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Abstract

The dissolution of waste glasses by groundwater presents a key mechanism for immobilised
or encapsulated contaminant release over geological timescales. Accurately predicting glass
dissolution rates remains a challenge to waste management, where a complete
understanding of glass dissolution mechanisms is required to model the release and fate of
contaminants. Here, this work investigated the suitability of boron isotope fingerprinting
techniques for studying glass dissolution mechanisms, focussing on solid-state diffusion
processes during boron release. Two glasses (magnesium-free '°B-ISG and magnesium-
bearing SLi-Mg-EM) were altered in deionised water at 90 °C for 0.25 to 112 d. Solution
renewal experiments were used to further study altered surface layer properties. At <28 d,
solution boron isotope (''B/'°B) ratios for °Li-Mg-EM were consistent with the apparent
congruent release of boron alongside sorption/coprecipitation processes with secondary
minerals, but decreasing solution ''B/'°B ratios at > 28 d suggested diffusion occurred across
the altered layer at a dissolution front spatially separated from that of lithium. Contrastingly,
solution "B/1°B ratios for '°B-ISG at < 28 d were fitted well using a diffusion model assuming
a time-dependent apparent diffusion coefficient, but those at > 28 d were better explained
by either sorption/coprecipitation processes with secondary minerals or a spatially-
dependent apparent diffusion coefficient. The altered layer formed for °B-ISG after 28 d was
not protective following solution renewal, and renewed solution ''B/'°B ratios were instead
consistent with an apparent congruent release mechanism. This study presents boron
isotopes as in situ tracers for studying glass dissolution mechanisms, assisting in predicting
contaminant releases during waste glass-aqueous solution interactions.
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Highlights

+ The occurrence of measurable B diffusion during glass dissolution was a function of time and glass composition.
+ Brelease was congruent at < 28 d with sorption/uptake raising solution ''B/'°B ratios for the Mg-bearing glass.

« Diffusion across the altered layer then played a key role in B release at > 28 d for the Mg-bearing glass.

+ A time-dependent diffusion model fitted solution ''B/'%B ratios well for the Mg-free glass at <28 d.

+ The altered layer of the Mg-free glass at > 28 d did not present a diffusive barrier.

" Correspondence: Thomas L. Go(it (thomas.gout@pku.edu.cn)

Full list of author information is available at the end of the article.
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Introduction

Glass is commonly used as a host matrix for the immobilisation and
permanent disposal of contaminants, such as radionuclides in vitrified
waste glasses within a highly engineered geological disposal facility or
chromium-bearing industrial waste glasses in landfill sites!'?. Over
geological timescales, groundwater is expected to contact these waste
glasses. As metastable phases, glasses undergo a series of dissolution-
precipitation reactions when in contact with aqueous solutions,
transforming into more thermodynamically stable phases (e.g., phyllo-
silicates) following Ostwald's rule of stagest®*. In turn, glass dissolution
by groundwater presents an important pathway for contaminant
release into the geosphere. However, accurately predicting contami-
nant release rates and subsequent transport processes requires a
complete understanding of glass alteration mechanisms®=!.

Some authors have extended an interface-coupled dissolution-
precipitation model from silicate minerals to borosilicate glasses('%l.
Such models broadly describe glass dissolution as (1) congruent
hydrolysis of the glass, (2) localised supersaturation of an interfacial
film of water with respect to silica phases (e.g., amorphous silica), (3)
polymerised silica species nucleation and growth to form an altered
layer, (4) colloidal particle aggregation maturing the altered layer,
and (5) slowed transport through the altered layer until it presents a
rate-limiting mechanism['0-14, The solid-state diffusion of water
species into the glass and subsequent ion exchange with glass
species can only become rate-limiting once the rate of congruent
dissolution, controlled by transport effects, slows below the rate of
solid-state diffusiont’>l.

Some works have observed apparent diffusion profiles of mobile
glass species, such as boron (B), anticorrelated with protons
(HH)['617] suggesting diffusion presented a significant release mech-
anisml'7-21], 'Classical' diffusion models consider interdiffusion as a
significant mechanism: the inward diffusion of water species, ion-
exchange between H* and glass network modifying or charge
compensating species (e.g., alkali metals) and the outward diffusion
of reacted glass species?2-24], lon-exchange with charge compensat-
ing species associated with tetrahedral [BO,]~ units (e.g., Na*[BO,]")
destabilises bridging B-O-B/Si bonds(?5l. Further, the lower energy
barrier for B-O-B/Si bond hydrolysis than for Si-O-Si bonds at near-
neutral pH allows the former to initially hydrolyse at a similar rate to
alkali metal interdiffusion(26, In this view, interdiffusion and B-O-B/Si
network bond hydrolysis rapidly create a hydrated glass layer
denuded of more mobile glass speciesi?>27], The increase in solution
pH then favours incomplete hydrolysis of the hydrated glass

network Si-O-Si bonds to create a 'gel' structurel28.29, which, along-
side condensation and precipitation reactions, creates an altered
layert30-331, Dissolution then slows due to increasingly limited trans-
port through the altered layer and a decreasing thermodynamic
affinity for hydrolysisl'934-361 At long times, a component of the
altered layer may restructure into a nanoporous barrier that limits
dissolution to the diffusion of water species and reacted glass
species alongside secondary mineral precipitation!!6:20,27,37-40],

Note that the above mechanisms are not mutually exclusive:
previous works observed altered layer structures not strictly
attributable to a single model throughout timel*'—44l, Previous
lithium (Li) isotope tracer studies showed that Li was predominantly
released through diffusive processes at short timesl*54¢l, whilst
results reported for an analogue waste glass (7-component) and a
simulant waste glass (24-component) at long times (> 28 d) were
consistent with Li release predominantly through diffusion across
the altered layer and through congruent hydrolysis coupled with
secondary mineral precipitation, respectivelyl647l. Overall, the
effects of glass composition and experimental conditions on diffu-
sion as a rate-limiting mechanism and the role of B diffusion during
glass alteration remain poorly understood.

In dilute aqueous solutions, B is predominantly present as boric
acid, B(OH);, and monoborate anions, [B(OH),-, with a pK,
~9.2148-501; polymerised species form at approximately = 20 mM total
BG1-331, The large relative mass difference (~10%) between the two
stable isotopes of B, 1°B and "B, is associated with substantial mass-
dependent isotope fractionation (~ £50%o) in low-temperature
terrestrial environments5459], allowing B isotopes to be used as
sensitive tracers of fluid-rock interactions!®6-59, Tetrahedrally coordi-
nated B (e.g., aqueous [B(OH),]- or solid phase [BO,]~ units) is
enriched in 9B relative to trigonally coordinated B (e.g., aqueous
B(OH); or solid phase [BO;] units) through an equilibrium isotope
effectl5660-62], Previous works have shown the sorption of aqueous
B(OH); and [B(OH),]- species onto secondary mineral surfaces
(e.g., silica gels) and the structural incorporation of B as tetrahedral
[BO4]~ units (e.g., in aragonite) results in an enrichment of 9B in the
solid phase whilst "B is preferentially retained in solution (fractiona-
tion ~ +40%o)19.60.63-73], This fractionation has a strong dependence
on pH through aqueous B(OH);-[B(OH),]- and sorption complex
structure distributionsl48:49,55,64,67.74,75],

B isotopes can also fractionate kinetically during diffusion: the
faster diffusion of °B than ''B between diffusion couples of
pegmatite forming melts was reported at 100 MPa and 850-1,250 °C
(empirical parameter g = 0.032 + 0.002)¢l, Whilst interdiffusion has
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been observed to fractionate Li isotopes during glass dissolution at
short times[*54¢], no such effect has been observed for B isotopes.
Further, isotopic fractionation has not been observed to accom-
pany boron release during low-temperature, congruent primary
phase dissolution during silicate mineral weathering>968l, but incon-
gruent dissolution of a phase or mineral assemblage may result in
isotopic fractionation!’7],

Here, this work aimed to (i) use isotope fingerprinting techniques
to trace B diffusion during glass dissolution, (ii) compare B isotope
fractionation effects for magnesium-rich (rapid phyllosilicate precip-
itation)’8] and magnesium-free glasses (limited secondary mineral
precipitation)’9], and (iii) investigate whether numerical diffusion
models can account for observed trends in isotopic fractionation.
Two glass compositions were studied herein: (1) 19B-ISG, represent-
ing the magnesium-free reference glass International Simple Glass
(ISG)! but spiked with 9B, and (2) 6Li-Mg-EM, representing a
magnesium-rich waste glass#7:8%, Dissolution experiments took
place in unbuffered deionised water at 90 °C for 0.25 to 112 d, with
solution renewal experiments after 28 d to investigate whether the
altered layers presented protective barriers against further dissolu-
tion. B isotope fingerprinting techniques were applied to the result-
ing solutions to investigate the diffusive release of B in situ as a func-
tion of glass composition and time.

Methodology

Sample synthesis and preparation
Two glasses were studied herein: 1°B-ISG with a composition nominally
identical to that of ISGI®! but spiked with '°B to a nominally equimolar
1B/19B ratio (nominal mol% composition: 3.8% Al,O;, 8.0% '°B,0;,
8.0% '"'B,03, 5.7% Ca0, 12.6% Na,0, 60.2% SiO, and 1.7% Zr0O,), and
®Li-Mg-EM with a '"'B/'°B ratio nominally at natural abundance
(nominal mol% composition: 3.2% Al,O3, 18.3% B,03, 1.2% La,03, 5.1%
Li,O, 8.7% MgO, 5.1% Na,O and 58.4% SiO,).

10B-ISG was synthesised as a single batch by heating dried precur-
sor powders (99.99% Al,O; 99.99% B,O; with a ''B/'9B ratio
assumed to be at natural abundance, B,0; enriched to 99.61% '°B
atoms, 99.995% CaCO3, 99.5% Na,COs3, 99.9% SiO, and 99.99% ZrO,)
to 1,300 °C for 4 h in a 90% Pt 10% Rh crucible using a laboratory
chamber furnace (Lenton UAF 16/10). The glass melt was poured
onto graphite-coated stainless-steel plates, and this procedure was
repeated prior to annealing at 569 °C for 6 h, crushing with an agate
mortar and pestle and sieving with stainless-steel test sieves to a 75
to 150 um fraction. Powders were checked for magnetic particles
and then washed to remove adhering fine particles by repeated
sonication and sedimentation using absolute ethanol (99.99%, Alfa
Aesar, US) before drying at 90 °C for 16 h.

6Li-Mg-EM was synthesised as a single batch following a similar
procedure to '9B-ISG but with differences in the precursor powders
(99.99% Al,03, 99.98% B,03, 99.999% La,05, 99.998% (natural abun-
dance Li isotopes) and 95.77% ©Li atoms (Euriso-top) Li,CO3, 99.99%
MgO, 99.95% Na,B,0; and 99.9% SiO,) and the furnace heating
profile. Dried precursors were first heated to 750 °C for 3 h before
heating to 1,500 °C and immediately pouring the melt onto
graphite-coated stainless-steel plates. This procedure was then
repeated once more without holding for 3 h before pouring the
melt onto graphite-coated stainless-steel plates heated to 250 °C.
Annealing took place at 550 °C for 2 h, and powders were prepared
to a 75 to 150 um fraction following the same procedure as 19B-I1SG
above. Further details on the synthesis and characterisation of
6Li-Mg-EM are given in a previous study®’l. Whilst SLi-Mg-EM
underwent dissolution experiments in a previous study’], the B

concentrations and B isotopic measurements presented herein
for 6Li-Mg-EM are reported here for the first time alongside data for
10B-ISG.

Glass characterisation

All acids used in this study were distilled in a Teflon sub-boiling still
(single distilled for HF and double distilled for HNO; and HCI). All water
used, including in the dissolution experiments and for diluting acids,
was deionised water (18.2 MQ-cm, Milli-Q).

Prepared 19B-ISG powders were weighed (0.12500 and 0.03125 g)
into 15 mL perfluoroalkoxy alkane (PFA; Savillex, US) vials before
concentrated HCl (~12.0 M, 9 mL), HNO; (~15.9 M, 3 mL) and HF
(~28 M, 1 mL) were added and heated at 150 °C for 20 min. Digests
were analysed by inductively coupled plasma optical emission spec-
trometry (ICP-OES; Ciros Vision, SPECTRO Analytical Instruments,
Germany) for all glass species. Recoveries for 19B-ISG were within 1%
and 10% of their nominal values for B and all other elements,
respectively, with relative standard deviations of < 2% on all values.
The characterisation of ©Li-Mg-EM is presented in a previous
studyt71,

Archimedes' Principle was used to measure glass densities in trip-
licate using an analytical balance with a weigh-below hook (Pioneer,
Ohaus, US). A density of 2.47 + 0.10 g cm~3 was measured for 19B-
ISG, which was comparable to those of ISG (2.50 + 0.01 g cm=3)79!
and 6Li-Mg-EM (2.47 +0.03 g cm~3)147],

X-ray powder diffraction (D8 Advance, Bruker, US) was used to
ensure the pristine glasses were amorphous. Approximately 100 mg
of powder was analysed on a glass slide. A range of 10 to 60° (26)
was analysed in 978 steps of 0.05° using Cu Ka radiation (1 = 0.15046
nm) and an aperture slit size of 0.600 mm.

