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A B S T R A C T

Wildfires are hazards of increasing significance in recent decades. Our ability to forecast the evolution of fire
regimes is inhibited by the lack of records of key fire parameters such as fire severity. Boron isotopes in the
soil clay fraction have been shown to vary with fire severity, where increased 𝛿11B coincides with higher fire
severity. To elucidate the relationship between the B isotope composition of soil clays and fire events, we
performed adsorption experiments by reacting rainwater with combusted leaves to analyse how B isotopes are
fractionated during processes leading to the imparting of boron from plants to clay minerals in soil during and
following combustion. We find that < 5% of B is volatilised during combustion of leaves and barks, where
11B is preferentially volatilised. No isotopic fractionation was detected during the leaching of leaves ash with
rainwater, possibly due to the large water:clay ratio in our experiments. Adsorption of B from leaching solutions
onto clay minerals shows isotopic fractionation, and hysteresis of the adsorbed B fraction. For experiments at
pH between 7 and 9, the isotope fractionation between adsorbed and dissolved B (𝛥11Badsorbed-dissolved) ranges
from −8.8 to −14.5h, indicating preferential adsorption of 10B onto clays compared to 11B. For experiments
at pH > 10, the 𝛥11Badsorbed-dissolved values range from +11.2 to +19.4h, indicating a preferential adsorption
of 11B over 10B. Irregardless of pH, clay fractions in all experiments show increases in 𝛿11B, as the leaching
solutions have high 𝛿11B relative to the soil clay minerals prior to their interaction. Ash of leaves combusted
at 550 ◦C (highest temperature in our experiments) induce the greatest increase in solution pH and 𝛿11B in
clays. Our experiments suggests that the higher B isotope composition of clays following a high severity fire
is likely imparted by solutions that leach isotopically heavy B from the combusted canopy.
1. Introduction

Boron (B) is a mobile trace element with two stable isotopes, 10B
and 11B, and has a typical concentration of 20–200 mg/kg in soil (Men-
gel et al., 2001; Hu and Gao, 2008). Boron exists in solution as either
B(OH)3 or B(OH)4

−, where due to their structures, the tetrahedral
B(OH)4

− is enriched in 10B, while the trigonal B(OH)3 is enriched in
11B (Kakihana et al., 1977). The influx of B in soils consists mainly
of atmospheric input, chemical weathering of the parent material, and
biogeochemical cycling (Schlesinger and Vengosh, 2016; Gaillardet and
Lemarchand, 2018). The B biogeochemical cycle dominates the B flux
in soil, and can range from 9.1 to 191 mg/m2/yr (Cividini et al., 2010;
Kot et al., 2016; Gaillardet and Lemarchand, 2018), which corresponds
to being 1 to 3 orders of magnitude greater than atmospheric and
mineral weathering B input. It has been suggested that the B biogeo-
chemical flux varies by soil depth, with the B flux in the top 10 cm
being 10 times greater than that of 30 cm depth (Cividini et al., 2010).

∗ Corresponding author.
E-mail address: chl975@uowmail.edu.au (S. Lu).

If this B turnover is a semi-closed system consisting of B leaching from
leaves and litter, and re-uptake of dissolved B by live plants, as shown
in Kot et al. (2016), it could suggest that the residence time of dissolved
B in the soil is not very long, as the dissolved B fraction do not have the
opportunity to leach to deeper depths. This could possibly be due to a
combination of fast B uptake by live plants and export of dissolved B by
soil drainage (Roux et al., 2022). Since plants can only uptake soluble
B, the biogeochemical B flux in the soil would be controlled by the B
adsorption/desorption processes from soil solution.

