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A B S T R A C T   

Physical parameters within boron isotope systematics form a complex interplay that determine the boron isotopic 
composition of rocks, minerals, and fluids, but to date, providing constraints on uncertainty within boron 
equilibrium isotope modelling remains elusive. This underlying uncertainty limits the potency of boron isotopes 
as a tool for detecting fluid-rock exchange. A new equilibrium boron mineral-fluid fractionation modelling 
approach, named EquiB, coupled with a Bayesian inversion engine is presented, providing robust and repro-
ducible constraints on the uncertainty of physical parameters encoded into a boron isotopic composition of a rock 
in equilibrium with a fluid. We demonstrate the validity of our approach by applying the model to several basalt- 
fluid and peridotite-fluid exchange scenarios. The model output generates multi-dimensional posterior proba-
bility distributions that show temperature is the greatest control on mineral-fluid fractionation in all applied 
scenarios. At high temperatures (defined as >50 ◦C) pH-dependent fractionation is negligible, but at low tem-
peratures (defined as <50 ◦C) pH-dependent fractionation is a control on boron isotopic compositions. At 
geologically reasonable conditions other parameters such as salinity, fluid density, and pressure have little effect 
on the extent of boron mineral-fluid fractionation. Model outputs agree with experimentally derived fraction-
ation factors at typical hydrothermal conditions but diverge at low temperatures. This approach provides robust 
constraints of parameter uncertainty, enabling meaningful interpretation of boron isotope analyses and the 
ability to fingerprint isotopic compositions with greater confidence.   

1. Introduction 

Boron is a powerful tracer of fluid-rock exchange in many natural 
and anthropogenic settings such as mid-ocean ridge hydrothermal sys-
tems, serpentinizing environments, groundwater contamination, and 
tracing pollutants (e.g., Barth, 1998; Harkness et al., 2018; James and 
Palmer, 2000; Lemarchand et al., 2000; Martin et al., 2016; Spivack and 
Edmond, 1987; Vengosh, 1998; Vengosh et al., 1994, 1999). The boron 
isotopic composition of rocks, minerals and fluids are usually presented 
using the common delta notation for stable isotopes (Craig, 1961), in 
this case, δ11B. The boron isotopic composition (δ11B) of a rock or 
mineral in equilibrium with a fluid is dependent on multiple physical 
parameters such as temperature, pH, pressure, salinity, and fluid den-
sity. However, for many natural systems these parameters are poorly 
constrained or unknown (e.g., Deyhle and Kopf, 2005; Palmer, 1996), 
resulting in significant uncertainties. Consequently, deeper in-
terpretations of boron systematics, and hence fluid-rock interaction, by 
applying equilibrium isotope fractionation modelling have to date 

remained out of reach due to the underlying uncertainty of essential 
model parameters. In particular, the relative importance of differing 
physical parameters in determining the boron isotopic composition of a 
mineral in equilibrium with a fluid are generally unknown. 

Boron is highly soluble resulting in an affinity for the fluid phase. The 
~10% difference in the atomic mass of its stable isotopes, 10B and 11B, 
results in strong mass dependent fractionation during interactions 
within the Earth system (Kowalski and Wunder, 2018). These distinctive 
characteristics result in boron isotopes being a potent tool for detecting 
fluid-rock exchange in ocean crustal rocks and serpentinites with pre-
vious studies reporting a range of isotopic composition of between − 12 
and +40 ‰ for ocean floor rocks (Fig. 1) (e.g., Benton et al., 2001; 
Boschi et al., 2008; Martin et al., 2016; Smith et al., 1995; Spivack and 
Edmond, 1987; Vils et al., 2009). However, fingerprinting the origin of 
the boron isotopic composition and establishing the conditions of fluid- 
rock exchange has, to date, remained challenging primarily due to the 
inherent uncertainty of equilibrium boron mineral-fluid fractionation 
processes. 
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Boron isotope fractionation between a fluid and mineral has been 
demonstrated to be temperature and pH-dependent, due to the pH- 
dependent nature of boron speciation in water (Kakihana et al., 1977; 
Klochko et al., 2006; Wunder et al., 2005). The relative proportion of the 
respective boron species in seawater defined by the boron dissociation 
constant (pKB) can be calculated at a given temperature and salinity 
(Dickson, 1990). Boron speciation in seawater is determined by the acid- 
base equilibrium between boric acid and borate ion, which is dependent 
on pH, salinity, temperature, pressure, and fluid density (Arcis et al., 
2017; Dickson, 1990; Millero, 1995; Nir et al., 2015). The boron disso-
ciation constant in seawater (pH ~8) at surface conditions is typically 
~8.6 (e.g., Dickson, 1990) resulting in significant pH-dependent iso-
topic fractionation and discernible changes in the relative abundance of 
boric acid and borate ion in seawater over the natural range of pH found 
on the Earth’s surface. 