Ambient temperature "B magic angle spinning nuclear magnetic
resonance (MAS-NMR) took place on 6Li-Mg-EM powders after 0, 28
and 98 d of alteration at a spectrometer frequency of 160.32 MHz on
a Varian Infinity Plus spectrometer with an 11.7 T magnet following
previously described procedures!s,

Scanning electron microscopy (SEM) was used to study secondary
mineral precipitation, with secondary electron (SE) images of ©Li-
Mg-EM (0 and 98 d) and '9B-ISG surfaces (0 and 112 d) acquired
using a FEl QEMSCAN 650F. Samples were analysed uncoated under
low vacuum using a spot size of 4.0, 13 mm working distance and
20.0 kV accelerating voltage with a secondary electron large field
detector (LFD).

Dissolution experiments

Static-batch glass alteration experiments were started following the
ASTM product-consistency test method B methodology (PCT-B, ASTM
C1285-1414)8", Experiments took place in deionised water at
geometric glass surface area to leachant volume (SA/V) ratios of 1,500
and 2,000 m~' for '9B-ISG (2.78 g powder, 40.0 mL deionised water)
and 5Li-Mg-EM (4.00 g powder, 42.5 mL deionised water), respectively.
Experiments were maintained at 90.0 °C (QBH2 Al dry block heaters,
Grant Instruments, UK) for the test duration and were duplicated
alongside duplicate experiment deionised water blanks. Leaching
vessels were 60 mL PFA (Savillex, US) standard jars. Aliquots of 100 uL
solution were taken using PFA tubing at 0.25, 0.5, 1, 7, 28 and 112 d
for 1°B-ISG and 0.25, 0.5, 7, 28 and 98 d for 6Li-Mg-EM. Solution renewal
experiments were used to probe the protective properties of the
formed altered layers against further dissolution: after 28 d for one
replicate, all accessible leachant was removed without disturbing the
glass powders and the same volume of deionised water was then
added. Aliquots of these solution renewal experiments were taken at 1,
7,14, 21 and 28 d (29, 35, 42, 49 and 56 d of total alteration time)
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for 19B-I1SG and once after 70 d (98 d total alteration time) for °Li-Mg-
EM. Mass loss due to evaporation was less than 5.0% during the
experiments.

Aliquot preparation and concentration analysis
For all '°B-ISG aliquots except those at 112 d, samples were
gravimetrically diluted using 0.1 M HNO; and 0.3 M HF and analysed
for all glass species alongside matrix-matched calibration curves by
inductively coupled plasma mass spectrometry (ICP-MS; Element XR,
Thermo Fisher Scientific, US). B concentrations in the 112-day aliquots
were instead analysed by multi-collector ICP-MS (MC-ICP-MS) using a
10 ng mL~" NIST SRM 951 standard (further details given in subsequent
sections). The concentration analysis methodology of the SLi-Mg-EM
solution aliquots is presented in previous works“’). Experimental
deionised water blanks yielded concentrations < 65 pg mL™! for Li and
B, < 15 ng mL~" for Na, Al, Ca and Zr and < 60 ng mL"" for Si. As aliquot
volumes were insufficient for pH measurements, pHqyc at each
sampling point were calculated using measured solution
concentrations with PHREEQC software and the LLNL database!®”
assuming equilibrium with atmospheric O, (209 mmol mol~') and CO,
(410 pmol mol™")®3. An uncertainty of + 0.2 pH units was assigned to
each calculated pHgyc value, with this uncertainty conservatively
encompassing the ranges of calculated pH values obtained when
considering the uncertainties associated with the measured solution
concentrations used in these calculations. Note that this approach was
used to examine trends in the pHqg:c values with time as a function of
solution composition, rather than provide independently accurate
pHgoec values; the accuracy of these calculated pHggec values at a given
time should otherwise be treated with caution.

Concentrations of each element i in the aliquots, CmPle, were
normalised to the mass fraction of i in the pristine glass, f, and
geometric SA/V ratios, SA/V, to yield normalised elemental releases,
NL; (g m~2), following Eq. (1)1, Changes in the NLg with time were
used to calculate normalised release rates, NRg (g m=2 d-"), through
least squares regressions (IGOR Pro, WaveMetrics, US) at each time
interval using standard deviations (1SD) as weights. The fractions of
each element i dissolved from the glass, LF; (mg mg~'), were calcu-
lated using Eq. (2), where V and m represent the initial solution
volume and glass powder mass, respectively. Assuming glasses were
spheres of initial radius r, (56.25 pm) that were uniformly altered,
LFg was used to estimate altered layer thicknesses, ez (um), using
Eq. (3)84L

C_‘Sample
NLI' = IT (1)
Iy
C;_S'amplev

es=ro(1 - V(1-LFp)) 3)

B micro-distillation and solution 4''B analysis

Samples for isotope ratio measurements were prepared under class
1000 clean laboratory conditions in a specialised low-B suite at the
University of Cambridge, UK. All "°B-ISG and SLi-Mg-EM solution
aliquots underwent B micro-distillation to prepare mono-elemental B
solutions following Misra et al.l®>l. Briefly, samples were gravimetrically
diluted with 0.5 M HCl, and the volumes required for 50 ng B (< 70 pL
in all cases) underwent micro-distillation using 7 mL PFA vials (Savillex,
US) on a hotplate at 95 °C for 16 h. Distillate fractions were then taken
up in 400 pL 0.5% HF and diluted to 10 ng mL™" B using 0.5% HF prior
to analysis. The use of an HF matrix resulted in HBF,-H,O (boiling point

~129 °C) as the dominant B species, thereby addressing issues
associated with B volatility (i.e, high instrumental blanks), poor
tolerance for other matrix species and surface sorption (i.e., memory
effects) during analysis'®*.. Instrumental drift and mass bias effects were
addressed using a sample-standard bracketing (SSB) technique with a
matrix-matched (0.5% HF) standard, as detailed below.

B isotope ratios for all solutions and B concentrations for the
112-d 9B-ISG solutions were measured by MC-ICP-MS (Neptune
Plus, Thermo Fisher Scientific, US) at the University of Cambridge
using a concentration-matched (10 ng mL~") SSB technique with
NIST SRM 951. Analysis used a PFA single-pass Scott-type spray
chamber, C-flow self-aspirating nebuliser (50 uL min-T), Pt injector
and Pt X and JET sampler and skimmer cones, respectively. An RF
power of 1,350 W was used, measuring '°B and "B on the L3 and H3
Faraday cups, respectively, with 10'3 Q amplifiers8>-871, Each sample
measurement comprised one block of 30 cycles with an integration
time of 8.4 s, with a 0.5% HF wash and then a 0.5% HF blank
measurement bracketing each sample or standard measurement.
Typical beam sizes were ~45 and ~210 mV for 9B and''B. Blank
corrected sample isotope ratios, ''B/"%Bsg,., Were used to calculate
0B values using the average of the bracketing standard measure-
ments following Eq. (4). ERM-AE121 was analysed in each session as
a secondary standard, yielding a long-term value across all sessions
(19.68 £ 0.17%o, 2SD, n = 43) in agreement with its compiled value
(19.9 + 0.6%0)!88:89,

]IB IOB ample
5“3:[(#]_1]103 @
B/ BSrandard

Pristine glass 6''B analysis

Pristine '9B-ISG and °Li-Mg-EM pieces (~1 cm?) were mounted in two-
part epoxy resin (EpoFix, Struers, Denmark) and polished to 3 pm using
diamond pastes. Laser ablation MC-ICP-MS (LA-MC-ICP-MS) took place
at the University of Western Australia using a 193 nm ArF laser with a
large two-volume sample cell (COMPexPro 110 Excimer laser ablation
system, Coherent) attached to an MC-ICP-MS (Neptune Plus, Thermo
Fisher Scientific, US). At least nine 900 um? squares were ablated across
three randomly selected regions for each sample. Ablation took place
at a rate of 5 s7' and a fluence of 3 J cm™2 for an analysis time of
approximately 41 s per square, including ten pre-ablation pulses to
remove contamination. 6''B values were calculated with respect to
bracketing NIST SRM 610 measurements®®—°2 by ablating 490 pm?
squares with an analysis time of approximately 120 s per square, with
triplicate measurements bracketing each set of three sample mea-
surements. Measurements took place at low resolution using 10" Q
amplifiers with the L4 and H4 Faraday cups for '°B and ''B, respectively.
NIST 610 has a compiled range of 0.00 to —0.78%o relative to NIST
95169, In turn, it was assumed NIST 610 was at 0.00%o relative to
NIST 951, and an additional uncertainty (2SD) of 0.78%o0 was
propagated onto the pristine glass measurements. NIST 610
measurements had an uncertainty of 0.96%o (25D, n =9).

Diffusion models

To investigate whether the 6''B values measured for the '9B-ISG
solutions could be explained solely following a diffusion mechanism,
three numerical diffusion models were used to fit the measured §''B
values. These models were based upon those used by Gin et al. to fit B
depth profiles measured across altered ISG cross-sections using time-
of-flight secondary ion mass spectroscopy (ToF-SIMS)!'”, Model 1 is a
solution to Fick's second law for diffusion, assuming the glass presents
a non-stationary, unreactive, semi-infinite planar source, wherein the
apparent diffusivity of each B isotope is assumed to be constant both
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spatially across the altered layer and with time. This model represents
the diffusion of B and water species across an altered layer which is
uniform in its properties both spatially and temporally. Model 2
extends Model 1 by assuming the apparent diffusivities of the B
isotopes were spatially constant but decreased as a function of time as
described by the release rate of B. Whilst this model still represents
diffusion across a spatially uniform, bulk altered layer, it aims to
account for changing altered layer properties with time through
densification and porosity closure affecting the diffusion of B. Finally,
Model 3 extends Model 1 by assuming the apparent diffusivities of the
B isotopes are a function of rate-limiting water species concentration
(approximated as the inverse of total B concentration at each point in
the altered layer), allowing apparent diffusivities to vary spatially across
the altered layer as a function of time. Through relaxing the
assumption of spatially constant apparent diffusivities, this model
represents an altered layer structure which undergoes spatially non-
uniform densification and porosity closure, with access to water
species required for the hydrolysis of B network bonds and the
subsequent diffusive release of B varying as a function of distance. That
is, the apparent diffusivity of a B isotope in the altered layer is
represented by a single diffusivity at each point in the altered layer as a
function of time, rather than a single bulk apparent diffusivity as in
Models 1 and 2. Models were fitted to measured ''B/'%B values through
least squares curve fitting with uncertainties (1SD) as weights using
IGOR Pro software (WaveMetrics, US), assuming a ''B/'°B ratio of 4.044
for NIST 9513, The equations describing these models, further
assumptions on their forms and details on the fitting procedures are
given in Supplementary File 1 (Method 1.1).

