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a b s t r a c t

Bentonite is one of the more safety-critical components of the engineered barrier system in the disposal
concepts developed for many types of radioactive waste. Bentonite is utilised because of its favourable
properties which include plasticity, swelling capacity, colloid filtration, low hydraulic conductivity, high
retardation of key radionuclides and stability in geological environments of relevance to waste disposal.
However, bentonite is unstable under the highly alkaline conditions induced by Ordinary Portland
Cement (OPC: initial porewater pH > 13) and this has driven interest in using low alkali cements (initial
porewater pH9-11) as an alternative to OPC. To build a robust safety case for a repository for radioactive
wastes, it is important to have supporting natural analogue data to confirm understanding of the likely
long-term performance of bentonite in these lower alkali conditions. In Cyprus, the presence of natural
bentonite in association with natural alkaline groundwater permits the zones of potential bentonite/
alkaline water reaction to be studied as an analogy of the potential reaction between low alkali cement
leachates and the bentonite buffer in the repository. Here, the results indicate that a cation diffusion front
has moved some metres into the bentonite whereas the bentonite reaction front is restricted to a few
millimetres into the clay. This reaction front shows minimal reaction of the bentonite (volumetrically,
less than 1% of the bentonite), with production of a palygorskite secondary phase following reaction of
the primary smectites over time periods of 105e106 years.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Bentonite makes an important contribution to the performance
of the engineered barrier system (EBS) for the disposal concepts
developed for many types of radioactive waste (see Alexander and
McKinley, 2007; for details). The choice of bentonite results from its
favourable properties (plasticity, swelling capacity, colloid filtra-
tion, low hydraulic conductivity, high retardation of key radionu-
clides) for isolation and containment of thewaste and its stability in
relevant geological environments. However, bentonite e especially
the swelling clay component (smectite) that contributes to its
essential barrier functions e is unstable under high pH conditions.
This led to some proposed repository designs that exclude use of
ki), simon.norris@nda.gov.uk
ell Alexander).
concrete from any sensitive areas containing bentonite. This is
because cementitious leachates from OPC (Ordinary Portland
Cement) will have an initial pH of greater than 13 (cf. Haworth et al.,
1987). This option was considered acceptable during early, generic
studies but, as projects move closer to implementation, it has been
increasingly recognised that constructing extensive facilities un-
derground without using concrete will be problematic (cf.
Alexander and Neall, 2007; Alexander and McKinley, 2007).

Recently, therefore, there have been extensive efforts to better
understand the interactions of alkaline fluids with bentonite (e.g.
Savage et al., 2010a; Soler et al., 2011; Sidborn et al., 2015), coupled
with studies aimed at reducing the potential risk by development
(cf. NDA, 2010) and testing (e.g. Vuorinen et al., 2005; Ahokas et al.,
2006; Savage and Benbow, 2007) of low alkali cement formulations
which typically have leachates with a pH of 9e11. Attempts to
examine the potential reaction of bentonite experimentally at these
lower pH values have been complicated by the inherently slow
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kinetics of such reactions (e.g. Heikola et al., 2013). Clearly, this is an
area where studying natural systems could play a valuable role e

bridging the disparity in realism in temporal and spatial scales
between laboratory studies and the systems represented in re-
pository performance assessment (see discussion in Alexander
et al., 1998, 2014, 2015; Miller et al., 2000). Indeed, in this case,
the particularly slow kinetics of bentonite reaction in low alkali
cement porewaters suggests natural system studies1 would appear
to be the only viable method of assessing bentonite reactionwithin
a timescale which would allow input to current repository safety
cases.

In this study, the Mediterranean island of Cyprus was the focus
primarily due to the knownwidespread occurrence of both alkaline
groundwaters (resulting from serpentinisation of the Troodos
ophiolite; e.g. Neal and Shand, 2002) and extensive bentonite de-
posits (e.g. Bear,1960) which constitute the base of the sedimentary
carapace overlying the igneous sequences of the ophiolite. The
details of the production of the alkaline groundwaters is discussed
in Alexander et al. (2012), here it is sufficient to note that the
chemistry of the natural groundwaters is similar enough to the
leachates of low alkali cements to make this a viable natural
analogue of the repository system (see discussion in Alexander
et al., 2008, 2012). Although the natural bentonites are not iden-
tical to the processed bentonites2 utilized in a repository, the dif-
ferences in the relevant parameters are small enough to have little
impact on the outcome of the study.

Based on previous work on the Zambales ophiolite in Luzon,
Philippines (e.g. Alexander et al., 2008; Fujita et al., 2010), and on
the Troodos ophiolite, Cyprus (e.g. Boronina et al., 2005; Alexander
and Milodowski, 2011; Alexander et al., 2012), it appears that the
alkali groundwaters generally interact with the base of the
bentonite as they issue from underlying pillow lavas at the top of
the ophiolite igneous sequence (Fig. 1). As the bentonite usually
acts as an aquiclude, neutral surficial groundwaters generally lie
above the bentonite.
2. Site description

Sampling was carried out around the abandoned village of
Parsata, ENE of the town of Limassol (Fig. 2). The village sits on a
plateau above the Vasilikos valley, which drains the Limassol Forest.
The area offered the ideal combination of appropriate alkaline
groundwaters in contact with bentonite and preliminary analysis of
rock samples had shown abundant smectite and evidence of both
current and formerly active alkaline groundwater flow systems. The
bentonites are from the Turonian (90.4 Ma) Peripedhi Formation
and are distributed over the palaeo-depressions in the Upper Pillow
Lavas (UPL) as lenses of various thickness.

The UPL were deeply weathered in the submarine environment
before the bentonites were laid down, but have also been exten-
sively faulted since. In addition to this large scale earth movement,
significant areas of the Vasilikos valley have suffered bentonite
1 The study of natural (predominantly geological) systems has been termed
natural analogue research within the radioactive waste disposal community and
the term “natural analogue” (NA) has developed a particular meaning associated
with providing supporting arguments for a repository safety case (see Alexander
et al., 2015 for details).

2 The natural bentonite is usually processed (i.e. beneficiated) to improve the
smectite content of the material. It is also usually chemically treated to enhance its
cation exchange, swelling or other physico-chemical properties (e.g. conversion or
“activation” of natural calcium montmorillonite to sodium montmorillonite by
treatment with sodium carbonate). As such, the physical and chemical properties of
processed bentonite may differ somewhat from that of the natural rock and this
limitation must be borne in mind when considering the results.
debris flow and these generally raft bentonites and chalks of the
overlying Kannaviou and Lower Lefkara Formations downslope
over the Peripedhi Formation (see discussion in Alexander et al.,
2012). As such, great care was taken to ensure that the sampling
sites are not in allocthonous material.