There have been previous attempts to calculate the extent of equi-
librium boron isotope fractionation between fluid and phyllosilicate or 
serpentine minerals using ab initio calculated fractionation factors (Li 
et al., 2022; Liu and Tossell, 2005), but these methods do so without 
considering the changing boron dissociation constant (Boschi et al., 
2008; Li et al., 2022; Martin et al., 2016). This results in significant 
uncertainty since the fluid boron speciation, and therefore the role of 
pH-dependent fractionation, is unknown, which produces significant 
variation in calculated Δ11BMineral-Fluid (δ11BMineral - δ11BFluid) values that 
at 200 ◦C, range from − 23 to − 40 ‰ (Li et al., 2022). As a result, 
meaningful interpretation of the fluid-rock exchange processes that 
involve significant changes in pH is hindered. In total, these issues result 
in a difference of 17 ‰ at 200 ◦C in Δ11BMineral-Fluid values between 
previously applied phyllosilicate-serpentine and serpentine fraction-
ation factors with the respective boron species assumed to be 

proportionally equal in the fluid (Li et al., 2022; Liu and Tossell, 2005). 
Consequently, these previous equilibrium boron isotope fractionation 
models fail to robustly account for all required physical parameters that 
affect boron fluid-rock exchange. 

To investigate the underlying uncertainty within the physical pa-
rameters involved in equilibrium boron isotope fractionation modelling 
we present a probabilistic modelling approach coupled with a Bayesian 
inversion engine to robustly constrain the uncertainty of required pa-
rameters. We document the contrasting sensitivities of individual pa-
rameters and compare the effect of using differing fractionation factors 
on the resulting outputs. We further demonstrate the universality of our 
approach and its applicability in yielding meaningful interpretations of 
boron isotope systematics in altered rocks. 

2. EquiB: a robust and reproducible approach for equilibrium 
boron isotope fractionation modelling 

2.1. Equilibrium boron isotope fractionation model 

It is proposed that fractionation between the two B isotopes, 10B and 
11B, is predominantly controlled by their relative portioning between 
the trigonal (B(OH)3) and tetrahedral (B(OH)4

− ) species (e.g., Kowalski 
and Wunder, 2018). Fractionation of boron isotopes in seawater is 
typically expressed by the fractionation factor (Eq. (1)): 

αIII− IV =

11B
10B trigonal

11B
10B tetrahedral

(1) 

Fig. 1. Caltech plot of δ11B values in nature separated by reservoir type. 
Adapted from Foster et al., 2016. Sources from Foster et al., 2016 and refer-
ences therein. 

Fig. 2. EquiB model flowchart showing the various stages of the model in order 
to calculate a boron isotopic composition of a rock in equilibrium with a fluid. 
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Boron isotope compositions observed in nature vary widely from 
− 40 ‰ < δ11B < +60 ‰ (Fig. 1), with δ11B expressed through (Eq. (2)): 

δ11B =

⎛

⎜
⎜
⎜
⎝

11B
10B sample

11B
10B SRM 951

− 1

⎞

⎟
⎟
⎟
⎠

• 1000 (2) 

11B/10B refers to the ratio of the abundances of the stable boron 
isotopes. The boron isotopic composition of samples are compared to 
National Institute of Standards and Technology (NIST) Standard Refer-
ence Material (SRM) 951 boric acid (11B/10BSRM951 = 4.04367; (Cata-
nzaro, 1970). The δ11B values of minerals in equilibrium with a fluid can 
be calculated if the distribution of borate and boric acid, pH, tempera-
ture, salinity, and pressure in the fluid are known (Fig. 2). Here we use 
theoretically calculated boron fractionation factors determined for 
phyllosilicate (mica-like; Liu and Tossell, 2005) and serpentine (Li et al., 
2022). The relative partitioning between boron species can be deter-
mined if the boron dissociation constant (pKB) is known (Fig. 3). In 
seawater, the relative partitioning between boron species stems from the 
acid-base equilibrium between boric acid and borate (Eqs. (3), (4)): 

B(OH)3 +H2O⇌H+ +B(OH)4
− , (3)  