Results and discussion

Secondary mineral precipitation driving long-
term elemental releases

Solution pH, B concentrations and §''B values are summarised in
Supplementary Table S1. Alteration at 6 h was characterised by the
rapid release of B into solution with no measurable differences
between °Li-Mg-EM and '°B-ISG, with normalised B releases, NL;, of
0.72 £0.45 gm~2and 0.22 + 0.05 g m~, respectively (1SD, n = 6). These
releases were associated with calculated altered layer thicknesses, eg
(Eq. [3]), of 0.29 + 0.18 um and 0.09 £ 0.02 um (1SD, n = 6), respectively
(Fig. 1a, b). This indicated differences in pristine glass structure did not
produce measurable changes in initial dissolution kinetics, in
agreement with previous works showing that changes in glass
[Cal/[Md] ratios did not measurably affect glass alteration rates at short
times4,

The calculated solution pHggec rapidly increased from its deionised
water starting value (measured pHysec 5.9 £ 0.2, 1SD, n = 12; calcu-
lated pHggec 5.8 + 0.2) to 8.4 + 0.2 and 8.8 + 0.2 after 6 h for 19B-ISG
and 6Li-Mg-EM, respectively, whereafter it remained constant (1SD,
n =11 and 6, respectively) with time (Fig. 1¢). This is consistent with
previous experiments on comparable glass compositions (i.e., 1SG
and (Li-)Mg-EM) under similar conditions to those used herein,
which showed that a steady-state pH,s-c/pHgo:c Was attained from
the shortest sampling time (< 1 d) onwards[799495], In turn, changes
in B concentrations and §''B values as a function of time herein
cannot be attributed to a measurable change in the calculated
solution pHgg-c as a function of time (with respect to an uncertainty
of 0.2 pH units). Note that these calculated pHggc values were used
to examine pH trends as a function of time, as opposed to providing
independently accurate values. As hydrolysis of the glass network is
increasingly favoured with higher solution pHE3], a larger solution
pHggec than calculated by PHREEQC (Fig. 1¢) would correspond to a
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Fig. 1 The (a) normalised boron (B) releases, (b) altered layer
thicknesses (primary vertical axis) calculated from the leached fractions
of B (secondary vertical axis), and (c) calculated solution pHggc from
PHREEQC modelling using the measured solution concentrations as a
function of time for '°B-ISG and °Li-Mg-EM. Normalised B releases were
calculated by normalising B concentrations to experiment geometric
SA/V ratios and elemental mass fractions of B in the pristine glasses.
Points are given as averages (n = 3), with uncertainties on (a) and (b)
propagated from 1SD associated with the concentration measure-
ments, geometric surface areas and pristine glass compositions (26.7%
relative SD for Li-Mg-EM, 15.5% relative SD for '°B-ISG). Uncertainties
on the calculated pHgyc values are given to +£0.2 pH units, with this
uncertainty encompassing the calculated pH value ranges obtained
from the uncertainties associated with the measured solution con-
centrations used in calculating these pHgyc values (data not shown).
Insets in each subplot include the same data but at times of up to 1 d.
Altered layer thicknesses for the solution renewal experiment samples
are presented as cumulative values that include the initial 28 d before
renewal.
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larger than expected contribution of network hydrolysis to the
measured B release rates. However, the accuracy of these calculated
pHggec Values did not otherwise affect the interpretation or discus-
sion of the measured data presented herein, including the B concen-
trations, normalised releases and ¢''B values.

Normalised B releases of 0.38 + 0.08 g m~2 and 1.43 + 0.64 g m—2
were measured after 12 h for 19B-ISG and ©Li-Mg-EM, respectively,
whereafter normalised B releases for 6Li-Mg-EM at longer times were
a factor of ~8 higher than those for 1°B-ISG. Similar deviations in B
releases at long times have been previously observed for magne-
sium (Mg)-bearing and Mg-free glasses!®697], where Mg can promote
phyllosilicate precipitation to maintain thermodynamic affinity for
glass network hydrolysis reactions!7898-1011 Indeed, secondary elec-
tron images of altered 6Li-Mg-EM (98 d) showed porous secondary
minerals consistent with a Mg phyllosilicate precursor phase
(Supplementary Fig. Sla, b), whilst few, sparsely distributed
secondary mineral precipitates were observed for altered '°B-ISG
(112 d) (Supplementary Fig. S1c, d).

After 7 d, normalised B releases and altered layer thicknesses
increased to 0.99 + 0.22 g m~2 and 0.41 * 0.08 pum, respectively, for
10B-ISG, and to 7.15 + 2.94 g m~2 and 3.06 + 1.27 um, respectively,
for 6Li-Mg-EM (Fig. 1a, b). Notably, these values did not measurably
change (1SD) from 7 d onwards, corresponding to pseudo-steady
state normalised B releases and altered layer thicknesses (mean
= 7-d values) of 1.22 £ 0.26 g m=2 and 0.50 + 0.11 pum, respectively,
for 19B-ISG and 9.66 + 2.40 g m~2 and 4.24 + 1.13 um, respectively,
for 6Li-Mg-EM. However, B concentrations continued to measurably
change up to 28 d for both compositions, attaining pseudo-steady
state B concentrations of 99.7 + 10.0 ug mL~" and 1,452.9 + 181.6 ug
mL-" for '0B-ISG and SLi-Mg-EM, respectively (see also next section).
This coincided with aqueous Si concentrations reaching a pseudo-
steady state after approximately 7 and 28 d for equivalent non-
spiked 19B-ISG and SLi-Mg-EM experiments, respectively (Supple-
mentary Fig. $2)[79,80,102],

Overall, these results indicated substantially higher normalised B
releases and a correspondingly thicker estimated altered layer thick-
ness for SLi-Mg-EM than '9B-ISG, as driven by the precipitation of
Mg-bearing secondary minerals for the former sustaining a higher
rate of glass network hydrolysis reactions.

Congruent and diffusive boron releases
LA-MC-ICP-MS measurements yielded a pristine glass 6''B value of
—0.89 * 0.96%o ('B/'%B ratio of 4.045 + 0.004 mol mol~'; 2SD, n = 12)
for 6Li-Mg-EM. Experiment solution 6''B values from 6 h to 7 d were not
measurably (2SD) fractionated relative to the pristine glass (Fig. 2b),
indicating the release of B isotopes at short times occurred con-
gruently. Similarly, the congruent leaching of Li isotopes was
previously reported at 6 h for °Li-Mg-EMI7), This agreement supports
the conclusion that B isotopes initially leached congruently, as
opposed to kinetic isotope effects during primary phase dissolution
(e.g., the faster diffusion of '°B enriching the solution in °B)"® being
masked by equilibrium isotope effects during aqueous B-solid phase
interactions (e.g., the preferential sorption of aqueous '°B onto
secondary minerals enriching the solution in ''B)/7?,

Altered SLi-Mg-EM powder (28 and 98 d) ''B MAS-NMR spectra
showed a decrease in trigonal BO3 unit doublet intensities (~10
ppm; note that the true isotropic chemical shift value was not
extracted for this study) relative to tetrahedral [BO,]~ unit peak
intensities (~0 ppm), indicating BO; units dissolved preferentially to
[BO4]~ units (Fig. 3). This agreed with previous studies that showed
BO; units are associated with faster release kinetics during glass
alteration than [BO,]~ units('93.104, with the preferential release of
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Fig. 2 Solution 6''B values for the (a) '°B-ISG and (b) SLi-Mg-EM
experiments relative to their respective pristine glass values. Individual
points are given for each aliquot analysed, with uncertainties given to
2SD. Outliers are shown as points with red borders. Lines represent the
mean value of all aliquots (excluding outliers) at a given time. The
measured pristine glass value is shown for °Li-Mg-EM as a dotted line
(mean) with the shaded region representing the uncertainty (2SD)
associated with this value. The measured pristine glass value for '°B-ISG
(=767.54 + 6.44%o) is not visible on the scale used.

BO; units from Li-Mg-EM (natural abundance) previously shown to
occur to a constant extent at all dissolution times studied
([BO3)/[BO,]- ratios 1.718 + 0.072, 1.577 + 0.067 and 1.564 + 0.066
mol mol-" at 0, 7 and 112 d, respectively)8%, Whilst 1°B may prefer-
entially associate with tetrahedral [BO,]~ units over trigonal BO3;
units in the pristine glass(®.195], these results were inconsistent with
the preferential dissolution of BO; units resulting in measurable
changes in solution ¢''B values at times < 7 d.

After 28 d, 6Li-Mg-EM experiment solution §''B values increased
to +2.34 + 0.74%o0 (2SD, n = 5) (Fig. 2b) alongside a small increase in
B concentration (868.9 + 208.9 ug mL~" and 1,340.2 + 240.0 ug mL™"
at 7 and 28 d, respectively; Fig. 4a). Notably, congruent dissolution
of the primary phase or diffusion cannot result in the solution 6''B
values exceeding the pristine glass value, indicating other processes
controlled this increase.

The solution [B]/[Na] ratio decreased to below the pristine
glass value (1SD) after 28 d and remained below this value at 98 d
(Fig. 4c). Whilst Na is expected to be incorporated into secondary
minerals (e.g., Na silicate hydrates and Mg-phyllosilicates)’, this
decrease confirmed the net release of B and Na was incongruent
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Fig. 3 "B MAS-NMR spectra of ®Li-Mg-EM after 0 (black line), 28 (cyan
line) and 98 d (magenta line) of alteration. Labels indicate the positions
of the [BO,]™ unit peaks and the [BOs] unit doublet. Spectra were
normalised to a given [BO,]~ peak intensity to compare changes in [BOs]

doublet intensities.

with time. This is partly attributable to the sorption of B onto
secondary minerals (Supplementary Fig. S1) or the altered glass
surface (i.e., the gel layer), or the structural incorporation of B into
secondary minerals during coprecipitation69751061071  Fyrther,
porosity closure in the altered layer under pseudo-steady state solu-
tion Si concentrations is a potential pathway for high B concentra-
tions to be retained in the altered layer39. These aqueous B-solid
phase interactions can lead to the preferential removal of 9B from
solution and an increase in solution §''B values!'%8], as detailed
below.

The absence of measurable B isotope fractionation in the 6Li-Mg-
EM leachates at earlier durations suggested that the leaching of B
from SLi-Mg-EM continued to be congruent at 28 d. In turn, the
increase in the solution 3B value at 28 d was attributable to the
continued congruent release of B isotopes during dissolution of the
primary phase alongside the preferential removal of 9B from solu-
tion during interactions with secondary minerals: (1) the sorption of
B to secondary minerals (i.e., Mg-phyllosilicates or Na-silicates) or
the altered glass surface, where either the preferential outer-sphere
sorption of aqueous [B(OH),]~ or inner-sphere sorption could prefer-
entially remove 1B from solution[#9.60.71.72751; (2) the structural incor-
poration of B into secondary minerals (coprecipitation), where both
the preferential uptake of [B(OH),]~ anions or bond length consider-
ations can lead to the preferential incorporation of 10B[65.73,109); and
(3) the retention of B in the altered layer under pseudo-steady state
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Fig. 4 Solution 6''B values plotted against B concentrations for the (a) 6Li-Mg-EM and (b) '°B-ISG experiments, and solution B to Na concentration ratios
against time for the (c) °Li-Mg-EM and (d) '°B-ISG experiments. Uncertainties are given to 1SD on concentrations and 2SD on ¢''B values. Measured
pristine glass values are shown as dotted lines (mean) with the shaded region representing the uncertainties on the measurements. The pristine glass

0""B value for '°B-ISG (—767.54 + 6.44%:o) was not visible on the scale used.
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solution Si concentration conditions, where (a) in situ condensation
and precipitation reactions under these conditions lead to porosity
closure in the altered layer, (b) local B concentrations increase in
closed pores due to transport constraints, and (c) Ca-borates or
boron hydroxides subsequently precipitate, potentially preferen-
tially incorporating '°B from solution with the remaining aqueous B
species diffusing towards the bulk solution*9.. Based upon observa-
tions of precipitates at shorter times for Li-Mg-EM under similar
conditions!'9?], it was anticipated that the above sorption and copre-
cipitation effects, as (1) and (2) above, occurred at earlier times but
in amounts insufficient to produce measurable isotope fractiona-
tion.

The solution ¢''B values at 98 d decreased to + 0.12 + 0.09%o
(2SD, n = 2; Fig. 2b), with no measurable (1SD) change in B concen-
tration between 28 and 98 d (Fig. 4a). Note that, as glass is a
metastable phase, the release rate of B does not reach zero until
glass alteration is effectively completel''9l. Rather, B release at long
times can proceed at a low rate, which requires substantially longer
timescales between solution samplings than those used herein to
resolve (e.g., compare ~200 and ~4500 d in Curti et al.[%)). This indi-
cated the preferential release of 1°B into solution at 98 d occurred in
concentrations insufficient (1SD) for detection relative to the 28-d
values. Conservatively assuming all sorption and coprecipitation
processes ceased after 28 d, mass balance calculations were used as
a first-order approximation to study whether congruent dissolution
of the pristine glass alone could account for this §''B value decrease
(Supplementary File 1, Method 1.2). Assuming an increase in solu-
tion B concentration at 98 d equal to the sum of the uncertainties
(1SD) on each of the 28- and 98-d values resulted in a calculated 98-
d solution 6''B value of +1.57 £ 1.22%o (2SD), showing that congru-
ent dissolution alone could not account for this decreased solution
0""B value. Further, as the 98-d solution [B]/[Na] ratio remained
lower than the pristine glass value (Fig. 4c) and previous 6Li MAS-
NMR spectra indicated the precipitation of Li-bearing secondary
phases continued during this timel*’], these results suggested
substantial desorption of sorbed B fractions or dissolution of B-bear-
ing secondary minerals (both reservoirs enriched in 1°B) did not
occur.