3. Methods

Full details of the field campaign are presented in Alexander and
Milodowski (2014). Briefly, over two field seasons at the Parsata
site, a geomorphological analysis was carried out and ground
penetrating radar (Malå Geoscience, Sweden) and resistivity
studies (using a Schlumberger array) were conducted, all tied to a
new local topographic grid produced with a RTK GPS (Trimble R6)
system. Based on the data produced, four shallow (maximum depth
43 m) boreholes were air-drilled and five (2e3 m deep) trenches
excavated in a 500 m2 area around N 34� 49.5000, E 033� 15.8500,
some 150 m to the south of Parsata village (Fig. 2). The thickness of
the bentonitic Peripedhi Formation encountered in the boreholes
and trenches varied considerably across the area, reflecting infilling
of the highly irregular surface of the underlying UPL substrate. This
is further complicated by local land-slides and gravitational mass
movement associated with the steep topography of the area. The
geological sequences for Trench 1 and Trench 4, onwhich this study
focussed, are summarised in Fig. 3. Trench 5 was excavated near the
deepest borehole in the bentonite so as to provide an example of
unreacted material well above the bentonite-UPL contact.

Small (10e100 g) solid phase samples were hand-picked from
cores, drilling chips recovered from the boreholes and from the
trench walls and floors, sealed in plastic film, wrapped in
aluminium and then placed in airtight plastic containers for
transport to the analytical laboratories. Large (500e2000 g) grab
samples were also collected and an attempt was made to keep the
individual samples as intact as possible by wrapping them in
heavy-duty plastic and duct tape immediately upon sampling. In
addition, large 50 � 100 mm aluminium soil-sampling (Kubiena)
tins were used to collect undisturbed intact samples where
possible.

Small solid phase samples were analysed by the British
Geological Survey (BGS, UK) for particle-size distribution, whole-
rock and clay mineralogy by X-ray diffraction (XRD) analysis (clay
minerals quantified by Newmod-modelling: Reynolds and
Reynolds, 1996), detailed petrography by optical petrographic mi-
croscopy, environmental scanning electron microscopy (ESEM),
and energy-dispersive X-ray microanalysis (EDXA), major and trace
element geochemistry by X-ray fluorescence spectroscopy (XRFS),
cation exchange capacity (CEC) and exchangeable cations analysis.
Large grab samples were analysed by Geoinvest (Cyprus) for nat-
ural moisture content, unconfined/uniaxial compressive strength
tests, Atterberg Limits (liquid limits, plastic limits and plasticity
index), swelling pressure and undrained triaxial tests.

No groundwater was encountered in the site boreholes as these
were completely within the exposed, unsaturated bentonite (i.e. no
Leftkara Formation overburden, a local aquifer) and did not pene-
trate the underlying weathered UPL (which also constitutes an
aquifer locally; A. Siathas, pers comm., 2011). The bases of Trenches
1 and 4 did penetrate the UPL and these were noticeably moist
upon excavation, although the pH of the moisture could not be
ascertained due to the low volumes encountered. Groundwater
samples were collected from five irrigation boreholes (P1 to P5,
Fig. 2) drilled within 0.1e1 km of the site, with the aim of collecting
waters typical of the geological formations present in the area.
Licensed groundwater extraction borehole P1 draws groundwater
from within the UPL sequence (underlying the Peripedhi
bentonite), but boreholes P2 to P5 are unlicensed, so there is some



Fig. 1. Conceptual model of groundwater flow in the Troodos ophiolite. The ophiolite-derived, natural alkali (high pH) groundwaters are in contact with the base of the Peripedhi
bentonite while surficial (neutral pH) groundwaters flow across the top.

Fig. 2. Location map and bedrock geology of the Parsata area showing the location of study site (Alexander and Milodowski, 2015, after Gass et al., 1994). The geographical position
of the irrigation boreholes used for groundwater sampling have been added for orientation purposes: see Table 1 for information on sampled horizons.
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ambiguity as to the groundwater sources being sampled. From
borehole depths and site characteristics, P2 is lying within the
Leftkara Formation (overlying the Peripedhi bentonite) and P4 and
P5 appear to be within rafted allocthonous Lefkara Formation
material (not shown in Fig. 2). P3 is deeper than P4 and P5 and
could reach as deep as the UPL, but it is unclear onsite.

Groundwater Eh, pH and temperature were recorded in the field
and samples preserved employing a BGS standard methodology
(see Kunimaru et al., 2011; Alexander and Milodowski, 2014 for
details). Samples were analysed for a suite of major and trace ele-
ments and stable isotopes in the Analytical Geochemistry Labora-
tories of BGS using a combination of inductively coupled plasma-
atomic emission spectrometry (ICP-AES) for major cations (Ca,
Mg, Na and K), inductively coupled plasma-mass spectrometry
(ICP-MS) for the minor and trace cations, ion chromatography (IC)
for anions, total organic carbon (TOC) by TOC analyser and color-
imetry for reduced sulphur. Natural decay series nuclides were
determined at SUERC (Scottish Universities Environmental



Fig. 3. Schematic summary of the lithological sequence and descriptions of Trench 1 (vertical sequence) and Trench 4 (horizontal wall section showing sampling transects). The
laminated bentonite (3) is from the Peripedhi Formation and the debris flow deposits (2) appear to be from the upslope Leftkara Formation deposits.
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Research Centre, UK). Full analytical methods, including analytical
uncertainties, are described in detail in Alexander and Milodowski
(2014).

4. Results

4.1. Hydrochemistry

Themajor element chemistry of the groundwaters in the Parsata
area vary (see Table 1) from the ophiolite-sourced alkaline
CaeNaeOHeSO4eCl-type groundwater encountered in borehole
Table 1
Major element concentrations (mgL�1) for groundwater from boreholes P1 to P5 at Pars

Borehole Formation sampled Eh mV Field pH Lab pH Ca2þ Mg2þ

P1 UPL �210 11.05 10.9 49.8 0.04
P2 Leftkara þ7.9 7.48 7.75 172 25.1
P3 possibly UPL ~0 8.92 8.67 4.8 0.40
P4 allocthonous Leftkara �38 7.28 8.10 78.4 71.3
P5 allocthonous Leftkara �31 7.38 7.63 79.6 48.9
P1 to neutral CaeMgeNa(K)eHCO3eCleSO4 type groundwater of
boreholes P2, P4 and P5. P2 has a notably high nitrate concentration
(NO3

� ¼ 359 mgL�1), probably reflecting contribution from the
livestock farm in the immediate vicinity.

The P3 borehole is about 125 m southwest of the study site and
this water is moderately alkaline (pH nearly 9) and Mg and nitrate
are low, only slightly higher than that of the alkaline groundwater
P1. Ca is very low compared to any of the other waters and this may
result from interaction with the bentonite. Certainly cation ex-
change analysis of reacted bentonite in Trench 4 shows that sig-
nificant Ca exchange occurs where the bentonite close to the
ata. Trace element data are presented in Table S1, Supplementary Data.

Naþ Kþ CO3
2� HCO3

� OH� Cl� SO4
2� NO3

�

110 1.1 6.04 <5.00 17.5 86.0 156 0.101
175 48.5 no data 203 no data 324 88.6 359
297 0.8 19.5 217 no data 130 245 0.895
277 2.2 no data 692 no data 170 296 12.6
206 3.3 no data 673 no data 108 101 24.8
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contact with the underlying UPL has reacted with alkali ground-
water (Section 4.5).