KB =
H+ • B(OH)4

−

B(OH)3
(4) 

pKB is a function of temperature, salinity, pH, and pressure. For low 
temperature (0 to 45 ◦C) seawater pKB can be calculated using the 
following equations (Dickson, 1990; Millero, 1995) (Eqs. (5)–(7)): 

KB = exp

⎡

⎣

(
− 8966.9 − 2890.53•S1

2 − 77.942•S+1.728•S3
2 − 0.0996•S2

)

K

+148.0248+137.1942•S1
2 +1.62142•S+

(
− 24.4344+25.085•S1

2

+0.2474•S
)
• ln(K)+0.053105•S1/2 •K

⎤

⎦

(5)  

PFactor =
((

29.48 − 0.1622 • T + 0.002608 • T2
)

83.14472 • K

)

• P+ 0.5

•

(
0.00284

83.14472 • K

)

• P2 (6)  

pKB = exp(lnKB +PFactor) (7)  

where K is temperature in Kelvin, T is temperature in Celsius, S is salinity 
in g/kg, P is pressure in bars (Table 1). A different approach is required 
to calculate pKB values of fluids at higher (>50 ◦C) temperatures 
following the experimental determination of boron dissociation con-
stants (pKB) at hydrothermal conditions (25 to 350 ◦C, 25 MPa (Arcis 
et al., 2017). The pKB of a fluid such as modified seawater at hydro-
thermal conditions can be calculated through the following (Eq. (8); 
Fig. 3): 

pKB = p1 +
p2

K
+ p3 • log(K)+ (p4 + p5 • K) • logρWater (8)  

where the respective coefficients for parameter p are reported in Table 2, 
K is temperature in Kelvin, and ρWater refers to the density of the solution 
(Table 1). The properties of seawater (pressure, density, temperature) 
can be calculated using an equation of state (e.g., Knudsen, 1901; 
Millero, 2010) that are based on experimentally derived empirical 
equations. Experiential studies have recently measured the properties of 
seawater (Safarov et al., 2009, 2012, 2013) at high temperatures (up to 
200 ◦C), pressures (up to 140 MPa), and salinities (up to 55 g/kg), where 
the properties of seawater can be calculated through the following 
equations (Eqs. (9)–(12)): 

P = A2 +B8 +C12 (9)  

A =
∑5

i=1
Ki
∑2

j=0
aijSj (10)  

B =
∑4

i=0
Ki
∑2

j=0
bijSj (11)  

C =
∑4

i=0
Ki
∑2

j=0
cijSj (12)  

where P is pressure (MPa), K is temperature in Kelvin, and A, B, and C 
are respectively the density of seawater (g/cm3), and S is salinity (g/kg). 
The coefficients of aij, bij, and cij are given in Table 3. The reported 
uncertainty of water density using the fitted equations is 0.09 kg/m3 

(Safarov et al., 2009, 2012, 2013). 

Fig. 3. Plot of calculated boron dissociation constant (pKB) against Tempera-
ture (◦C) using the high temperature (25 to 350 ◦C; 25 MPa; Arcis et al., 2017) 
and low temperature (0 to 45 ◦C; Dickson, 1990; 25 MPa, pressure correction 
Millero, 1995) approaches. The different approaches show distinct trends rather 
than a continuum of pKB values. 

Table 1 
Notation/symbology.  

Symbol Definition Unit 

δ11B Boron isotope composition ‰ 

R =
11B
10B 

Boron isotope ratio  

B(OH)3 Boric acid  
B(OH)4

− Borate ion  
H+ Proton  
pKB Boron dissociation constant  
T Temperature in Celsius ◦C 
K Temperature in Kelvin K 
ρWater Density of solution kg/m3 

P Pressure Bar or MPa 
S Salinity g/kg  

Table 2 
Coefficients for Eq. (8) from Arcis et al., 2017.   

P1 P2 P3 P4 P5 

Arcis et al., 2017 − 29.2076 3359.88 9.17470 10.2855 − 0.0160357  
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Once the relative partitioning between boron species is calculated, 
the boron isotopic composition of the borate ion and boric acid species 
in the fluid and the four-coordinated BO4 structure in phyllosilicate and 
serpentine is calculated using the following equations (Boschi et al., 
2008) extrapolated by fitting data provided by Liu and Tossell (2005), 
where K is temperature in Kelvin (Eqs. (13)–(15)): 

1000 • lnαIIIFluid − IVFluid = 7.2087 •

(
1000
K

)

+ 2.3467 (13)  

1000 • lnαIIIFluid − IVMineral = 13.43 •

(
1000
K

)

+ 4.7093 (14)  