The 70-d SLi-Mg-EM solution renewal experiments evidenced the
altered layer formed after 28 d protected the glass from further
dissolution: normalised B releases after 70 d following solution
renewal (4.46 £ 1.19 g m~2) were within uncertainty (1SD) of the
non-renewed 7-d value (7.15 + 2.94 g m=2) and lower than the 28-d
value (11.03 + 4.18 g m—2) (Fig. 1a), with no measurable change in
calculated altered layer thicknesses for the 98-d non-renewal (5.33 +
1.42 pm) and 70-d renewal experiments (7.56 + 2.02 um) (Fig. 1b) or
calculated solution pHggyec (Fig. 1c). Notably, this coincided approxi-
mately with a pseudo-steady state Si concentration being attained
in solution (Supplementary Fig. S2), suggesting condensation and
precipitation reactions under such conditions developed part of the
altered layer into a protective component through densification and
porosity closure with timef3739111],

In this view, these results are consistent with the decrease in solu-
tion §'1B values at 98 d being attributable to a kinetic isotope effect
wherein 9B diffused preferentially to ''B from the hydrated glass
(i.e., B dissolution front) across the altered layer into the bulk solu-
tion. It is postulated here that glass network hydrolysis at short
times was maintained at a high rate by Mg-phyllosilicate precipita-
tion, leading to similar rates of interdiffusion and preferential B-O-
B/Si bond hydrolysis to the rate of congruent glass network hydroly-
sis and the release of B following a congruent dissolution model
without substantial diffusion across the altered layer. At longer
times, it is proposed that condensation and precipitation reactions

in the altered layer under a pseudo-steady state solution Si concen-
tration resulted in substantial altered layer densification and poros-
ity closure, leading to a component of the altered layer presenting a
nanoporous molecular sieve which limited the release of B through
its structure largely to solid-state diffusion. Alongside a substan-
tially decreased thermodynamic affinity for glass network hydrolysis
under these conditions, diffusion through the altered layer then
presented a significant release mechanism for B to result in the
observed diffusive isotopic fractionation at long times. Indeed, it has
been previously proposed that the diffusion of reactive water
species and reacted glass species across a nanoporous altered layer
component, presenting an 'active zone' at the hydrated glass-gel
interface, under such conditions constituted a rate-limiting release
mechanismB9),

Overall, constant solution §''B values for 6Li-Mg-EM up to 7 d
followed by an increased §''B value alongside a decreased solution
[BI/[Na] concentration ratio at 28 d were consistent with the
predominantly congruent release of B, where °B was preferentially
sorbed to the surface of secondary minerals or the altered glass,
structurally incorporated into secondary minerals, or retained in the
altered layer. The §''B values from mass balance calculations, along-
side solution renewal experiments showing that the altered layer
after 28 d was passivating against further dissolution, showed that
the decreased 3''B values at 98 d were consistent with kinetic
isotope fractionation during the diffusion of B across a passivating
altered layer component.

Spatially separated boron and lithium
dissolution fronts

The mechanisms outlined in 'classical' interdiffusion models and the
interface-coupled dissolution-precipitation model predict substantially
different elemental profiles for mobile glass species (Fig. 5). The former
predicts interdiffusion and similarly rapid B hydrolysis lead to a
dissolution front for mobile glass species spatially separated from glass
network (i.e., siloxane bond) hydrolysis, in turn forming a hydrated
glass layer denuded of B, network modifying, and charge compen-
sating species ahead of a gel layer. A component of this hydrated glass
layer, such as an 'active zone' at the hydrated glass-gel interface, may
undergo densification and porosity clogging through condensation
and precipitation reactions to mature in its transport properties to
present a nanoporous molecular sievel'”?’), Contrastingly, following an
interface-coupled dissolution-precipitation model, congruent hydro-
lysis by an interfacial film of water effectively presents a single
dissolution front, with a passivating altered layer component later
forming behind this front by precipitation!'®~'3l, Later formulations of
this model considered interdiffusion processes, including the solid-
state diffusion of reactive water species into the glass, to be rate-
limiting at long times!', wherein elemental dissolution fronts may be
spatially separated.

The 6''B values initially indicating the congruent release of B
isotopes from 6Li-Mg-EM with diffusive isotope fractionation at
longer times were consistent with Li isotope analysis (67Li values) of
the same solutions!*’], In these experiments, a maximum §’Li value
in solution was instead observed at 7 d, caused by the precipitation
of Li-bearing Mg-phyllosilicate secondary minerals preferentially
removing Li from solution, before the solution was enriched in
6Li back towards the pristine glass ¢’Li value due to the faster diffu-
sion of 6Li over 7Li across a passivating altered layer component
between 7 and 98 d. In the absence of a measurable pH effect
(Fig. 1), the d7Li and J''B values for the same solutions decreasing
back toward their respective pristine glass values at different times
showed that this diffusive isotope fractionation for both B and Li
was not caused by a passivating altered layer component behind a
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Fig. 5 Abstractions of theoretical altered glass cross sections at long
durations (approximately 2 28 d for Li-Mg-EM) following (a) a 'classical’
interdiffusion model, and (b) an interface-coupled dissolution-
precipitation modell' 2733,

congruent dissolution front. That is, if B and Li leached congruently
from the glass at the same dissolution front and simultaneously
encountered the same diffusive barrier to dissolution, the solution
d’Li and §""B values would decrease simultaneously. Rather, this
result was consistent with models which predicted spatially sepa-
rated dissolution fronts for Li and B, wherein the altered layer
component about these fronts (i.e., the hydrated glass) becomes a
passivating interphase at long times. In this view, it is postulated
that the hydrated glass about the Li dissolution front began densify-
ing into a diffusive barrier first, prior to the B hydrolysis front.

Overall, the decreasing solution ¢''B and §”Li values for ¢Li-Mg-EM
at different times were consistent with diffusion across a densified
altered layer component that encompassed spatially separated
Li and B dissolution fronts, as opposed to a single diffusive barrier to
transport behind a congruent dissolution front.

Boron isotope releases and altered layer
passivation in the absence of magnesium

A pristine glass 6''B value of —767.54 + 6.44%o (''B/'°B ratio of
0.941 + 0.026 mol mol™; 2SD, n = 9) was measured for '°B-ISG by
LA-MC-ICP-MS. Notably, 1°B-ISG experiment solution §''B values at 6 h
(=741.97 £ 2.75%o0; 2SD, n = 3) were fractionated +25.57 + 7.00%o
(2SD) relative to the pristine glass (Fig. 2a), with no measurable change
after 12 h (-744.37 + 0.79%oc; 2SD, n = 3). The apparent lower
secondary mineral precipitate numbers observed for '°B-ISG than
5Li-Mg-EM at the end of the experiments (Supplementary Fig. S1),
alongside this ¢''B value greatly exceeding that attributable to B
sorption or incorporation into secondary phases at 28 d during the Li-
Mg-EM experiments (+2.34 + 0.74%o; 2SD, n = 5; Fig. 2b), suggested
that this fractionation was inconsistent with interactions with
secondary mineral precipitates. Further, previous ''B MAS-NMR studies
on ISG compositions under similar experimental conditions provided
no evidence of [BOs] units leaching preferentially to [BO,]~ units!'%Z, As
such, this initial fractionation was attributable to either (1) '°B-ISG
powder surfaces (> 1.1 um, from the 28-day solution renewal
experiment e values; Fig. 1b) being depleted in '°B during sample
preparation, (2) disagreement between the NIST 610 and NIST 951
standard value scales (Eq. [4]) for isotopically spiked samples, or (3) a
large fraction of released B being sorbed to the altered layer surface in
the absence of precipitates resulting in substantial isotope
fractionation”!. Similarities between the 6 and 12 h solution §''B
values (-741.97 + 2.75%o0 and -744.37 + 0.79%o, respectively; 2SD,
n = 3) and the solution renewal experiment 1-day 6''B value (—-744.32
+ 0.52%o; 2SD, n = 2) supported the view that either mechanism (1) or

(2) produced this fractionation, but these results could not precisely
elucidate the underpinning mechanism.

Solution §''B values at 1 and 7 d decreased to —746.29 + 0.60%o
and — 746.83 + 0.78%o, respectively, indicating these solutions were
enriched in 9B relative to the 6 and 12 h solutions (Fig. 2a), with B
concentrations increasing from 30.7 + 3.1 pg mL™" at 12 h (1SD,
n=3)to 788+ 7.9 pgmL"at 7 d (1SD, n = 3) (Fig. 4b). Whilst no
change in the 9B-ISG solution ¢''B values was observed after 28 d,
alongside a slight increase in solution B concentration (Figs 2a & 4b),
the solution [B]/[Na] ratio increased to above (1SD) the pristine glass
value (Fig. 4d). Contrary to the SLi-Mg-EM experiments, this
increased ratio suggested limited interactions occurred between B
and secondary minerals or the altered layer. Whilst the solution B
concentration did not change measurably (1SD) between 28 and
112 d, the §"'B value increased relative to the 7-day value and was
within uncertainty (2SD) of the initial 6 and 12 h values.

To test whether congruent dissolution at a measured pristine
glass §"'B value of —767.54 £ 6.44%o alongside sorption or coprecip-
itation processes alone could account for these results, a mass
balance approach was applied using the 6 h solution §''B values
and the molar amounts of B in solution at each subsequent time
(further details given in Supplementary File 1, Method 1.3). Assum-
ing 14% of the total leached B was retained as B in either a sorbed or
coprecipitated fraction(9, these calculations showed that a sorbed
or coprecipitated fraction d''B value of —122.64%o0 at 12 h and
—137.64%0 at 112 d would be required to recreate the observed
trends. This suggested the effective pristine glass 6''B value more
closely corresponded to that observed at short alteration times.

Whilst the normalised B releases at 1 d in the 19B-ISG solution
renewal experiment showed the altered layer had a modest protec-
tive effect against further dissolution, B releases subsequently
increased almost linearly with time until the normalised B releases in
the non-renewed and solution renewal experiments were within
uncertainty (1SD) at 28 d (Fig. 1a). This showed the altered layer
formed on '0B-ISG after 28 d was not yet sufficiently protective, as
controlled by properties such as gel density and porosity!'2, to limit
transport to the pristine glass at longer times after solution renewal.
Indeed, the absence of a substantial decrease in solution §''B values
at > 28 d, as observed for the 6Li-Mg-EM solutions, suggested diffu-
sion through a nanoporous altered layer component at longer times
did not occur for 9B-ISG (Figs 2a & 4b). Further, the solution renewal
experiment §''B values (1) at 1 d (—744.32 + 0.52%o; 2SD, n = 2) was
within uncertainty of the 6 h non-renewed experiment value
(=741.97 + 2.75%o0; 2SD, n = 3), (2) increased at 7 d (—738.50 +
0.57%o; 2SD, n = 2), and (3) decreased to a pseudo-steady state
value at 14, 21 and 28 d (-741.41 + 0.91%o; 2SD, n = 8) within un-
certainty of the non-renewed experiment 6 h value.

Overall, solution [B]/[Na] concentration ratios for '9B-ISG
suggested secondary mineral or altered glass surface-aqueous B
species interactions were comparatively limited in the absence of
Mg. Further, the altered layer, whilst initially protective following
solution renewal, did not remain protective against further dissolu-
tion at long times. To further investigate the mechanisms underpin-
ning these changes in solution §''B values, numerical diffusion
models were fitted to the '9B-ISG experiment §''B values, as
described in the following section.

Temporally and spatially dependent apparent
diffusivities

Three numerical models were fitted to the'°B-ISG experiment solution
(non-renewal) 6''B values to investigate whether diffusion alone could
account for the observed trends (Fig. 6). All models represented
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solutions to Fick's second law for diffusion assuming that the glass
presents a non-stationary, unreactive, semi-infinite planar sourcel'”),
but differed in their assumed apparent diffusivities for the B isotopes as
a function of time and distance across the altered layer. Whilst Model 1
assumed a single apparent diffusivity for each B isotope across the
altered layer as a function of time, Model 2 extended Model 1 through
allowing diffusivities to vary temporally with the release of B but still
assumed a single apparent diffusivity across the altered layer. Model 3
also extended Model 1 but through varying apparent diffusivities
spatially across the altered layer as a function of water species
concentration (approximated as the inverse of total B concentration at
each point), where these spatial diffusivities also evolved as a function
of time. In this view, Model 1 (constant diffusivities) represented a bulk
altered layer structure that remained constant in its properties with
time. Model 2 (temporally dependent diffusivities) accounted for
decreasing apparent diffusivities as the altered layer densified but
assumed that this densification and the evolution of altered layer
porosity were spatially constant across a bulk altered layer. Finally,
Model 3 (spatially dependent diffusivities) represented an altered layer
which non-uniformly densified and underwent porosity closure such
that access to rate-limiting water species for the hydrolysis of B
network bonds and the subsequent diffusive release of B, and hence
apparent diffusivities, was a function of distance through the altered
layer. Further details on these models are given in the methodology
section and Supplementary File 1 (Method 1.1), and fitting parameters
and fitting results are reported in Supplementary Table S2.

