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ABSTRACT

Engineered barrier system materials in nuclear waste repositories may undergo hydrothermal alter-
ation in response to groundwater saturation and heating events over their long operational timescales.
Hydrothermal interactions between engineered materials (e.g., bentonite buffers, cements, waste canister
materials) and the host rock environment may drive alteration processes that affect the advantageous prop-
erties of some barrier materials. However, such alteration will also promote the formation of zeolites,
hydrothermally formed minerals that may themselves act to isolate radionuclides. Understanding the envi-
ronmental conditions that control radionuclide-sorbing properties of zeolites, such as Si/Al ratio or Na
content, will be valuable for assessing the changing properties of engineered barrier materials in the case
of an in situ heating event. Here, we present experimental work characterizing the formation of zeolites
during hydrothermal interactions between generic clay and cement barrier materials, with a focus on the
analcime-wairakite zeolite series, which has known radionuclide sorption and exchange properties. We
present the results of hydrothermal experiments combining uncured ordinary Portland cement powder
with steel and Wyoming bentonite in the presence of Opalinus clay and a synthesized Opalinus clay
groundwater to simulate water-saturated conditions in an argillaceous rock repository. The experiments
were conducted isothermally at 200 or 300 °C for 8 to 24 weeks. In contrast to analogous studies that did
not include cement reactants, we observed the formation of analcime-group minerals in all experiments.
The addition of cement resulted in lower Si/Al ratios in the zeolites compared to similar studies that did not
include cement. The presence of cement as a reactant was interpreted to promote analcime formation at
200 °C. At 300 °C, we observed higher calcium and silica concentrations in the aqueous solutions as well
as increased wairakite formation and decreased analcime formation compared to the experiments at
200 °C. These results show a fully realized analcime-wairakite solid solution that falls between Si/Al =2
(ideal) and a trend of analcime minerals that have increasing Si/Al ratios with increasing Na/(Na+Ca).
Our results show predictable relationships between the Si/Al ratio and the analcime-wairakite content
under hydrothermal conditions and illustrate that repository material interactions may promote the for-
mation of zeolites in the analcime-wairakite solid-solution series during heating events in the subsurface.
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INTRODUCTION

Deep geologic nuclear waste repository designs must con-
sider complex physical and chemical processes that may result
from the interplay between engineered materials and the natural
systems of the host rock. Engineered barrier system (EBS) mate-
rials are generally selected for their favorable properties in the
host environment and ability to contribute to the long-term iso-
lation performance of radionuclides in the subsurface (Pusch
2009; Verstricht 2009; Savage 2011; Sellin and Leupin 2013).
However, long-term interactions between EBS components
(including bentonite, cements, and waste canister materials) and
the host rock environment may drive alteration of both EBS and
host rock materials that could affect their radionuclide immobiliz-
ing properties over the hundreds or thousands of years of
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repository lifespan (Hedin 1997; Pusch 2009; Apted and Ahn
2017). This is especially true where such reactions are mediated
by a saturating groundwater (Pusch 2009) and/or driven by ele-
vated temperatures (Hardin et al. 2015). In speculative repository
designs that consider disposal of dual-purpose canisters (Green-
berg et al. 2013; Liljenfeldt et al. 2017), thermomechanical mod-
els suggest that EBS materials isolating the spent fuel may reach
temperatures exceeding 300 °C (Hardin et al. 2014). The alter-
ation of bentonite, a key EBS component, has been extensively
studied to investigate the formation pathways of non-swelling
mineral phases (e.g., chlorite, illite) from the degradation of swell-
ing clay minerals (montmorillonite) (Cuadros and Linares 1996;
Tinseau et al. 2006; Cheshire et al. 2014; Pusch et al. 2015; Kauf-
hold and Dohrmann 2016; Tahervand and Jalali 2017; Mills et al.
2023), especially in hydrothermal conditions.

While the negative impacts of hydrothermal alteration on
clay minerals are of critical importance to understanding reposi-
tory functions, another outcome of alteration is the formation of
secondary minerals that introduce the potential for radionuclide
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reaction pathways in EBS materials. A known possibility of EBS
alteration is the formation of zeolite minerals, which can act as
barriers to radionuclide migration through ion exchange, sorp-
tion, and substitution into their structures (as recently reviewed
by Jiménez-Reyes et al. 2021). Members of the zeolite mineral
group are characterized by [SiO4] and [AlO4] tetrahedra that form
open channels within their crystal framework (Ames 1960; Smith
1963; Dyer 1988), which host exchangeable cations and can func-
tion as molecular sieves (Ames 1960; Davis and Lobo 1992). The
properties of natural and synthetic zeolites have valuable applica-
tions for immobilizing radioisotopes of strontium (Alby et al.
2018; Inan 2022), cesium (Misaelides 2011; Alby et al. 2018),
americium (Mimura et al. 1991; Rajec et al. 1999), uranium (Bha-
lara et al. 2014; Bakatula et al. 2015), and plutonium (Rajec et al.
1999). In practice, zeolites have been deployed to minimize radio-
nuclide transport from waste sites (Grant et al. 1987; Cantrell 1996;
Rabideau et al. 2005) and during remediation efforts, such as those
following the Chernobyl disaster (Phillippo et al. 1988; Campbell
and Davies 1997).

The zeolite mineral analcime, Na(AlSi,Og)-Hy0, is found
abundantly in nature and forms the basis for the analcime group
of zeolites that includes analcime, wairakite, leucite, and pollucite
(see Table 1 for the formulas of all minerals referenced in the text).
Analcime and analcime-group minerals have been shown to be
efficient at removing ions of radionuclides elements from solutions
(Sipos et al. 2010; Mallah et al. 2012; Shushkov et al. 2013;
Jiménez-Reyes et al. 2021). The observed chemistry of natural
and synthetic analcime can vary substantially from its idealized for-
mula (Passaglia and Sheppard 2001; Neuhoffetal. 2003; Deer et al.
2004; International Zeolite Association 2023). The Ca-end-mem-
ber of the analcime group, wairakite, Ca(Al,Si4O12)-2H,0, has a
crystal structure defined by a form of “true” monoclinic wairakite,
as commonly identified in natural environments. A tetrahedral

TasLe 1. Chemical formulas for minerals referenced in the text
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form of wairakite (or Ca-analcime) has additionally been observed
as a product of laboratory synthesis (Seki 1968; Liou 1970; Neuh-
off et al. 2003). A solid solution between the Na-end-member anal-
cime and the Ca-end-member wairakite has been explored since
wairakite was first identified (Coombs 1955; Steiner 1955; Seki
and Oki 1969; Surdam 1973). Early studies characterizing waira-
kite and its mineralogical relationship to analcime described a com-
positional gap between AnlysWrkss and Anl;sWrkps in natural
samples, which was initially identified as an immiscibility region
(Steiner 1955; Seki and Oki 1969). Later analyses (Passaglia and
Sheppard 2001) have recognized an isomorphous series between
the Na- and Ca-end-members such that analcime-group minerals
with Na/(Na+Ca) > 0.5 can be classified as analcime and those
with Na/(Na+Ca) < 0.5 as wairakite.