The minor and trace element data for the five groundwaters
(Table S1 in the Supplementary Data) generally reflect the above
noted major element data pattern. The Li/Cl and B/Cl ratios of the
Parsata groundwaters are of particular interest as Davies and
Elderfield (2004) noted that Li is preferentially leached during
early stages of high temperature serpentinisation of ocean crust
and that the Li/Cl and B/Cl ratios provide a useful guide to the fluid/
rock mass ratios. Alexander and Milodowski (2011) and Alexander
et al. (2012) reported B/Cl ratios of between and 4.2e4.4 � 10�3 for
alkali springs on the Troodos Massif, somewhat greater than that of
seawater (3.3 � 10�3; Kreitler and Bledsoe, 1993). P1, in compari-
son, has a B/Cl ratio of 9.7e10.8 � 10�3, indicating B enrichment.

However, B is anomalously high (2976 mgL�1) in groundwater P3
compared to the other groundwaters and the B/Cl ratio is the
highest observed at 22.9 � 10�3 (cf. P2, P4 and P5 at
1.1e2.6 � 10�3). Petrographic evidence (Section 4.4) shows that, in
addition to a very high content of smectite, the Parsata bentonites
also have a large amount of amorphous or biogenic silica. Boron is
strongly sorbed from seawater onto clay minerals and biogenic
silica sediments in the marine environment and then is re-released
during diagenesis (e.g. Truscott and Shaw, 1984; Ishikawa and
Nakamura, 1993), or liberated from the clays by rockewater inter-
action (Alexander, 1985). The high concentration of B (and the
much higher B/Cl ratio) found in the P3 groundwater could derive
from interaction of a P1-type alkaline groundwater with the
bentonite.

Limited stable isotope, strontium isotope and natural decay
series data (Table 2) suggest that the groundwater from all five
Parsata boreholes have a common source. Comparison of the stable
isotope data with those from the Troodos ophiolite (Alexander
et al., 2012) and from the much larger dataset for the nearby
Kouris valley catchment (Boronina, 2003) imply that the infiltration
area is some 200e300 m higher than Parsata, presumably on the
ridge about 1.5 km NE of the village.

The groundwater 87Sr/86Sr ratios appear to show a similar trend
to that noted above from P1 (least radiogenic), through P3 (inter-
mediate) to P4, P5 and P2 (most radiogenic). The intermediate
87Sr/86Sr ratio for P3 could be accounted for bymixing of an alkaline
groundwater from the ophiolite basement (P1-type) with
groundwater from the overlying calcareous sedimentary strata.
However, as the P3 87Sr/86Sr isotope ratio of 0.707253 (±6) is very
close to that of the fresh UPL (0.707302 ± 6; section 4.5), this
suggests that P3 is an ophiolite alkali groundwater that has un-
dergone some reaction with bentonite, but not yet sufficiently to
lose the original 87Sr/86Sr signature.

The 234U/238U activity ratios for all four groundwater samples
measured are indistinguishable within the analytical errors. The
data are therefore consistent with a single source of uranium, but
with the expected (cf. Linklater et al., 1996) significantly lower
solubility of uranium in the alkaline groundwater (P1) than in P2
and P4 with the P3 activity concentration, once again, lying
Table 2
Stable isotope, 87Sr/86Sr isotope ratio and natural decay series data for groundwater from

Sample id d18O d2H 87Sr/86Sr

‰VSMOW ‰VSMOW

P1 �4.64 �22.6 0.706825 ± 0.0000
P2 �5.28 �26.7 0.708020 ± 0.0000
P3 �4.61 �24.4 0.707253 ± 0.0000
P4 �4.25 �21.2 0.707743 ± 0.0000
P5 �4.25 �21.6 0.707829 ± 0.0000
between these two end members.
4.2. Bentonite physico-chemical properties

In most national radioactive waste disposal programmes, there
are guidelines (e.g. Ahonen et al., 2008) for the physico-chemical
properties of the processed bentonites which will be utilised as
buffer and backfill in the repository. Therefore, to define the degree
of similarity between the natural bentonites at Parsata and the
repository processed bentonites, a selection of samples was taken
for definition of a range of bentonite material properties and these
are shown in Table 3 (the full dataset is listed in Table S2 of the
Supplementary Data).

It can be seen from Table 3 that, despite the non-processed
nature of the natural bentonite, most of the parameters fall
within or are close to example guideline values for the processed
bentonite. Only in swelling pressure, a reflection of the low smec-
tite content, is there a significant deviation, with the natural
bentonite being much lower. Indeed, as noted in Alexander and
Milodowski (2014), the swelling pressures (Table S2) are more
comparable with the processed bentonite/crushed rock or sand
mixtures foreseen in some repository designs (e.g. McKinley et al.,
2007).
4.3. Mineralogy

The results of the bulk mineralogical analyses are summarised
in Fig. 4a (and full details are provided in Tables S3 and S4 of the
Supplementary Data). Initial investigations, reported previously by
Alexander andMilodowski (2011) and Alexander et al. (2012, 2013),
were based on transects sampled vertically through the bentonite
from the four shallow boreholes and Trench 1. However, no sys-
tematic variation in mineralogy could be discerned with depth that
might reflect interaction with alkaline groundwater penetrating
the bentonite from the underlying basaltic pillow lavas (Figs. 1 and
3), and any variations could not readily be differentiated from
primary stratigraphic-sedimentary depositional controls. Subse-
quently, Trench 4 facilitated sampling along bedding-parallel hor-
izontal transects within two discrete bedding horizons, from the
contact with the UPL into the overlying bentonite. The majority of
samples taken along both transects (Fig. 3) are predominantly
composed of clay-grade material (Fig. 4a). The bentonite along
these transects shows little lateral variation in grain size, indicating
that there is no obvious lateral primary lithological variation and
that any mineralogical variations most likely reflect reaction with
groundwater from the underlying UPL aquifer.

The bentonite and altered UPL samples are predominantly
composed of smectite (24e50%, mean 31%), quartz (1e13%, mean
11%), zeolites (0e18%, mean 10%) and amorphous material
(18e32%, mean 25%). No systematic variation in smectite or
amorphous material is apparent along either transect within the
bentonite (Fig. 4b). SEM analysis indicates that much of amorphous
material in the bentonite is predominantly biogenic silica (from
boreholes P1 to P5 at Parsata (quoted uncertainties are 2s).

238U (mBq L�1) 234U (mBq L�1) 234U/238U

06 0.41 ± 0.08 0.62 ± 0.10 1.5 ± 0.4
08 9.3 ± 0.3 11.9 ± 0.3 1.28 ± 0.05
06 1.8 ± 0.4 3.3 ± 0.6 1.8 ± 0.5
06 45.4 ± 0.7 60.0 ± 0.9 1.32 ± 0.03
07 no data no data no data



Table 3
Values for some selected physical parameters of the Parsata natural bentonites compared with example guidelines (Ahonen et al., 2008) for repository processed bentonites.

