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Variations in the Ba isotopic composition of seawater are largely driven by the extent of barite 
precipitation in the marine photic zone and replenishment of Ba by upwelling and/or continental inputs. 
Pelagic barites offer a robust tool for tracing sources and sinks of Ba in the (paleo)ocean as they record 
these isotopic variations. Knowledge of the Ba isotope fractionation between barite and ambient waters is 
therefore imperative. Here, the Ba isotope fractionation between barite and Ba2+ (aq) under equilibrium 
conditions has been estimated by the three-isotope method with a 135Ba-enriched reactive fluid. The 
estimated Ba isotope fractionation was �137/134BaBarite-Ba2+ = −0.07 ± 0.08�. Textural observations of 
barite crystals recovered up to 756 days of reaction reveal smoothing of solid surfaces but also typical 
dissolution features such as development of pits and cracks. Thus, dissolution/re-precipitation is likely 
the mechanism controlling the observed isotope exchange that is facilitated by the further development 
of porosity in the crystals. Additionally, the isotope exchange in the experimental runs fits a second-order 
law yielding a surface normalized isotope exchange rate of ∼2.8 × 10−10 mol/m2/s. This exchange rate 
could theoretically result in complete isotope exchange between pelagic barite with a typical edge size of 
1 μm and ambient seawater or pore fluid within years, altering the barite’s Ba isotopic composition 
during settling towards the seafloor and/or after deposition in marine sediments. Although there is 
considerable uncertainty in extrapolating experimental results to natural conditions and longer time 
scales, the rapid rates of exchange observed experimentally over short timescales suggest that isotope 
exchange in pelagic barite should be considered during interpretation of the Ba isotope composition as a 
paleoarchive.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

Barium sulphate or barite (BaSO4) is a naturally occurring min-
eral in marine environments that forms in the water column 
(pelagic barite), in hydrothermal or cold seep settings and as di-
agenetic barite from porewaters in marine sediments. Despite rel-
atively high Ba2+ and SO2−

4 concentrations in seawater, modern 
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oceans are undersaturated with respect to barite (Monnin and Civi-
dini, 2006), prohibiting spontaneous precipitation of pelagic barite 
in the water column. Instead, it is assumed that precipitation oc-
curs when organic matter is re-mineralised in the mesopelagic 
zone, typically between 200 and 600 m water depth (Horner et al., 
2015; Bates et al., 2017). Upon remineralisation, Ba2+ associated 
to phytoplankton is released, allowing the nucleation of barite in 
microenvironments (Chow and Goldberg, 1960; Martinez-Ruiz et 
al., 2020). Thus, the formation of pelagic barite is indirectly linked 
to primary productivity (Dehairs et al., 1980; Paytan and Griffith, 
2007). Furthermore, sedimentation of this mineral constitutes the 
major output of Ba from the oceans (Paytan and Kastner, 1996; 
Carter et al., 2020).
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Barite is characterized by very low solubility (Blount, 1977) 
and is considered stable under oxic conditions over geological 
timescales (Paytan and Griffith, 2007), making it a more robust 
archive compared to, for instance, carbonates. Over the last decade, 
it has been shown that changes in pelagic barite precipitation, 
hence primary productivity, and ocean circulation may manifest 
in variations in the Ba isotopic composition of seawater (e.g., 
Horner and Crockford, 2021). Barite precipitation is one of the 
main drivers, as barite preferentially takes up the lighter Ba iso-
topes (von Allmen et al., 2010), leaving seawater enriched in the 
heavier isotopes (e.g., Horner et al., 2015; Bates et al., 2017). Re-
pletion of dissolved Ba in deep waters, on the other hand, lowers 
the δ137/134Ba values of seawater. The Ba isotopic composition of 
precipitating pelagic barite depends mainly on the isotopic compo-
sition of the ambient seawater. Barites have therefore the potential 
to capture and archive changes in marine Ba sources and cycling 
in the past (Bridgestock et al., 2018, 2019; Horner and Crockford, 
2021).

Once deposited on the seafloor, barite preservation within ma-
rine sediments depends on the SO2−

4 concentration in pore waters. 
In oxygen-depleted sediment layers, biological activity results in 
reduction of sulphate that is used as an energy source and barite 
is dissolved (McManus et al., 1998, Paytan and Griffith, 2007). Dis-
solved Ba2+ subsequently diffuses within the sediment, and sec-
ondary, i.e., diagenetic, barite may form in oxic sediment layers 
where SO2−

4 is available (Torres et al., 1996). Although it can be 
assumed that dissolution of pelagic barite in the sediments is not 
accompanied by Ba isotope fractionation (van Zuilen et al., 2016b), 
fractionation is likely to happen during precipitation of diagenetic 
barite (von Allmen et al., 2010; Böttcher et al., 2018) and may also 
occur during diffusion of Ba2+ in the porewaters towards SO2−

4
rich layers (van Zuilen et al., 2016a). Consequently, it is likely that 
pore waters in marine sediments exhibit a large range in Ba iso-
tope ratios (Pretet, 2013).

Apart from kinetic processes, isotope fractionation can occur 
upon isotope exchange in a mineral-fluid system under chemi-
cal equilibrium conditions, as was observed for Ba in carbonates 
(Mavromatis et al., 2016, 2020). Similar isotope exchange was fur-
ther seen between carbonate minerals and fluid for metal isotopes 
such as Ca, Mg and Sr (e.g., Pearce et al., 2012; Mavromatis et 
al., 2017; Perez-Fernandez et al., 2017; Oelkers et al., 2018), but 
also for C and O (e.g., Dietzel et al., 2020; Harrison et al., 2021, 
2022), as well as between silicate minerals and fluid (e.g., Liu et 
al., 2016; Stamm et al., 2019). The mechanisms behind isotope ex-
change in some cases can be clearly assigned to dissolution and re-
precipitation reactions, particularly when a change in mineralogy 
(e.g., Harrison et al., 2021) or crystal morphology (e.g., Harrison et 
al., 2023) can be observed. However, isotope exchange can also oc-
cur without obvious changes of the mineral phase, composition or 
morphology (Gorski and Fantle, 2017). In the case of barite, previ-
ous studies have shown that isotope exchange traced with 133Ba or 
226Ra is a rather rapid process that is not accompanied by changes 
in crystal morphology (e.g., Curti et al., 2010).