Boron is a micronutrient that is essential for maintaining cell rigidity
as well as plant growth and reproduction (Blevins and Lukaszewski,
1998; Dembitsky et al., 2002; Buoso et al., 2020). Plants can uptake B
passively as boric acid from soil solutions with high B supply, where
B(OH)3 enters the root systems via diffusion, thus enriching the roots
in 11B relative to the soil solutions (Dembitsky et al., 2002; Miwa
vailable online 24 April 2024
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and Fujiwara, 2010; Geilert et al., 2019). In B-limited soils, plants
can utilise active transport facilitated by proteins that preferentially
uptake B(OH)4

−, thus enriching the roots in 10B relative to soil so-
lutions (Geilert et al., 2019; Xiao et al., 2022; Chen et al., 2023). In
some ecosystems, plants may not significantly fractionate B isotopes
during root uptake, as one analysis of soil solutions at the depths of
root activity show no significant difference in B isotope compositions
to those of B input from throughfalls and litterfalls (Cividini et al.,
2010). B isotopes are fractionated within plants themselves, where
plant compartments show increased enrichment in 11B with distance
from the roots (Geilert et al., 2015, 2019; Roux et al., 2022; Xiao et al.,
2022). For example, Geilert et al. (2015) reported average B isotope
compositions of −11h, −6.1h, and 13.6h in bell pepper roots, stems
nd leaves, respectively. Similarly, Roux et al. (2022) found −11.7h,
.7h, and 23.5h in the roots, stem and leaves of beech trees, re-
pectively. The intra-plant B isotope fractionation can be explained by
referential incorporation of the lighter 10B from the xylem sap into
lant cells. This leads to a Rayleigh-like B isotope fractionation where
he xylem sap and plant structures become increasingly enriched in
1B the greater distance they are from the soil (Roux et al., 2022).
herefore, leaves from the canopy have heavier B isotope compositions
han that of barks and lower branches.

Boron isotopes could possibly be used as a fire severity proxy, which
ould help resolve the lack of fire severity records required to model
he impact of future wildfires on the environment (Lu et al., 2022).
ecause the B budget in the soil is largely controlled by biogeochemical
ycling, disruptions to the ecosystem, such as those caused by wildfires,
ould affect the B composition in soil. High severity fires consume forest
anopies, while low severity fires are confined to the understory and
o not consume as much biomass. The combusted plant materials are
eposited in soil as ash or charcoal, which can then contribute their
content to soil secondary minerals. The strong intra-plant B isotope

ractionation could result in different B isotope signals in the soil
etween different fire severity. It has been shown that soil clay fractions
rom sites affected by high severity fires tend to have heavier B isotope
omposition to those that only experienced low severity fires (Lu et al.,
022). This fire signal can also be preserved in sediment records, where
nown fire events coincide with heavier B isotope compositions in
he sediment layer (Ryan et al., 2023). Boron isotopes could therefore
llow the reconstruction of fire severity variations of past wildfires
ver time, thus enabling more robust fire regime modelling. However,
t is important to have better understanding of the processes leading
o enrichment of 11B in clay minerals following high severity fires.
t is not entirely clear how B behaves during combustion of plant
aterials. It was shown that almost all the B in coal is recovered in

sh after combustion, suggesting insignificant B volatilisation during
ombustion (Ochoa-González et al., 2011). On the other hand, it has
een suggested that B volatilised during coal combustion could enrich
he atmosphere with 10B (Sakata et al., 2010), possibly increasing the

isotope signal to the soil if the volatilised B fraction is significant.
oreover, it is not known if significant B isotope fractionation occurs

uring volatilisation.
It is also crucial to understand the dynamics of B isotope frac-

ionation both during, and after B is leached from combusted plants
nto soil solution. Boron is leached from coal ash at a faster rate at
ower pH, although in conditions ranging from acidic to neutral pH,
he rate of leaching is fast enough such that 15-mins of reaction time
s enough to leach all water-leachable B into solution (Cox et al.,
978). At alkaline pH conditions, the B-leaching decreases linearly
ith increasing pH, ending in almost no B leached into solution at
H of around 11 after 24 h (Hollis et al., 1988). There is little in-
ormation on how the isotope composition of the water-leached B
raction compares to that of the parent ash. Solution 10B is generally
referentially sorbed onto clay minerals due to their surface structures
aving greater affinity for B(OH)4