1000 • lnαIVFluid − IVMineral = 5.0225 •

(
1000
K

)

+ 3.1553 (15) 

Fractionation between fluid borate ion and boric acid in the low 
temperature <50 ◦C approach is fixed to a value of 1.0272 (Klochko 
et al., 2006; Yin et al., 2023). This is because although there is likely a 
temperature dependence to the fractionation factor at these tempera-
tures it is currently poorly constrained and is unlikely to be large (Foster 
and Rae, 2016; Yin et al., 2023). New equilibrium serpentine-fluid 
fractionation factor equations, for both boric acid and borate species, 
are generated (Eqs. (16)–(18)) by fitting data provided by a recent 
theoretical study (Li et al., 2022): 

1000 • lnαIIIFluid − IVFluid = − 6.17+ 12.65 •

(
1000
K

)

− 0.92 •

(
1000
K

)2

(16)  

1000 • lnαIIIFluid − IVMineral = − 9.09+ 20.57 •

(
1000
K

)

+ 1.18 •

(
1000
K

)2

(17)  

1000 • lnαIVFluid − IVMineral = − 2.93+ 7.93 •

(
1000
K

)

+ 2.10 •

(
1000
K

)2

(18) 

The boron isotopic compositions of the borate ion and boric acid 
species in the fluid at different pH and temperatures may be calculated 
using the following equations (Boschi et al., 2008; Zeebe and Wolf- 
Gladrow, 2001) (Eqs. (19)–(22)): 

R[B(OH)4 ] − = RFluid •
(

1 + αIV− III10pKB − pH

1 + 10pKB − pH

)

(19)  

R[B(OH)3 ] =
R[B(OH)4 ] −

αIV− III
(20)  

αIV − III =
1

αIII− IV
(21)  

Table 3 
Coefficients for Eqs. (10)–(12) from Safarov et al., 2012.  

aij  bij  cij  

a10 16.8260119036 b00 1780.94028549 c00 − 1197.00357946 
a11 − 0.0141313351238 b01 − 8.44625953277 c01 8.48513299409 
a12 0.247406490575 × 10− 3 b02 − 0.0203022580799 c02 0 
a20 − 0.174551209401 b10 − 23.9619103076 c10 11.7622451237 
a21 0.3336290751342 × 10− 4 b11 0.0616367739239 c11 − 0.0571254359702 
a22 − 0.102404029138 × 10− 5 b12 0 c12 0 
a30 0.590549251552 × 10− 3 b20 0.123588063860 c20 − 0.040233852428 
a31 0 b21 − 0.115367580107 × 10− 3 c21 0.958997239703 × 10− 4 

a32 0 b22 0 c22 0.185255385513 × 10− 6 

a40 − 0.843286627505 × 10− 6 b30 − 0.230808294277 × 10− 3 c30 0.418262515254 × 10− 4 

a41 0 b31 0 c31 0 
a42 0.482122273652 × 10− 11 b32 0 c32 0 
a50 0.444848916045 × 10− 9 b40 0.142119761663 × 10− 6 c40 0 
a51 − 0.346870313329 × 10− 13 b41 0 c41 0 
a52 − 0. 534,550,469,142 × 10− 14 b42 0.534482054293 × 10− 12 c42 − 0.986850131470 × 10− 12  

Fig. 4. Prior and posterior probability distributions from the (A) high temperature and (B) low temperature basalt-seawater exchange scenarios (Figs. 4; 6). Grey 
histograms denote prior probability distributions and coloured histograms denote posterior probability distributions. Median values are reported with uncertainty 
equivalent to 1σ. 
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RFluid =
((

δ11BFluid
1000

)

+ 1
)

•
11B
10B

SRM951 (22) 

The 11B/10B ratios (defined as R) are converted to δ11B notation and 
the δ11B mineral values in equilibrium with both boric acid and borate 
ion species in fluid are calculated using the following equations, where n 
is 2 (Eqs. (23)–(25)): 

δ11BMineral (1) =

⎛

⎝

(
1000 + δ11B[B(OH)3 ]

)

αIIIFluid − IVMineral

⎞

⎠ − 1000 (23)  

δ11BMineral (2) =

⎛

⎝

(
1000 + δ11B[B(OH)4 ] −

)

αIVFluid − IVMineral

⎞

⎠ − 1000 (24)  

δ11BMineral (Mean) =

∑n

i=1
δ11Bi

n
(25)  