These previous observations of rapid isotope exchange between 
barite and aqueous Ba2+ call for an assessment of the stability 
of the primary Ba isotope signals in (pelagic) barite to support 
their reliable use as archives of past environmental conditions. 
In this study, we focus on Ba isotope exchange between natural 
barite from the Harz mountains (central Germany) and isotopically 
labelled aqueous Ba2+ under chemical equilibrium conditions. Iso-
tope exchange rates and equilibrium isotope fractionation between 
mineral and aqueous fluids were experimentally investigated over 
∼25-month-long experiments. The results allow calculation of Ba 
isotope re-equilibration rates and generate insight on the fidelity 
of natural Ba isotope signatures of marine barites.
2

2. Materials and methods

The mechanisms of isotope exchange between barite and reac-
tive fluid were evaluated using the three-isotope technique. Details 
of the experimental setup are given in the Supplement. In brief, 
∼0.050 g of powdered terrestrial gangue barite, with a grain size 
of about 30 to 60 μm and a reactive surface of 0.26 m2/g (Fig. 1A), 
were placed in 17 individual reactors of 10 mL polypropylene vials. 
A solution was prepared from barium chloride dihydrate (BaCl2
• 2H2O) and sodium chloride (NaCl) powders and deionised wa-
ter and subsequently enriched in 135Ba by addition of a known 
mass of a 135Ba spike solution, resulting in an initial fluid with a 
δ135/134Ba value of 236.5� and a δ137/134Ba value of −0.02� (Ta-
ble S2). To each reactor, ∼10 g of the 135Ba enriched solution were 
added and left to equilibrate with the barite for up to 756 days 
at room temperature. Each reactor contained ∼2.2 × 10−4 mol Ba 
as solid phase compared to only 1.5 × 10−6 mol Ba in the aque-
ous solution. No sulphate was initially present in solution, causing 
minor dissolution of barite towards chemical equilibrium. The re-
actors were vigorously shaken approximately every second day. At 
selected time intervals over the experimental duration (see Table 
S1), individual reactors were sampled in their entirety.

Details of the analytical methods are given in the Supplement. 
Ba isotope data are presented in the delta notation:

δx/134 Ba [�] =
(

x Ba/134 Basample
x Ba/134 BaS RM 3104a

− 1

)
∗ 1000, (1)

where x denotes 135 and 137, respectively. For the conversion 
of δ138/134Ba values from literature data that are used below to 
δ137/134Ba, a factor of 3/4 was applied.

3. Results

3.1. Chemical and isotopic composition of reactive fluids and solids

In the early stages of the mineral-fluid exchange experiments, 
the concentration of Ba in the reactive fluid decreased significantly 
from ∼0.15 mM in the initially introduced stock solution to ∼0.11 
mM after 1724 hours (i.e., ∼72 days) of reaction time and re-
mained afterwards stable at 0.11 ± 0.01 mM until the end of 
the experiment (Fig. 2A; Table S1). Possible adsorption of dissolved 
Ba2+ onto the inner wall of the reaction vials, and potentially as-
sociated Ba isotope fractionation, was negligible within analytical 
uncertainty (see Supplement). The concentration of SO2−

4 was con-
stant over the whole experiment at 0.0023 ± 0.0004 mM (Table 
S1). The supersaturation degree of the fluid with respect to barite 
(i.e., �Barite) remained constant as well at a value of ∼1.0 ± 0.1 
(Fig. 2B; Table S1), denoting that during the whole duration of the 
experiment the solution was at chemical equilibrium with respect 
to barite.

Similar to the Ba concentration, the δ135/134Ba composition of 
the reactive fluid exhibited significant variations in the early stages 
of the experiments (Fig. 2C). Initially, δ135/134Bafluid decreased 
rapidly from 236.5� in the stock solution to ∼89� in sample 
BaSp1 after ∼4 days of reaction time. Subsequently, δ135/134Bafluid
decreased further to a value of ∼9� (sample BaSp8) up to day 86 
(i.e., 2060 hours) of the experiment. After this time point and until 
the end of the experiment after 756 days, δ135/134Bafluid decreased 
at a slower rate, achieving a final value of ∼3�. In contrast, con-
siderably less variations were observed for δ137/134Bafluid, which 
varied around a value of 0.01 ± 0.09� in all the fluid samples 
(Table S2).

Mirroring the fluid, the δ135/134Ba values of the barite became 
more positive with time (Fig. 2D). The barite seed used in this 
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Fig. 1. Scanning electron microphotographs of characteristic barite seed grains (A and B), and barite grains recovered after ∼135 days (C and D), ∼326 days (E and F) and 
756 days (G and H).
study has a δ135/134Ba value of −0.04 ± 0.09� (2sp , Table S2) 
which rapidly increased to 0.08 ± 0.09� in sample BaSp1 (∼4 
days) and obtained a value of 0.17 ± 0.09� at the end of the ex-
periments after 756 days. The significant increase in δ135/134Basolid
3

can be assigned to isotopic exchange with the artificially 135Ba-
enriched reactive fluid, as discussed later. The δ137/134Basolid value, 
on the other hand, remained constant within analytical uncertainty 
over the experiment (Table S2).
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Fig. 2. Temporal evolution of A) aqueous Ba concentration, B) degree of supersaturation of the fluid with respect to barite, C) δ135/134Ba composition of the aqueous phase 
and D) δ135/134Ba composition of the reacted barite. If not shown, error bars are smaller than symbol size.
3.2. Textural characterization of solids