− (which is enriched in 10B relative
209

o B(OH)3). Keren and Mezuman (1981). However, solution pH could
change the isotope fractionation during B adsorption, where increased
pH leads to increased preferential adsorption of 11B onto clays, humic
acids and oxides (Palmer et al., 1987; Lemarchand et al., 2005, 2007).
This is because at increased pH, B(OH)4

− becomes proportionally more
abundant, leading to progressive enrichment of 11B in B(OH)4

− (Palmer
t al., 1987). Ash deposition can increase the soil pH following wild-
ires (Ulery et al., 1993), and could therefore influence both how B is
eached into solution, and how it subsequently sorbs onto clay minerals.

This study aims to investigate how B isotopes are fractionated
uring and after wildfires as B is released from burnt vegetation and
ltimately adsorbed onto clays. This would help explain the change in B
sotope composition of soil clay fractions in response to fire severity ob-
erved in a previous study. To test if B volatilisation during combustion
s significant, and whether it is accompanied by isotope fractionation,
e measure the B concentration and isotope composition of plants
efore and after combustion. In addition, an adsorption experiment
as conducted where B is leached from combusted leaves and reacted
ith clays. This is to test if combustion of isotopically heavier leaves

ould change the B isotope composition of clays in the same way to
hat observed in soil clay fractions affected by wildfires. This will be
ompared to results of a similar B leaching experiment using bark
hat was previously conducted (Lu et al., 2022), to verify the effect of
ntra-plant B isotope fractionation on B isotopes in the soil following
ildfires.

. Methods

.1. Soil preparation

Soil was collected from the crest of Mt Keira in Wollongong (NSW,
ustralia). The bulk soil was wet sieved to obtain the < 63 μm fraction.

This fraction was dried at 60 ◦C, then re-suspended in solution with
18.2 M𝛺-cm water. About 250 mg of sodium hexametaphosphate was
added for deflocculation. The mixture was then centrifuged following
the protocol outlined in Starkey et al. (1984) to obtain the < 2 μm
clay fraction. The clay fractions were rinsed repeatedly with ultrapure
water, then freeze-dried. X-ray diffraction was used to identify the
secondary mineral in the clay fractions, using a BRUKER-binary V3
(RAW) diffractometer at the University of Wollongong. Samples were
analysed between 10 and 90◦ 2𝜃 with a step size of 0.02 at 1◦ per
minute.

2.2. Combustion of plant material

Eucalypt leaves and barks were collected from the same locations
as the soil sample sites on Mt Keira. They were dried in the oven
at 60 ◦C. The samples were cut into ∼ 1 cm pieces and placed in
ceramic crucibles for combustion in the muffle furnace. To test how
combustion may change the B concentration and isotope composition,
plants samples were combusted at 500 ◦C for 2 h, with a 30 mins ramp
time. The resulting combustion residue was then digested (see below),
and compared to aliquots of unburnt plant samples. Three replicates
each of dried eucalypt leaves and barks were processed. Aliquots of
these replicates were then combusted at 500 ◦C. For the leaching
experiment, the leaves were combusted at 200, 300 and 550 ◦C instead.
This produces a black residue at 200 and 300 ◦C, and a white ash at
550 ◦C. A loss on ignition (LOI) test was done by combustion at 500 ◦C
for 5 h in a muffle furnace to measure the organic content of these
combustion residues.