Fig. 5. Multi-dimensional EquiB posterior probability distributions are shown plotted as hexagonally binned histogram plots using a high temperature (>50 ◦C) 
regime and equations of Arcis et al., 2017. Fractionation factors are fitted based on data from Liu and Tossell, 2005. Median values are reported with uncertainty 
equivalent to 1σ. 
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2.2. Bayesian inversion engine 

The boron equilibrium fractionation equations described above 
require knowledge of multiple physical parameters including tempera-
ture, salinity, pressure, fluid density, and pH that are often poorly 
constrained in natural systems (e.g., Palmer, 1996). To constrain the 
uncertainty and the relative sensitivities of the underlying physical pa-
rameters required to calculate the δ11B of a rock or mineral in equilib-
rium with a fluid, we combine these boron fractionation equations with 
a Bayesian inversion approach, which leverages the UltraNest engine 
(Buchner, 2014, 2017, 2021a). The term “engine” here refers to a 
comprehensive computational framework that executes Bayesian 

inference. This approach provides parameter-based constraints of the 
data by implementing the Monte Carlo technique Nested Sampling 
(Skilling, 2004) that explores parameter space by applying Bayesian 
inference on defined prior probability distributions and consequently 
generates posterior probability distributions (Fig. 4) (Buchner, 2021a). 
The UltraNest engine employs the MLFriends algorithm, where a fixed 
size of live points (n = 1600) are drawn randomly from prior probability 
distributions and are then clustered into ellipsoids (Buchner, 2021b). 
The shape of the ellipsoid is determined by the Mahalanobis distance 
and the ellipsoid size is determined by bootstrapping (Buchner, 2021a). 
Inside the ellipsoid, new points are sampled from the prior and the worst 
fitting point is removed, resulting in the live point sampled volume 

Fig. 6. Multi-dimensional EquiB posterior probability distributions are shown plotted as hexagonally binned histogram plots using a low temperature (<50 ◦C) 
regime and equations of Dickson, 1990 and Millero, 1995. Fractionation factors are fitted based on data from Liu and Tossell, 2005. Median values are reported with 
uncertainty equivalent to 1σ. 
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shrinking by a constant factor (Buchner, 2021a, 2021b). Nested sam-
pling iterates and records the likelihood as the sampled volume de-
creases. Once the remaining volume fails to contribute any probability 
mass, the exploration of the prior distribution is terminated and the 
volume of the removed points reflect the posterior samples (Buchner, 
2014, 2021a, 2021b). This method provides a powerful approach in 
estimating the parameters of a forward model as it is theoretically 
justified and free of tuning parameters. 

2.3. Equilibrium model assumptions and limitations 

The approach outlined in this study assumes that fluid-mineral 

exchange occurred under equilibrium conditions and does not account 
for disequilibrium. The model does not account for mass transfer be-
tween respective boron reservoirs and does not employ a Rayleigh-type 
distillation calculation. It also does not include a tracer transport 
component or account for the uncertainty within individual fraction-
ation factors nor the relatively small influence of major ion chemistry on 
pKB (e.g. Hershey et al., 1986). The low temperature (0 to 45 ◦C; 
Dickson, 1990; Millero, 1995) and high temperature (25 to 350 ◦C; Arcis 
et al., 2017) approaches in determining the boron dissociation constant 
(pKB) results in contrasting pKB values (Fig. 3). At 25 ◦C the difference 
between in the pKB values is 3.7 and at 300 ◦C the difference in pKB is 
0.1. In this study, we apply both approaches under different temperature 

Fig. 7. Multi-dimensional EquiB posterior probability distributions are shown plotted as hexagonally binned histogram plots using a high temperature (>50 ◦C) 
regime and equations of Arcis et al., 2017. Fractionation factors are fitted based on data from Liu and Tossell, 2005. Median values are reported with uncertainty 
equivalent to 1σ. 
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regimes (Fig. 2). As the equations of Dickson (1990) are proposed for 
temperatures between 0 and 45 ◦C, we apply these equations in our low 
temperature (defined here as <50 ◦C) basalt-seawater exchange sce-
nario. The equations of Arcis et al. (2017) are proposed for a wider 
temperature range (25 to 350 ◦C) and we apply these equations in our 
high temperature (defined here as >50 ◦C) basalt-seawater and 
peridotite-fluid exchange scenarios. We do not explore the transitional 
temperature space around 50 ◦C. It remains unclear whether the 
respective pKB determination equations applied under different tem-
perature regimes in this study are valid and further investigations are 
required to refine the experimentally derived pKB values. Recent studies 
have indicated that at low temperatures (<50 ◦C), high concentrations 
of boron within the fluid phase influence fractionation due to the pres-
ence of polyborate ion species, in addition to boric acid and borate ion 
(Gu et al., 2023). As our low temperature approach is applied to a 
seawater-basalt exchange scenario and polyborate ions are likely not 
present, our calculations account for borate ion and boric acid only. 