Parameter Dry density kg m�3 Gravimetric water content %a Smectite content % Liquid limit % CEC meq 100g�1 Swelling pressure MPa

Guidelines 1655e1890b <13 >75 >80 >60 1e10
Trench 4 1340e1430 18e25 26e50 74e89 47e59 0.09e0.14
Trench 5 1340e1390 17e23 24e28 106e131 34e43 0.12e0.17

a relative to the sample dry weight.
b Depending on the specific design concept under consideration.
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siliceous tests). Other minor components include calcic plagioclase
feldspar, undifferentiated ‘mica’ (illite and detrital micas), paly-
gorskite and calcite ± K-feldspar, cristobalite, tridymite, pyroxene,
manganite, goethite, pyrolusite, chlorite and amphibole, and these
also show little variation within the bentonite.

Calcite contents are typically ~2% but increase markedly to ~10%
in the mineralised and sheared bentonite faultrock at the contact
between the altered UPL and bentonite in transect 4-2 (Fig. 3). XRD
analysis also indicates that the calcite present in the bentonite in
transect 4-1 is Mg-rich compared to that present in the altered UPL
whereas, in transect 4-2, the calcite is a mixture of Mg-rich andMg-
poor calcite. Clinoptilolite-heaulandite was found in all bentonite
samples and traces of stilbite (�0.5%) were also identified in one
sample from transect 4-2 and one sample in Trench 5. Zeolite
minerals are more abundant in transect 4-2 and Trench 5 than in
Trench 1, and probably reflect primary stratigraphic-sedimentary
differences between the horizons in the bentonite.

Quantitative <2 mm fraction XRD analyses (Table S5 of the
Supplementary Data) indicate that the clay mineral assemblages
are predominantly composed of smectite with minor amounts of
palygorskite and illite and traces of chlorite. In all cases, the sepa-
rated <2 mm fractions also contain a variety of non-clay minerals
including quartz, albite, zeolite and possibly calcite. The smectite
d060 spacings in the bentonite (mean 1.5067 ± 0.0020) are close to
ideal montmorillonite. Little systematic variation in smectite
(77e91%), illite (9e20%) or chlorite (0e4%) content with distance
from the faulted contact with the UPL is visible in transect 4-1
(Fig. 4b). A slight decrease in smectite, associated with a slight in-
crease in illite, was observed with increasing distance from the UPL
contact in transect 4-2 (Fig. 4c). However, the scale of the variation
in mineralogy is broadly similar to that seen in Trench 5 (Table S5).

4.4. Petrology

The petrography of the Peripedhi bentonite is described in detail
in Alexander et al. (2012) and Alexander and Milodowski (2015)
and it consists of finely laminated chocolate-brown to orange-
brown mudstones and silty mudstones. They are dominated by a
matrix of detrital smectitic and illitic clay minerals, with minor
matrix-supported, silt-grade quartz, feldspar (mainly plagioclase),
micas (mostly biotite with lesser muscovite), chlorite and apatite.
The lamination is defined by colour, silt content, and the alignment
of elongate detrital grains. Some syn-depositional deformation of
the lamination is apparent, possibly from dewatering and/or
localised slumping. The bentonite fabric is highly compacted, with a
tightly-packed arrangement of platy illitic and smectitic clay and
mica particles, strongly oriented parallel to bedding (Fig. 5a). Highly
altered, shard-like, wispy and “flame-like” particles (up to 500 mm)
are common, and are deformed by compaction and elongated
parallel to bedding (Fig. 5b). Some of these features preserve a
vesicular fabric and probably represent volcaniclastic fragments,
mainly pyroclastic fiamm�e. In addition, siliceous bioclasts (diatoms
and sponge spicules) are also present, often in abundance.

The bentonites are extensively affected by diagenetic alteration.
The main secondary phases identified are:
� zeolites, including rare analcite
� amorphous silica
� clay minerals
� calcite
� Ti, Mn and Fe oxides or oxyhydroxides

Detailed SEM analysis reveals that the clay matrix is predomi-
nantly tightly cemented by secondary “gelatinous” smectitic ma-
terial, producing a nanoporous rock with little or no microporosity
visible under SEM (Fig. 5a). Zeolites, clay minerals and amorphous
silica are the dominant alteration products of the bioclastic detritus
and volcaniclastic grains. The clay often forms a matted and fibrous
mass and fibrous forms commonly bridge between detrital com-
ponents. Qualitative and quantitative EDXA analyses of the altered
fiamm�e suggest that the phase is either smectite and/or an Fe-
bearing palygorskite (Fig. 6).

EDXA of the ultrafine gelatinous clay matrix is consistent with a
predominantly dioctahedral smectite (montmorillonite), although
excess silica, possibly due to the presence of amorphous silica, is
indicated in many analyses (Fig. 6). Microcrystalline calcite, typi-
cally containingminorMg andMn, is also dispersed throughout the
matrix of some of the mudstone samples. Calcite is also present as
patchy cement in secondary pores and as localized fracture fills.
Where it has formed in secondary porosity, it encloses and post-
dates zeolite mineralization. Fe oxides/hydroxides are commonly
associated with altered volcaniclastic particles, locally as fragment
rims, and also dispersed through the clay matrix. Ti oxides are
similarly dispersed through the clay matrix and as fine crystals
within some bioclasts. Dendritic films and small (1e2 mm diam-
eter) nodules of blackMn oxide (probably pyrolusite from bulk XRD
analysis) and ochreous goethite are present along bedding planes.

Pervasive, widespread fracturing is present throughout the
bentonite as macrofractures with calcite or FeeMn oxide mineral-
ization coatings visible to the unaided eye and as microfractures or
shear surfaces in the bentonite that are only observable in thin
section or under SEM. They commonly run parallel or sub-parallel
to lamination (Fig. 5d). Microfractures can also run oblique and
perpendicular to lamination. In some cases, microfractures may
exist in conjugate pairs. Minor authigenic clay can sometimes be
observed as fibrous overgrowths developed from the edges of
detrital clay plates and sheets (Fig. 5c). This authigenic clay is best
developed on shear planes and microfracture surfaces (Fig. 5c) and
was also observed infilling microfractures (Fig. 5d, e). Qualitative
EDXA shows that the clay alteration is Mg-rich and probably cor-
responds to the pervasive palygorskite identified in the bulk XRD
analyses (section 4.3). However, the fibrous fracture-mineralizing
clay, and associated adjacent altered bentonite wallrock, was too
fine to resolve from the montmorillonite clay matrix substrate, and
most of the quantitative EDXA data plot around the ideal end-
member montmorillonite composition, with some data extending
towards a palygorskite-end member (Fig. 6). This would be
consistent with the EDXA data representing a mixed analyses of
montmorillonite and palygorskite.

