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High-pH alteration of argillaceous rocks:
an experimental study

by Michael Adler!, Urs K. Midder' and H. Niklaus Waber!

Abstract

Diffusion and evaporatively-driven advection experiments were performed at 30 °C to investigate the effect of high-
pH solutions on the mineralogy of whole rock Opalinus Clay. Reacted rock samples were analysed by SEM and XRD
after 4,6,12 and 18 months in the diffusicn experiments and after 7 and 12 months in the advection experiments. The
sequence of reaction products under these high-pH conditions includes first the precipitation of zeolites and Ca-Al-
Si-hydrate phases (C-A-S-H) followed by a clay mineral-calcite paragenesis which is accompanied by sulphates in
the advection experiments. The formation of zeolites appears to be bound to closed-system reactions where condi-
tions of low fluid fluxes accomplish a greater degree of local pH buffering of the solution thus providing suitable con-
ditions for zeolite precipitation. Massive formation of calcite during later stages of rock-water interaction is attrib-
uted to dissolution of dolomite/ankerite which increases pCO, in solution and suppresses further precipitation of ze-
olites and C-A-S-H phases. The resuits of these investigations show that the mineralogy of Opalinus Clay is signifi-

cantly changed by attack of high-pH solutions even at temperatures as low as 30 °C.

Keywords: waste disposal, advection experiments, high-pH solution, argillaceous rock, Opalinus Clay.

Introduction

Several designs for the geological disposal of
low/intermediate-level radioactive wastes envis-
age the emplacement of the waste in cementitious
repositories constructed in a stable host rock.
Leaching of concrete and cement, which are pro-
posed as waste matrix material, backfill material
and structural components, by groundwater is
known to produce high-pH conditions, which will
significantly alter pore water composition, miner-
alogy, porosity and permeability of the surround-
ing rock. All these changes could effect radionu-
clide migration by altering the original retarda-
tion capacity of the host rock. The effect of high-
pH solutions on different geological materials has
been subject to numerous studies using a variety
of different approaches, including natural ana-
logue sites (SMELLIE et al., 1997; LINKLATER et al.,
1996), reactive transport modeling (e.g. HAWORTH
et al., 1987; STEEFEL and LICHTNER, 1994, 1998a,
b) and laboratory experiments (e.g. BARTH-
WIRSCHING and HOLLER, 1989; BATEMAN et al.,
1997, 1999; BAUER et al., 1998; CHERMAK, 1992,

1993, DIAMOND et al., 1964). The main objective of
these studies has been to assess the stability of dif-
ferent rocks as barriers to the migration of ag-
gressive alkaline solutions emanating from ce-
mentitious waste repositories.

Argillaceous rocks are under consideration as
potential host rocks for low/intermediate-level
and high-level radioactive waste repositories in
several national programmes mainly due to their
low permeabilities and high sorption capacities
(BROOKINS, 1987).

The composition of high-pH pore fluids re-
leased during the breakdown of concrete has been
modeled (REARDON, 1990; BERNER, 1990) and
shows an early period of NaOH and KOH release
with pH > 13 followed by solution compositions
at portlandite (Ca(OH),) saturation (pH = 12.5),
and finally solutions controlled by the solubility of
Ca-Si-hydrate (C-S-H) phases (pH between
9-10).

Experimental data on high-pH alteration of
ground argillaceous material are available from
batch experiments at elevated temperatures of
150-200 °C (CHERMAK, 1992, 1993) and from
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flow-through column experiments at 70 °C (BATE-
MAN et al., 1999). The secondary minerals formed
under these laboratory conditions include clay
minerals, feldspars, zeolites and various C-S-H
phases. However, the direct applicability of these
results to a potential repository in Switzerland is
questionable due to the high experimental tem-
peratures compared to expected repository tem-
peratures and because of the utilisation of ground
rock, both of which aimed at speeding up mineral
reactions to obtain results on a laboratory
timescale (months to few years).