Scanning Electron Microscopy (SEM) images of the barite used 
in the experiments and selected samples of the recovered mate-
rial can be seen in Fig. 1. The size of the grains recovered from the 
reactors appears to be similar to that of the seed as depicted in 
Fig. 1A. Interestingly, however, SEM images reveal development of 
surface features typical for dissolution processes (e.g., development 
of pits and cracks; Figs. 1D, 1F and 1H), but also other regions 
of the same grain appear smooth and flat compared to the rough 
surfaces of the barite seeds (Fig. 1B). Overall, the SEM images pre-
sented in Fig. 1 suggest continuous development of the surface 
characteristics of the barite used in this study during the entire 
duration of the experiments.

3.3. Calculation of Ba isotope exchange and isotope fractionation 
between solid and Ba2+(aq)

The degree of isotope exchange (F ) has been calculated similar 
to earlier works (e.g., Cole and Chakraborty, 2001; Johnson et al., 
2002; Stamm et al., 2019), using the expression:

F = (δt − δi)

(δe − δi)
(2)

where δt denotes the isotopic composition (in this case δ135/34Ba) 
of either one of the phases at any time, t , during the isotope ex-
change reaction, and δi and δe describe the initial and equilibrium 
isotope composition of this phase, respectively. The parameter F
ranges from 0 to 1 as isotopic equilibrium is attained. Note here 
that F quantifies the deviation from a complete isotope exchange 
between the two phases, but Eq. (2) does not quantify the num-
ber of atoms that have been mixed, which depends on the relative 
amounts of the element in the fluid versus the solid phase (Han-
dler et al., 2014; Frierdich et al., 2015). According to Zheng et al. 
4

(2016), the parameter F can be used to estimate kinetics of isotope 
exchange (e.g., Cole and Chakraborty, 2001) and to evaluate kinetic 
isotope effects during isotope exchange (e.g., Frierdich et al., 2014a, 
2014b).

In a two-component system, δe can be derived from the mass 
balance constraints (Zheng et al., 2016) and calculated from:

δe = δmean − (
Nsolid

Nsolid + N f luid
) × �eq,solid− f luid (3)

where δmean in this study stands for the averaged Ba isotope com-
position of the system, �eq,solid− f luid designates the equilibrium 
isotope fractionation factor between the BaSO4 solids and the 
aqueous phase, and Nsolid and N f luid denote the moles of Ba in 
the solid and aqueous phase, respectively. According to Zheng et al. 
(2016), if the �eq,solid− f luid is unknown, it can be estimated from 
an iterative fit of the experimental data. As can be seen in Ta-
ble S1, parameter F reaches values between 0.63 in sample BaSp1 
and 0.99 at the end of the runs (sample BaSp17) when calculated 
from the changes in the isotopic composition of the fluid. Note 
here that use of the aqueous data in this study has been chosen 
because the δ135/34Bafluid value exhibits a significant temporal vari-
ation (Fig. 2C) that is not observed for δ135/34Basolid (Fig. 2D), but 
also because the fluid can be considered as a homogeneous phase, 
which is not the case for the solid.

Owing to the absence of Ba complexation in the aqueous phase, 
Ba isotope fractionation between barite and Ba2+ (aq) can be 
estimated with the aid of Fig. 3. In this figure, the non-spiked 
δ137/134Ba isotope compositions of the fluid and solid phase have 
been plotted as a function of the degree of isotope exchange F cal-
culated based on changes in the aqueous δ135/134Ba composition. 
Under isotope equilibrium conditions, i.e., F = 1, Ba isotope frac-
tionation has been estimated as:
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Fig. 3. Barium isotope composition of barite (black squares) and fluids (white squares) as a function of the degree of isotope exchange, F, during the course of the experimental 
runs. Linear extrapolations to F = 1 have been used to estimate equilibrium Ba isotope fractionation at 25 oC.
�137/134BaBarite-Ba2+(aq) = δ137/134BaBarite −δ137/134BaBa2+(aq) (4)

The estimated equilibrium �137/134BaBarite-Ba2+(aq) value is −0.07 
± 0.08�.

3.4. Kinetics of Ba isotope exchange

The use of a 135Ba spike in the experimental runs allows for 
estimation of the kinetics of isotope exchange. In a similar manner 
to that of O and Fe exchange (Cole and Chakraborty, 2001; Johnson 
et al., 2002), the rate of isotope exchange can be quantified using

−d(1 − F )

dt
= kn(1 − F )n (5)

where kn represents the rate constant of reaction order n. For 
barite dissolution and precipitation, earlier works have shown that 
the reaction can be of first or second order (e.g., Christy and Put-
nis, 1993; Zhen-Wu et al., 2016; Kang et al., 2022).

The integrated form of this rate equation can be written as

ln (1 − F ) = −k1t (6)

for n = 1
or as

F

(1 − F )
= k2t (7)

for n = 2.
By fitting the experimental values of F to Eqs. (6) and (7), the 

isotope exchange rate constants for first and second order reactions 
can be quantified, respectively.