3. Results and discussion 

To validate the approach of this study, we apply the contrasting high 
temperature and low temperature regimes (Fig. 2) within the boron 
equilibrium model, coupled with a Bayesian inversion engine, to several 
basalt-seawater and peridotite-fluid exchange scenarios. Application of 
this modelling approach provides robust and reproducible constraints 
on the underlying uncertainties of physical parameters required to 
calculate a δ11B rock isotope value in equilibrium with a fluid (Fig. 2). 

3.1. Basalt-fluid exchange scenarios 

The high temperature (pKB calculations at temperatures >50 ◦C; 
Figs. 4a; 5; Arcis et al., 2017) model simulations indicate that a basalt in 
equilibrium with hydrothermal fluid at conditions ranging between 250 
and 550 ◦C and pressures of 100 MPa, where the majority of boron is 
located in phyllosilicate minerals with a δ11B value of +10 ± 1 ‰, would 
require a δ11BFluid isotope value of + 24.6+6.7

− 3.5‰(1σ). At such conditions, 
pKB is calculated using the equations of Arcis et al. (2017), producing 
pKB values varying between ~1.8 and ~2.5. In contrast, the pKB of 

unmodified seawater at standard T and P is typically ~8.6 (Dickson, 
1990; Rae, 2018). Such low pKB values of ~1.8 to ~2.5 reflect a fluid 
dominated by borate (following Arcis et al., 2017; Dickson, 1990), 
resulting in less pH-dependent fractionation relative to fluids dominated 
by boric acid (Fig. 5). Under these hydrothermal conditions, because the 
pKB is the pH at which the concentrations of boric acid and borate ion 
are equal, if the pH of the fluid during isotopic exchange is significantly 
greater (or lower) than the pKB the boron isotopic composition of the 
mineral is generally insensitive to pH of the fluid (Fig. 5). In addition, 
fluid density, pressure, and salinity also appear to have a minimal effect 
on Δ11BMineral-Fluid (Figs. 4a; 5). In contrast, temperature and δ11BFluid 
are negatively correlated, showing that temperature has a significant 
control on Δ11BMineral-Fluid fractionation at the conditions presented 
(Fig. 5) with the model estimating a primarily temperature controlled 
Δ11BMineral-Fluid value of − 14.6+6.8

− 3.6‰(1σ). 
Previous experimental studies proposed illite/smectite Δ11BMineral- 

Fluid values of − 16 ‰ and − 13 ‰ at 300 and 350 ◦C respectively at 100 
MPa and pH of 6 (Williams et al., 2001). This suggests that the boron 
equilibrium model and Bayesian inversion engine presented here yields 
Δ11BMineral-Fluid values consistent with experimentally derived boron 
fractionation factors of similar mineral types at similar conditions 
(Fig. 4a). In addition, the estimated δ11BFluid value of + 24.6+6.7

− 3.5‰(1σ), 
is consistent with previously measured boron isotopic composition of 
hydrothermal fluids sampled from high-temperature vent sites that 
range between +24.3 and +36.8 ‰ (n = 29; James et al., 1995; Palmer, 
1991, 1996; Spivack and Edmond, 1987; You et al., 1994). As the results 
from the boron equilibrium model coupled with a Bayesian inversion 
engine yield reasonable outputs consistent with empirical studies, we 
propose that the modelling approach outlined above is valid to within 
the robustly constrained uncertainties provided. 

The low temperature (<50 ◦C; Figs. 4b; 6; Dickson, 1990; Millero, 
1995) basalt-seawater model scenario indicates that a seafloor basalt 
altered by seawater with a measured rock δ11B isotope value of +0.1 ± 1 
‰ (e.g., Spivack and Edmond, 1987) in equilibrium with seawater, at 
temperatures ranging between 1 and 10 ◦C, would require a median 
δ11BFluid isotope value of+51.1+1.5

− 9.4‰(1σ). The relationship between pH 
and δ11BFluid shows the pH-dependent fractionation in this scenario, 
where values of pH >7 yield significantly lower δ11BFluid compositions 