2.3. Boron leaching and adsorption experiment

Rainwater was collected in Wollongong (NSW, Australia), and fil-
tered with 0.2 μm filter. This filtered rainwater will henceforth be
referred to as Stage 1 solution (Fig. 1). About 0.22 g of combustion

residue was added to 50 mL of Stage 1 solution, and left on a mixing
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Fig. 1. A flowchart summary of the procedures for the B leaching and adsorption experiments.
wheel for 15 h at room temperature. The solutions were then cen-
trifuged and filtered to remove the combustion residue. An aliquot of
the resulting solution (henceforth referred to as Stage 2 solution) was
taken for B concentration and B isotope measurements. Then, 12 mL
aliquots of Stage 2 solutions were reacted with ∼ 150 mg of clay (80:
1 water: clay ratio) fractions overnight. Following the reaction, the
mixtures were centrifuged and aliquots of the supernatant solutions
(henceforth referred to as Stage 3 solutions) were removed as much as
possible with a pipette and collected for B concentration and B isotope
measurements. The clays were then dried at 60 ◦C. Lastly, the clays
were soaked with 10 mL of 18.2 M𝛺-cm water overnight, then dried
a final time after removing the solution as much as possible. Aliquotes
of the soaking solutions (henceforth referred to as Stage 4 solutions)
were also collected to measure the desorbed B. The entire experiment
was repeated at 30:1 water: clay ratio, for combustion residue of leaves
combusted at 200 ◦C, by adding ∼ 200 mg of clay to 6 mL of Stage 2
solution, in order to test the effects of water: clay ratios.

2.4. Boron concentration and isotope analysis

2.4.1. Plant samples
Fresh plant samples were dried and ground to a fine powder, then

added to a 1 M solution of 2/3 HNO3 and 1/3 HCl, following the
protocol outlined in Roux et al. (2015). The samples were left overnight
to predigest, in order to prevent building up too much pressure in
the digestion vessels. Complete digestion was then achieved using
microwave-assisted digestion (with a MARS 6 microwave). The ramp
time was 45 min, reaching a maximum temperature of 190 ◦C, where it
was held for 90 min. Ash samples were digested with the same method.
The solution was then loaded onto a cation exchange column filled with
1.5 mL of BIORAD AG50W-X8 resin. The resin was cleaned with 6 M
HCl and conditioned with 0.01 M HCl. 5 mL of sample solution was
loaded onto the column, followed by 2 mL of 0.01 M HCl to ensure
complete sample recovery. Next, a microsublimation step is needed to
remove the organic matter from the solution. The microsublimation
protocol is adapted from Roux et al. (2015). First, a 0.5 mL aliquot
was loaded onto the cap of a 15 mL PFA vial. The vial was then tightly
closed upside-down, so that the solution stays on the cap. Aluminium
foil was wrapped around the bottom and sides of the cap, then the vial
was placed upside-down onto a hot plate, so that the bottom of the
cap is in contact with the heating surface. The solution was heated at
210
110 ◦C for 3 h, then allowed to cool for 30 min. After the solution has
cooled, the vial was carefully rotated to collect all the condensation
droplets, while avoiding having the solution come into contact with
the lid, where organic matter and silica have precipitated. The solution
was then ready for chromatography (see below). Ash from combusted
plant samples were digested following the same protocol.

2.4.2. Clay samples
Alkali fusion has been shown to be a reliable method to digest

silicate materials for B analysis (Lemarchand et al., 2012; Lu et al.,
2022). 50 mg of clay from the adsorption experiment was mixed with
250 mg of potassium carbonate (99.99% trace metal) in platinum (Pt)-
gold (Au) crucibles (Pt-Au05). The mixture was heated at 950 ◦C for
40 min, and the resulting fusion residue was dissolved in 4 mL of 2
M HCl and sonicated. The solution was rapidly diluted to 40 mL with
ultrapure water in a PP tube to minimise precipitation of Al and Si
rich phases. The solution was centrifuged and a 5 mL aliquot of the
supernatant was collected and loaded onto a cation exchange column
filled with 1.5 mL of BIORAD AG50W-X8 resin, in order to remove
the surplus potassium ion introduced during alkali fusion. The cation
exchange resin used here was prepared with the same methods as in the
plant sample section (see above). The eluted solution was then ready
for chromatography (see below)