4. Discussion

4.1. Kinetics of Ba isotope exchange and reactivity of barite

An interesting observation in the experimental runs is the rapid 
change of the δ135/134Bafluid value, which after 90 hours of reaction 
already obtained a value of ∼89�, compared to the initial com-
position of the fluid of 236.5�. The extent of Ba exchange can be 
approximated by mass balance by treating the isotopic exchange 
as a mixture of two endmembers:

δ135/134 Bat = δ135/134 Bai ∗ (1 − fbarite)+δ135/134 Babarite ∗ fbarite

(8)
5

where δ135/134 Bat and δ135/134 Bai are the Ba isotope composition 
of the reactive fluid at time t , and that of the initial solution, re-
spectively, δ135/134 Babarite is the isotopic composition of the initial 
barite and fbarite the fraction of Ba in the reactive fluid derived 
from barite. Solving Eq. (8) for fbarite within the first 90 hours of 
the experimental runs reveals that about 62% of Ba in the reactive 
fluid is derived from barite in order to reduce the δ135/134Bafluid
value to ∼89�, assuming the Ba released from the solid main-
tained its initial composition. In other words, this calculation sug-
gests that ∼9.3 × 10−7 mol Ba of a 0.15 mM Ba solution with a 
volume of 10 mL was derived from barite. Considering that 0.05 
g of barite in each reactor had a total surface of 0.013 m2 and 
that the barite unit cells occur as ideal cubes with an edge of 7.03 
Å, about 2.63 × 1016 unit cells were exposed to the fluid, contain-
ing ∼1.05 × 1017 atoms or 1.75 × 10−7 moles of Ba. Although this 
number of moles in the surface layer is about six times lower com-
pared to the amount of exchanged Ba as estimated by Eq. (8), it 
does not necessarily imply that more than the surface barite layer 
was exchanged with the fluid within the first 90 hours of the ex-
perimental run. Additional Ba from the solid was most likely also 
contributed from the dissolution of grain surfaces. Indeed, barite 
seeds that were originally in the reactor partially dissolved for 
chemical equilibrium to be achieved, as the initial solution used in 
the experimental runs did not contain SO2−

4 . In order for the so-
lution to achieve a SO2−

4 concentration of ∼0.002 mM (Table S1), 
about 2 × 10−8 mols of Ba2+ and SO2−

4 were derived from the 
solid, considering that each reactor contained 10 mL of reactive 
fluid. This amount of Ba, however, is ∼47 times lower compared 
to the amount estimated to have been sourced from the solid with 
Eq. (8). It is therefore unlikely that net barite dissolution signifi-
cantly contributed to the change in Ba isotope composition of the 
fluid in the experimental runs. Note here that, recently, Middleton 
et al. (2023a) argued that there is fractionation during dissolution 
of barite using as an example earlier works on iron oxides (e.g., 
Wiederhold et al., 2006; Skulan et al., 2002). In these works, how-
ever, the mineral-fluid system is far from chemical equilibrium (i.e., 
�mineral � 1) and breaking of the isotopically lighter Me-O bonds 
in the solid phase is energetically favoured, producing in all cases 
enrichment of the fluid with the lighter isotopes. This process has 
been also recognized at the initial stages of silicate (Oelkers et 
al., 2015; Maher et al., 2016) and carbonate (Oelkers et al., 2018) 
mineral dissolution, but is unlikely to operate at near chemical 
equilibrium conditions where the rate of dissolution is equal to 
that of precipitation, as it is dictated by the dynamic mineral-fluid 
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equilibrium chemical/isotope exchange (Schott et al., 2009; Oelkers 
et al., 2019).

During the first 1724 hours of the experiment, the aqueous Ba 
concentration of the fluids decreased from ∼0.15 mM in the syn-
thetic stock solution to a steady state concentration of 0.11 ± 0.01 
mM. This decrease in aqueous Ba is not accompanied by a stoi-
chiometric decrease in SO2−

4 (aq), as would be expected for the 
precipitation reaction of barite, and, based on adsorption experi-
ments (Fig. S1), Ba loss due to sorption of Ba to the reactor walls is 
unlikely. Instead, it might rather be attributed to a replacement re-
action with another ion, likely Na, present in barite as a chemical 
impurity in the form of Na2SO4. This hypothesis is supported by 
the formation model of barite in the Harz mountains, from where 
the barite used in this study originated. In this locality, barite was 
deposited from highly saline, NaCl-CaCl2-rich brines during the 
Mesozoic (De Graaf et al., 2020 and references therein). If the ex-
change with Na was solely responsible for the decrease in aqueous 
Ba concentration, about 6 × 10−7 mol of Na would have been re-
leased into the fluid over the first 407 hours (i.e., ∼17 days). This 
constitutes less than 1% of the total amount of Na in the fluid (Ta-
ble S1) and is undetectable within the analytical uncertainties of 
the Na concentration analysis.

Hence, despite the initial variation in Ba concentration, it can 
be considered that the barite-fluid system effectively attained bulk 
chemical equilibrium within ∼90 h (sample BaSp1) of the experi-
ment, based on attainment of stable SO2−

4 concentrations and the 
calculated �Barite = ∼1 (Fig. 2B). In addition, the moles of Ba re-
moved from solution within the first 90 h (i.e., ∼1.2 × 10−7 mol) 
represent ∼8% of the mass of initial Ba in the fluid, which does not 
account for the ∼62% exchange between fluid and solid required 
to shift the fluid isotopic composition from 236.5� to 88.85�. 
However, it should be noted that Eq. (8) does not account for con-
tinuous exchange between fluid and solid (i.e., only end member 
exchange) and is thus subject to uncertainty.

The isotope exchange between barite and fluid in the exper-
iments of this study was approximated with parameter F de-
rived from Eq. (2), which represents the approach towards iso-
topic equilibrium rather than the total mass exchanged, and was 
higher than 90% after ∼30 days (i.e., 715 hours) of reaction and 
reached 99% at the end of the runs (Table S1). This high degree 
of isotope exchange suggests the mineral-fluid system obtained 
near isotopic equilibrium conditions. Interestingly, however, F and 
δ135/134Bafluid continuously evolve during the runs, denoting con-
tinuous exchange of Ba between barite and fluid under chemical 
equilibrium conditions. Notably, although the δ135/134Bafluid of the 
final sample after 756 days (BaSp17; 3.06�) is significantly lower 
compared to the initial stock solution (i.e., 236.5�), it has not 
achieved complete isotope exchange, which would yield a value 
of 1.55� based on mass balance.