This present experimental investigation exam-
ines the effect of high-pH solutions on whole rock
Opalinus Clay (middle Jurassic, Mont Terri,
Northern Switzerland) samples at repository host
rock relevant temperatures of 30 °C to provide a
closer approach to the reality of a potential ce-
mentitious repository and aims at bridging the
gap in evidence from powdered rock samples. The
experiments are designed to investigate water-
rock interaction in response to diffusive and ad-
vective transport of a fluid phase at conditions of
high-pH.

Experimental Methods

Two types of experiments were performed with
whole rock Opalinus Clay and K-Na-Ca-hydrox-
ide solution, one ensuring closed-system behav-
jiour, and the other mimicking open-system be-
haviour (Fig. 1}. The fluid is a simplified version of
an early alkali-rich leachate expected to emanate
from a cementitious repository (Tab. 1). The min-
eral composition of Opalinus Clay is listed in table
2 and its water saturated porosity amounts to ap-
proximately 14 volume percent.

Special emphasis during sample preparation
aimed at minimizing mechanical damage. A hand
saw with a tungsten carbide studded wire blade al-
lowed careful cutting of samples without inducing
new fractures parallel to bedding. The samples
were kept vacuum-sealed in plastic bags between
all steps of sample preparation to preserve the in-
situ moisture content. All surfaces of the samples
were sealed with an epoxy resin by placing them
into a piece of PVC drain pipe of appropriate di-
ameter and then submersing completely in epoxy
(Fig.1). The PVC pipe additionally provided extra
strength to prevent excessive fracturing of the
sample parallel to the bedding during the experi-
ments. The size of the rock samples was approxi-
mately 4 cm in diameter and 6 cm in length.

For the closed-system (or diffusion) experi-
ments one rock surface was exposed by cutting
the epoxy cylinder shortly before the beginning of

Tab.1 Initial solute concentrations of high-pH fluid.

Concentration [mol/l}
K+ 1.61 X 10!
Na* 6.52 x 102
Ca? 224 X 103
T (°C) 25
pH 132

Tab. 2 Initial composition of Opalinus Clay.

Mineral Weight %
kaolinite 25
illite 20
calcite 15
quartz 15
chlorite 10
mixed layer illite/smectite 10

K feldspar, albite, siderite, ankerite,

dolomite, pyrite 5

the experiment. For the open-system experiments
an additional surface was exposed to atmosphere
(Fig. 1). All samples were arranged in such a man-
ner that the exposed surfaces were oriented per-
pendicular to the bedding. The sample was then
placed in a glass dish, whereby one open surface
remained submerged in 150 ml high-pH solution.
The second surface in the open-system experi-
ments remained open to atmosphere in order to
enhance fluid transport by evaporation and capil-
lary forces. Evaporation from surfaces other than
that of the exposed rock surface had to be pre-
vented in order to relate weight loss measure-
ments to fluid flux. This was accomplished by seal-
ing the glass dish against the epoxy cylinder with
a double layer of Parafilm® and adhesive tape.
This construction also aimed at minimizing infil-
tration of atmospheric carbon dioxide.

Diffusion experiments were conducted under
controlled N, atmospheric conditions whereas in
the evaporatively-driven advection experiments,
only the high-pH solution was isolated from air.
All experiments were run in a ventilated drying
oven at 30 °C. The solution in the glass dish was re-
peatedly agitated and the advection experiments
were periodically weighed on a digital balance.
The solution in each experiment was replaced
every 3 to 4 months and the pH of replaced and
new solutions were measured at 25 °C using a pH
electrode.