Analcime-group mineral formation has been observed as a
product of hydrothermal alteration both of bentonites (de la Villa
et al. 2001; Cheshire et al. 2014; Sauer et al. 2020) and of
cements (Gaucher and Blanc 2006; Lothenbach et al. 2017).
The presence of cement as a reactant, in particular, has been
noted to promote analcime formation through increases in pH
above that expected in solutions equilibrated with bentonite
(Savage et al. 2007) or most repository host rocks (Kersting et al.
2012). Cement addition to these systems may additionally pro-
mote wairakite formation over analcime by increasing the avail-
ability of Ca in the system, particularly at higher temperatures
that promote the stable formation of wairakite relative to clay
minerals. As the cation exchange capacity of analcime is greater
than that of wairakite (Ames 1966), characterizing the systems
and reactants that drive mineral formation in the analcime-
wairakite series is valuable for estimating the evolution of EBS
properties over time.

To evaluate the abundance and type of zeolites that form dur-
ing elevated-temperature interactions between clays and cement

Mineral Source Formula

Analcime IMA Na(AlSi,Og)-H,0

Albite IMA Na(AlSi3Og)

Biotite MinDat K(Mg,Fe)3(OH,F),SizAlO1
Brownmillerite IMA CaFe’tAIOs

Calcite IMA Ca(CO3)

Chlorite (Chamosite) IMA (Fe>™ Mg,Al,Fe3T)5(Si,Al)4010(OH,0)g
Clinoptilolite (Clinoptilolite-Ca) IMA Cas(SizpAlg)072-20H,0
Ettringite IMA CagAly(S04)3(0H)12-27H,0
Garronite (Garronite-Ca) IMA Cas(AlgSi10032)-14H,0
Hatrurite MinDat Ca3SiOs

Heulandite (Heulandite-Ca) IMA (Ca,Na,K)s5(Sip7Alg)072-26H,0
lllite MinDat Ko.65Al2.0[Al 655i3.35010](OH),
Kaolinite IMA Al,Sio05(0H)4

Larnite IMA Cay(Si0y)

Leucite IMA K(AISi,Og)
Montmorillonite MinDat (Na,Ca)o33(AL,Mg)2(Si4010)(OH),:nH,0
Na-Montmorillonite Analyzed (Nag 31,Ca0.04,K0.01)(Al 53,F€0.21,Mg0.18,Ti0.01)(Si3.98,Al0.02)O10(OH)2
Opal IMA SiO2-nH,0

Phrehnite MinDat CayAl,Si3010(0H);
Plagioclase MinDat (Na,Ca)[(Si,Al)AISi;]0g
Pollucite IMA Cs(SizAl)Og-nH,0
Portlandite MinDat Ca(OH),

Pyrite IMA FeS;

Quartz IMA SiO,

Tobermorite IMA CaySig017(H20)2-(Ca-3H,0)
Wairakite IMA Ca(SisAl)012-2H,0

Notes: Formulas included were sourced from the International Mineralogical Association (IMA 2008) and (MinDat 2024) databases. Minerals are titled as referenced in
the text, and names in parentheses indicate the name of the mineral species for the formula listed in the source. Na-montmorillonite shows the formula of the WB used

in the experiments, as previously analyzed and presented by Cheshire et al. (2014). “Smectite,

"

zeolite,” and “Fe-oxide” as used in the text refer to groups of minerals.

American Mineralogist, vol. 110, 2025



1062

materials, we conducted a set of experiments combining ordi-
nary Portland cement powder with steel, Opalinus clay, and a
synthesized Opalinus clay groundwater. The experiments were
heated to 200 or 300 °C and reacted at temperature for 8§24
weeks. The results were used to evaluate the impact of uncured
cement on the mineralogy of analcime-group zeolites expected
to form under hydrothermal conditions in a spent fuel repository.
Finally, our results are compared to previously published litera-
ture on the mineral chemistries of analcime and wairakite.

METHODS

Hydrothermal experiments

Experiments were conducted using a Dickson-type, gold cell autoclave system
as detailed by Seyfried et al. (1987). Briefly, this system consists of a flexible gold
reaction cell (~120 mL) fixed within a 500 mL confined reactor and surrounded by
an annulus of DI water. Pressure in the experiments was maintained at 15 MPa by
pressurizing the water within the confining reactor. Temperature was controlled by
a furnace surrounding the confining vessel, controlled by feedback from a thermo-
couple fitted within the confining vessel (Seyfried et al. 1987). The reaction cell
was fitted with a titanium head that allowed fluid sampling during the experiments
through an exit tube extending from within the reaction cell to the outside of the
vessel.

Repository designs may include cement liners separated from steel waste
canisters by bentonite buffers or specific inclusion of cement products near
steel-cement interfaces (Bildstein et al. 2019; N's 2020; Fabian et al. 2023);
the combined reactants in these experiments were selected to observe reactions
of both bentonite and steels that may occur where the saturating groundwater
chemistry is strongly affected by cement. Reactants, i.e., Opalinus clay as an ana-
log repository wall rock, Wyoming bentonite (WB) to emulate bentonite buffer
materials, ordinary Portland cement (OPC), powder, steel, and a synthetic
Opalinus clay groundwater (GW) solution, were combined in the gold reaction
cells and isothermally heated to 200 or 300 °C for the experimental durations of
8 or 24 weeks. Masses of reactants, experimental durations, temperatures, and
additional experimental parameters are included in Table 2. Fluid samples were
collected weekly throughout the experiment durations, with ~5-7 mL of solution
removed from the reaction cell during each sampling event. As a result of
sampling, the water-rock ratios decreased throughout the experimental duration,
but remained within an order of magnitude, decreasing to between 7:1 and 5:1 at
experiment termination. Solid samples remained saturated throughout the experi-
ments, and the decreasing water-rock ratio was not expected to have impacted
reaction processes beyond affecting the observed rates of fluid chemistry change.
Fluid samples equilibrated to bench conditions (~25 °C, 1 atm) within minutes,
and the pH of an unfiltered aliquot of the sampled fluid was measured directly

ZANDANEL ET AL.: ANALCIME-WAIRAKITE FORMATION DURING HYDROTHERMAL EXPERIMENTS

epoxy mounts for microscopy analyses. Steel billets were placed in epoxy,
orthogonal to the polished surface, and cut through to allow observation of altera-
tions at the steel-bentonite interfaces.