The mass balance calculations of the previous section indicated
that sorbed fraction 6''B values < —100%o would be required to fit
these values, assuming a pristine glass 6''B value equal to that
measured by LA-MC-ICP-MS. As such, a pristine glass ¢''B value
equal to the average of the 6-hour non-renewed experiments and
solution renewal experiment 14, 21 and 28-d values (—741.54%o)
was assumed for modelling.

Model 1 was a solution to Fick's second law for diffusion from a
semi-infinite planar sourcel’’3! and assumed a constant apparent
diffusion coefficient for B across the altered layer (spatially) and with
timel'4. This model was unable to account for the observed §''B
values and instead predicted initially lower 6''B values which gra-
dually increased with time (Fig. 6a). In Models 1 and 2, the apparent
diffusivity, D, of 1B is related to that of 9B by the inverse ratio of
their respective masses, m, and an empirical parameter, S, follow-
ing Eq. (5)['1>-117], Note that a 3,,, of 0.500 is applicable to ideal gases
at low pressure, and a value of 0.032 + 0.002 has been reported for
B diffusion between pegmatite forming melt diffusion couples at
850 to 1250 °C and 100 MPal’¢l, The B,,, > 1 produced in the Model 1
fits indicated that a single, constant apparent diffusivity could not

explain these results.
108 \Pm
:DIOB(m ) 5)

Extending this model by assuming a time-dependent bulk D% in
the altered layer which was proportional to the release rate of B
(Model 2) fitted the measured values to within 2SD when times
<28 d were considered, but this model could not fit the §''B value
at 112 d (Fig. 6b). Conversely, assuming that D% was spatially
dependent on the local concentration of water species within the
altered layer (approximated as the inverse of the B concentration
modelled at each point)['”], Model 3 fitted the §''B values at =27 d to
within 2SD and was able to account for the increase in §''B values
between 7 and 112 d but overestimated fractionation at shorter
times (Fig. 6¢). These fits suggested that solution §''B values could
be described as a diffusion process with either (1) a time-dependent
D% (Model 2) with B sorption, coprecipitation processes or congru-
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Fig. 6 Representative diffusion model fits to the measured '°B-ISG
(non-renewal) experiment solution 6''B values using (a) Model 1, (b)
Model 2, and (c) Model 3 (data provided in Supplementary Table S2).
Model 1 assumed a constant bulk apparent diffusivity of B in the altered
layer, Model 2 assumed a bulk apparent diffusivity which was time-
dependent, and Model 3 assumed apparent diffusivities were spatially
dependent in the altered layer upon access to water species. Fits varied
Bm and D% using eg as distance (Model 1), varied f,, whilst holding
D'%8,,., using eg-eq as distance (Model 2), and varied S, f. a and
D'%8,,., using eg as distance (Model 3) (data for these fits are given in
rows 2, 5 and 7 of Supplementary Table S2, respectively). For Model 2,
additional fits are given for the model fitted to the <28 -d data
(excluding the 112-d value).

ent dissolution in the absence of diffusion at longer times (112 d),
resulting in higher 6''B values, or (2) an initially time-dependent D708
(Model 2) that gradually transitioned to a spatially-dependent D08
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between 7 and 112 d as altered layer properties evolved, such that
access to water-species for B diffusion became increasingly rate
limiting (Model 3). The latter view was consistent with reported liter-
ature data on B elemental profiles in cross sections of ISG coupons
altered in solutions saturated with respect to amorphous silica,
wherein B elemental profiles were fitted well at longer times (=209
d) but not at shorter times (£7 d) by a numerical diffusion model
with similar assumptions to Model 3['71,

For both Model 2 and Model 3, $,, (0.199 to 0.399) was an order of
magnitude higher than that reported for diffusion under high
temperature and pressure conditions in pegmatite forming melts
(0.032)7¢1 and also an order of magnitude higher than that reported
for Li isotope fractionation during glass dissolution at short times
(0.019 to 0.078)*%, This suggested additional processes contributed
to the measured §''B values: (1) the simultaneous congruent release
of B during diffusion through glass network hydrolysis reactions*?],
(2) reactive diffusion, wherein ion-exchange with charge compen-
sators contributed to [BO,]- unit dissolution[?%, (3) apparent diffu-
sion, wherein B interacted with the altered layer as it diffused out of
the glass and (4) B retention, wherein B was sorbed onto or copre-
cipitated with secondary minerals or was retained in the altered
layer through transport effects. Whilst mass balance calculations
could resolve these simultaneous processes (e.g.,[*?), further work
is first required to constrain the molar quantities and §''B values
associated with these reservoirs as model inputs.

Assuming a pristine '°B-ISG d''B value of —741.54%q, solution §''B
values in the solution renewal experiment could not be fitted solely
using a diffusion model as they were enriched in B relative to the
pristine glass at 7 d (Fig. 2). Applying Models 2 and 3 to the solution
renewal experiment §''B values using parameter values obtained
from fitting these models to the non-renewed experiment §''B
values yielded fit residuals which approximately followed the same
trend as the measured solution renewal experiment J''B values
(Supplementary Figs S3 & 4), suggesting that diffusion did not
contribute substantially to these J''B value trends. In turn, these
results were consistent with the release of B from °B-ISG following
solution renewal being predominantly congruent. In this view, the
increase in the solution renewal experiment §''B value at 7 d coin-
cided with the congruent dissolution of an altered layer component
enriched in V"B through the preferential outward diffusion of 9B
prior to solution renewal, whilst the return to the 6 h (non-renewed)
0B value from 14 d onwards suggested this ''B-rich region had
been congruently dissolved. The absence of a protective altered
layer for 19B-ISG may be attributed to the extent of dissolution and
the altered layer thickness (0.52 + 0.11 um and 4.88 + 1.85 um
for 19B-ISG and 6Li-Mg-EM, respectively, at 28 d) for '°B-ISG being
insufficient for such a layer to form through in situ condensation
reactions and precipitation(32],

Overall, solution §''B values for 19B-ISG were fitted well with
numerical diffusion models at <28 d, assuming temporally depen-
dent apparent diffusivities for B isotopes across the bulk altered
layer, and at 27 d, assuming spatially dependent apparent diffu -
sivities for B isotopes as a function of water species concentration in
the altered layer. However, relatively high corresponding empirical
P, parameters indicated other mechanisms also contributed to solu-
tion J''B values. Following solution renewal, §''B values were most
consistent with a congruent release mechanism for B.

Summary

Understanding the dissolution mechanisms of glasses is crucial for
predicting the long-term release rates of contaminants from waste

glasses during aqueous dissolution by groundwater, such as the
release of radionuclides from vitrified waste glasses in a highly
engineered geological disposal facility over geological timescales.
Here, B isotope tracing techniques applied to the resulting solutions
from alteration experiments on 6Li-Mg-EM and '°B-ISG glasses showed
that the dominant B release mechanisms were different between these
two glasses throughout time. For the former, stable solution ¢''B
values at =7 d, which increased at 28 d, were consistent with the
congruent release of B isotopes controlled by congruent glass network
hydrolysis driven by Mg-phyllosilicate precipitation coupled with B-
solid phase interactions (i.e., sorption or coprecipitation), enriching the
solutions in '"B. However, decreasing 6''B values at > 28 d were
inconsistent with mass balance calculations assuming congruent
dissolution, even when conservatively considering the absence of
sorption or B coprecipitation processes. Alongside solution renewal
experiments evidencing that the altered layer at 28 d strongly inhibited
further dissolution, these results were consistent with diffusion across a
protective altered layer component at 98 d predominantly controlling
the long-term release of B. Further, differences in the timing of this
apparent diffusive isotopic fractionation between the 6''B values (98 d)
and ¢&’Li values (28 d) of the same solutions suggested this barrier to
diffusion encompassed spatially separated Li and B dissolution fronts.
For '9B-ISG, whilst high initial 5''B values and associated mass balance
calculations suggested differences between the measured pristine
coupon and powder §''B values, accounting for this difference showed
6""B values initially decreased at times < 7 d before increasing again up
to 112 d. A diffusion model considering a time-dependent bulk
apparent diffusion coefficient in the altered layer fitted the measured
6"'B values well at times <28 d, but at 112 d either (a) congruent
dissolution in the absence of further diffusion, (b) further B sorption or
coprecipitation processes, or (c) a spatially dependent apparent
diffusion coefficient in the altered layer was required to account for an
increase in the §''B value. However, solution renewal experiments
showed that the altered layers of '°B-ISG were not protective following
28 d of dissolution, consistent with the apparent absence of a sharp
decrease in the solution 6''B values, attributable to diffusion through
a protective, densified altered layer component, as observed for °Li-
Mg-EM. These results highlight the importance of composition as a
control on glass dissolution mechanisms and support the concept of a
unified mechanistic model comprising both incongruent and
congruent dissolution paradigms throughout time.

Supplementary information
It accompanies this paper at https://doi.org/10.48130/ebp-0025-0004.

Author contributions

The authors confirm their contributions to the paper as follows:
conceptualization: Farnan |; methodology: Gout TL, Guo R, Misra S;
validation: Gout TL, Guo R; investigation: GoUt TL, Guo R, Misra S,
Bohlin MS; writing - original draft: GoGt TL, Guo R, Tipper ET, Bohlin MS,
Farnan [; writing - review & editing: Golt TL, Guo R, Misra S, Tipper ET,
Bohlin MS, Hu Y, Farnan I; resources: Misra S, Tipper ET, Farnan |;
supervision: Tipper ET, Farnan |; formal analysis, visualization: Gout TL;
funding acquisition: GoUt TL, Farnan I. All authors reviewed the results
and approved the final version of the manuscript.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Environmental and Biogeochemical Processes | Volume 1 | 2025 | 005

page 110f 15


https://doi.org/10.48130/ebp-0025-0004
https://doi.org/10.48130/ebp-0025-0004
https://doi.org/10.48130/ebp-0025-0004
https://doi.org/10.48130/ebp-0025-0004
https://doi.org/10.48130/ebp-0025-0004

Environmental and
Biogeochemical Processes

Boron isotope tracers of diffusion during glass dissolution

Acknowledgments

We thank Giulio Lampronti (Department of Materials Science &
Metallurgy, University of Cambridge), and Iris Buisman (Department of
Earth Sciences, University of Cambridge) for their technical support
during the XRD and SEM measurements, and Aleksey Sadekov (School
of Earth Sciences, University of Western Australia) for LA-MC-ICP-MS
analysis of the samples.

Funding

Thomas L. GolUt was supported by the National Natural Science
Foundation of China (NSFC) Research Fund for International Young
Scientists programme (RFIS-, Grant No. W2433099). The authors
acknowledge financial support from UKRI EPSRC under an Industrial
CASE award with Nuclear Waste Services (Grant No. EP/M507350/1).

Declarations

Competing interests
The authors declare that they have no conflict of interest.