Analyses on reacted rock samples were car-
ried out after 4, 6,12 and 18 months for the diffu-
sion experiments and after 7 and 12 months for
the advection experiments. Reaction products
were characterized by scanning electron mi-
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Fig.1 Schematic of experimental setups. Top: diffusion
experiments (closed system), bottom: evaporatively-
driven advection experiments (open system). See text
for details.

croscopy (SEM) combined with energy dispersive
spectrometry (EDS) and X-ray diffraction
(XRD). For SEM analyses, rock pieces were
mounted with a freshly fractured surface exposed
on SEM holders and sputter-coated with gold.
SEM and EDS analyses were used to characterize
newly formed phases morphologically and chem-
ically and to aid in confirming reaction products.
XRD analyses (CuKa radiation) were carried out
on the clay-size fraction (< 2 pm), as this was as-
sumed to contain the largest amount of reaction
products, and on isolated reaction products that
were hand-picked under a binocular microscope.
The isolation of reaction products was only ap-
plicable in few cases because of the small quanti-
ties of secondary phases, and XRD patterns of
these were collected by measuring the material on
silicon plates using long measurement durations.

Results

DIFFUSION EXPERIMENTS

Measurements of reacted K-Na—Ca-hydroxide
solutions show that pH decreased by one to three
units after 3 to 4 months of reaction time with
Opalinus Clay. Macroscopic observations on re-
acted Opalinus Clay samples showed rusty spots
and stripes on the bottom surface of all samples
due to pyrite oxidation and formation of Fe hy-
droxides. Macroscopically visible reaction fronts
extending 0.5-1.0 pm into the rock matrix were
observed after 6,12 and 18 months, but not after 4
months. At 6 months, these zones are character-
ized by a rusty discoloration of the rock matrix
whereas after 12 and 18 months, the matrix dis-
plays a leached, light gray color.

After 4 months, C-A-S-H gels formed on the
infiltration surface of the samples (Fig. 2). The
cauliffower-shaped gels have diameters of a few
tenths of wm (Fig. 3a). After 6 months, neoformed
(K-) Ca zeolites of mordenite-dachiardite compo-
sition with prismatic habit and lengths of 5 to
20 wm formed on bedding planes adjacent to the
infiltration surface (Fig. 3b). The zeolites are part-
ly overgrown by fibrous C-S-H phases with minor
Al (Fig. 3c). A sparse calcite precipitation zone

I ! T I I I I I I

mm Fe hydroxide 4 months
m C-A-S-H
Fe hydroxide 6 months
E-(AA)S‘H
Ca zeolite
mm calcite
e Fc hydroxide 12 months

calcite n———
illite -

18 months

e Fe hydroxide

= calcite

calcite
F- mm lite
| | 1 | | | 1 | |

1 2 3 4 5 6 7 8 9

Distance from infiltration surface [mm]

Fig.2 Comparison of distribution of secondary miner-
als that formed in the diffusion experiments at different
time steps. Only the first 10 mm above the infiltration
surface are shown, above which no new phases were de-
tected. Dashed bars indicate uncertain identification of
a mineral phase. See text for details. C-A-S-H: Ca-Al-
Si-hydrate phase.
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was found further up the profile. The calcite crys-
tals exhibit equant shapes and are a few pm
in size. A massive calcite zone formed after 12
months ca. 1 cm above the infiltration surface,
which is the maximum penetration depth of reac-
tion products observed in the diffusion experi-
ments. Two calcite precipitation zones developed
after 18 months, a narrow zone adjacent to the in-
filtration surface (Fig. 3d) and a wider zone fur-
ther up the profile. Grain-shapes in the lower zone
are mainly equant, whereas the upper zone is
composed of more irregularly shaped calcite. Ze-
olites and C-A-S-H phases are absent after 12 and
18 months. XRD bulk analyses on the clay frac-
tion show a relative increase in illite content and
a decrease in kaolinite contents compared with
unaltered rock within some of the calcite zones in
the 12 and 18 months experiments. However, the
presence of newly formed illite could not be
proven without ambiguity, neither by SEM nor by
XRD.

All secondary minerals observed formed on
bedding planes that functioned as preferential
pathways for the high-pH solution.