Materials

All experiments combined solid reactants with a synthetic GW solution that
approximated the chemistry of Opalinus clay porewater as reported by Pearson
et al. (2003) using Milli-Q ultrapure water (18.2 MQ-cm) and analytical-grade
salts. The target initial solution chemistry is reported in Table 3. Wyoming ben-
tonite, Opalinus clay, and uncured OPC powder were included as solid reactants
in all experiments. The WB was provided by Bentonite Performance Minerals LLC
and sourced from a reducing horizon at Colony, Wyoming, U.S.A. The bentonite
was pulverized and sieved to <3 mm before use. The initial mineral assemblage of
the WB was predominantly Na-montmorillonite, with lesser amounts of clinopti-
lolite and feldspar, and minor biotite, pyrite, quartz, opal, and sulfide minerals.
Opalinus clay was sourced from the Mont Terri Underground Rock Laboratory
in Switzerland (drill core BFE-A10) and stored under air before use. The Opalinus
clay used in the experiments was predominantly composed of clay minerals, with
lesser amounts of carbonates and silicates. The OPC used in the experiments was
type I/II uncured OPC powder purchased from Holcim US and selected for reac-
tivity within the experimental time frame. Analysis showed the OPC to be largely
composed of calcium silicates larnite, hatrurite, and brownmillerite; the complete
analyzed mineralogy is included in Table 4. Redox conditions for each experimen-
tal system were buffered to the iron-magnetite field by adding a 1:1 mixture (by
mass) of Fe304 and Fe; the combined metal buffers were added at ~0.07 wt% of
the mass of the other solid and fluid reactants in each experiment. Billets of two
types of stainless steel (316SS and 304SS) and a low-carbon steel (LCS) were also
included as reactants in EBS-24 through EBS-28 (Table 2) to simulate co-alter-
ation with waste canister materials.

Analytical methods

Analytical electron microscopy was performed using a FEI Inspect F scanning
electron microscope (SEM) and a FEI Apreo SEM at Los Alamos National Labo-
ratory. Secondary electron (SE) imaging with the SEM was performed using an
accelerating voltage of 5.0 kV and a spot size of 10 nm. Backscatter electron
(BSE) imaging and energy-dispersive X-ray spectroscopy (EDS) were performed
at 30 kV and a 3.0 pm spot size. Electron microprobe (EMP) analyses were per-
formed at the University of Oklahoma using a Cameca SX50 electron microprobe
equipped with five wavelength-dispersive spectrometers and PGT PRISM 2000
energy-dispersive X-ray detector. BSE imaging coupled with energy-dispersive
X-ray analysis was performed using beam conditions of 20 kV acceleration and

TasLe 3. Initial target chemistry for the synthetic Opalinus clay GW
solution

(<2 min) after sampling. Aliquots of fluid samples collected before, during, and  Species Concentration

after the experiments that were used for anion and cation analyses (described =2+ 11E-02 mol L
below) were filtered using 0.22 pm syringe filters and stored in polytetrafluor- |- 1.8E-01 mol L™’
oethylene vials at 1 °C. After experiment termination, the remaining solution was HCO3 2.7E-03 mol L™!
poured off into a cone filter, the remaining solid sample was removed from the Kt 5.8E-03 mol L'
reaction cell, and the steel billets were manually removed. When analyzed sepa- ~ Na™ 1.7E-01 mol L_l
rately, Opalinus clay pieces were manually separated from the bentonite clay Si - 3.6E-05 mol L:1
matrix. Solid samples were dried in a desiccator under air at 22 °C for 1-3 weeks. 281 }gg:g; mg: ::_1
Selected pieces of each type of solid reactant (mixed clay-OPC, Opalinus clay, pH : 75

and steel billets) were then embedded in epoxy and prepared as thin sections or

TasLE 2. Reaction parameters and initial reactant masses for EBS experiments

Exp. (°C) Duration GW (g9) OC (9) WB (9) OPC (9) Steel (type) Steel (g) Fe® (9) Fe304 (9) WRR
EBS-23 200 8 weeks 150 20 5.9 2.1 - - 0.57 0.48 13.6
EBS-24 200 8 weeks 150 2.0 6.0 20 316 4.52 0.52 0.51 13.6
EBS-25 200 8 weeks 126 20 6.0 2.0 304 3.27 0.55 0.51 114
EBS-26 200 8 weeks 130 20 6.0 20 LCS 5.02 0.50 0.50 11.8
EBS-27 200 24 weeks 270 76 228 7.6 316 5.06 0.95 0.95 6.8
EBS-28 300 8 weeks 138 2.2 6.6 2.2 316 5.06 0.50 0.50 11.7

Notes: Exp. = experiment identifier; (°C) = reaction temperature; GW = groundwater solution; OC = Opalinus clay; WB = Wyoming bentonite; steel types are noted
under Steel (type), where 316 =316 stainless steel, 304 =304 stainless steel; LCS =low-carbon steel; Fe® = iron filings; Fe304 = magnetite; and WRR = water:rock
ratio (by mass), where measured by mass, all masses are reported as grams (g).
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TasLe 4. Quantitative X-ray diffraction (QXRD) results of unreacted and reacted materials (wt%)
Phase WB oC OPC Mix EBS-24 EBS-25 EBS-26 EBS-27a EBS-27b EBS-28
Non-clay fraction

Quartz 15 14.0 - 52 49 19 3 tr. 19 39
K-feldspar tr. 6.0 - 2.0 - tr. tr. 1.1 - tr.
Plagioclase 6.2 3 - 3.1 5 13 1.6 14 13 11.8
Calcite - 16.7 - 5.6 6.8 3 37 10.7 34 4.1
Dolomite - tr. - tr. - - - - - -
Gypsum tr. - - - - - - - - 2.8
Halite - - - - tr. - tr. tr. tr. -
Pyrite tr. 1.1 - tr. tr. - - - tr. -
Clinoptilolite-heulandite 13 - - 43 7.6 9.2 7.6 3.6 17.5 -
Cristobalite 15 - - tr. - - - - - -
Larnite - - 14.6 49 - - - - - -
Hatrurite - - 67.1 224 - - - - - -
Brownmillerite - - 16 53 - - - - - -
Analcime-wairakite - - - - 13 44 4.2 309 14.4 6.8
Garronite - - - - 85 10.8 9.9 5.6 10.0 25
Magnetite - - - - 24 - - tr. - 29
Tobermorite - - - - 1.8 14 2.7 8.7 32 45
Amorphous - - 23 tr. 7.8 6.6 38 7 2 1.6

Total 222 40.8 100 52.7 46.1 386 36.5 69.0 537 40.9

Clay fraction

Smectite+illite+1/S 71 245 - 31.8 40.1 54.5 513 238 423 553
Mica 38 7.5 - 38 6.4 53 6.1 37 2 34
Chlorite 2 9.2 - 37 tr. - - - - -
Kaolinite - 17.2 - 57 6.9 1.6 4.7 13 1.2 -

Total 76.8 58.4 0 45.1 534 61.4 62.1 28.8 45.5 58.7

Notes: WB = Wyoming bentonite; OC = Opalinus clay; OPC = ordinary Portland cement; Mix = calculated mineralogical abundances at the ratio of reactants used in
experiments (60:20:20 WB:Opalinus clay:OPC). “-" indicates below the mineral was not detected at the instrument detection limits (~0.5 wt%); “tr.” indicates that
peaks were identified but the mineral abundance was estimated to be below 1 wt%: columns may not sum to 100% because of this convention. The average
mineral abundance error for each phase is approximately +1 wt% for the non-clay fraction and +5 wt% for the clay.