Fig. 8. Prior and posterior probability distributions from the (A) phyllosilicate-serpentine fractionation factors (Liu and Tossell, 2005) and (B) serpentine frac-
tionation factors (Li et al., 2022) scenarios (Figs. 7; 9). Grey histograms denote prior probability distributions and coloured histograms denote posterior probability 
distributions. Median values are reported with uncertainty equivalent to 1σ. 
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(Fig. 6), resulting in a Δ11BMineral-Fluid value with asymmetric uncer-
tainty skewed towards lower δ11BFluid. The boron isotopic composition 
of seawater is +39.61 ‰ (Foster et al., 2010), indicating that equilib-
rium basalt-seawater boron exchange likely occurred with a modified 
seawater with a heavier fluid δ11B. Such modification is proposed to 
occur during low temperature seawater‑boron exchange as boron is 
removed from seawater and sequestered into secondary mineral as-
semblages of altered basalts, modifying the boron isotopic composition 
of the altering fluid to heavier isotopic values relative to seawater 
(James et al., 1995; Spivack and Edmond, 1987). In contrast to the high 
temperature scenario, the low temperature basalt-seawater output is not 
consistent with previous experimentally derived equilibrium boron 

isotope smectite-fluid fractionation extents that yield Δ11BMineral-Fluid 
values ranging from − 34.3 ± 0.2 ‰ at 5 ◦C and pH of 6.65 and  − 23.4 ±
0.2 ‰ at 40 ◦C and pH of 8.45 (Palmer et al., 1987). These experi-
mentally derived fractionation extents are significantly less than the 
median Δ11BMineral-Fluid value of − 51+1.8

− 9.5‰(1σ) proposed in the basalt- 
seawater exchange scenario presented in this study but fall within 2σ 
of the median value. Some of this divergence is likely related to our 
modelling scenario occurring over a wide pH range of 5+3.4

− 3.4‰(1σ) and 
our calculations including pressure at a typical seafloor ocean depth 
(~4000 m) (Fig. 6). In contrast, previous investigations of Δ11BMineral- 

Fluid fractionation at low temperatures are for discrete pH values and do 
not account for pressure (Palmer et al., 1987). 

Fig. 9. Multi-dimensional EquiB posterior probability distributions are shown plotted as hexagonally binned histogram plots using a high temperature (>50 ◦C) 
regime and equations of Arcis et al., 2017. Fractionation factors are fitted based on data from Li et al., 2022. Median values are reported with uncertainty equivalent 
to 1σ. 
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3.2. Peridotite-fluid exchange scenarios 

The model output under a peridotite-fluid exchange scenario using 
phyllosilicate-serpentine fractionation factors (Liu and Tossell, 2005) 
(Figs. 7, 8a) suggests that a serpentinite composed of serpentine poly-
morphs lizardite or chrysotile with a median δ11B value of +15 ± 1 ‰ 
would be in isotopic equilibrium with a fluid of +29.9+5.2

− 3.0‰(1σ) at a 
median temperature of 248+140

− 156◦C (1σ) (Fig. 8a). Application of the 
peridotite-fluid exchange scenario using serpentine fractionation factors 
(Li et al., 2022) and identical prior probability distributions (Fig. 8) 
suggests similar values with a fluid median δ11B of +32.5+4.4

− 3.6‰(1σ) in 
isotopic equilibrium with a serpentinite of +15 ± 1 ‰ (Fig. 9). These 
results indicate temperature is the greatest control on the extent of 
serpentine-fluid fractionation (Fig. 7). Other parameters such as pres-
sure, salinity, and fluid density exert only minimal influence on the 
extent of serpentine-fluid fractionation. In addition, pH-dependent 
fractionation has little effect on Δ11BMineral-Fluid values unless the pH 
of the fluid is <2 (Figs. 7, 8a). In serpentinizing conditions such low pH 
conditions are highly unlikely as serpentinization reactions generate 
alkaline to hyperalkaline waters (e.g., Barnes and O’Neil, 1969). 
Therefore, boron speciation in the fluids of serpentinizing environments 
is likely dominated by borate ion over a wide range of pH from >2 to 
~13 (Figs. 7, 8a). 