Author details

IState Environmental Protection Key Laboratory of All Material Fluxes
in River Ecosystems, College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China; 2Department of
Earth Sciences, University of Cambridge, Downing Street, Cambridge,
(B2 3EQ, UK; 3Centre for Earth Sciences, Indian Institute of Science,
Bangalore 560012, India; “Department of Geological Sciences,
Stockholm University, 106 91 Stockholm, Sweden

References

[1] Pant D, Singh P. 2014. Pollution due to hazardous glass waste. Envi-
ronmental Science and Pollution Research 21:2414—-2436

[2] Chapman N, Hooper A. 2012. The disposal of radioactive wastes
underground. Proceedings of the Geologists' Association 123:46—63

[3] Fournier M, Gin S, Frugier P. 2014. Resumption of nuclear glass alter-
ation: State of the art. Journal of Nuclear Materials 448:348—363

[4] Gin S, Delaye JM, Angeli F, Schuller S. 2021. Aqueous alteration of sili-
cate glass: state of knowledge and perspectives. npj Materials Degra-
dation 5:42—62

[5] Werme L, Bjorner IK, Bart G, Zwicky HU, Grambow B, et al. 1990.
Chemical corrosion of highly radioactive borosilicate nuclear waste
glass under simulated repository conditions. Journal of Materials
Research 5:1130—-1146

[6] Gin S, Abdelouas A, Criscenti LJ, Ebert WL, Ferrand K, et al. 2013. An
international initiative on long-term behavior of high-level nuclear
waste glass. Materials Today 16:243-248

[71 Grambow B. 2006. Nuclear waste glasses - how durable? Elements
2:357-364

[8] Gin S, Jollivet P, Tribet M, Peuget S, Schuller S. 2017. Radionuclides
containment in nuclear glasses: an overview. Radiochimica Acta
105:927-959

[9] Ojovan M, Lee WE. 2005. An introduction to nuclear waste immobilisa-
tion. Oxford: Elsevier. 315 pp. doi: 10.1016/B978-0-08-044462-
8.X5000-5

[10] Geisler T, Janssen A, Scheiter D, Stephan T, Berndt J, et al. 2010.
Aqueous corrosion of borosilicate glass under acidic conditions: a
new corrosion mechanism. Journal of Non-Crystalline Solids
356:1458-1465

[11]  Geisler T, Nagel T, Kilburn MR, Janssen A, Icenhower JP, et al. 2015.
The mechanism of borosilicate glass corrosion revisited. Geochimica
et Cosmochimica Acta 158:112—129

2]

[13]

[14]

[18]

[16]

171

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Hellmann R, Wirth R, Daval D, Barnes JP, Penisson JM, et al. 2012.
Unifying natural and laboratory chemical weathering with interfacial
dissolution-reprecipitation: A study based on the nanometer-scale
chemistry  of  fluid-silicate  interfaces. = Chemical  Geology
294-295:203-216

Hellmann R, Cotte S, Cadel E, Malladi S, Karlsson LS, et al. 2015.
Nanometre-scale evidence for interfacial dissolution-reprecipitation
control of silicate glass corrosion. Nature Materials 14:307—-311

Gong Y, Xu J, Buchanan RC. 2018. The aqueous corrosion of nuclear
waste glasses revisited: Probing the surface and interfacial phenom-
ena. Corrosion Science 143:65—75

Lenting C, Plumper O, Kilburn M, Guagliardo P, Klinkenberg M, et al.
2018. Towards a unifying mechanistic model for silicate glass corro-
sion. NPJ Materials Degradation 2:28—38

Gin S, Ryan JV, Schreiber DK, Neeway J, Cabié M. 2013. Contribution
of atom-probe tomography to a better understanding of glass alter-
ation mechanisms: Application to a nuclear glass specimen altered
25 years in a granitic environment. Chemical Geology
349-350:99-109

Gin S, Jollivet P, Fournier M, Angeli F, Frugier P, et al. 2015. Origin and
consequences of silicate glass passivation by surface layers. Nature
Communications 6:6360—6366

Ferrand K, Abdelouas A, Grambow B. 2006. Water diffusion in the
simulated French nuclear waste glass SON 68 contacting silica rich
solutions: experimental and modeling. Journal of Nuclear Materials
355:54-67

Van Iseghem P, Aertsens M, Gin S, Deneele D, Grambow B, et al. 2009.
GLAMOR - or how we achieved a common understanding on the
decrease of glass dissolution kinetics. In Environmental Issues and
Waste Management Technologies in the Materials and Nuclear Indus-
tries Xll, eds Cozzi A, Ohji T. Pittsburgh: American Ceramic Society.
pp 115-126 doi: 10.1002/9780470538371.ch12

Gin S, Jollivet P, Fournier M, Berthon C, Wang Z, et al. 2015. The fate
of silicon during glass corrosion under alkaline conditions: A mecha-
nistic and kinetic study with the International Simple Glass. Geochim-
ica et Cosmochimica Acta 151:68—85

Vienna JD, Ryan JV, Gin S, Inagaki Y. 2013. Current understanding and
remaining challenges in modeling long-term degradation of borosili-
cate nuclear waste glasses. International Journal of Applied Glass
Science 4:283-294

Doremus RH. 1975. Interdiffusion of hydrogen and alkali ions in a
glass surface. Journal of Non-Crystalline Solids 19:137—-144

Doremus RH. 1982. Interdiffusion of alkali and hydronium ions in
glass: partial ionization. Journal of Non-Crystalline Solids 48:431-436
McGrail BP, Icenhower JP, Shuh DK, Liu P, Darab JG, et al. 2001. The
structure of Na,0-Al,03-SiO, glass: Impact on sodium ion exchange
in H,0 and D,0. Journal of Non-Crystalline Solids 296:10-26

Geneste G, Bouyer F, Gin S. 2006. Hydrogen-sodium interdiffusion in
borosilicate glasses investigated from first principles. Journal of Non-
Crystalline Solids 352:3147-3152

Zapol P, He H, Kwon KD, Criscenti LJ. 2013. First-principles study of
hydrolysis reaction barriers in a sodium borosilicate glass. Interna-
tional Journal of Applied Glass Science 4:395—-407

Frugier P, Gin S, Minet Y, Chave T, Bonin B, et al. 2008. SON68 nuclear
glass dissolution kinetics: Current state of knowledge and basis of the
new GRAAL model. Journal of Nuclear Materials 380:8—21

Bunker BC. 1994. Molecular mechanisms for corrosion of silica and
silicate glasses. Journal of Non-Crystalline Solids 179:300-308

Ojovan MI, Lee WE, Hand RJ. 2006. Role of ion exchange in the corro-
sion of nuclear waste glasses. MRS Online Proceedings Library
932:1281

Collin M, Fournier M, Frugier P, Charpentier T, Moskura M, et al. 2018.
Structure of International Simple Glass and properties of passivating
layer formed in circumneutral pH conditions. NPJ Materials Degrada-
tion 2:4

Gin S, Guittonneau C, Godon N, Neff D, Rébiscoul D, et al. 2011.
Nuclear glass durability: New insight into alteration layer properties.
Journal of Physical Chemistry C 115:18696—18706

page 12 of 15

Environmental and Biogeochemical Processes | Volume 1 | 2025 | 005


https://doi.org/10.1007/s11356-013-2337-y
https://doi.org/10.1007/s11356-013-2337-y
https://doi.org/10.1016/j.pgeola.2011.10.001
https://doi.org/10.1016/j.jnucmat.2014.02.022
https://doi.org/10.1038/s41529-021-00190-5
https://doi.org/10.1038/s41529-021-00190-5
https://doi.org/10.1038/s41529-021-00190-5
https://doi.org/10.1557/JMR.1990.1130
https://doi.org/10.1557/JMR.1990.1130
https://doi.org/10.1016/j.mattod.2013.06.008
https://doi.org/10.2113/gselements.2.6.357
https://doi.org/10.1515/ract-2016-2658
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
http://doi.org/10.1016/B978-0-08-044462-8.X5000-5
https://doi.org/10.1016/j.jnoncrysol.2010.04.033
https://doi.org/10.1016/j.jnoncrysol.2010.04.033
https://doi.org/10.1016/j.jnoncrysol.2010.04.033
https://doi.org/10.1016/j.gca.2015.02.039
https://doi.org/10.1016/j.gca.2015.02.039
https://doi.org/10.1016/j.chemgeo.2011.12.002
https://doi.org/10.1038/nmat4172
https://doi.org/10.1016/j.corsci.2018.08.028
https://doi.org/10.1038/s41529-018-0048-z
https://doi.org/10.1016/j.chemgeo.2013.04.001
https://doi.org/10.1038/ncomms7360
https://doi.org/10.1038/ncomms7360
https://doi.org/10.1016/j.jnucmat.2006.04.005
http://doi.org/10.1002/9780470538371.ch12
https://doi.org/10.1016/j.gca.2014.12.009
https://doi.org/10.1016/j.gca.2014.12.009
https://doi.org/10.1111/ijag.12050
https://doi.org/10.1111/ijag.12050
https://doi.org/10.1016/0022-3093(75)90079-4
https://doi.org/10.1016/0022-3093(75)90079-4
https://doi.org/10.1016/0022-3093(75)90079-4
https://doi.org/10.1016/0022-3093(82)90178-8
https://doi.org/10.1016/0022-3093(82)90178-8
https://doi.org/10.1016/0022-3093(82)90178-8
https://doi.org/10.1016/S0022-3093(01)00890-0
https://doi.org/10.1016/S0022-3093(01)00890-0
https://doi.org/10.1016/S0022-3093(01)00890-0
https://doi.org/10.1016/j.jnoncrysol.2006.04.023
https://doi.org/10.1016/j.jnoncrysol.2006.04.023
https://doi.org/10.1016/j.jnoncrysol.2006.04.023
https://doi.org/10.1111/ijag.12052
https://doi.org/10.1111/ijag.12052
https://doi.org/10.1016/j.jnucmat.2008.06.044
https://doi.org/10.1016/0022-3093(94)90708-0
https://doi.org/10.1016/0022-3093(94)90708-0
https://doi.org/10.1016/0022-3093(94)90708-0
https://doi.org/10.1557/PROC-932-128.1
https://doi.org/10.1038/s41529-017-0025-y
https://doi.org/10.1038/s41529-017-0025-y
https://doi.org/10.1038/s41529-017-0025-y
https://doi.org/10.1021/jp205477q

Boron isotope tracers of diffusion during glass dissolution

Environmental and
Biogeochemical Processes

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[62]

Cailleteau C, Devreux F, Spalla O, Angeli F, Gin S. 2011. Why do
certain glasses with a high dissolution rate undergo a low degree of
corrosion? Journal of Physical Chemistry C 115:5846—-585

Gin S, Neill L, Fournier M, Frugier P, Ducasse T, et al. 2016. The contro-
versial role of inter-diffusion in glass alteration. Chemical Geology
440:115-123

Taron M, Gin S, Kaya H, Delaye JM, Kim SH. 2025. Impact of B and Al
on the initial and residual dissolution rate of alumino-borosilicate
glasses. Part II: gel properties. NPJ Materials Degradation 9:59
Grambow B, Mdller R. 2001. First-order dissolution rate law and the
role of surface layers in glass performance assessment. Journal of
Nuclear Materials 298:112—124

Vernaz E, Gin S, Jégou C, Ribet I. 2001. Present understanding of R7T7
glass alteration kinetics and their impact on long-term behavior
modeling. Journal of Nuclear Materials 298:27—-36

Gin S, Collin M, Jollivet P, Fournier M, Minet Y, et al. 2018. Dynamics of
self-reorganization explains passivation of silicate glasses. Nature
Communications 9:2169-2177

Advocat T, Jollivet P, Crovisier JL, Del Nero M. 2001. Long-term alter-
ation mechanisms in water for SON68 radioactive borosilicate glass.
Journal of Nuclear Materials 298:55-62

Gin S, Guo X, Delaye JM, Angeli F, Damodaran K, et al. 2020. Insights
into the mechanisms controlling the residual corrosion rate of
borosilicate glasses. NPJ Materials Degradation 4:41-49

Rimsza JM, Du J. 2018. Nanoporous silica gel structures and evolu-
tion from reactive force field-based molecular dynamics simulations.
NPJ Materials Degradation 2:18-27

Gin S, Jollivet P, Barba Rossa G, Tribet M, Mougnaud S, et al. 2017.
Atom-Probe Tomography, TEM and ToF-SIMS study of borosilicate
glass alteration rim: a multiscale approach to investigating rate-limit-
ing mechanisms. Geochimica et Cosmochimica Acta 202:57-76

Hopf J, Eskelsen JR, Chiu M, levlev AV, Ovchinnikova OS, et al. 2018.
Toward an understanding of surface layer formation, growth, and
transformation at the glass—fluid interface. Geochimica et Cosmochim-
ica Acta 229:65—-84

Mir AH, Jan A, Delaye JM, Donnelly S, Hinks J et al. 2020. Effect of
decades of corrosion on the microstructure of altered glasses and
their radiation stability. NPJ Materials Degradation 4:11-19

Gin S, Mir AH, Jan A, Delaye JM, Chauvet E, et al. 2020. A General
Mechanism for Gel Layer Formation on Borosilicate Glass under
Aqueous Corrosion. Journal of Physical Chemistry C 124:5132-5144
Verney-Carron A, Vigier N, Millot R. 2011. Experimental determina-
tion of the role of diffusion on Li isotope fractionation during basaltic
glass weathering. Geochimica et Cosmochimica Acta 75:3452—-3468
Gout TL, Bohlin MS, Tipper ET, Lampronti Gl, Farnan I. 2021. Tempera-
ture dependent lithium isotope fractionation during glass dissolu-
tion. Geochimica et Cosmochimica Acta 313:133-154

Gout TL, Misra S, Tipper ET, Bohlin MS, Guo R, et al. 2019. Diffusive
processes in aqueous glass dissolution. NPJ Materials Degradation
3:39-47