20 nA sample current. Quantitative chemical analyses were performed by wave-
length-dispersive spectrometry with an accelerating voltage of 20 kV, beam cur-
rent of 20 nA, and spot size of 2 pm. Matrix corrections employed the PAP
algorithm (Pouchou and Pichoir 1985), with oxygen content calculated by stoichi-
ometry. Counting times were 30 s on peak for all elements. Minimum levels of
detection (calculated at 36 above mean background) in the range of 0.01 to
0.03 wt% of the oxides for all components except F (0.16 wt%). All standards
for elements in the silicates were analyzed using 30 s count times on peak and
Ko emissions. Results from EMP analyses are included in Online Materials’
Table S1.

Solid samples were ground with 20 wt% corundum before quantitative X-ray
diffraction (QXRD) analyses (Chung 1974). QXRD measurements for EBS-24
and -25 were completed with a Siemens D500 diffractometer using CuKa radia-
tion. Data were collected from 2 to 70 °26 with a 0.02 °20 step size and count times
of 8 to 12 s per step. Quantitative phase analysis was performed using FULLPAT
(Chipera and Bish 2002) and Jade 9.5 X-ray data evaluation software, with the
ICDD PDF-4 database (Kabekkodu et al. 2002). XRD analyses for EBS-26, -
27, and -28 were conducted on a Bruker D8 Discover using CuKa radiation
(A=0.154 nm, 40 kV, and 40 mA) and a silicon drift detector. Quantitative phase
analyses were performed using whole-pattern fitting with Jade 9.5 X-ray data eval-
uation software, utilizing the ICDD PDF-4 database. The mineral abundance error
for each phase for all analyses is approximately +3.5 wt% for non-clay minerals
and £6 wt% for clay minerals. Illite, smectite, and mixed-layer illite-smectite,
along with clinoptilolite-heulandite and analcime-wairakite, are reported together
as a combined fraction due to analytical challenges in distinguishing between these
phases using the employed methods.

Clay XRD analyses were performed using a Bruker D8 Discover with CuKo
radiation. To isolate the clay fraction, <2 pm particles were separated via sedimen-
tation in deionized H,O. An aliquot of the <2 pm suspension was dropped on a
zero-background quartz plate and dried. This oriented mount was analyzed from
2to 40 °20 at 8 to 12 s per step. The oriented mount was then saturated with ethyl-
ene glycol in a 60 °C oven for 24 h, and XRD analysis was repeated. A portion of
the >2 pm particles was ground with a mortar and pestle, deposited on a zero-back-
ground quartz plate, and X-rayed under the same parameters as the bulk powder
material. The remaining portion (>2 pm) was used for electron microscopy. Min-
eral identification and unit-cell parameters analysis were performed using Jade 9.5
X-ray data evaluation program with [CDD PDF-4 database. Expandable compo-
nent abundances for the disordered illite-smectites were calculated via the D°2Q
method (rodo 1980; Moore and Reynolds 1989; Eberl et al. 1993). A regression

from calculated data was used to calculate the percent expandable (%Exp)
component in each untreated and reacted bentonite by the following equation:

%Exp =973.76 — 323.45A +38.43A2 — 1.62A3

[Eberl etal. (1993) Eq. 3, R? =0.99 (1)
with A corresponding to D°2Q between the 002 and 003 peak positions for the
oriented ethylene-glycol-saturated samples. Results are shown in Online Materi-
als! Figure S1 and Table S2.

Bulk geochemistry of the initial reactants and post-mortem solid reactants was
analyzed by X-ray fluorescence (XRF) using a Rigaku Primus II wavelength-
dispersive XRF spectrometer. Samples were first crushed and homogenized in
5-10 g portions in a tungsten-carbide ball mill. Sample splits were heated at
110 °C for 4 h, then allowed to equilibrate at ambient laboratory conditions for
12 h to minimize weighing errors from atmospheric water gain. Fusion disks were
prepared for analyses of the samples by mixing 1.25 g aliquots of sample with
8.75 g of lithium metaborate-tetraborate flux and heating the mixture in a muffle
furnace for 45 min at 1050 °C. All reported values exceed three times the reported
detection limits. Additional 1 g aliquots from each sample population were heated
at 1000 °C to obtain the loss-on-ignition measurements used in the data reduction
program. Results are included in Online Materials! Table S3.

Major cations and trace metals in the solution were analyzed via inductively
coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima
2100 DV) and inductively coupled plasma mass spectrometry (ICP-MS, Elan
6100) using EPA methods 200.7 and 200.8. Ultrahigh-purity nitric acid was used
in the preparation of samples and calibration standards prior to analysis. Internal
standards (Sc, Ge, Bi, and In) were added to samples and standards to correct for
matrix effects. The Standard Reference Material 1643e Trace Elements in Water
method was used to verify the accuracy of the multi-element calibrations. Inor-
ganic anion samples were analyzed by ion chromatography (IC) following EPA
method 300 on a Dionex DX-600 system. Selected aqueous chemistry results
are shown in Online Materials' Figure S3, and complete results are included in
Online Materials' Tables S4-S9.

Geochemical modeling

In situ pH, speciation, and dissolved species activities at experimental tempera-
tures were calculated using PHREEQC v.3.7.3 with the ThermoddemV1.10_
15Dec2020.dat database (Blanc et al. 2007), which uses the B-dot ion association
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model. This database was selected for its application to modeling waste repository
geochemistry and its temperature range (to 300 °C). Calculations assumed HCO3
concentrations consistent with the mass initially included in the GW solutions
(2.7 % 1073 mol L™!, Table 3). Equilibrium aqueous speciation and in situ pH for
each sample were then calculated by first computing aqueous speciation for the
analyzed solution chemistry of each sample at 25 °C, followed by recalculation
of pH and solution speciation at experimental conditions. Additional information
on model parameters, including background solution chemistry and mineral chem-
istry used in stability field calculations, is included in Online Materials' Table S10.