Based on examination of mineral replacement and fracture
cross-cutting relationships, a paragenetic sequence of diagenetic
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alteration and fracture mineralization has been summarised sche-
matically in Fig. 7. In many cases, the relative chronology is unclear
or ambiguous and some phases may have formed continuously or
during several episodes. The earliest alteration is associated with
the dissolution and breakdown of unstable detrital grains, princi-
pally glassy volcaniclastic and biogenic silica detritus, probably
shortly after deposition. These were replaced by secondary amor-
phous silica and quartz, zeolites, smectitic clay and fibrous
palygorskite.

This early-stage clay alteration is closely associated with
impregnation of the sediments by iron and manganese oxides or
oxyhydroxides along bedding lamination and microfractures,
probably coincident with the formation of early diagenetic man-
ganese micronodules which partially replace the smectitic clay
matrix. Later stage fracturing, associated with the localised faulting
of the Peripedhi Formation against the UPL, was accompanied by
calcite veinmineralization along the fault contact in Trench 4 and in
shear-related microfractures in the adjacent hanging wall
bentonite (Fig. 3). Early calcite veinmineralizationwas manganoan,
but later microcrystalline calcite mineralization contained little or
no Mn. Authigenic fibrous Mg-rich aluminosilicate coats many of
these later stage microfracture surfaces and is closely associated
with the later microcrystalline calcite. The authigenic clay is
restricted to a zone of a few millimetres into the bentonite at the
bentonite/UPL contact and to a few micrometres into the matrix of
the bentonite behind the face of the fractures. Late-stage goethite
coats late dilational joints in the bentonite and appear to be asso-
ciated with late-stage fracturing and oxidative alteration that af-
fects the whole bentonite and overlying soil sequence.

4.5. Whole rock chemistry

4.5.1. Major and minor elements
Full details of the whole-rock chemistry of all samples analysed

are available in Alexander et al. (2012) and Alexander and Milo-
dowski (2014) and the data are presented in Table S6 (major ele-
ments) and S7 (trace elements) in the Supplementary Data. In
Trench 4, with the exception of the immediate vicinity of the UPL,
there is little systematic lateral variation in composition within the
bentonite: CaO is around 2.5%, Na2O 1%, Mg 3e4%, K2O 1e2%, Al2O3
12%, SiO2 55e62% and Fe2O3 10%. In the immediate vicinity of the
UPL, concentrations generally rise, peaking in the UPL.

In Trench 5, SiO2 is a little higher with CaO and Fe2O3 lower (<2%
and 6%, respectively). The trace elements show no discernible
patterns along the transects.

4.5.2. Natural decay series
A useful method of presenting 238Ue 234Ue 230Th data is in a

plot of 234U/238U activity ratio against 230Th/238U activity ratio,
which can be divided into uranium deposition and removal sectors
corresponding to various continuous, sudden or complex processes
(Thiel et al., 1983). Fig. 8 shows such a plot for samples from
transect 4-1 (transect 4-2 shows very similar trends).

Natural decay series data from the UPL and the bentonite in
Trenches 4 and 5 are presented in Table S8 of the Supplementary
Data section. Clearly, the uranium in the rock samples will be a mix
of indigenous uranium and uranium deposited on (and in) the solid
phases from the groundwater. If groundwater sample P3 is omitted
(as there is evidence of ongoing bentonite reaction which is pre-
sumably releasing U to the groundwaters, see section 4.1), the
Fig. 4. Lateral variation, along the horizontal transects in Trench 4, in the proportion of
a) particle size, b) major mineral species in the <2 mm fractions and c) clay minerals
(palygorskite excluded) in the <2 mm fractions. Profile 1.



Fig. 5. (a) SEM image showing typical bentonite matrix fabric with close-packed sheet-like and platy clay particles, cemented by gelatinous smectitic material (Trench 1); (b) BSEM
image showing fiamme textures (defined by darker areas). These are now replaced by authigenic clay with EDXA-derived compositions consistent with smectite and palygorskite
(Trench 1); (c) SEM image of a shear microfracture surface showing Mg-rich fibrous authigenic clay growing from the edges of flaky detrital clay particles. The fibrous phase is
considered to be palygorskite (Trench 1); (d) BSEM image of bentonite showing microfractures (arrowed) developed parallel to bedding laminae (shown vertical in this image) filled
with secondary Mg-rich clay mineralization, considered to correspond to palygorskite based on EDXA. Patchy manganese oxide (Mn) mineralisation impregnates and partly replaces
the clay matrix (Trench 4); (e) BSEM image of bentonite from Trench 4, with corresponding EDXA X-ray map (f) showing Mg distribution. Two slightly open microfractures run sub-
parallel to the bedding. Texturally, these are marked by 5e10 mm thick bands of smoother clay (A) that coincide with lines of raised Mg in the map (B; green). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pillow lava (234U/238U ¼ 1.35 ± 0.06) and the bentonite samples
from the transect 4-1 shear zone (234U/238U ¼ 1.34 ± 0.03 and
1.28 ± 0.04) have 234U/238U activity ratios (within measurement
uncertainty) of the average groundwater value
(234U/238U ¼ 1.36 ± 0.48).

The general conclusions which can be reached for the data for
transects 4-1 and 4-2 (Fig. 8) are that the results show clear evi-
dence of uranium deposition and this is taken here as a proxy for
groundwater interaction with the bentonite (cf. Ivanovich and
Harmon, 1992) for all samples.

It was hoped that measurement of 226Ra in the solute and solid
phases would provide a finer timescale for the kinetics of reaction
than is the case with simply U and Th. However, the low solubility
of Ra in the alkali groundwatersmeans that 226Rawas at the limit of
detection for all samples. Consequently, errors are large for the
226Ra data but, despite this, the data indicate that 226Ra is in secular
equilibrium with 230Th for all of the samples. As such, it can be
taken that:

� The equilibrium between 226Ra and 230Th indicates that the time
since uranium deposition started, or occurred in a single event,
is long relative to the 226Ra half-life (1.6 � 103 years).

� The disequilibrium between 230Th and 234U indicates that the
uranium deposition has occurred within a time of the same
order of magnitude as the 230Th half-life (7.54 � 104 years).



Fig. 6. Triaxial plot of atomic ratios of Si-octahedral cations-interlayer cations in clay
minerals from samples taken from Trench 4-1 and 4-2 transects (based on quantitative
EDXA).

Fig. 7. Proposed paragenetic sequence of alteration and mineralization in the
bentonite at Parsata (from Alexander and Milodowski, 2014) Broken lines indicate
process and mineralization that may have been ongoing, rather than discrete, events.
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Fig. 8. Thiel plot of 234U/238U activity ratio against 230Th/238U activity ratio for samples
from transect T4-1 (see Table S8b for sample details).
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� If depositionwas from groundwater with 234U/238U of 1.30, then
it occurred on a timescale that is short relative to the 234U half-
life (ca. 2.45 � 105 years).