The rate of isotope exchange was further quantified using F
and exhibits a best-fit to a second-order rate law that is de-
scribed by Eq. (7) (Fig. 4). A second-order rate law is consistent 
with barite precipitation (Christy and Putnis, 1993), suggesting that 
under chemical equilibrium the backward reaction (i.e., precipita-
tion) controls the isotopic composition of the fluid. The surface-
normalized rate of the second-order fit is 2.8×10−10 mol/m2/s, 
estimated by the linear fit of the data using Eq. (7), which was 
corrected for the Ba concentration in the reactors and the barite 
surface area. The estimated exchange rate is in good agreement 
with the measured barite precipitation rate of 10−9.2 mol/m2/s 
and about 1.5 orders of magnitude slower than the dissolution 
rate (i.e., 10−8.05 mol/m2/s) reported by Zhen-Wu et al. (2016)
for experiments conducted in de-ionized water. The relatively good 
agreement between isotope exchange rate and precipitation rate is 
consistent with a dissolution-precipitation mechanism controlling 
Ba isotope exchange. Moreover, the estimated isotope exchange 
6

Fig. 4. Second order fit of isotope exchange data estimated with the aid of Eq. (7). 
The rate constant derived from this figure, expressed in s−1, is dependent on the 
solid-fluid ratio. It can be normalized to the solid BET surface area per kg H2O 
using: k (in mol/m2/s) = k (in 1/s) × CBa/S, where CBa stands for equilibrium Ba 
concentration in mol/kg H2O and S is the BET solid surface area (m2) per kg H2O.

rate is in excellent agreement with that reported by Curti et al. 
(2010) for barite recrystallization experiments conducted in the 
presence of 133Ba in de-ionized water. In their experiments, which 
lasted ∼400 days, Curti et al. (2010) reported barite recrystalliza-
tion rates of 5.67 ± 2.55 × 10−10 mol/m2/s. Curti et al. (2010), 
however, reported up to one order of magnitude lower recrys-
tallization rates in the presence of background electrolytes (e.g., 
NaCl, Na2SO4 and/or NaHCO3). The observed surface normalized 
recrystallization rate in the present study is similar to the attach-
ment/detachment rates of Ba isotopes on barite surface that was 
recently reported by Kang et al. (2022) in experiments conducted 
under chemical equilibrium conditions. According to Kang et al. 
(2022), the rate of Ba attachment on barite surface is equal to that 
of detachment and depends on the Ba2+/SO2−

4 ratio of the reac-
tive solution, with higher ratios yielding faster attachment rates. 
A direct comparison with the runs of the present study, in which 
Ba2+/SO2−

4 > 50, suggests that the estimated recrystallization rate 
is ∼0.5 orders of magnitude lower compared to the attachment 
rate reported in Kang et al. (2022) for similar Ba2+/SO2−

4 ratios.
The exchange of Ba isotopes between barite and fluid was not 

limited to the first 90 hours (i.e., ∼4 days) of the experiment. 
A rapid decrease in the δ135/134Bafluid value was measured up to 
∼100 days (BaSp9) followed by a lower but measurable rate of 
decrease until the end of the experiments at 756 days (Fig. 2). Ap-
plying Eq. (8) to the final timepoint of the experiment at 756 days 
indicates that 1.49 × 10−6 moles, corresponding to 98.7% of the 
Ba in the fluid and 0.7% of Ba in the solid, were exchanged (Fig. 5). 
This mass balance approach to estimate the extent of exchange 
(Eq. (8)), however, neglects the changing δ135/134Bafluid composi-
tion over time. To account for the changing fluid composition, a 
time dependent mass balance was estimated, and thus Eq. (8) was 
modified as:

δ135/134 Bat = δ135/134 Bat−1 ∗ (1 − fbarite)

+ δ135/134 Babarite ∗ fbarite (9)

where δ135/134 Bat−1 is the isotopic composition of the fluid at the 
sampling point immediately before t . The application of Eq. (9) to 
the measured data rather than Eq. (8) suggests a greater extent 
of exchange, with up to 2.5% of Ba in the solid affected by ex-
change with the fluid (Fig. 5). However, this model still assumes 
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Fig. 5. Extent of Ba in the solid exchanged with the fluid versus time using different 
models. “Mass balance” is the results of Eq. (8); “Time-dependent mass balance” 
is the results of Eq. (9); “Handler et al. (2014)” is the results of Eq. (10) based on 
Handler et al. (2014).

that the solid does not continue to exchange with the fluid af-
ter initial exchange, but only that the composition of the fluid is 
changing. Alternatively, a previous study by Handler et al. (2014)
applied a similar approach to account for a dynamic fluid and solid 
composition and the Fe isotope fractionation between goethite and 
fluid during Fe exchange, modified here for Ba isotope exchange 
between barite and aqueous Ba (Eqs. (10)-(12)):