REsuLTS
Crystal chemistry (SEM and EMP)

Zeolite phases were found throughout the reaction products
from the 8-week experiments run at 200 °C (EBS-23 through
EBS-26). Analcime-type zeolite minerals were associated with
each of the solid reactants: (1) in the fine-grained clay (bentonite)
groundmass; (2) at the Opalinus clay-bentonite interface; (3) in
the porous OPC matrix; and (4) at the steel-clay/OPC interface
(Fig. 1). Analcime-group minerals with Na/(Na+Ca) > 0.5 are
referred to as analcime and those with Na/(Na+Ca) < 0.5 as wair-
akite. After reaction, masses of OPC identified as distinct from the
clay matrix were largely observed as porous matrices of calcium-
silicate-hydrate (CSH) and calcium-(alumino)-silicate-hydrate
[C(A)SH] phases, with analcime crystals throughout (Fig. 1a).

e

Analcime
*F

&
Wairakite. . .
St il
4 - 250 pm

N
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On the recovered chips of Opalinus clay, analcime crystals were
consistently found to have formed in abundance at the Opalinus
clay-bentonite interface (Fig. 1b). At the steel surfaces, analcime
was identified at the surface forming isolated rounded crystals of
~10 pm (Fig. 1c). Analcime was also observed in mat-like struc-
tures formed at reacted steel surfaces and were similar in form on
all types of steel reacted in the experiments (316SS, 304SS,
and LCS).

Analcime-group minerals identified in the long-term (24-week)
experiment reacted at 200 °C (EBS-27) had several notable differ-
ences from those detected in the short-term (8-week) 200 °C
experiments (EBS-23 through -26). Specifically, the maximum
size of individual crystals or rounded crystal agglomerations was
larger, reaching ~50 pm diameter (Figs. 1d and 1e). This was true
in the clay matrix and in OPC, as well as at the steel surface. The
chemistry of the crystals at the reacted steel surface was identified
as Ca-rich [Na/(Na+Ca)<0.5] by EDS and EMP analyses
(Fig. 1f). CSH minerals were also identified in greater abundance
throughout the clay matrix in EBS-27 compared to EBS-23
through -26.

In the materials reacted in EBS-28 at 300 °C, the analcime-
group minerals identified in all matrices in EBS-28 were
relatively Ca-rich (compared to those identified in the 200 °C

Epoxy
‘\Analcime

>3
¥

et

Wairakite- - |

FiGure 1. BSE images of reactants from EBS-24, -27, and -28, including analcime-wairakite minerals. Panels (a, b, ¢) show reactants from EBS-
24 (200 °C, 8 weeks): (a) remaining OPC matrix with secondary analcime; (b) analcime formed in the reacted clay matrix; (¢) analcime formed at the
surface of reacted 316SS. Panels (d, e, f) show reactants from EBS-27 (200 °C, 24 weeks): (d) secondary analcime in a CSH matrix of reacted OPC;
(e) analcime formed in the reacted clay matrix; (f) Ca-bearing zeolite minerals at the reacted 316SS surface. Panels (g, h, i) show reactants from
EBS-28 (300 °C, 8 weeks): (g) an abundance of wairakite formed within an Opalinus clay fragment; (h) wairakite formed in the reacted clay matrix;

(i) wairakite formed at the reacted 316SS surface.
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experiments) and were identified as wairakite by EMP analysis.
Wairakite was within and around identified Opalinus clay chips
(Fig. 1g), as well as within the reacted clay matrix (Fig. 1h). In
the clay matrix, wairakite crystals were dominantly 10-20 pm
diameter, similar to the size of analcime crystals identified in
EBS-23 through -26 at 200 °C (Figs. 1g and 1h). Wairakite crys-
tals identified at the reacted 316SS surface exceeded 50 pm
(Fig. 1i). As in EBS-27, CSH phases were observed throughout
the clay matrix. No OPC grains nor anhydrous cement phases
were identified as discrete from the clay matrix.

EMP analyses of the chemistry of the analcime-group zeolite
grains identified in the experiments showed differences in
zeolite chemistry within each experiment based on the initial
reactants with which they were associated. The composition of
the analcime formed in EBS-23 to -26 (reacted for 8 weeks at
200 °C) spanned a range of Na/(Na+Ca) compositions from
>~0.5 to <0.8, consistent with analcime having substantial
Ca incorporated in place of Na. The Si/Al values for these zeo-
lites were dominantly between 2.0 and 2.5. Compositional dif-
ferences in the analyzed analcimes were not associated with
different contexts (i.e., clay matrix, encrusting Opalinus clay
fragments, OPC, steel) in EBS-23 through -26. In the 24-week
experiment (EBS-27), analcime-type zeolite minerals identified
in the clay matrix and remaining OPC fractions generally cov-
ered the same range of Na/(Na+Ca) and Si/Al as those observed
in the 8-week experiments (Fig. 2). The zeolite minerals formed
at the steel surfaces were compositionally wairakite and
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substantially Ca-rich compared to those formed in the 8-week
experiments, with Na/(Na+Ca) < 0.22. However, many ana-
lyzed points of the zeolite minerals at the steel surface from
EBS-27 also had Si/Al ratios substantially exceeding the maxi-
mum accepted Si/Al ratio for wairakite of ~3 (Passaglia and
Sheppard 2001). These analyses were excluded from further
data interpretation, including the calculation of averaged values.
In EBS-28, reacted for 8 weeks at 300 °C, zeolite phases ana-
lyzed in all contexts within the reaction products were compo-
sitionally wairakite [Na/(Na+Ca) < 0.28, Fig. 2]. The Si/Al
ratios of the wairakite identified in the EBS-28 reaction products
were broadly distributed between 1.9 and 3.2. We note that the
results of many of the analcime-wairakite EMP analyses show a
small negative charge balance (<5%), suggesting potential
sodium migration from subhedral zeolite phases during excita-
tion or during thin section preparation. EMP analyses with
charge balance >10% were excluded from the data set.

Bulk mineralogy and geochemistry (XRD and XRF)

QXRD results showed that newly formed and increased
mineral phases after reaction included analcime-wairakite,
garronite, tobermorite, and amorphous material (Table 4). None
of the initial OPC minerals, larnite, hatrurite, brownmillerite, or
portlandite, a major component of cured OPC, were identified
after the experiments. QXRD analysis was not performed on
the sample from EBS-23 due to the small amount of solid sample
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recovered. After the experiments at 200 °C, the mass% of the
clinoptilolite-heulandite group zeolite was preserved in the
8-week experiment and increased in the 24-week experiment
(EBS-27). The solid reaction products of EBS-27 were observed
to be physically stratified in the reaction cell after experiment
termination, potentially due to the greater initial mass of solid
reactants, lower initial water-rock ratio, and/or longer experi-
mental duration (24 weeks as opposed to 8 weeks). Solid reac-
tants collected from EBS-27 were then divided and analyzed
based on their depth in the reaction cell: sample EBS-27a was
collected from the top of the solid reaction products, while
EBS-27b was collected from the solids that had been located at
the bottom of the gold bag during reaction. The orientation “top”
and “bottom” of the reaction cell refer to their positions during
the reaction, when the water-saturated solid reactants settle to the
bottom of the bag. EBS-27a had a higher abundance of anal-
cime-wairakite and calcite and a substantially lower abundance
of clay phases compared to EBS-27b. In the solid reaction pro-
ducts from the 300 °C experiment (EBS-28), we observed the
formation of abundant wairakite and CSH phases and relative
increases in plagioclase feldspar. In contrast to the experiments
at 200 °C, no peaks from clinoptilolite-heulandite were observed
in the reacted products. Clay XRD analyses of oriented clay frac-
tions from the clay groundmass showed reduced expandability
of the clay phase after reaction (Online Materials' Fig. S1 and
Table S2). Shifts of the glycolated smectite (GS) 002 and 003
peaks from the 2 pm fraction of the clay groundmass correspond
to ~10% reduction in expandability in the 8-week, 200 °C
experiments, as well as in the 8-week, 300 °C experiment
(EBS-28). The expandability of the clay phase after EBS-27
(24 weeks, 200 °C) was not quantified; the amorphous phases
in the sample were presented as a broad peak between 18 and
25 °20, which obscured the position of the d003 glycolated
smectite peak.