ADVECTION EXPERIMENTS

Values of pH of reacted K-Na—Ca-hydroxide so-
lutions decreased by one to two units after 3 to 4
months of reaction time. Periodic weight-loss
measurements show that specific fluxes in both
experimental runs steadily decrease and reach
quasi steady states after approximately 140 days
and remain constant at 3.3-4.0 * 10-° kg sec! m=
which, assuming a porosity of 14%, translates to
two pore volumes per month.

Binocular microscopic observations on the
samples which were reacted for 7 and 12 months
show abundant patches of white reaction prod-
ucts along the whole length of the sample profile.
They are up to 4 mm in diameter and made up of
very fine-grained material which precipitated on
clay mineral substrate as well as on calcitic shell
debris. Moreover, partial oxidation of pyrite ag-
gregates and formation of Fe hydroxides was ob-
served along the whole length of the sample pro-
file.

There is a chromatographic succession of dif-
ferent secondary mineral phases with increasing
distance from the infiltration surface (Fig.4). Gen-

Fig. 3 SEM backscattered electron images of secondary minerals in the diffusion experiments. (a) C-A-S-H gel (af-
ter 4 months), (b) Ca zeolites (after 6 months), (c) Ca zeolite overgrown by C-(A-)S-H phase (after 6 months), (d)

calcite precipitation zone (after 18 months).
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Fig. 4 Comparison of distribution
of secondary minerals that formed
in the advection experiments at dif-
ferent time steps. The right bound-
ary of the graph represents the po-
sition of the evaporation surface of
the rock sample. Dashed bars in-
dicate uncertain identification of
a mineral phase. See text for de-

Fe hydroxide

Fe-rich chlorite

tails. C-A-S-H: Ca-Al-Si-hydrate

Fe hydroxide phase.

illite

h--- calcite m— calcite
gypsum
12 months alkali sulphates
| | | | ] | | ! | i ]
5 10 15 20 25 30 35 40 45 50 55

Distance from infiltration surface [mm)]

erally, secondary precipitates grew along discrete
planar features of enhanced permeability such as
bedding planes, interfaces of shell debris and mi-
cro-cracks.

After 7 months of reaction time, the zone ad-
jacent to the infiltration surface is characterized
by extensive formation of C-A-S-H phases, which
exhibit fibrous morphology infilling micro-cracks
in the rock matrix. XRD analyses indicate a
poorly to non-crystalline phase. Small amounts of
newly formed, perfectly idiomorphic portlandite
(1-3 um in diameter) is also present. The zone be-
tween 3 and 5 cm from the infiltration surface is
characterized by an assemblage consisting of neo-
formed clay minerals, calcite and gypsum. Ac-
cording to XRD data, the clay mineral aggregates
contain illite and chlorite (Fig. 5), and they can
clearly be identified as neoformations as they
exhibit a bright color in contrast to unaltered
rock and characteristic fan-shaped morphologies
(Fig. 6a). Quantitative chemical analyses by EDS
yield illitic stoichiometry with highly variable con-
tents of Fe and minor amounts of Mg indicating
microscopic intergrowths of Fe-rich chlorite. The
clay minerals show flaky morphology and grain
sizes do not exceed 5 um (Fig. 6b). Neoformed cal-
cite occurs as tiny, finely dispersed crystals with a
roundish shape. Gypsum forms lath-shaped crys-
tals a few pm in length. The uppermost part of the
profile adjacent to the evaporation surface is char-
acterized by massive formation of alkali sulphates
of syngenite (K-Ca) and glauberite (Na-Ca)
composition.