%Ba in barite exchange

=
[(

δ135/134 Babarite,t + wbarite
) − δ135/134 Babarite,i

]
[(

δ135/134 Bat − w Ba
) − δ135/134 Babarite,i

] ∗ 100 (10)

wbarite = F × �137/134Babarite−Ba2+ ×
(

1 − Nbarite

NBa + Nbarite

)
(11)

w Ba = F × �137/134Babarite−Ba2+ ×
(

1 − NBa

NBa + Nbarite

)
(12)

where δ135/134 Babarite,i and δ135/134 Babarite,t are the initial and 
time t isotopic composition of Ba in barite, respectively, Nbarite
is the moles of Ba in barite, and NBa is the moles of Ba in the 
fluid. The approach by Handler et al. (2014) suggests a greater 
extent of Ba exchange than the simple mass balance model (Eq. 
(8)) with 6.6% exchange of the solid (Fig. 5) and more than com-
plete cycling of the fluid reservoir (933.8% exchange). The greater 
extent of exchange implied by Eqs. (9) and (10) reflects the cu-
mulative effect of exchange between solid and fluid at each time 
step, rather than a single mixing event of endmembers. Although 
the precise extent of exchange between fluid and solid is difficult 
to quantify and model-dependent (Fig. 5; Gorski and Fantle, 2017), 
it is clear that extensive exchange of isotopes, extending beyond 
the surface of barite, can occur on rapid timescales, and thus the 
potential for alteration of isotopic composition of barite is high. 
The significant fluid-solid exchange implied by the alteration of 
fluid isotope composition is consistent with the extensive alter-
ation of the barite surface as depicted in Fig. 1. Although the SEM 
images do not provide evidence for significant change in grain size 
between seed material and reacted barite in sample BaSp17 (756 
days), development of features typical of dissolution processes (i.e., 
pits, pores and cracks) were observed (Fig. 1H), in addition to fea-
tures typical of mineral growth, such as smoothing of surfaces 
and filling of cracks. These features denote the transfer of mat-
ter from the surfaces with excess surface free energy (affected by 
defects, heterogeneities, etc.) to zones of lower surface free energy 
and are likely attributable to a defect-driven Ostwald ripening pro-
cess (Zhang et al., 2022). Ostwald ripening has been proposed as 
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a mechanism for the exchange of isotopes between solutions and 
solids in previous isotope exchange studies (Harrison et al., 2022; 
Géhin et al., 2021). As can be seen in Fig. 1H, dissolution and pre-
cipitation features can occur on the same grain, suggesting that 
dissolution and re-precipitation drives the isotope exchange ob-
served in the barite-fluid system, likely additionally promoted by 
the development of microporosity that facilitates extensive mass 
exchange between fluid and solid, and the slight disequilibrium in-
duced by chemical impurities in the barite.

4.2. Equilibrium Ba isotope fractionation between barite and fluid

As can be seen in Fig. 3, under isotopic equilibrium condi-
tions, the lighter Ba isotopes are preferentially incorporated in 
barite, with an estimated �137/134BaBarite-Ba2+(aq) value of −0.07 
± 0.08�. This fractionation is in excellent agreement with the 
�137/134BaBarite-Ba2+(aq) value of −0.08 ± 0.04� determined by 
Middleton et al. (2023a). The observed enrichment of the lighter 
isotopes in barite is consistent with the general rule that ions with 
larger isotopic masses will tend to accumulate in the phase with 
the shorter and/or stronger bond (Schauble, 2004). In the aqueous 
phase, Ba is coordinated to about eight H2O molecules with an 
average Ba-O bond length of 2.79 Å (Persson et al., 1995). In con-
trast, Ba in barite is coordinated to twelve oxygen molecules with 
an average Ba-O bond length of ∼2.85 Å (Finch et al., 2010). It 
is likely that both the change in coordination and the variation in 
the bonding environment contribute to the enrichment of the solid 
phase in the lighter 134Ba isotope. For example, the anhydrous bar-
ium carbonate mineral witherite (i.e., BaCO3) is also enriched in 
the lighter Ba isotopes under near isotopic equilibrium conditions 
(Mavromatis et al., 2016). In witherite, Ba is coordinated to nine 
oxygen molecules with an average Ba-O bond length of 2.80 Å. In 
contrast, the Ba bonding environment in aragonite displays a Ba-O 
bond length of ∼2.75 Å, which is shorter compared to that of the 
aqueous phase. Thus, aragonite is enriched in the heavier isotopes 
at near equilibrium conditions (Mavromatis et al., 2020; Wang et 
al., 2021).

The theoretical estimation of Ba isotope fractionation between 
barite and Ba2+(aq) presented recently by Wang et al. (2021)
comes in good agreement with the experimental findings of this 
study. Using first principles calculations based on density func-
tional theory (DFT), Wang et al. (2021) estimated an enrichment 
of the lighter Ba isotopes in the solid phase under equilibrium 
conditions with an estimated Ba isotope fractionation of −0.17 ±
0.03� in δ137/134Ba at 27 oC. Moreover, similar Ba isotope frac-
tionation factors have been reported by von Allmen et al. (2010)
and Böttcher et al. (2018) in experiments where barite was nucle-
ated from solution or formed slowly through dissolution of gyp-
sum in a Ba-bearing solution. These two earlier studies reported 
�137/134BaBarite-Ba2+(aq) values that are somewhat larger compared 
to the findings of this work, averaging at −0.24 ± 0.03�. Al-
though it is unclear what controls the observed enrichment in 
the lighter Ba isotopes of barite in the study by Böttcher et al. 
(2018), where mineral nucleation occurred at low supersaturations 
of the fluid with respect to barite, it is likely that the difference to 
this work is associated with dehydration kinetics of the aqueous 
Ba2+ ion. Indeed, molecular dynamic simulations by Hofmann et 
al. (2012) suggest that dehydration of aqueous Ba2+ can produce 
isotopic variations as large as −1.1 ± 0.2�. Note that dehydra-
tion of the aqueous ion is prerequisite for the incorporation of a 
divalent cation in an anhydrous mineral phase (Mavromatis et al., 
2013; Schott et al., 2016). Indeed, isotope fractionation related to 
kinetics of aqueous ion dehydration has been earlier used to ex-
plain non-equilibrium fractionation for alkaline earth metals such 
as Ca and Sr (e.g., Tang et al., 2008; Mavromatis et al., 2017).
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4.3. Implications for the preservation of Ba isotopic compositions in 
marine barites