Gaillardet J, Lemarchand D. 2018. Boron in the Weathering Environ-
ment. In Boron Isotopes. Advances in Isotope Geochemistry, eds.
Marschall H, Foster G. Cham: Springer International Publishing. pp.
163-188 doi: http://doi.org/10.1007/978-3-319-64666-4_7
Lemarchand E, Schott J, Gaillardet J. 2007. How surface complexes
impact boron isotope fractionation: Evidence from Fe and Mn oxides
sorption experiments. Earth and Planetary Science Letters
260:277-296

Lopalco A, Lopedota AA, Laquintana V, Denora N, Stella VJ. 2020.
Boric acid, a lewis acid with unique and unusual properties: formula-
tion implications. Journal of Pharmaceutical Sciences 109:2375-2386
Smith HD, Wiersema RJ. 1972. Boron-11 Nuclear Magnetic Reso-
nance Study of Polyborate lons in Solution. Inorganic Chemistry
11:1152-1154

Balz R, Brandle U, Kimmerer E, K&hnlein D, Lutz O, et al. 1986. ''B and
198 NMR investigations in aqueous solutions. Zeitschrift fur Natur-
forschung - Section A [Journal of Physical Sciences] 41:737-742

[53]

[54]

[55]

[56]

[67]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

Ishihara K, Nagasawa A, Umemoto K, Ito H, Saito K. 1994. Kinetic
Study of Boric Acid-Borate Interchange in Aqueous Solution by ''B
NMR Spectroscopy. Inorganic Chemistry 33:3811-3816

Foster GL, Lécuyer C, Marschall HR. 2016. Boron stable isotopes. In
Encyclopedia of Geochemistry, ed. White WM. Cham: Springer Interna-
tional Publishing. pp. 1-6 doi: http://doi.org/10.1007/978-3-319-
39193-9_238-1

Marschall HR, Foster GL. 2018. Boron isotopes in the earth and plane-
tary sciences — a short history and introduction. In Boron Isotopes.
Advances in Isotope Geochemistry, eds. Marschall H, Foster G. Cham:
Springer International Publishing. pp. 1-11 doi: 10.1007/978-3-319-
64666-4_1

Chetelat B, Gaillardet J, Freydier R, Négrel P. 2005. Boron isotopes in
precipitation: Experimental constraints and field evidence from
French Guiana. Earth and Planetary Science Letters 235:16—30
Lemarchand D, Gaillardet J, Lewin E, Allégre CJ. 2002. Boron isotope
systematics in large rivers: Implications for the marine boron budget
and paleo-pH reconstruction over the Cenozoic. Chemical Geology
190:123-140

Williams LB, Wieser ME, Fennell J, Hutcheon |, Hervig RL. 2001. Appli-
cation of boron isotopes to the understanding of fluid-rock interac-
tions in a hydrothermally stimulated oil reservoir in the Alberta Basin,
Canada. Geofluids 1:229-240

Schmitt AD, Vigier N, Lemarchand D, Millot R, Stille P, et al. 2012.
Processes controlling the stable isotope compositions of Li, B, Mg
and Ca in plants, soils and waters: a review. Comptes Rendus -
Géoscience 344:704-722

Lemarchand E, Schott J, Gaillardet J. 2005. Boron isotopic fractiona-
tion related to boron sorption on humic acid and the structure of
surface complexes formed. Geochimica et Cosmochimica Acta
69:3519-3533

Klochko K, Kaufman AJ, Yao W, Byrne RH, Tossell JA. 2006. Experimen-
tal measurement of boron isotope fractionation in seawater. Earth
and Planetary Science Letters 248:276—285

Kakihana H, Kotaka M, Satoh S, Nomura M, Okamoto M. 1977. Funda-
mental studies on the ion exchange separation of boron isotopes.
Bulletin of the Chemical Society of Japan 50:158—-163

Negrel P, Petelet-Giraud E, Kloppmann W, Casanova J. 2002. Boron
isotope signatures in the coastal groundwaters of French Guiana.
Water Resources Research 38:44-1-44-5

Williams LB, Hervig RL, Holloway JR, Hutcheon I. 2001. Boron isotope
geochemistry during diagenesis. Part I. Experimental determination
of fractionation during illitization of smectite. Geochimica et
Cosmochimica Acta 65:1769—-1782

Mavromatis V, Montouillout V, Noireaux J, Gaillardet J, Schott J. 2015.
Characterization of boron incorporation and speciation in calcite and
aragonite from co-precipitation experiments under controlled pH,
temperature and precipitation rate. Geochimica et Cosmochimica Acta
150:299-313

Kowalski PM, Wunder B. 2018. Boron isotope fractionation among
vapor--liquids--solids--melts: experiments and atomistic modeling. In
Boron Isotopes. Advances in Isotope Geochemistry, eds. Marschall H,
Foster G. Cham: Springer International Publishing. pp. 33-69 doi:
10.1007/978-3-319-64666-4_3

Lemarchand D, Cividini D, Turpault MP, Chabaux F. 2012. Boron
isotopes in different grain size fractions: Exploring past and present
water-rock interactions from two soil profiles (Strengbach, Vosges
Mountains). Geochimica et Cosmochimica Acta 98:78—-93

Chetelat B., Liu CQ, Gaillardet J, Wang QL, Zhao ZQ, et al. 2009. Boron
isotopes geochemistry of the Changjiang basin rivers. Geochimica et
Cosmochimica Acta 73:6084—6097

Kim Y, Kirkpatrick RJ. 2006. "B NMR investigation of boron interac-
tion with mineral surfaces: Results for boehmite, silica gel and illite.
Geochimica et Cosmochimica Acta 70:3231-3238

Lemarchand D, Gaillardet J. 2006. Transient features of the erosion of
shales in the Mackenzie basin (Canada), evidences from boron
isotopes. Earth and Planetary Science Letters 245:174—189

Palmer MR, Spivack AJ, Edmond JM. 1987. Temperature and pH
controls over isotopic fractionation during adsorption of boron on
marine clay. Geochimica et Cosmochimica Acta 51:2319-2323

Environmental and Biogeochemical Processes | Volume 1 | 2025 | 005

page 130f 15


https://doi.org/10.1021/jp111458f
https://doi.org/10.1016/j.chemgeo.2016.07.014
https://doi.org/10.1038/s41529-025-00576-9
https://doi.org/10.1016/S0022-3115(01)00619-5
https://doi.org/10.1016/S0022-3115(01)00619-5
https://doi.org/10.1016/S0022-3115(01)00643-2
https://doi.org/10.1038/s41467-018-04511-2
https://doi.org/10.1038/s41467-018-04511-2
https://doi.org/10.1016/S0022-3115(01)00621-3
https://doi.org/10.1038/s41529-020-00145-2
https://doi.org/10.1038/s41529-018-0039-0
https://doi.org/10.1016/j.gca.2016.12.029
https://doi.org/10.1016/j.gca.2018.01.035
https://doi.org/10.1016/j.gca.2018.01.035
https://doi.org/10.1016/j.gca.2018.01.035
https://doi.org/10.1038/s41529-020-0115-0
https://doi.org/10.1021/acs.jpcc.9b10491
https://doi.org/10.1016/j.gca.2011.03.019
https://doi.org/10.1016/j.gca.2021.09.005
https://doi.org/10.1038/s41529-019-0102-5
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
http://doi.org/10.1007/978-3-319-64666-4_7
https://doi.org/10.1016/j.epsl.2007.05.039
https://doi.org/10.1016/j.xphs.2020.04.015
https://doi.org/10.1021/ic50111a056
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1515/zna-1986-0508
https://doi.org/10.1021/ic00095a026
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-39193-9_238-1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
http://doi.org/10.1007/978-3-319-64666-4_1
https://doi.org/10.1016/j.epsl.2005.02.014
https://doi.org/10.1016/S0009-2541(02)00114-6
https://doi.org/10.1046/j.1468-8123.2001.00016.x
https://doi.org/10.1016/j.crte.2012.10.002
https://doi.org/10.1016/j.crte.2012.10.002
https://doi.org/10.1016/j.crte.2012.10.002
https://doi.org/10.1016/j.crte.2012.10.002
https://doi.org/10.1016/j.crte.2012.10.002
https://doi.org/10.1016/j.gca.2005.02.024
https://doi.org/10.1016/j.epsl.2006.05.034
https://doi.org/10.1016/j.epsl.2006.05.034
https://doi.org/10.3327/jaesj.9.376
https://doi.org/10.1029/2002wr001299
https://doi.org/10.1016/S0016-7037(01)00557-9
https://doi.org/10.1016/S0016-7037(01)00557-9
https://doi.org/10.1016/j.gca.2014.10.024
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
http://doi.org/10.1007/978-3-319-64666-4_3
https://doi.org/10.1016/j.gca.2012.09.009
https://doi.org/10.1016/j.gca.2009.07.026
https://doi.org/10.1016/j.gca.2009.07.026
https://doi.org/10.1016/j.gca.2006.04.026
https://doi.org/10.1016/j.epsl.2006.01.056
https://doi.org/10.1016/0016-7037(87)90285-7

Environmental and
Biogeochemical Processes

Boron isotope tracers of diffusion during glass dissolution

[72]

[73]

[74]

[78]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Li YC, Zhou YR, Wei HZ, Palmer MR, Guo FY, et al. 2025. Equilibrium
boron isotope fractionation during kaolinite adsorption and applica-
tions to chemical weathering processes. Geochimica et Cosmochim-
ica Acta 391:80-95

Noireaux J, Sullivan PL, Gaillardet J, Louvat P, Steinhoefel G, et al.
2021. Developing boron isotopes to elucidate shale weathering in
the critical zone. Chemical Geology 559:119900

Seyfried WE, Chen X, Chan LH. 1998. Trace element mobility and
lithium isotope exchange during hydrothermal alteration of seafloor
weathered basalt: an experimental study at 350 °C, 500 bars.
Geochimica et Cosmochimica Acta 62:949—-960

Saldi GD, Louvat P, Schott J, Gaillardet J. 2021. The pH dependence of
the isotopic composition of boron adsorbed on amorphous silica.
Geochimica et Cosmochimica Acta 308:1-20

Singer CR, Behrens H, Horn |, Fechtelkord M, Weyer S. 2025. Boron
diffusion, related isotope fractionation and the structural role of B in
pegmatite forming melts. Geochimica et Cosmochimica Acta
392:70-87

Voinot A, Lemarchand D, Collignon C, Granet M, Chabaux F, et al.
2013. Experimental dissolution vs. transformation of micas under
acidic soil conditions: Clues from boron isotopes. Geochimica et
Cosmochimica Acta 117:144—-160

Fleury B, Godon N, Ayral A, Gin S. 2013. SON68 glass dissolution
driven by magnesium silicate precipitation. Journal of Nuclear Materi-
als 442:17-28

Gin S, Beaudoux X, Angéli F, Jégou C, Godon N. 2012. Effect of
composition on the short-term and long-term dissolution rates of ten
borosilicate glasses of increasing complexity from 3 to 30 oxides.
Journal of Non-Crystalline Solids 358:2559—-2570

GoUt TL, Harrison MT, Farnan 1. 2019. Impacts of lithium on Magnox
waste glass dissolution. Journal of Non-Crystalline Solids 517:96—105
ASTM. 2014. Standard Test methods for determining chemical dura-
bility of nuclear , hazardous , and mixed waste glasses and multi-
phase glass ceramics: the Product Consistency Test (PCT) Designa-
tion: C1285-14. ASTM, Conshohocken, USA, 2002 doi: 10.1520/C1285-
14

Parkhurst DL, Appelo CAJ. 2013. Description of input and examples
for PHREEQC version 3: a computer program for speciation, batch-
reaction, one-dimensional transport, and inverse geochemical calcu-
lations. In U. S. Geological Survey Techniques and Methods 6. A43.
US Geological Survey. 497 pp. doi: 10.3133/tm6A43

Haynes WM. 2015. Geophysics, astronomy, and acoustics. In CRC
handbook of chemistry and physics, ed. Haynes WM. 95t Edition.
Cleveland, Ohio: CRC Press. pp. 14-2 — 14-3 doi: 10.1201/b17118
Jégou C, Gin S, Larché F. 2000. Alteration kinetics of a simplified
nuclear glass in an aqueous medium: effects of solution chemistry
and of protective gel properties on diminishing the alteration rate.
Journal of Nuclear Materials 280:216—229

Misra S, Owen R, Kerr J, Greaves M, Elderfield H. 2014. Determination
of 6''B by HR-ICP-MS from mass limited samples: application to natu-
ral carbonates and water samples. Geochimica et Cosmochimica Acta
140:531-552