2.4.3. Boron chromatography
Boron was purified prior to analysis on a mass spectrometer, in a

Class 100 cleanroom at Wollongong Isotope Geochornology Laboratory
(WIGL). The leaching solutions from the adsorption experiments, the
digested plant and ash samples, and digested clay samples all follow
the same protocol from here, as adapted from Lemarchand et al. (2012).
First, the pH of the sample solution was adjusted to 8–10, which was
optimal for B adsorption on Amberlite resin, by adding purified 0.5 M
NaOH. The solution was then loaded on 0.5 mL of B-specific Amberlite
IRA 743 resin (100–200 mesh). The resin was cleaned with 0.5 M
HCl and ultrapure water, and conditioned with ultrapure water. Matrix
elements were eluted with 2.5 mL of ultrapure water, 2.5 mL of 0.5
M NaCl, and another 2.5 mL of ultrapure water. Finally, B was eluted
with 5 mL of 0.5 M HCl and collected, ready for B concentration and
isotope measurements.
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Fig. 2. B concentration (in ppm) of eucalypt leaves (a) and bark (b), as well as B isotope composition (in h) of eucalypt leaves (c) and bark (d), from Mt Keira (NSW, Australia),
before and after being combusted at 500 ◦C. The red lines represent the mean and 2SE of three measurements for leaves and barks after combustion. For eucalypt bark after
combustion (b), the 2SE is very small because the three replicates had very similar values.
2.4.4. Boron concentration and isotope measurements
Boron concentration and isotope measurements were carried out

on a ThermoFisher Scientific Neptune Plus Multi-collector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS) at WIGL. The sample
introduction system consists of a dual cyclonic quartz spray chamber,
standard nickel sample and skimmer cones, and an Apex PFA nebuliser
with a flow rate of 100 𝜇L min−1 (Elemental Scientific). Correction
of mass bias was done by standard-sample bracketing using a 50
ppb solution of NIST SRM 951a as the primary standard. Background
correction was done by measuring 0.5 M HCl as blanks before each
standard and sample. The B isotopic compositions were expressed in
𝛿11B:

𝛿11B =

[

(11B∕10B)𝑠𝑎𝑚𝑝𝑙𝑒
(11B∕10B)𝑁𝐼𝑆𝑇

− 1

]

× 1000 (1)

where (11B/10B) refers to the B isotope ratio, and subscripts sample and
NIST refer to the sample and the primary standard (NIST SRM 951a),
respectively. Accuracy and precision during analysis were determined
with 50 ppb solutions of ERM AE120 and AE121. The same batch
of HCl used for sample elution was used for blanks, primary and
secondary standard dilutions, in order to avoid mass bias caused by
different acid matrices (Roux et al., 2015). We measured 𝛿11B values of
−20.33±0.18h (2𝜎, n = 7) and 19.73±0.15h (2𝜎, n = 6) for AE120 and
AE121, respectively. These values are within error of reported values of
−20.2±0.6h and 19.9±0.6h for AE120 and AE121, respectively (Vogl
and Rosner, 2012). Accuracy and precision of the entire protocol
for processing clays and plants were determined by processing W-2a
(USGS) and NIST SRM 1570a spinach leaves standards, respectively.
We measured a 𝛿11B of 11.71 ± 1.09h (2 SE; n = 3) and 27.61 ± 0.27h
(2 SE; n = 4) for W-2a and NIST SRM 1570a, respectively. This is similar
211
to other studies which report a B isotope composition of 12.2±0.4h for
W-2a (Ercolani et al., 2019; Gangjian et al., 2013), and 25.74 ± 0.21h
to 26.1 ± 0.5h for NIST SRM 1570a (Roux et al., 2015; Wright et al.,
2021).