In agreement with previous studies, the here presented re-
sults suggest that, under chemical equilibrium, isotope exchange 
between barite and fluid occurs rapidly (e.g., Curti et al., 2010; 
Heberling et al., 2018; Kang et al., 2022). This rapid isotope ex-
change has also been observed for other minerals when in contact 
with a fluid, e.g., for C, O and Ca isotopes in carbonates of both 
abiotic and biogenic origin (e.g., Bernard et al., 2017; Oelkers et al., 
2019; Cisneros-Lazaro et al., 2022; Harrison et al., 2022). The pro-
cess of isotope exchange that occurs at chemical equilibrium could 
proceed via Ostwald ripening and results in either observable al-
teration of crystal surfaces and morphology, such as documented 
for Ca isotope exchange between aragonite and fluid (Harrison et 
al., 2023), or might occur without obvious changes to the crystal 
surface (e.g., Gorski and Fantle, 2017; Harrison et al., 2022). For 
example, in Ca isotope exchange experiments between nanocrys-
talline calcite and reactive fluid of Harrison et al. (2023), the grain 
size did not increase during 4 months of reaction despite measur-
able Ca isotope exchange. Similar observations were made for B 
isotope exchange between amorphous-derived nanocrystalline cal-
cite and fluid for over two years (Mavromatis et al., 2021). In the 
case of barite, Curti et al. (2010) report that after 18 months of 
reaction, the solids exhibit reduction in roughness and an evolu-
tion of crystal morphology towards more regular forms without 
changes in average grain size and argued that Ostwald ripening 
cannot be a possible exchange mechanism in their runs. Neverthe-
less, Ostwald ripening may be possible without obvious changes 
to grain size if driven by defects at crystal surfaces (e.g., Zhang et 
al., 2022; Harrison et al., 2023; Géhin et al., 2021). The SEM im-
ages of this study (Fig. 1) similarly suggest no change in the grain 
size, however surface features on grains point towards active dis-
solution/re-precipitation mechanism controlling isotope exchange 
between barite and fluid. Importantly, altogether these observa-
tions suggest that the Ba isotope composition of barite is likely to 
be modified when in contact with a fluid of different composition 
within rapid time frames, irrespective of the mechanism.

The possibility of Ba isotope re-equilibration in barite is of great 
importance for the use of pelagic barite as an archive for marine Ba 
isotope variations. The �137/134BaBarite-Ba2+(aq) at equilibrium esti-
mated in this study (i.e., −0.07 ± 0.08�) is somewhat smaller 
compared to that reported in von Allmen et al. (2010) and Böttcher 
et al. (2018) which average to �137/134BaBarite-Ba2+(aq) = −0.24 ±
0.03�. This average value determined experimentally is yet sig-
nificantly smaller compared to what mass balance calculations of 
marine Ba cycle would predict for the barite-fluid system. Indeed, 
mass balance considerations of data from North and South Atlantic 
(Horner et al., 2015; Bates et al., 2017) and global seawater (Hsieh 
and Henderson, 2017), mass balanced values from core sediments 
(Bridgestock et al., 2018) and in-situ collected particles from Lake 
Superior (Horner et al., 2017) presented by Horner and Crockford 
(2021) suggest a �137/134BaBarite-Ba2+(aq) of around −0.37�. This 
difference between experimental data and natural samples, which 
actually increases if the �137/134BaBarite-Ba2+(aq) value estimated in 
this study is considered, implies that a process that yields frac-
tionation of Ba isotopes between barite and fluid is not taken 
into account. Horner and Crockford (2021) suggested that possi-
ble explanations include growth kinetics and complexation with 
organic/inorganic ligands. Yet, based on the rapid exchange of Ba 
isotopes observed in several studies, it is interesting to explore 
whether recrystallization can explain part of the variation between 
experiments and natural observations. For this exercise, the rate 
of isotope re-equilibration is examined assuming a barite crystal 
of 1 μm edge size that is typical for suspended particles (Dehairs 
et al., 1980) and the estimated, surface-normalised recrystalliza-
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Fig. 6. Temporal evolution of Ba isotope composition of an ideal barite cube with 
1 μm edge size using A) a range of re-equilibration rates between 3×10−8 and 
3×10−13 mol/m2/s. Time for complete re-equilibration ranges between 4 days and 
1750 years. B) A re-equilibration rate of 3×10−12 mol/m2/s was used and initial 
Ba isotope fractionation was assumed during precipitation of an ideal pelagic barite 
cube between surface seawater (δ137/134Ba = 0.45�) with �137/134BaBarite-seawater
of −0.05, −0.10 (dashed lines) and −0.24� (solid black line; von Allmen et al., 
2010, Böttcher et al., 2018). Curves from Fig. 6A are given as reference (grey).

tion rate obtained from Fig. 4 (i.e., ∼3×10−10 mol/m2/s). For this 
calculation it is assumed that barite has an initial δ137/134BaBarite
value of 0.45�, which reflects formation from surface North Pa-
cific waters without any fractionation, and is allowed to equili-
brate with an infinite fluid reservoir with a δ137/134Bafluid value 
of 0.16�, representing deep ocean water below 1000 m depth 
(e.g., Horner and Crockford, 2021). The results of this calculation 
(Fig. 6A) suggest that, with the recrystallization rate measured in 
this study, complete isotope exchange to a δ137/134BaBarite value of 
0.16� requires only ∼1.7 years. Of course, this exchange rate es-
timate does not necessarily reflect Ba isotope re-equilibration rates 
in an oceanic system due to potential impacts of fluid composi-
tion and temperature. Indeed, slower recrystallization rates up to 
an order of magnitude (i.e., ∼ 3 × 10−11 mol/m2/s) have been 
reported by Curti et al. (2010) in the presence of HCO−