Guillermic M, Misra S, Eagle R, Villa A, Chang F, et al. 2020. Seawater
pH reconstruction using boron isotopes in multiple planktonic
foraminifera species with different depth habitats and their potential
to constrain pH and pCO, gradients. Biogeosciences 17:3487—-3510
Lloyd NS, Sadekov AY, Misra S. 2018. Application of 10'3 ohm Fara-
day cup current amplifiers for boron isotopic analyses by solution
mode and laser ablation MC-ICP-MS. Rapid Communications in Mass
Spectrometry 32:9-18

Vogl J, Rosner M. 2012. Production and certification of a unique set of
isotope and delta reference materials for boron isotope determina-
tion in geochemical, environmental and industrial materials. Geostan-
dards and Geoanalytical Research 36:161-175

Jochum KP, Nohl U, Herwig K, Lammel E, Stoll B, et al. 2005. GeoReM:
a new geochemical database for reference materials and isotopic
standards. Geostandards and Geoanalytical Research 29:333—-338
Pearce NJG, Perkins WT, Westgate JA, Gorton MP, Jackson SE, et al.
2010. A compilation of new and published major and trace element

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[1085]

[106]

[107]

[108]

[109]

[110]

data for NIST SRM 610 and NIST SRM 612 glass reference materials.
Geostandards Newsletter 21:115-144

Jochum KP, Weis U, Stoll B, Kuzmin D, Yang Q, et al. 2011. Determina-
tion of reference values for NIST SRM 610-617 glasses following ISO
guidelines. Geostandards and Geoanalytical Research 35:397—-429
Tiepolo M, Bouman C, Vannucci R, Schwieters J. 2006. Laser ablation
multicollector ICPMS determination of 6''B in geological samples.
Applied Geochemistry 21:788—801

Tonarini S, Pennisi M, Adorni-Braccesi A, Dini A, Ferrara G, et al. 2003.
Intercomparison of boron isotope and concentration measurements.
Part I: Selection, preparation and homogeneity tests of the intercom-
parison materials. Geostandards Newsletter 27:21-39

Guo R, Brigden CT, Gin S, Swanton SW, Farnan . 2018. The effect of
magnesium on the local structure and initial dissolution rate of
simplified UK Magnox waste glasses. Journal of Non-Crystalline Solids
497:82-92

Ryan JV, Smith NJ, Neeway JJ, Reiser JT, Parruzot B, et al. 2023. ISG-2:
properties of the second International Simple Glass. NPJ Materials
Degradation 7:47—-55

Curti E, Crovisier JL, Morvan G, Karpoff AM. 2006. Long-term corro-
sion of two nuclear waste reference glasses (MW and SON68): a
kinetic and mineral alteration study. Applied Geochemistry
21:1152-1168

Frugier P, Martin C, Ribet I, Advocat T, Gin S. 2005. The effect of
composition on the leaching of three nuclear waste glasses: R7T7,
AVM and VRZ. Journal of Nuclear Materials 346:194-207

Thien BMJ, Godon N, Ballestero A, Gin S, Ayral A. 2012. The dual effect
of Mg on the long-term alteration rate of AVM nuclear waste glasses.
Journal of Nuclear Materials 427:297-310

Debure M, De Windt L, Frugier P, Gin S. 2013. HLW glass dissolution in
the presence of magnesium carbonate: Diffusion cell experiment and
coupled modeling of diffusion and geochemical interactions. Journal
of Nuclear Materials 443:507-521

Aréna H, Godon N, Rébiscoul D, Podor R, Garcés E, et al. 2016. Impact
of Zn, Mg, Ni and Co elements on glass alteration: Additive effects.
Journal of Nuclear Materials 470:55—-67

Aréna H, Godon N, Rébiscoul D, Frugier P, Podor R, et al. 2017. Impact
of iron and magnesium on glass alteration: Characterization of the
secondary phases and determination of their solubility constants.
Applied Geochemistry 82:119-133

Gout TL, Harrison MT, Farnan I. 2019. Relating Magnox and interna-
tional waste glasses. Journal of Non-Crystalline Solids 524:119647
Aréna H, Podor R, Brau HP, Nelayah J, Godon N, et al. 2021. Character-
ization of the boron profile and coordination in altered glass layers
by EEL spectroscopy. Micron 141:102983

Angeli F, Charpentier T, Jollivet P, de Ligny D, Bergler M, et al. 2018.
Effect of thermally induced structural disorder on the chemical dura-
bility of International Simple Glass. NPJ Materials Degradation
2:31-41

Li YC, Wei HZ, Palmer MR, Jiang SY, Liu X, et al. 2021. Boron coordina-
tion and B/Si ordering controls over equilibrium boron isotope frac-
tionation among minerals, melts, and fluids. Chemical Geology
561:120030

Karahan S, Yurdakog¢ M, Seki Y, Yurdakog K. 2006. Removal of boron
from aqueous solution by clays and modified clays. Journal of Colloid
and Interface Science 293:36—42

Hemming NG, Reeder RJ, Hart SR. 1998. Growth-step-selective incor-
poration of boron on the calcite surface. Geochimica et Cosmochim-
icaActa 62:2915-2922

Ring SJ, Henehan MJ, Frings PJ, Blukis R, von Blanckenburg F. 2025.
Late cenozoic rise in seawater 6''B not driven by increasing boron
adsorption. Geochemistry, Geophysics, Geosystems 26:€2024GC011911
Meyer C, Wunder B, Meixner A, Romer RL, Heinrich W. 2008. Boron-
isotope fractionation between tourmaline and fluid: an experimental
re-investigation.  Contributions to Mineralogy —and Petrology
156:259-267

Grambow B. 1985. A general rate equation for nuclear waste glass
corrosion. Proc. 44 Materials Research Society Symposium Proceedings,
Symposium N - Scientific Basis for Nuclear Waste Management VII,

page 140f 15

Environmental and Biogeochemical Processes | Volume 1 | 2025 | 005


https://doi.org/10.1016/j.gca.2024.12.014
https://doi.org/10.1016/j.gca.2024.12.014
https://doi.org/10.1016/j.gca.2024.12.014
https://doi.org/10.1016/j.chemgeo.2020.119900
https://doi.org/10.1016/S0016-7037(98)00045-3
https://doi.org/10.1016/j.gca.2021.05.052
https://doi.org/10.1016/j.gca.2024.11.023
https://doi.org/10.1016/j.gca.2013.04.012
https://doi.org/10.1016/j.gca.2013.04.012
https://doi.org/10.1016/j.jnucmat.2013.08.029
https://doi.org/10.1016/j.jnucmat.2013.08.029
https://doi.org/10.1016/j.jnucmat.2013.08.029
https://doi.org/10.1016/j.jnoncrysol.2012.05.024
https://doi.org/10.1016/j.jnoncrysol.2012.05.024
https://doi.org/10.1016/j.jnoncrysol.2012.05.024
https://doi.org/10.1016/j.jnoncrysol.2019.04.040
https://doi.org/10.1016/j.jnoncrysol.2019.04.040
https://doi.org/10.1016/j.jnoncrysol.2019.04.040
https://doi.org/10.1520/C1285-14
https://doi.org/10.1520/C1285-14
https://doi.org/10.1520/C1285-14
http://doi.org/10.3133/tm6A43
http://doi.org/10.1201/b17118
https://doi.org/10.1016/S0022-3115(00)00039-8
https://doi.org/10.1016/j.gca.2014.05.047
https://doi.org/10.5194/bg-17-3487-2020
https://doi.org/10.1002/rcm.8009
https://doi.org/10.1002/rcm.8009
https://doi.org/10.1111/j.1751-908X.2011.00136.x
https://doi.org/10.1111/j.1751-908X.2011.00136.x
https://doi.org/10.1111/j.1751-908x.2005.tb00904.x
https://doi.org/10.1111/j.1751-908X.1997.tb00538.x
https://doi.org/10.1111/j.1751-908X.2011.00120.x
https://doi.org/10.1016/j.apgeochem.2006.02.014
https://doi.org/10.1111/j.1751-908X.2003.tb00710.x
https://doi.org/10.1016/j.jnoncrysol.2018.03.002
https://doi.org/10.1016/j.jnoncrysol.2018.03.002
https://doi.org/10.1016/j.jnoncrysol.2018.03.002
https://doi.org/10.1038/s41529-023-00352-7
https://doi.org/10.1038/s41529-023-00352-7
https://doi.org/10.1016/j.apgeochem.2006.03.010
https://doi.org/10.1016/j.jnucmat.2005.06.023
https://doi.org/10.1016/j.jnucmat.2012.05.025
https://doi.org/10.1016/j.jnucmat.2013.07.068
https://doi.org/10.1016/j.jnucmat.2013.07.068
https://doi.org/10.1016/j.jnucmat.2015.11.050
https://doi.org/10.1016/j.apgeochem.2017.04.010
https://doi.org/10.1016/j.jnoncrysol.2019.119647
https://doi.org/10.1016/j.jnoncrysol.2019.119647
https://doi.org/10.1016/j.jnoncrysol.2019.119647
https://doi.org/10.1016/j.micron.2020.102983
https://doi.org/10.1038/s41529-018-0052-3
https://doi.org/10.1016/j.chemgeo.2020.120030
https://doi.org/10.1016/j.jcis.2005.06.048
https://doi.org/10.1016/j.jcis.2005.06.048
https://doi.org/10.1016/S0016-7037(98)00214-2
https://doi.org/10.1016/S0016-7037(98)00214-2
https://doi.org/10.1016/S0016-7037(98)00214-2
https://doi.org/10.1029/2024GC011911
https://doi.org/10.1007/s00410-008-0285-1

Boron isotope tracers of diffusion during glass dissolution

Environmental and
Biogeochemical Processes

[111]

[112]

[113]
[114]

[115]

Materials Research Society, Online Proceedings, 1984. Boston: Materials
Research Society . pp. 15-27 doi: 10.1557/PROC-44-15

Cailleteau C, Angeli F, Devreux F, Gin S, Jestin J, et al. 2008. Insight
into silicate-glass corrosion mechanisms. Nature Materials 7:978—-983
Rébiscoul D, Frugier P, Gin S, Ayral A. 2005. Protective properties and
dissolution ability of the gel formed during nuclear glass alteration.
Journal of Nuclear Materials 342:26—34

Crank J. 1975. The mathematics of diffusion. Oxford: Oxford University
Press

Boksay Z, Bouquet G, Dobos S. 1967. Diffusion processes in surface
layers of glass. Physics and Chemistry of Glasses 8:140—144

Richter FM, Davis AM, DePaolo DJ, Watson EB. 2003. Isotope fraction-
ation by chemical diffusion between molten basalt and rhyolite.
Geochimica et Cosmochimica Acta 67:3905—-3923

[116] Richter FM, Mendybaev RA, Christensen JN, Hutcheon ID, Williams
RW, et al. 2006. Kinetic isotopic fractionation during diffusion of ionic
species in water. Geochimica et Cosmochimica Acta 70:277—-289

[117] Bourg IC, Richter FM, Christensen JN, Sposito G. 2010. Isotopic mass
dependence of metal cation diffusion coefficients in liquid water.
Geochimica et Cosmochimica Acta 74:2249-2256

Copyright: © 2025 by the author(s). Published by
BY Maximum Academic Press, Fayetteville, GA. This article
is an open access article distributed under Creative Commons

Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Environmental and Biogeochemical Processes | Volume 1 | 2025 | 005 page 150f 15


http://doi.org/10.1557/PROC-44-15
http://doi.org/10.1557/PROC-44-15
http://doi.org/10.1557/PROC-44-15
http://doi.org/10.1557/PROC-44-15
http://doi.org/10.1557/PROC-44-15
https://doi.org/10.1038/nmat2301
https://doi.org/10.1016/j.jnucmat.2005.03.018
https://doi.org/10.1016/S0016-7037(03)00174-1
https://doi.org/10.1016/j.gca.2005.09.016
https://doi.org/10.1016/j.gca.2010.01.024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Methodology
	Sample synthesis and preparation
	Glass characterisation
	Dissolution experiments
	Aliquot preparation and concentration analysis
	B micro-distillation and solution δ11B analysis
	Pristine glass δ11B analysis
	Diffusion models

	Results and discussion
	Secondary mineral precipitation driving long-term elemental releases
	Congruent and diffusive boron releases
	Spatially separated boron and lithium dissolution fronts
	Boron isotope releases and altered layer passivation in the absence of magnesium
	Temporally and spatially dependent apparent diffusivities

	Summary
	Supplementary information
	Author contributions
	Data availability
	Acknowledgments
	Funding
	Declarations
	Competing interests

	References