The B concentration of the analyte solution was calculated by com-
paring the 11B intensity of the solution to that of the 50 ppb primary
standard used during isotope analysis (see above). The B concentration
of the sample can then be calculated using the B concentration of
the analyte solution, mass of the analyte solution, the solution loaded
for chromatography, and that of digested sample. We measure a B
concentration of 37.9 ± 0.8 ppm (2 SE; n = 4) for NIST SRM 1570a,
which is in agreement with the certified value of 37.6 ± 1.0 ppm. For
W-2a we measure a B concentration of 11.8 ± 0.7 ppm (2 SE; n = 3),
which is in agreement with Govindaraju (1994), Ercolani et al. (2019)
who reported a B concentration of 12.0 ± 0.3 ppm. The total procedural
blank for plant digestions have 0.80 ± 0.02 (2 SE; n = 3) ng of B. For
clay samples, one total procedural blank was processed and it had 2.2
ng of B.

3. Results

Both eucalypt leaves and barks have a narrow range of B concen-
trations and B isotope compositions (Figs. 2). For leaves, the mean
B concentration is 16.2 ± 0.3 ppm (2 SE), and the mean B isotope
composition is 32.10 ± 0.46h (2 SE; Table S2). For barks, the mean
B concentration is 5.5 ± 0.1 ppm (2 SE), and the mean B isotope
composition is 8.50 ± 0.82h (2 SE; Table S2). After being combusted,
eucalypt leaves and barks display a B concentration of 15.3 ppm and
5.2 ppm, respectively (Fig. 2). This is within error of their respective
B concentrations prior to combustion (Fig. 2). The average B isotope
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Fig. 3. LOI (%) of combustion residue for Eucalypt leaves combusted at 200, 300 and
550 ◦C. The mass fraction not lost during LOI is interpreted to be ash.

composition for eucalypt leaves is 29.07 ± 0.29h after combustion,
which is ∼3h lower than that before combustion; for eucalypt bark, the
average B isotope composition after combustion is 7.12±0.29h, which
is ∼ 1.4h lighter than that before combustion (Fig. 2). For leaves,
combusting at 200, 300 and 550 ◦C resulted in residues with LOI of
4.3, 10.0 and 93.9%, respectively (Fig. 3).

For the B adsorption experiment, Stage 1 solution has a B con-
centration of 5 ± 1 ppb. At 80:1 water:clay ratio, Stage 2 solutions
that leached B from leaves combusted at 200, 300 and 550 ◦C have
B concentrations of 68 ± 7, 336 ± 34 and 538 ± 54 ppb, respectively
(Fig. 4; Table 1). This corresponds to a gain of 3.2, 16.6, and 26.7 μg
of B, respectively. At 30:1 water:clay ratio, the Stage 2 solution have a
B concentration of 57 ± 6 ppb, indicating a gain of 2.6 μg of B. After
212
reacting with clays, the B concentrations of Stage 3 solutions for both
30:1 and 80:1 water:clay ratio experiments are within error of those of
Stage 2 solutions (Fig. 4).

At 80:1 water:clay ratio, Stage 1 solution has a B isotope composi-
tion of 32.90 ± 0.29h. Stage 2 solution that leached leaves combusted
at 200 ◦C has a B isotope composition of 31.38 ± 0.29h, while those of
300 and 550 ◦C combustion temperatures have 𝛿11B of 29.19 ± 0.29h
and 29.07 ± 0.29h, respectively (Fig. 4; Table 1). After reacting with
clays, Stage 3 solutions of 200 ◦C combustion temperature show no
systematic change in B isotope compositions (Fig. 4). In contrast, those
of 300 ◦C display a systematic increase in 𝛿11B (by about 1.3h), while
those of 550 ◦C combustion temperature are characterised by a lighter
B isotope composition (by about 1.2h). At 30:1 water:clay ratio, the
Stage 2 solution has the same B isotope composition of 32.90 ± 0.29h
as that of Stage 1 solution. For Stage 3 solution, the 𝛿11B decreased to
∼29h (Fig. 4; Table 1).