3 in the 
background electrolyte and higher SO2−

4 concentration compared 
to this study. Similarly, Middleton et al. (2023a) observed recrys-
tallisation rates between ∼ 0.5 and 5.3 × 10−11 mol/m2/s in ar-
tificial seawater, and even lower rates of ∼ 1 × 10−12 mol/m2/s 
were calculated for experiments using filtered seawater (Middle-
ton et al., 2023b). In the latter case, Middleton et al. (2023b)
assumed that dissolved organic matter may inhibit the reactiv-
ity of dissolved Ba. The re-equilibration calculation presented here 



K. van Zuilen, A.L. Harrison, J.A. Stammeier et al. Earth and Planetary Science Letters 618 (2023) 118280
furthermore assumes an ideal barite cube without development 
of porosity, which would increase surface area and subsequently 
shorten isotope re-equilibration. In order to consider these pro-
cesses in Fig. 6A, results of Ba isotope re-equilibration estimated 
with rates in the range of 3 × 10−8 to 3 × 10−13 mol/m2/s are 
presented, yielding exchange times ranging from 4.4 days to 1750 
years, respectively. It should further be noted that the lower tem-
peratures of ambient ocean water will presumably result in some-
what lower exchange rates compared to laboratory experiments at 
room temperature. Nevertheless, these estimations suggest that Ba 
isotope re-equilibration can occur rapidly, on timescales of days to 
hundreds of years, for micron-scale pelagic barite.

The results presented in Fig. 6A consider only isotope exchange 
and neglect isotope fractionation during pelagic barite nucleation. 
Assuming that precipitation of barite is accompanied by a frac-
tionation of up to −0.24� (von Allmen et al., 2010; Böttcher 
et al., 2018), the solid (δ137/134BaBarite = +0.21�) is allowed to 
equilibrate with an infinite fluid reservoir with δ137/134BaSeawater
= +0.16� and a recrystallization rate of 3×10−12 mol/m2/s 
(Fig. 6B). Note that the experiments by von Allmen et al. (2010)
and Böttcher et al. (2018) were conducted under laboratory condi-
tions (i.e., precipitation in strongly supersaturated solutions and in 
the presence of methanol, respectively) that are not representative 
for natural conditions and that reaction kinetics in the ocean might 
be slower. Therefore, isotope re-equilibration was also modelled 
for systems with �137/134BaBarite-seawater of −0.05 and −0.10�. 
In all cases, the barite crystal reached complete isotope exchange 
after 175 years (Fig. 6B). Assuming that re-equilibration is ac-
companied by equilibrium fractionation (�137/134BaBarite-Ba2+(aq)) of 
about −0.07�, the resulting barite crystal might eventually have 
a δ137/134BaBarite value <0.16�.

How long barite particles remain in the ocean water column is 
dependent on grain size and the occurrence of flocculation (Niu et 
al., 2009). The sinking velocity of barite grains of 1 μm diameter is 
estimated to range from 8 × 10−5 cm/s for single grains to about 
0.02 cm/s for flocs with a total size of 30 μm (Niu et al., 2009), 
corresponding to about 0.07 to 17 m/d. This is in agreement with 
the average sinking velocity of sediment trap particles of variable 
composition, with sizes ranging between 80 and 400 μm, of about 
9 m/d (Bach et al., 2012). Given an average ocean depth of 3700 m, 
pelagic barite grains would thus take between about 0.6 and 150 
years to reach the seafloor, during which the barite can potentially 
equilibrate with the ocean water. Once buried in marine sediments, 
surrounding pore fluids may be isotopically distinct from pelagic 
barite (Pretet, 2013), potentially further altering its initial isotopic 
composition (Middleton et al., 2023b).

Obviously, a number of parameters including temperature, sur-
face area, grain size, porosity, background electrolyte concentration 
and composition affect the rate of isotope exchange, and thus work 
with natural pelagic barite and seawater is required for better pre-
diction of exchange rates that may be occurring in marine settings. 
Nevertheless, the isotope exchange rates estimated here and in 
earlier works suggest that recrystallization is an important process 
that must be considered when pelagic barite is used as an envi-
ronmental archive.

5. Conclusions

In this study, exchange of Ba between natural barite and fluid 
has been studied by isotopic labelling with 135Ba in batch reac-
tors. Under isotopic equilibrium conditions, isotope fractionation 
between barite and Ba2+ (aq) occurs with �137/134BaBarite-Ba2+(aq)
= −0.7 ± 0.08�. The experimental findings suggest that after 756 
days of reaction at least 98.7% of Ba in the fluid has been ex-
changed with the solid. The extent of exchange estimated varies 
strongly depending on model used, yet all three of the models ap-
9

plied here suggest that isotope exchange was deeper than a few 
surface layers (between 0.7 and 6.6% of the solid). Based on SEM-
observed physical changes on grain surfaces, it can be suggested 
that dissolution/re-precipitation is the mechanism driving isotope 
exchange. However, the dissolution-precipitation process did not 
yield significant variations in grain size as often anticipated with 
Ostwald ripening.

The experimental results have significant implications for the 
use of Ba isotopes in pelagic barite as a paleoproxy. Based on the 
isotope exchange rates estimated in this study, it can be estimated 
that a complete re-equilibration of an ideal barite cube with an 
edge size of 1 μm, which is a typical size for pelagic barite, can 
be achieved within of days to hundreds of years at 25 ◦C. Despite 
the uncertainty engendered in this estimation, the estimated rates 
of isotope exchange suggest that re-equilibration is a process that 
can significantly impact the isotopic composition of pelagic barite 
and may have important implications for use of its stable isotope 
composition for environmental reconstruction purposes.
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