For illustration, if the assumption is made that the uranium in all
of the solid phase samples was deposited from the groundwater in
a single event with an initial 234U/238U activity ratio of 1.3 (see
comments above), then the lowest observed solid phase 234U/238U
activity ratio of 1.10 ± 0.03 would correspond to a time since
deposition of approximately 3.9 � 105 years (see Scott et al., 1992
for details of the calculation). This approximation provides an
indication of the time of initiation of interaction between the ura-
nium in the groundwater and the bulk bentonite, and is supported
by trench sample T4-6 (234U/238U ¼ 1.33, Table S8), from just above
the UPL, which shows evidence of long-term uranium deposition
(once again, see Scott et al., 1992; for details of the calculation)
indicating a zone of long-term groundwater-bentonite reaction.
This is discussed further in section 5.1.
4.5.3. Stable isotope and strontium isotope analyses of carbonate
mineralization

The d13C, d 18O and 87Sr/86Sr data, for calcite mineralisation
filling fine fissures and veins in the bentonite close to the faulted
bentonite/UPL contact (transect 4-1) and fissures in the bentonite
close to the unconformable bentonite/UPL contact (transect 4-2),
are given in Table S8 of the Supplementary Data.

The d13C and d 18O data for the carbonate minerals and Lefkara
Formation chalk clasts are shown cross-plotted in Fig. 9, and are
compared with data previously obtained for alkaline spring pre-
cipitates from the Allas Springs area of the Troodos which emanate
from fresh harzbergite (Alexander et al., 2012). The Parsata calcite
mineralisation would appear to fall within the same compositional
field as the tufas precipitated from stream waters at Allas Springs
which have undergone some degree of reaction with atmospheric
CO2.

The Parsata calcite mineralisation is also quite distinct from the
marine limestone composition exhibited by the Lefkara Formation
chalk clasts, which are obviously isotopically heavier and corre-
spond to what would be expected for marine carbonates. The
friable, tufa-like, fissure fills sampled from surface exposures of UPL
also appear to form a distinctly different group of carbonates
(Fig. 9). They are much heavier, isotopically, and may possibly
represent evaporative soil/pedogenic carbonate formation e i.e.
calcrete or caliche carbonate. They are quite different to the calcite
fracture mineralisation encountered at the base of the bentonite in
Trench 4 which, as noted above, lies within the trend in data
observed at Allas Springs. This suggests that these samples could
have reacted with alkaline groundwater discharging from the un-
derlying UPL along with some intermixing of heavier carbonate
from marine chalk clasts observed in the bentonite.

The stable isotope data from Parsata and Allas Springs can be
compared to published data for phreatic and alluvial calcite ce-
ments associated with the Semal Ophiolite in Oman (Burns and
Matter, 1995) where a trend of isotopically lighter carbon is
observed in areas with increasing plant activity, and is also
observed in areas of increasing rainfall. This would suggest that the



Fig. 9. Comparison of stable carbon and oxygen isotope composition of calcite min-
eralisation from different settings at Parsata, and comparison with active alkaline
springs at Allas Springs. (i) Red symbols e data from Alexander et al. (2012) (ii) Blue
symbols e calcite mineralisation associated with faulted contact and fine fractures in
Peraphedi Formation bentonite close to the contact with UPL, Parsata Trench 4 (this
study); (iii) Yellow symbols e typical detrital micritic limestone or chalk clasts of
typical Lefkara Formation chalks included within the bentonitic debris flow layer in the
top of the sequence in Parsata Trench 4 (this study).

A.E. Milodowski et al. / Applied Geochemistry 66 (2016) 184e197 193
Parsata bentonite-hosted calcite mineralisation is not simply
pedogenic carbonate, but that precipitation could result from
mixing soil-derived CO2 (or atmospheric CO2 dissolved in perco-
lating meteoric water) with a calcium hydroxide-dominated alka-
line water discharging into the base of the bentonite from the UPL
beneath.
4.5.4. Cation exchange capacity (CEC)
The CEC and exchangeable cation chemistry of samples from the

Trench 4 transects are given in Table S7 of the Supplementary Data
and plotted in Fig.10. The bentonite samples from transects 4-1 and
4-2 show generally similar CEC values, ranging from 47 to 59 meq
100 g�1 (mean ~51 meq 100 g�1). The bentonite from Trench 5
displayed slightly lower CEC values, with a mean value of ~39 meq
100 g�1, probably reflecting differences in the mineralogy between
different sedimentological-stratigraphic horizons in the bentonite
Fig. 10. Lateral variation in the exchangeable cation content for samples from Trench 4.
(section 3).
The exchangeable cation chemistry of samples taken along

transect 4-1 is generally dominated by divalent Ca and Mg, with
minor Na and traces of K. At increasing distance from the contact
with the UPL, the proportion of exchangeable Ca decreases with a
proportionate increase in Na, while the proportions of Mg and K
remain approximately constant. The transect 4-2 exchangeable
cation chemistries are also dominated by Ca but, in contrast to the
samples from transect 4-1, these samples show higher proportions
of Na and subordinate amounts of Mg together with traces of K.
However, the transect 4-2 samples show similar trends in
exchangeable cation content as the proportion of Ca decreases with
a proportionate increase in Na while the proportions of Mg and K
remain approximately constant with increasing distance along the
transect and away from the UPL source of groundwater. These
differences in CEC are not, however, noticeably reflected in the
whole rock chemistry (cf. section 4.5.1) or bulk or clay mineralogy
(section 4.3).

5. Discussion

5.1. Groundwater

As noted in sections 2 and 3, the Parsata site was chosen due to
evidence for past low-temperature alkali groundwater-bentonite
reaction and the current presence of alkali groundwaters in the
underlying UPL (e.g. borehole P1 groundwater). This was supported
by the resistivity survey of the site which indicated the presence of
groundwaters at shallow depth immediately below the bentonite,
leading to the excavation of Trenches 1 and 4 down to the surface of
the UPL.

Although the bottoms of the trenches were damp, no flowing
groundwater was encountered, but the stable isotope data (section
4.2.3) indicate water-bentonite interaction. The 87Sr/86Sr ratios
suggest reaction with a groundwater which has a mixed signature,
composed predominantly of alkaline groundwaters but with a
signature of material probably derived from the overlying
bentonite. Several aspects of the groundwater signature from
borehole P3 (section 4.1) also suggest alkali groundwater-bentonite
interaction.

This is further supported by the CEC data (section 4.5.4) which
indicate Ca exchange onto the Na bentonite, just as would be ex-
pected when a Ca(OH)2 dominated alkali groundwater of the type
found in borehole P1 (section 4.1) would react with the base of the
bentonite. There is an overall change from Na-dominated
exchangeable cation chemistry in the Trench 5 bentonite (far
from the alkali groundwaters in the UPL) to Ca-dominated
exchangeable cation chemistry in the bentonite in Trench 4. The
Ca levels are highest near the UPL, consistent with a model
whereby Ca(OH)2-rich groundwater penetrates the bentonite from
the underlying UPL sequence, with Ca exchange displacing Na in
the original bentonite.