XRF analyses showed that the solid samples generally
decreased in Ca and Si and increased in Na after reaction (Online
Materials' Table S1). Solid reactants from the 24-week experi-
ment (EBS-27) were divided and analyzed based on their depth
in the reaction cell in the same manner as for XRD analysis
described above. EBS-27a was taken from the top layer inside
the reaction cell and contained higher concentrations of CaO
and Fe,O3 in comparison to EBS-27b (16.4 vs. 11.6 wt% and
8.4 vs. 7.5 wt%, respectively), which was taken from near the
bottom of the reaction cell. EBS-27b had a higher wt% of
SiO; and Al,O3 compared to EBS-27a (49.5 vs. 41.5 wt%
and 15.4 vs. 13.7 wt%, respectively), consistent with the greater
mass% of clay minerals in EBS-27b (Table 4). In the 300 °C
experiment (EBS-28), Fe,O3 was elevated in the reaction pro-
ducts in comparison to the unreacted starting material.

Aqueous chemistry

In all experiments conducted at 200 °C, the pH was observed
to fluctuate by several pH units during the first 2-3 weeks of
experimental time before achieving an apparent steady-state
bench pH of 8.5-9. Samples from EBS-28 (300 °C) stabilized
at a substantially lower pH of ~6 after an initial upward fluctua-
tion to pH >9 in the first week (as measured at ambient condi-
tions). K and Na concentrations in the 200 °C experiments
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(EBS-23 through -27) had divergent trends, with EBS-23
and -24 having lower K and Na concentrations compared to
EBS-25 through -27. Samples from EBS-23 and EBS-24 had
initial trends of K < 0.003 mol L™! and Na < 0.1 mol L™!. In
contrast, experiments EBS-25 through -27 had consistently
higher K and Na concentrations (K >0.004 mol L~! and
Na>0.13 mol L_l). At 300 °C (EBS-28), K concentrations
increased and then remained elevated (>0.005 mol L™!) for
the remainder of the experiment. Na concentrations were ini-
tially elevated, then sharply decreased after the second week
of reaction. Ca concentrations remained constant (EBS-23 and
-24) or gradually increased (EBS-25 through -27). While
steady-state concentrations of Na and K were apparently
achieved after ~10 weeks in the long-term experiment
EBS-27, Ca concentrations continued to increase throughout
the 24-week duration of EBS-27. EBS-28 conducted at 300 °C
had similar Ca concentrations in magnitude to those from 200 °C.
In the 200 °C experiments (EBS-23 through -27), SiO, increased
to final concentrations of ~5x 107> to 7x 1073 mol L™\, In
EBS-28 (300 °C), the final SiO, concentration was substantially
higher (~1.7 x 1072 mol L™!). Al and Mg were below detection
limits for most of the experimental durations. Complete aqueous
chemistry results are illustrated in Online Materials' Figure S2
and included in Online Materials' Tables S1-S6.

Discussion
Cement-clay interactions and zeolite formation

In general, the formation of analcime-group zeolites in
hydrothermal conditions is promoted by increased Nat, Ca™,
and pH, as well as by dissolved SiO; concentrations equilibrated
with quartz (Kerrisk 1983; Chipera and Apps 2001). For exam-
ple, hydrothermal clay alteration is known to produce zeolites by
the following generalized reactions (Bayliss and Levinson 1971;
Mosser-Ruck et al. 2016):

3 smectite + 3 Fe + 4 H,O — chlorite + 3 quartz

+ 2 albite + 3 H, + zeolite 2)

calcite + quartz + kaolinite + H,O — garronite + COy(yq)
3
Clinoptilolite, an accessory mineral in the bentonite phase,

may also alter to analcime in hydrothermal conditions by the fol-
lowing generalized reaction:
clinoptilolite + 6Na* — analcime +24Si0, + 14H,0+3 Ca?*
“
After the 8-week experiments, at 200 °C, changes in the min-
eral phases derived from the WB and Opalinus clay were largely
within the range of measurement error and natural sample het-
erogeneity. In the short term (after the 8-week experiments), the
formation of analcime-wairakite and garronite zeolite minerals
is interpreted to have been driven by the alteration of cement
minerals. However, after 24 weeks of reaction (EBS-27), a rela-
tive decrease in smectite-illite minerals and an increase in clin-
optilolite-heulandite were observed. As the mass percent of
calcite was also generally preserved, this suggests a shift over
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time to zeolite formation driven by alteration of the bentonite
minerals, as per Equation 2, rather than Equation 4. At 300 °C
(EBS-28), the lack of identification of any clinoptilolite-
heulandite group minerals suggests that the formation of anal-
cime-group minerals may have proceeded by Equation 4 or a
similar reaction path that resulted in the formation of the more
Ca-rich end-member, wairakite, with less Ca®t release.

Analcime-wairakite formation in our experiments was abun-
dant in comparison to previous hydrothermal studies that reacted
WB without cement and resulted in minor or no formation of
analcime-wairakite minerals (Cheshire et al. 2013; Caporuscio
etal. 2017; Sauer et al. 2020; Zandanel et al. 2022). For example,
Sauer et al. (2020) reported the formation of analcime as a minor
phase (0.3-2.9 wt%) after 624 weeks of reaction of WB with
Opalinus clay and Opalinus clay GW at 300 °C, and no analcime
was identified in their experiments performed at 200 °C (as
compared to 4.9-6.4 wt% analcime in EBS-23 through -26
reacted at 200 °C). Cheshire et al. (2014) similarly reported
1-3 wt% of high-Si analcime formed after WB was reacted in
a brine solution at 300 °C for 5 weeks. The abundant formation
of analcime-wairakite in our experiments is then attributed in
part to the cement influence on fluid chemistry, as the inclusion
of OPC in our experiments resulted in increased pH compared to
these previous experiments, which is known to increase anal-
cime stability and drive analcime-group zeolite precipitation
(Chermak 1992; Savage et al. 2007).