After 12 months, the infiltration surface is
completely covered by C-A-S-H phases with a
foily appearance forming honeycomb structures
(Fig. 6¢) which are X-ray amorphous. The zone be-

tween 0 and 2 cm above the infiltration surface
contains tiny, finely dispersed neoformed calcite
crystals with roundish grain shapes. The zone be-
neath the evaporation surface hosts the most ex-
tensive mineral neoformations comprising calcite,
clay minerals and sulphates in order of decreasing
abundance. Calcite displays euhedral grain shapes
and builds up dense covers on bedding planes

ilite
(001)

chlorite
(002)

illite

chlorite
(004)

T T T | T T T
5 10 15

degrees 2 theta

30

Fig.5 X-raydiffraction pattern of neoformed clay min-
eral assemblages in the advection experiment after 7
months. The high background intensity towards low two
theta angles is due to scattered X-rays as an effect of the
long measurement durations which were essential for
the identification of peaks on the very small amounts of
reaction material available. The elevated intensity of the
iflite {003) diffraction peak with respect to the (001)
peak is either due to quartz impurities or to imperfect
orientation of the clay minerals parallel to the sample
holder.
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(Fig. 6d). Newly formed clay minerals exhibit
flaky morphology with irregular grain shapes and
were identified as the same illite-Fe-rich chlorite
assemblages as found in the 7 month experiment
based on equal chemical compositions and mor-
phologies. Confirmation by XRD identification of
these assemblages was not feasible due to insuffi-
cient amounts of reaction material.

The neoformed sulphates are gypsum and of
syngenite composition (K—Ca). They form lath-
shaped to fibrous crystals several pm in length.

Reaction products detected after 7 and 12

months are basically identical, whereas their posi-
tion along the flow path differs (Fig. 4). An obvi-
ous feature is that the clay mineral-calcite-gyp-
sum precipitation front propagates upwards with
time towards the evaporation surface.

Discussion
The first minerals appearing in the diffusion ex-

periments are C-A-S-H phases. Substitution of Al
in C-S-H phases has been reported for tober-

Fig. 6 Photographs of secondary minerals in the advection experiments. (a) binocular microscopic image of new
clay mineral assemblage (white) on clay substrate (dark) (after 7 months), (b) SEM image of newly formed clay min-
erals (after 7 months), (c) SEM image of honeycomb textured C-A-S-H (after 12 months), (d) SEM image of mas-
sive calcite precipitation zone (after 12 months).
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morite (MITsubA and TAYLOR, 1978) and to a
larger extent for tacharanite (CLIFF et al., 1975)
where Al may be an essential constituent. The
source of Al is kaolinite, which is readily attacked
under highly alkaline conditions at temperatures
as low as 30 °C (BAUER et al., 1998) and its con-
sumption during reaction was confirmed by XRD.
Dissolution of quartz was not directly observed,
but its high reactivity at strongly alkaline condi-
tions has been shown by CHERMAK (1992, 1993)
and BATEMAN et al. (1997). Thus, the first impor-
tant reaction in the diffusion experiments is likely
to be:

kaolinite + quartz + Ca** + H,O
-> tacharanite + H* (D

1 ALSi,O4(OH), + 16 SiO, + 12 Ca?* +
28 H,0 —> 1 Ca,,ALSi,;0,, - 18 H,O + 24 H*

The hydrolysis of silicates and precipitation of
C-A-S-H phases produce hydrogen ions resulting
in a pH drop, as shown by the pH measurements
on the reacted solutions. The decrease of pH re-
sults in the subsequent formation of zeolites of
mordenite-dachiardite composition, which are in-
dicative of pH values between 7 to 9 (MARINER
and SurDAM, 1970; BARTH-WIRSCHING and
HOLLER, 1989) according to the reaction:

kaolinite + quartz + Ca*>* + K+ + H,O
—> K-Ca mordenite + H* (2)

0.47 AL,Si,O5(OH), + 4.12 SiO, + 0.289 Ca?*
+0.361 K+ + 2.998 HyO —> 1 K{36,Cag oAl 04
Sis Oy - 3.468 H,O + 0.94 H*

The observation of fibrous C-A-S-H phases
overgrowing zeolites is most likely a consequence
of periodic replacement of the high-pH solution.
Infiltration of the new solution into the rock oc-
curs along flow paths which have already reacted
with high-pH fluid and this fluid will thus be less
effectively buffered by the rock and overruns the
zeolite precipitation zone at a stage where it is still
high in pH precipitating C-A-S-H phases.