Although the data are limited (both statistically and spatially),
the effect of cation-exchange through interaction with this Ca-rich
groundwater appears to extend for a distance of at least 0.1 m from
the contact, but note that the exchangeable cation chemistry does
not approach a similar composition to that of the bentonite far from
the UPL (as represented in Trench 5) and it is therefore assumed
that the CEC ‘front’ penetrates much further into the bentonite.
That biogenic silica is still present throughout the bentonite,
despite being unstable at high pH (e.g. Loucaides et al., 2008, 2012)
is simply a question of mass balance: at the exchangeable cation
levels observed in the bentonite, no more than 0.05% of the
biogenic silica is likely to have dissolved during penetration of the
high pH front.
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Finally, the uranium series disequilibria results (section 4.5.2)
imply initiation of groundwater/rock interaction at the base of the
bentonite in the last 104e106 years,3 with rockegroundwater re-
action ongoing today in some zones. This timespan for ground-
water/rock reaction are supported by an independent analysis
(Pitty et al., 2012) of the island-wide (with focus on Parsata)
geomorphological evolution over the last 1 Ma. This indicated that
low-temperature serpentinisation reactions (producing the alkali
groundwaters sampled in the UPL) were probably initiated in the
last 105e106 years.

Palaeoclimatic studies show that alternating humid and more
arid conditions (ca. every 21 ka in the eastern Mediterranean; Pitty
et al., 2012) are endemic in this area and are primarily forced by
solar precession. This means that, although groundwater flow at
the base of the bentonite has probably not been continuous, alkali
groundwater appears to be present today, despite the decade-long
drought currently affecting the island and the significant draw-
down of groundwater tables in the last half century through over-
extraction. In addition, as noted by Wilson et al. (2011) “… due to
the high chemical suctions for water in partially saturated
bentonite, water will tend to be drawn in from the surrounding
host rock into the bentonite.” As can be seen from Table S2 in the
Supplementary Data, the Parsata bentonite is only partially satu-
rated at present and so is likely drawing in available groundwater
(as implied by the natural decay series data, section 4.5.2). As such,
although it has not yet proven possible to measure groundwater
fluxes at the base of the bentonite, it appears that any reaction of
the bentonite should not have been limited by supply of reactants
from the groundwater.
5.2. Bentonite reaction products

Despite this evidence for groundwater-bentonite reaction, XRD
analysis (section 4.3) of the bentonite claymineral fraction revealed
no evidence of denaturing or decomposition of the montmoril-
lonite components. However, detailed SEM petrographic observa-
tions (section 4.4) identified a secondary Mg-rich fibrous clay
mineral, with a palygorskite-like (or Fe-rich palygorskite) compo-
sition, to be forming on the surfaces of reacting, sheet-like mont-
morillonite particles (Fig. 5c). The SEM revealed that the surface
layers of montmorillonite particles were exfoliating and breaking
down to form the fibrous secondary Mg-rich silicate phase.

Palygorskite requires alkaline conditions and high Si and Mg
activities for stability (e.g. Weaver and Beck, 1977; Hojati et al.,
2010). Palygorskite can also be formed by pedogenic processes,
and is found as an authigenicmineral under evaporative conditions,
often associated with calcrete formation, in arid environment soils
and palaeosols (e.g. Galan and Singer, 2011). It is also formed in
highly saline, playa and alkaline lake sediments (e.g. Singer, 1991;
Bristow and Milliken, 2011), where it may also form as an alter-
ation product of smectite. Formation in these environments ap-
pears to be favoured by the alkaline conditions and high
concentration of Mg. The destabilisation of smectite and its
breakdown to palygorskite in saline/alkaline lake environments is
also encouraged by increasingMg:Ca ratios in the porewater (Botha
and Hughes, 1992; Chen et al., 2004). Palygorskite can also pre-
cipitate directly from groundwaters with high Mg and Si activities
(e.g. Singer and Galan, 1984; Hojati et al., 2010), but the textural
relations observed in the Parsata samples (section 4.4) would
appear to rule this out here.
3 However, due to the large uncertainties on the 226Ra data, little weight can be
placed on the lower age, meaning 105e106 years is more likely (as supported by the
geomorphological study).
Palygorskite can also transform to smectite over several months
(Galan and Singer, 2011), but requires buffering the solute pH
to� 12 (e.g. Golden and Dixon,1990). Certainly, none of the textural
evidence from the Parsata samples indicates palygorskite trans-
formation to smectite and the (admittedly limited) hydrochemical
data would not support such high in situ pH levels during reaction.

The presence of palygorskite in the bentonites of southern
Cyprus has been reported previously by Gass et al. (1994). Christidis
(2006) also described partial replacement of smectite by fibrous
palygorskite in these deposits and this was attributed to the
interaction of the smectite with Si-rich porewaters produced by the
dissolution of abundant siliceous radiolarian frustules by the cir-
culation of hydrothermal fluids. This is presumably a relatively
early event and therefore unlikely to be associated with the late-
stage palygorskite observed here (section 4.4). However, dissolu-
tion of the amorphous and poorly-crystalline biogenic (radiolarian)
silica present in the Peripedhi bentonite could occur by interaction
with alkaline groundwater (cf. Loucaides et al., 2012), to produce
high-Si porewaters that would then lead to smectite alteration.

5.3. Reaction times

While the 104e106 years reaction timescale (but see footnote 3)
of this study is directly relevant to repository conditions, other
work might imply that this could be an upper estimate of the re-
action times. For example, Hillier and Pharande (2008) note that
changing field water management in Maharashtra, India, from
simple precipitation to an irrigation scheme produced saline-sodic
soils rich in secondary palygorskite (from smectite) in just 40e50
years, “… implying that palygorskite formation in the irrigated,
saline-sodic soils has been an extremely rapid process.”

Further, recent mineralogical studies (Moyce et al., 2014) have
identified palygorskite- and sepiolite-like fibrous Mg-rich silicates
as alteration products in medium-term (15 years) laboratory batch
experiments examining the interaction of “young” (K, Na-rich) and
“evolved” (Ca-rich) alkaline cement porefluids with rock from the
Sellafield area of the UK. The original experimental study (Rochelle
et al., 1997) reported that, after 2 years, cement phases such as
amorphous calcium silicate hydrate (CSH), ettringite and possibly
apophyllite were produced as reaction products that originally
replaced clay mineral or other phyllosilicates. The more recent
mineralogical observations have shown that the early-formed CSH,
ettringite and possible apophyllite reaction products are no longer
present, dolomite has been extensively dissolved and partially-
replaced by calcite and the silicate reaction products are now
dominated by a palygorskite-like Mg-rich silicate. The pH of the
reacting fluid has now been buffered (presumably by reaction with
the rock) down to <9 e as observed in the P3 borehole.

However, these examples of fast reaction of smectite should not
be over-interpreted: the flux of reactants (in the former study) and
the reactant:clay ratio (in the latter) are vastly different from the
likely repository environment where a very low flux of ground-
waters (and, therefore, alkali leachates) is expected and where the
alkali leachate:bentonite ratio will be massively smaller (see, for
example, Chapman et al., 2009). As such, the results of the Cyprus
study are much more relevant to the repository environment than
either of these examples.