Montmorillonite alteration to illite in hydrothermal condi-
tions may result in a source of SiO; and Na in solution (Eberl
and Hower 1976; Whitney 1990). Increases of SiO; in solution
have been shown to be reliable indicators of illitilization (Cua-
dros and Linares 1996); however, as our experiments included
mixed-mineral assemblages (rather than purified bentonite), the
source of the observed increases in aqueous SiO; concentrations
in our experiments was not unambiguously determined. Clay
XRD analyses of the reacted clay matrices showed a 5-15%
reduction in expandability and a ~10 to 20% increase in illite after
most experiments, consistent with the observed decreases in dis-
solved K concentrations and increases in aqueous SiO; throughout
the experiment. The resulting release of Na would also promote
analcime formation and stability.

Analcime-wairakite formation

Analcime and analcime-wairakite were most abundant after the
experiment with the longest reaction time (24 weeks, EBS-27), and
greater abundances of analcime and wairakite were found in
EBS-27a compared to EBS-27b (Table 4). The increased anal-
cime-wairakite formation in EBS-27a may be attributed to
increased interaction between the solid reactants and the Opalinus
clay GW solution. Increased water-rock interaction is expected to
have occurred in the solid that composed EBS-27a, at the top of the
reaction cell, along with increased rates of water-mediated hydro-
thermal alteration. Bentonite swelling appeared to have excluded
water from the bottom of the reaction cell, resulting in effectively
lower water-rock ratios and limited fluid transport in the solid reac-
tants at the bottom of the cell. For this reason, results from EBS-
27a are considered comparable to those from EBS-24 through -26
that had higher water-rock ratios and smaller masses of initial reac-
tants, while the reaction products in EBS-27b represent potential
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reaction pathways in a less water-saturated regime. Linear regres-
sion through the total of analcime+wairakite mass% in the solid
phase after 0, 8, and 24 weeks show that analcime increased by
~0.6 to 1 wt% per week (Online Materials! Fig. S3). These values
are obviously gross estimates and do not capture any changes in
the formation rate over time, as would be expected during mineral
precipitation in natural systems. In addition, the formation of anal-
cime during the first 8 weeks of reaction is interpreted to be domi-
nantly driven by the alteration of cement minerals, rather than
bentonite. However, the decrease in clay minerals and increase
in zeolite minerals in EBS-27 (in particular EBS-27a) indicate
the potential for substantial bentonite alteration at cement inter-
faces under water-saturated conditions, or where fluid transport
may provide a continuous input of groundwater over time.

The Na proportion, or Na/(Na+Ca), observed in the zeolites
was affected by: (1) the reaction duration and (2) the reaction
temperature. In experimental runs of up to 8 weeks at 200 °C
(EBS-23 through -26), nearly all of the analcime-group minerals
analyzed by EMP were found to be compositionally analcime,
Na/(Na+Ca) > 0.5, with Ca as a subordinate cation. The Si/Al
ratios for the analcime identified in EBS-23 through -26 were
generally higher than the ideal formula for analcime (Si/Al=2),
consistent with elevated Si/Al ratios found in sedimentary
analcimes (Passaglia and Sheppard 2001). The 24-week reaction
time in EBS-27 resulted in the increased formation of both
analcime and wairakite: EBS-27a and -27b had substantially
greater proportions of analcime in the reacted mineral assem-
blage than in the 8-week experiments EBS-24 through -26
(Table 4). Hydrothermal alteration of the reactants at 300 °C
and 8 weeks (EBS-28) resulted in greater wairakite formation
and lesser analcime formation compared to the experiments
run at 200 °C for 8 weeks (Table 4); all analyzed analcime-group
minerals in EBS-28 were found to be wairakite compositions
(Fig. 2) with the Si/Al variability within the ranges tabulated
for natural wairakite (Passaglia and Sheppard 2001).

Overall, the result that wairakite was most abundant in the
reaction products from EBS-28, reacted at 300 °C, is consistent
with thermodynamic analysis showing increased wairakite sta-
bility at 300 °C compared to 200 °C (Online Materials' Fig. S4).
The stability of wairakite relative to other minerals, specifically
smectite minerals, is highly dependent on Si activity in hydro-
thermal conditions. At both 200 and 300 °C, increased silica
activity in solution results in an increased smectite stability
relative to analcime and wairakite. The long-term stability of
analcime-group zeolites is then expected to be dependent on
continued sources of dissolved Na and Ca in solution, such as
through cation exchange with clay minerals or dissolution of
cement phases, as observed here. Finally, increased pH also sub-
stantially increased the stability of analcime-wairakite zeolites.
The elevated pH in our experiments driven by OPC is then inter-
preted to have been a major driver in the observation of analcime
at 200 °C in these experiments, as compared to previous experi-
ments reacting WB at 200 °C that had lower in situ pH and did
not identify any analcime-group minerals (Sauer et al. 2020).

Reactions at steel surfaces

Mineral assemblages identified at the reacted steel surfaces
in EBS-23 through -28 included zeolites (analcime, wairakite,
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garronite, and ettringite), smectite minerals, C(A)SH phases, and
Fe-oxides (Fig. 3), as well as some silicate crystals chemically
consistent with a prehnite composition (as measured by EDS).
The results contrast with previous work, where steel billets were
reacted with WB under hydrothermal conditions, which produced
the widespread formation of Fe-smectite or saponite at the
steel-bentonite interface (Cheshire et al. 2018; Sauer et al.
2020). The difference can be attributed to the addition of OPC,
as decreased steel corrosion is expected in aqueous solutions
with elevated pH (Kursten et al. 2004). Additionally, even low
concentrations of dissolved iron in solution have been shown to
promote analcime formation under hydrothermal conditions
(Katsuki et al. 2007) and may be incorporated into the analcime
structure at up to several weight percent (Katsuki et al. 2007; Azizi
and Yousefpour 2011). Many of the chemical analyses of anal-
cime-wairakite minerals identified in our experiments contained
trace iron that was particularly high among some samples from
steel surfaces (up to 2 wt% FeO, Online Materials' Table S1).
We posit that the alkaline pH of the bulk system and the differences
in bulk chemistry in our experiments with uncured OPC powder
inhibited steel corrosion, and the iron released promoted the for-
mation of analcime-group minerals that were observed to coat
the surfaces of all steel types, regardless of temperature.