Early formed zeolite and C-A-S-H phases
completely disappear after 12 months, and calcite
forms presumably together with illite. Calcite pre-
cipitation is attributed to the dissolution of
dolomite/ankerite, which will be discussed below.
The appropriate reaction involving zeolite after
12 months is:

K-Ca mordenite + dolomite + H* + H,O
—> illite + calcite + SiO,,q, + Ca> + K* 3)

2.394 K 36, Cay 250Al0 9451506012 - 3.468 HO +
+ 0.25 CaMg(CO;), + 0.999 H* + 9.426 H,O
—> 1 Ky 75Al; 75Mgg 25Aly 5815 sO41(OH), +

+ 0.5 CaCQO; + 8.614 H,SiO, + 0.442 Ca* +
0.114 K+

Reaction products are more abundant in the
advection than in the diffusion experiments as to
be expected from higher mass transfers in the ad-
vection setup. Here, C-A-S-H phases and minor
portlandite are forming on or near the infiltration
surface according to:

kaolinite + quartz + Ca** + H,O —>
tacharanite + portlandite + H* 4)

1 ALS,O,(OH), + 16 Si0, + 13 Ca?* + 30 H,0
—>1 Ca;,ALSi; 05 - 18 H,O + 1 Ca{OH),
+ 26 H*

The presence of portlandite is a record of very
low pCO, at the inlet zone. Again, the formation
of the C-A-S-H phases causes a strong pH drop
tending to neutralize the high-pH plume. C-A-S-
H phases are therefore absent at greater distances
from the inlet but followed by a clay mineral (il-
lite and Fe-rich chlorite)-calcite-gypsum paragen-
esis according to:

kaolinite + quartz + dolomite + pyrite +
0O, + Ca?* + K* + H,O —> illite +
Fe-chlorite + calcite + gypsum + H* (5)

1.245 ALL,Si,05(OH), + 1.37 Si0O, + 0.25
CaMg(CQO,), + 0.6 FeS, + 2.1 O, + 1.45 Ca**
+0.75 K+ + 3.215 H,O —

1 Ky75Al; 7sMgy25Aly 515 50,0(OH), +

+ 0.12 Fe;ALSi;O,,(OH); + 0.5 CaCO; +

+ 1.2 CaSO, -2 H,0 +3.65H*

It must be noted that pyrite oxidation is not
bound to this particular stage but also occurs ear-
lier, whereby most of the Fe is forming ferric iron
hydroxides responsible for the rusty discol-
oration. The sulphate derived from pyrite oxida-
tion is highly soluble in the solution such that sat-
uration with respect to gypsum is attained at later
stages.

In reaction 5, formation of calcite is controlled
by the availability of CO,> (dominant carbonate
species at high pH) in solution rather than by
Ca?*, which is available in excess and buffered by
concomitant gypsum precipitation. The lack of
corrosion features on primary calcite suggests
that the initial high-pH solution is close to satura-
tion with respect to calcite. CO;* is therefore pro-
duced by dissolution of dolomite/ankerite which
is a very effective mechanism for calcite precipi-
tation as two moles of CO,> are released per mole
dolomite/ankerite dissolved. Diffusion-reaction
calculations by STEEFEL and LICHTNER (1998b)
predict that the mechanism of CO;* production
by dolomite dissolution and interdiffusion with
Ca? from the infiltrating high-pH solution has the
potential to significantly reduce matrix porosity of
arock within tens to hundreds of years by massive
calcite precipitation. The formation of calcite in
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the present experiments occurs at the transition of
a C-A-S-H/zeolite stage to a clay mineral-calcite
stage in both experimental setups. Higher pCO,; is
therefore considered to be responsible for the dis-
appearance of C-A-S-H and zeolite phases at pos-
terior stages of rock-water reaction.