That there has been very limited alteration of the bentonite over
a period of 105e106 years in Cyprus tends to indicate that any long-
term bentonite reaction in low alkali cement leachates in a re-
pository could be minimal. This may be attributed, at least in part,
to ‘self-armouring’ of the bentonite as it naturally swells when
encountering water (although it does not appear to be due the
‘cement armouring’ reported by Fernandez et al., 2009). This em-
phasises the fact that (as noted above) any similar NA study of
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bentonite longevity must also take into account physical scales so
that the study conditions approach those of a repository as closely
as possible as only then will the latent physico-chemical behaviour
of the bentonite be observed (see also Alexander et al., 2014; for
discussion).

5.4. Comparison with other studies

Laboratory and modelling studies of cementitious alkaline flu-
idebentonite reaction (e.g. Metcalfe and Walker, 2004) generally
indicate that the calcium-rich fluids will exchange with the
bentonite (as seen here, section 4.5.4) and be incorporated into
smectite alteration products such as Ca-zeolites, CSH and CASH
phases. For example, recent work from the advective system at
Searles Lake (Savage et al., 2010b) reports different reaction prod-
ucts and claim smectite susceptibility to alter from pH 9 upwards,
but the authors acknowledge that this is in a system which is far
from the low flux, diffusion dominated system expected in a re-
pository. Further, scoping calculations (J. Wilson, pers comm., 2014)
of the Parsata system solute speciation using PHREEQC (Parkhurst
and Appelo, 1999) and the Lawrence Livermore ‘LLNL.dat’ ther-
modynamic database, could only induce palygorskite formation
under very high dissolved silica activities. As such, the difference
between the Parsata system and others studied to date appears to
be two-fold:

� Although the P1 input groundwaters are low Mg in absolute
terms (0.04 mgL�1), they nevertheless are oversaturated with
respect to antigorite (Mg-rich, serpentine-like mineral), effec-
tively saturated with respect to brucite (Mg(OH)2), undersatu-
rated with respect to montmorillonite, beidellite and quartz and
oversaturated with respect to saponite (J. Wilson, pers comm.,
2014).

� Thermodynamic data (e.g. Birsoy, 2002) and mineralogical ob-
servations from the other natural occurrences noted above
suggest that palygorskite is only stable under very high dis-
solved silica activities.

The Parsata findings could therefore be taken to be non-
representative of repository systems, but this is somewhat over
simplistic. For example, Fernandez et al. (2009) Mg-exchanged the
La Serrata processed bentonite and subsequent interaction with
alkali fluids produced Mg-silicate reaction products (brucite, Mg-
smectite and a chlorite-like phase). While the above scenario is
unlikely in a repository, it should be possible to produce Mg-
smectites where a potential repository site has sufficient Mg
levels in the groundwaters: for example the groundwaters at the
Forsmark site in Sweden show a range of 0.1e448 mgL�1 Mg
(Laaksoharju, 2005) while the porewaters of the Opalinus Clay in
Switzerland have a range of 430e800 mgL�1 Mg (Bradbury and
Baeyens, 1998). Indeed, other laboratory studies of the interaction
of cement fluids with clays have reported a range of Mg silicate
reaction products (e.g. Ramirez et al., 2002; Dauzeres et al., 2014)
and, where low alkali cement leachates are concerned, the reaction
products have been described as poorly crystallized magnesium
silicate hydrate phases (cf. Roosz et al., 2015).

It also seems unlikely that the Mg content of the Peripedhi
bentonite could have contributed to the production of palygorskite.
Samples from transects 4-1 and 4-2 have a range in MgO content of
3.04e4.43% (1.55e2.19% for T5), levels which are well within the
1.93e5.10% range for 17 processed bentonites (including MX80)
noted by Kumpulainen and Kiviranta (2010) and Kiviranta and
Kumpulainen (2011).

At Parsata, the high levels of amorphous silica (and relict glass)
present (section 4.4) have presumably dissolved (at least locally) in
the high pH groundwaters from the underlying UPL (cf. section 5.2),
producing the high silica activities required for palygorskite sta-
bility (as noted in the thermodynamic scoping calculations). High
dissolved silica activities are not to be expected in most processed
bentonites as the beneficiation of the clay increases the smectite
content at the cost of the other components originally present in
the natural bentonite. However, typical requirements (e.g. Posiva,
2013) for processed bentonite for repositories require only >75%
smectite and provide no limits for the accessory minerals, so high
silica activities may not be out-of-the-question. In addition, asmore
repository designs move towards implementation, processed
bentonite is being mixed with silica sand or the local repository
host rock, to produce a mix with higher silica levels, so changing
the currently assumed boundary conditions.

Unfortunately, models of bentonite reaction (e.g. Savage and
Benbow, 2007; Lehikoinen, 2009) do not currently include the
dissolution of silica sand, amorphous materials and/or glasses,
assuming instead only processed bentonite (i.e. smectite with mi-
nor, inert, accessory phases) will be present. The results reported
here suggest that this may be an oversight which should be
addressed in the near future.

6. Conclusions

The results of the analyses which are presented here suggest
that there has been very limited alkaline groundwater reaction
with the natural bentonite over a period of 104e106 years (with
greater certainty placed on the 104-106 period), tending to indicate
that any long-term reaction of processed bentonite with low alkali
cement leachates in a repository environment will be minimal. This
adds weight to arguments supporting the use of low alkali cements
for structural concrete, roadways, tunnel seals, shaft plugs etc in
repositories for high-level radioactive waste and spent fuel which
envisage using large volumes of bentonite to encapsulate the waste
packages (see Alexander and McKinley, 2007; for details). Perhaps
of equal importance is the fact that, when compared with most
existing NA, laboratory and URL studies of bentonite reaction in
alkali solutes, this is the first to approach repository conditions (see
also comments in Reijonen and Alexander, 2015) insofar that the
field conditions closely simulate what would be expected in a
repository:

� an appropriately large mass of bentonite is ‘in place’, rather than
a small plug within laboratory apparatus

� an appropriate alkali leachate can react with the surface of the
bentonite in a manner similar to what would be expected in the
repository, rather than in the unrealistic conditions (e.g. inap-
propriate bentonite:leachate ratio) common in laboratory and
previous natural system studies

� reaction between the leachate and the bentonite appears to be
generally driven by diffusive transport of solutes (especially Ca)
into the body of the bentonite from the bentonite/alkali leachate
contact zone, again as would be expected in a repository

� the temperatures of reaction are also repository relevant
� the reaction timescales are of much more relevance to a re-
pository than accelerated laboratory and URL studies

Overall, it is these physical and temporal similarities between
the natural bentonite/ophiolite groundwater environment and that
expected for processed bentonite in a repository exposed to low
alkali cement leachates which argues most strongly for limited
reaction in the repository environment. That Mg-silicate reaction
phases have not been considered in previous waste disposal studies
is simply a reflection of the limited range of repository EBS designs
and host rock types examined to date. In any case, the precise
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nature of the secondary phase may well prove less important to the
long-term performance of the repository than the limited extent of
alteration of the bentonite which points to an EBS which is robust
enough to survive for the timescales of concern to the repository
safety assessment.
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