In EBS-27, a population of zeolites observed at the reacted
316SS surfaces was found to have a substantially higher Ca
component, Na/(Na+Ca) < 0.22, compared to both the anal-
cime-group minerals identified in the reacted clay matrix in
EBS-27 and those formed on the steel in all other experiments.
The steel-surface zeolite population in EBS-27 also had excep-
tionally high Si/Al values, Si/Al > 3, and greater Si/Al variabil-
ity compared to all other analyzed populations (Fig. 2). Samples
prepared in cross section of the 316SS reacted in EBS-27
demonstrated petrographic evidence of intergrown analcime
and garronite in the mottled textures of a zeolite at the steel-ben-
tonite interface (Fig. 3b). These points are attributed to potential
intermixing of analcime with garronite, prehnite, and/or C(A)SH
phases that were observed to form in EBS-27; the EMP analyses
from apparent mixed-phase points were excluded from aggre-
gated data analyses. The visual evidence of the intergrowth and
its range of compositions additionally suggests that the experi-
mental conditions captured an overlapping or shifting of the gar-
ronite-analcime thermodynamic stability space.

(@)

Analcime
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Analcime-wairakite solid solution

For naturally formed analcime-group minerals, increases in
Na/(Na+Ca) correspond to increased Si/Al variability (Passaglia
and Sheppard 2001). This variability is particularly associated
with tetrahedral analcime and tetrahedral Ca-analcime, whereas
monoclinic wairakite has been reported to have less Si/Al disorder
and less variability in Si/Al ratios (Neuhoff et al. 2003). A series of
previous experiments that hydrothermally reacted water-saturated
bentonite clay with various other components up to 300 °C
resulted in hydrothermally formed zeolite minerals with composi-
tions along the analcime-wairakite solid-solution (ss) series
(Cheshire et al. 2013; Sauer et al. 2020). Reaction of WB in NaCl
brines at 300 °C resulted in the formation of Si-rich analcimes
(Fig. 4). Further experiments (Sauer et al. 2020) that reacted
WB with Opalinus clay and a synthesized Opalinus clay GW
at 200-300 °C also observed a range of Si-rich zeolites along the
analcime-wairakite ss series. We note that measurements of Si/Al
in analcime reported by Cheshire et al. (2014), as well as those
reported by Bargar and Beeson (1981) and Vitali et al. (1995),
exceeded the accepted Si/Al range (~1.50-2.92) for the analcime-
wairakite group as described in Passaglia and Sheppard (2001).

Linear regression through the data that delineate the upper
bound of Si/Al in Figure 4 (Vitali et al. 1995; Steiner 1955;
Pe-Piper and Miller 2002; Sauer et al. 2020; Cheshire et al.
2013) describes the following empirical relationship between
increases in Si/Al variability and Na/(Na+Ca):

Si/Al = 1.53[Na/(Na + Ca)] + 1.90 )

Previous studies have posited that Si/Al replacement in anal-
cime is a function of temperature, pressure, and silica activity in
solution (Neuhoff and Ruhl 2006) and that Si/Al replacement in
wairakite, or deviation from long-range Si/Al order, occurs in
tetragonal Ca-analcime and is not favored in monoclinic “true”
wairakite (Neuhoff et al. 2003). Our results of the increasing
Si/Al ratio with increasing Na/(Na-+Ca) are then consistent with
the formation of a series from monoclinic wairakite to analcime.
The formation of Ca-rich end-members (wairakite) may addi-
tionally be promoted by increased Al ordering in the mineral
structure (Aoki and Minato 1980). However, many of the previ-
ous studies reported Si/Al relationships for analcime and wair-
akite samples closer to the end-member compositions of those
minerals than within the range of analyzed data presented here,

316SS

> Wairakite

Intergrown mineral

assemblage
#

£

Garronite —

Ficure 3. BSE images of analcimes formed at the steel surface and in the clay matrix. (a) Cross section of steel reacted in from EBS-26 mounted
in epoxy, with analcime crystals and mat visible. (b) 316SS reacted in EBS-27 with intergrown secondary mineral assemblage at the surface.

(c) 316SS surface from EBS-27 with wairakite and garronite.
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FIGURE 4. Analyses from this work and previous literature in analcime-wairakite solid-solution space. Two apparent trends are delineated: (1) the
ideal Si/Al ratio (2.0) and (2) a trend of silica-enriched zeolites (Eq. 5). Analyses from this work and from experimental work published by Sauer et al.
(2020) and Cheshire et al. (2013) fall along this line and fill in the gap from AnlysWrkss—Anl;sWrkys. Additional data plotted from Steiner (1955),
Tijima and Hay (1968), Seki and Oki (1969), Harada and Nagashima (1972), Aoki and Minato (1980), Bargar and Beeson (1981), Cho and Liou
(1987), Vitali et al. (1995), Ogihara (1996), Oscarson and Bargar (1996), Pe-Piper and Miller (2002), Neuhoff et al. (2003, 2004), Cheshire et al.

(2013), and Sauer et al. (2020). (Color online.)

with 0.30 > Na/(Na+Ca) < 0.70. Analysis of the data presented
here suggests that increases in Si/Al and Ca/Na ratios follow a
predictable relationship during analcime-wairakite formation,
which can be further correlated with reaction temperature, depth
of burial, and solution chemistry parameters known to affect
Si/Al, Si-Al ordering, and analcime-wairakite composition.

IMPLICATIONS

The most reliable predictors of the relative dominance of
analcime or wairakite in our experiments were: (1) the duration
of the experiment and (2) the reaction temperature. At 200 °C,
a longer experimental duration (24 weeks) resulted in analcime,
Na/(Na+Ca) > 0.5, that had slightly increased Na content,
Na/(Na+Ca), compared to experiments with shorter (8 weeks)
durations. The increased reaction time also resulted in an
increased formation of both analcime and wairakite, where anal-
cime, as a mass percent of the final solid reactant assemblage,
increased with experimental duration in an apparently linear rela-
tionship. Selected wairakite groups formed at 300 °C that had
Si/Al ratios elevated over the ideal 2:1. As the kinetic transition
from comparatively Si-rich Ca-analcime phases to monoclinic
wairakite is sluggish, it is possible that longer reaction times at
300 °C would result in wairakite with decreased Si/Al ratios, sim-
ilar to laumontite-wairakite transitions at elevated temperatures
(Jove and Hacker 1997). In a subsurface backfilled nuclear waste
repository, this would suggest that during heating where bentonite
and OPC interact in the presence of fluids, analcime would form
at temperatures <300 °C while at 300 °C the formation of
Ca-analcime would be initiated, potentially transitioning to mono-
clinic wairakite over longer time periods (>8 weeks). At all

temperatures, we also observed that the reacted bentonite had
reduced expandability due to the formation of zeolites and other
phases in the clay fraction, as well as Na-K exchange and the tran-
sition of montmorillonite to illitic clays. While decreased swelling
capacity of the bentonite matrix is not considered favorable for
repository barrier performance, the formation of zeolite minerals
(analcime and wairakite) with potential radionuclide uptake
behavior in the bentonite buffer may present alternative pathways
to immobilizing radionuclides.
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