The same effect of CO, on mineral paragene-
ses in low-grade metamorphic rocks (40-200 °C)
has been found by ZEN (1974), who noted that a
Ca zeolite trend at low fugacity of CO, can be dis-
tinguished from a clay mineral-carbonate trend
for higher CO, fugacities. This is also demonstrat-
ed by equilibrium calculations in the system
Ca0-Al,0,-Si0,-CO,~H,0O which limit the sta-
bility of zeolite assemblages to low pCO, (THOMP-
SON, 1971).

One of the main differences between the two
experimental setups with regard to newly formed
minerals is the lack of zeolites in the advection ex-
periments. The formation of zeolites at low tem-
peratures and highly alkaline conditions appears
to be bound to closed systems, whereas open sys-
tems produce C-A-S-H phases. This is in agree-
ment with previous studies on high-pH alteration
of argillaceous rock: BATEMAN et al. (1999) pro-
duced C-A-S-H phases in open system column ex-
periments but no zeolites, whereas CHERMAK
(1992, 1993) grew various zeolite phases in closed
system batch experiments although at much high-
er temperatures of 150 to 200 °C. As mentioned
above, zeolites high in silica (as found in the pre-
sent experiments) form in an environment of low
pH between 7 to 9 (MARINER and SURDAM, 1970;
BARTH-WIRSCHING and HOLLER, 1989) and su-
persaturation with respect to silica (Coomss et al.,
1959).The low fluxes in the diffusion experiments
allow for a greater extent of equilibration to de-
crease the pH locally and acquire enough Si and
Al to precipitate zeolites compared to larger flux-
es in open systems. Here, the high-pH fluid is less
effectively buffered at the inlet zone so that C-A-
S-H phases form. At greater distance from the in-
let where zeolites would be stable with regard to
silica saturation and pH, pCQ, is too high, favour-
ing precipitation of calcite and clay minerals.

Formation of illite, chlorite and calcite at the
expense of kaolinite and dolomite/ankerite are
reported from many low-grade metamorphic en-
vironments (ZEN, 1959; HUTCHEON, 1990; AHN et
al., 1988) where lower pH and higher tempera-
tures (100-200 °C) prevail. It is interesting to note
that similar reactions occur in the present experi-
ments (equation 5) although at much lower tem-
peratures. Conditions of high pH thus seem to
greatly increase reaction rates. Reaction calcula-
tions of the experimentally determined diffusion
controlled mineral reactions indicate that these

reactions are controlled by kinetics rather than
equilibrium, and that reaction rate constants for
primary silicates (kaolinite, quartz) therefore play
an important role. There appears to be a strong
tendency to fast dissolution rates at highly alka-
line conditions and low temperatures (ADLER et
al.,1998). Experimental data on reaction rate con-
stants for silicates under conditions of very high
pH and low temperature are largely lacking.

The observation that most of the reaction
products form on bedding planes or along clay-
shell debris interfaces emphasises the role of dis-
crete planar features as major pathways for infil-
trating solutions. The fact that fluid fluxes in the
advection experiments remain quite constant
throughout the experiments are a positive sign for
the physical integrity of the rock samples. The rel-
atively short duration of the experiments of up to
18 months is not sufficient to identify a long-term
trend with regard to changes on the hydraulic con-
ductivity of the rock due to mineral dissolution
and precipitation reactions. As C-A-S-H phases
and sulphates have large molar volumes com-
pared to dissolving primary constituents, the reac-
tions occurring during high-pH alteration of the
rock are expected to decrease the porosity at least
locally. Furthermore, STALDER (1973) stated that
authigenic illite, due to its in-situ morphology, di-
vides pore spaces into a large number of thin
channels causing increased tortuosity and further
reduces pore space because of water adsorption
on the large available crystal surface area.