Previous studies have proposed that a fluid dominated by borate ion 
produces negligible serpentine-fluid fractionation resulting in serpen-
tinite and the serpentinizing fluid having similar boron isotopic com-
positions (e.g., Benton et al., 2001; Spivack and Edmond, 1987). In 
contrast, our results using phyllosilicate-serpentine and serpentine 
fractionation factors (Li et al., 2022; Liu and Tossell, 2005), suggest that 
in borate-dominated serpentinizing environments the extent of 
Δ11BMineral-Fluid is − 14.9+5.3

− 3.2‰(1σ) and − 17.5+4.5
− 3.7‰(1σ) respectively 

(Figs. 7, 9). 
Recent experimentally derived serpentine fractionation factors 

(Hansen et al., 2017) are different from ab initio calculated fractionation 
factors (Li et al., 2022; Liu and Tossell, 2005) and, for example, (Hansen 
et al., 2017) suggest Δ11BMineral-Fluid values of − 3.5 ‰ at 200 ◦C. These 
experimentally derived fractionation extents are significantly smaller 
than our results of Δ11BMineral-Fluid is − 14.9+5.3

− 3.2‰(1σ) and − 17.5+4.5
− 3.7‰ 

(1σ) at temperatures of 248+140
− 156◦C (1σ) and 328+84

− 90◦C (1σ) respectively 
(Li et al., 2022; Liu and Tossell, 2005). These discrepancies may be due 

to the loss of boron from the serpentine mineral phase during the 
experimental purging procedure leading to minimal fractionation as 
proposed by Hansen et al. (2017). 

Li et al. (2022) have also suggested that there is a significant 
discrepancy in calculated Δ11BMineral-Fluid fractionation of ~17 ‰ at 
200 ◦C in their theoretically derived phyllosilicate-serpentine and 
serpentine fractionation factors (Li et al., 2022; Liu and Tossell, 2005). 
However, our results suggests that the difference in the Δ11BMineral-Fluid 
between the different sets of fractionation factors is only ~2.6 ‰ 
(Fig. 10). This reduction in the difference of Δ11BMineral-Fluid value be-
tween the fractionation equation sets is attributed to our direct calcu-
lation of the boron dissociation constant rather than assuming the range 
of relative proportion (0 to 1) of fluid borate ion and boric acid (Li et al., 
2022) (Fig. 10). Therefore, both theoretically derived serpentine frac-
tionation equations (Li et al., 2022; Liu and Tossell, 2005) yield 
Δ11BMineral-Fluid that are in closer agreement than previously reported. 
Consequently, either theoretically derived fractionation factor can be 
applied to understanding boron fluid-serpentine exchange systematics. 

4. Conclusions 

Our modelling approach overcomes difficulties of previous model-
ling attempts by robustly calculating the boron dissociation constant 
under different temperature regimes. These calculations show a nega-
tive correlation between temperature and δ11BFluid that indicates that 
temperature has the greatest control on the magnitude of equilibrium 
boron mineral-fluid fractionation. pH-dependent fractionation also ex-
erts a key control at low temperatures (<50 ◦C) but at typical hydro-
thermal conditions (>50 to <550 ◦C) pH-dependent fractionation is 
negligible. Consequently, at typical hydrothermal conditions pH- 
dependent fractionation will only occur if the pH of the fluid is ~<2, 
which is unlikely in serpentinizing environments. Thus, the boron 
speciation of serpentinizing fluids are likely dominated by the borate 
ion. Other parameters such as fluid density, pressure, and salinity have 
little effect on the extent of boron mineral-fluid fractionation at 
geologically reasonable conditions. 

Model outputs are in agreement with experimentally derived frac-
tionation factors at typical hydrothermal conditions (>50 ◦C), but there 
is divergence between experimental and theoretical fractionation esti-
mates at lower temperatures (<50 ◦C). Our results also suggest that the 
difference in previously reported Δ11BMineral-Fluid values attributed to 
theoretically calculated phyllosilicate-serpentine and serpentine frac-
tionation equations are much lower than previously stated with a dif-
ference of only ~2.6 ‰ in the calculated median value. Our preference is 
for these theoretically derived fractionation equations. In contrast, 
experimentally determined pKB values show significant differences at 
25 ◦C with theoretical values although there is convergence at ~300 ◦C. 
Further investigations are required to understand why the differing 
approaches form distinct trends rather than a continuum of pKB values. 

In summary, the development of a robust and reproducible boron 
equilibrium model, named here EquiB, coupled with a Bayesian inver-
sion engine yields a deeper knowledge of boron systematics. The 
approach outlined constrains the underlying uncertainty of physical 
parameters encoded into a boron isotopic composition of a rock in 
equilibrium with a fluid. The provided constraints of underlying un-
certainty enable meaningful interpretation of boron isotope analyses 
and greater confidence in our ability to fingerprint isotopic composi-
tions. As new constraints emerge the EquiB framework can be updated 
easily. Our approach is not limited to hydrothermal alteration and ser-
pentinization environments, and with necessary modifications, EquiB 
could be expanded and applied to other mineral systems. 
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