shows pre-steady state diffusion region (A)
and steady state diffusion region (B). Solid line
represents theoretically calculated curve. Closed circle
represents the experimental data for the rock sample
of 0.24 cm in thickness.

and Green (1985) and Lever et al (1985) explained this
phenomenon with dead-end pore model. According to them,
the influence of dead-end pores on the pre-steady state dif-
fusion region could be observed only in relatively thin sam-
ples(< 5 cm) and it was progressively less effective as the sam-
ple thickness increases. Thus, dead-end pores have little effect
on the migration model of contaminants in the repository
scale. Therefore, the simple diffusion equations derived from
Fick's second law are adequate because the rock body used
for waste disposal is much more greater than the rock slab

samples used in experiments.
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Figure 5. C, .vs. t/¥ plot showing Cr-EDTA diffusion curves
(A) and Sr diffusion curves (B) for Mugeug grano-
diorite samples of different thicknesses. Closed and
open squares represent the experimental data for
two rock samples of 0.3 cm and 0.5 cm in thickness,
respectively.

The diffusion curves of Cr-EDTA for each of two Mugeug
granodiorite samples of 0.3 cm and 0.5 ¢m in thickness are
shown in Figure 5 (A) and those of Sr in Figure 5 (B). Com-
paring Figure 5 (A) with Figure 5 (B), there is little or no diff-
erence in the slopes of the curves i.e. in the intrinsic diffusion
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Figure 6. C, .vs. t plot showing Cr-EDTA diffusion in Mugeug
granodiorite (open circles) and Naeduckri granite
(closed circles) in same thickness.

coefficients of Cr-EDTA as a non-sorbing species and Sr as a
sorbing species. This indicates that the intrinsic diffusion coef-
ficients are independent of the sorption behavior of diffusing
species.

Compared the diffusion curves of Cr-EDTA in Mugeug
granodiorite with those in Naeduckri granite with the same
thickness of 0.5 cm (Figure 6), the intrinsic diffusion coef-
ficients of Naeduckri granite are about six times greater than
those of Mugeug granodiorite. This may be due to the diff-
erence in porosities between the two rocks. The porosity of
Naeduckri granite (0.98 - 1.74 %) is much greater than that
of Mugeug granodiorite (0.45—0.71%). The results shown in
Figure 6 indicate that the diffusion of species is significantly
controlled by the porosity of rocks.

CONCLUSIONS

Based on the experimental study on the adsorption and dif-
fusion of Sr as a sorbing contaminant and Cr-EDTA as a non-
sorbing contaminant ingranitic rocks, we can conclude as fol-
lows:

1. The Sr adsorption on separated minerals and crushed
rocks tends to slightly increase with increasing pH, but it
does not show distinct change with pH in NaCl solution.
This indicates that it greatly decreases with the increase
of jonic strength in solution. The Sr adsorption on both
of biotite and sericite is much greater than that on oth-
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errock-forming minerals such as quartz, plagioclase, and
potassic feldspar.

. The significant discrepancy between the experimental
data and the theoretically calculated curves in pre-steady
state diffusion region decreases with the increase of rock
thickness. This indicates that the effect of dead-end
pores on diffusion process progressively decreases as the
rock thickness increases.

. There is little difference in the intrinsic diffusion coef-
ficients of both of Cr-EDTA and Sr in granitic rocks.
The intrinsic diffusion coefficients are independent of
chemical reactions such as sorption. They are positively
correlated with the porosities of rocks.

ACKNOWLEDGEMENTS

We would like to appreciate SNU Daewoo Research Fund
grant(92072076) and Center for Mineral Resources Research
for financial supports. We also thank to K. S. Ko and D. C.
Ko for their help in drafting figures and typing manuscripts.

REFERENCES

Abelin, H. and Neretnicks, 1., 1981, Migration in a single frac-
ture, preliminary experiments in Stripa, Intn. Rep. 81-03, 22p.
Allard, B., Beall, GW. and Krajewski, T., 1980, The sorption of
actinides in igneous rocks, Nucl. Technol., v.49, p.474-480.
Bachhuber, H. Bunzl, K. and Schimmack, W., 1982, The mi-
gration of 'Cs and **Sr in multilayered soils: Results from
batch, column, and fallout investigations, Nucl. Technol., v.59,

p.291-301.

Braudbury, M.H. and Green, A., 1985, Measurement of im-
portant parameters determining aqueous phase diffusion rates
through crystalline rock matrices, J. Hydrol., v.82, p.39-55.

Braudbury, M.H. and Green, A., 1986, Investigations into the fac-
tors influencing long range matrix diffusion rates and pore
space accessibility at depth in granite, J. Hydrol., v.89, p.123-
139.

Cheong, C.H., Park, Y.A. and Kim, H.M., 1976, Geological map
of Korea, Eumsung sheet(1,/50,000), Korea Research Inst. of
Geoscience and Mineral Resources.

Keren, R. and O'connor, G.A., 1983, Strontium adsorption by
noncalcarcous  soils-exchangeable ions and solution com-
position effects, Soil Science, v.135(5), p.308-315.

Lever, D.A., Braudbury, M.H. and Hemingway, S.J., 1985, The
effect of dead-end porosity on rock matrix diffusion, J. Hydrol.,
v.80, p.45-76.

Neretnicks, 1., 1980, Diffusion in the rock matrix: An important
factor in radionuclide retardation, J. Geophys. Res., v.85, p.
4379-4397.

O'Connor, D.J. and Connolly, J.P., 1980, The ecffect of con-
centration of adsorbing solids on the partition coefficient, Wat-



Ho Wan Chang and Kwang Sik Lee

er Research, v.14, p.1517-1523.

Reynolds, W.D., Gillham, RW., and Cherry, J.A., 1982, Evalu-
ation of distribution coefficients for the predicdon of Sr and Cs
migration in a uniform sand, Can. Geotech. J., v.19, p.92-103.

Skagius, K. and Neretnicks, 1., 1982, Diffusion in crystalline rocks
of some sorbing and non-sorbing species, KBS Tech. Rep., 82-
12, 21p.

Skagius, K. and Neretnicks, 1., 1984, Porosities of diffusivities in
crystalline rock and fissure coating materials, Mat. Res. Soc.
Symp. Proc., v.26, p.835-842.

Skagius, K. and Neretnieks, 1., 1986, Porosities and diffusivities of
some non-sorbing species in crystalline rocks, Water Resour.
Res., v.22, p.389-398.

Skagius, K., Svedberg, G., and Neretnicks, 1., 1982, A study of
strontium and cesium sorption on granite, Nucl. Technol., v.59,
p-302-313.

Strickert, R., Friedrhan,'A.M. and Fried, S., 1980, The sorption
of technetium and iodine radipisgtopcs by various minerals,
Nucl. Technol., v.49, p.253-266.

112