Several experimental observations afford a
comparison to observations on naturally occur-
ring hyperalkaline waters and associated rock al-
teration in Jordan. At the Maqarin site bordering
the deeply incised Yarmouk River in Northern
Jordan naturally occurring cement-like bodies are
inferred to have formed from rehydrated py-
rometamorphic combustion products of a bitumi-
nous biomicritic limestone. Subsequent percola-
tion of groundwaters led to an hyperalkaline
plume propagating along fracture-controlled
flowpaths. Both, relatively evolved Ca—OH domi-
nated flow systems are present and relatively
younger alkali-rich systems. The younger K-Na-
bearing systems are not completely exposed but
do suggest a temporal sequence of mineralization
initiated by a carbonate stage and followed by
Ca—K-Na-Al zeolite-type, and several distin-
guishable C-S-H gel-type stages. Surficial seep-
ages marked by portlandite-containing traver-
tines, and dripping waters observed in reconnais-
sance galleries, reach pH values above 12. The
Magqarin site is studied by an international work-
ing group motivated to examine long-term high-
pH effects in the context of safe geologic disposal
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of radioactive waste. Some general aspects were
published by ALEXANDER (1995), ALEXANDER et
al. (1995) and WABER and ALEXANDER (1995),
and a large amount of details are provided by
KHOURY and NASSIR (1982), ALEXANDER (1992),
LINKLATER (1998) and SMELLIE (1999).

Both, the relative sequence of C-(A-)S-H and
zeolite assemblages and its relation to open vs.
closed system conditions is also inferred from ob-
servations at the Magqarin site, where the diffusion
analogy would include processes in the rock ma-
trix adjacent to advective features. Some high-pH
water conducting features at Maqarin suggest a
tendency to plug fracture apertures. Enhance-
ment of pore space in the adjacent rock matrix
through dissolution of silicates is observed in
some cases. This features, also supported by the in-
ferred rock-water reactions of this study, are
specifically addressed by numerical modelling ef-
forts of STEEFEL and LICHTNER (1998 a, b) for the
situation at Magqarin. A principal difference be-
tween Opalinus Clay and the rocks at Maqarin are
the low clay content (< 5%), the bituminous na-
ture and the more prominent role of sulphur at
the latter locality, leading also to the formation of
ettringite in the alteration assemblages.

Conclusions

The aim of this experimental study was to deter-
mine the effect of high-pH K-Na—Ca-hydroxide
solutions on Opalinus Clay under conditions rele-
vant for the deep disposal of waste in a cementi-
tious repository. The artificial high-pH solutions
represent an early leachate expected from a ce-
mentitious repository and the experimental con-
ditions simulate interactions that could occur in a
repository environment where pore waters from
the concrete interact with an argillaceous host
rock. The experiments include two important in-
novations compared to previous studies, leading
to more relevant results when applied to a repos-
itory situation. First, they relate to whole rock
rather than crushed rock in order to more closely
mimic host rocks, reactive surfaces and hydraulic
regime and, second, they were conducted at low
temperatures that are considered to match the
conditions prevailing in potential cementitious
repository systems. It has been demonstrated that
mass transfer at low temperatures is traceable af-
ter short reaction times under a variety of condi-
tions for the infiltration of a high-pH solution. The
general sequence of reaction products includes,
first, the precipitation of zeolites and/or C-A-S-H
phases at the expense of kaolinite and quartz, fol-
lowed by a clay mineral-calcite paragenesis. In-

creasing fugacity of CO, in the solution by
dolomite/ankerite dissolution is responsible for
the formation of partly massive calcite precipita-
tion zones and is identified as key parameter for
the disappearance of zeolite and C-A-S-H phases
during later stages of rock-water interaction. The
occurrence of zeolites is restricted to closed sys-
tems where conditions of low fluid fluxes allow for
a greater degree of local pH buffering thus pro-
viding suitable conditions for zeolite precipitation
at relatively low pH.

These experiments under high-pH conditions
show similar reaction trends to those found in en-
vironments of higher temperatures and lower pH,
indicating that the high-pH conditions greatly in-
crease reaction rates. The results also assist in the
interpretation of patterns observed in the natural
analogue situation of hyperalkaline interaction at
Magarin.
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