The soil clay fractions are composed of microcrystalline quartz
and kaolinite (Figure S1). For experiments with 80:1 water:clay ratio,
they have a B concentration of 18.0 ± 0.7 ppm, and a B isotope
composition of −4.60 ± 0.29h (Figs. 5). The clays used in the adsorp-
tion experiment with 30:1 water:clay ratio has a B concentration of
30.15 ± 0.7 ppm, and the same B isotope composition as those used
in the 80:1 water:clay ratio experiments (Table 2). After reacting with
Stage 2 leaching solutions of 200, 300 and 550 ◦C combustion tempera-
ture, the B concentration of clays increased by an average of 0.1 ± 1.4,
0.6 ± 1.4 and 2.7 ± 1.4 ppm, respectively (Fig. 5). After reactions at
80:1 water:clay ratio, clays that interacted with solutions from the 200
and 300 ◦C combustion temperature do not see a significant change
in 𝛿11B, while for the 550 ◦C experiments their B isotope composition
increased by a magnitude of ∼ 5h. After reactions at 30:1 water: clay
ratio, the B concentration in clay decreased to ∼29.2 ppm, while their
B isotope compositions show a small increase to an average of ∼ −3h
(Fig. 5; Table 2).
Fig. 4. (a) B concentrations of filtered rainwater (Stage 1 solution), and leaching solutions for eucalypt leaves combusted at various temperatures, before (Stage 2 solution) and
after (Stage 3 solution) reacting with clays, at 80:1 water:clay ratio. (b) Comparison of Stage 1, 2 and 3 solutions between 30:1 and 80:1 water:clay ratio experiments that reacted
with leaves combusted at 200 ◦C; (c) B isotope composition of Stage 1, 2 and 3 solutions for combusted eucalypt leaves reacting with clays at 80:1 water:clay ratio; (d) Comparison
of B isotope composition of Stage 1, 2 and 3 solutions between 30:1 and 80:1 water:clay ratio experiments that reacted with leaves combusted at 200 ◦C.
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Fig. 5. B concentrations of clays before and after reacting with leaching solutions of eucalypt leaves combusted at various temperatures, at 80:1 (a) and 30:1 (b) water:clay ratio,
and their B isotope compositions (c).
4. Discussion

4.1. Plant combustion

The B fraction emitted to the atmosphere during wildfires could be
a key factor that influences the B imparted to soil from combusted
biomass. If significant amount of isotopically fractionated B is lost
through volatilisation, this could change the B isotopic signal in the
soil derived from deposition of non-volatilised B. Previous studies
have shown that aerosols display higher B concentrations and lighter
B isotope compositions during winter in coastal Japan, which was
attributed to increased input of lighter B isotopes from coal-burning
during winter months (Sakata et al., 2010, 2013). In addition, Chetelat
et al. (2005) attributed a decrease of 𝛿11B in rainwater from French
Guiana to biomass burning, based on seasonal increase of nitrate con-
centrations that coincide with decreased 𝛿11B. Analysis of fly ash from
two coal-fired power plants in Spain show that 95% of B in coals is
retained in ash after combustion (Ochoa-González et al., 2011). In our
experiments, we show that the amount of B loss in both eucalypt leaves
and bark after combusting at 500 ◦C is within the 5% uncertainty,
which is in agreement with Ochoa-González et al. (2011) (Fig. 2).
This suggests that the amount of B released to the atmosphere through
volatilisation during wildfires is small compared to the B fraction that
is deposited into the soil through ash. However, we also show that the
B isotope composition of ash is lighter for both leaves and bark after
combustion, indicating that 11B is preferentially volatilised during com-
bustion (Fig. 2). This is in contrast to previous studies which suggested
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lighter B isotope compositions in atmospheric particulates linked to
coal combustion (Chetelat et al., 2005; Sakata et al., 2010, 2013). The
contrasting results can possibly be reconciled when considering that
atmospheric B can have high 𝛿11B (up to ∼20h) in coastal areas due
to B input from evaporated seawater (Chetelat et al., 2005; Sakata et al.,
2013). Therefore, the B fraction volatilised during plant combustion
could be isotopically lighter than that of the coastal atmosphere, despite
the heavier 11B being preferentially volatilised. Assuming a B loss of 5%
and B isotope composition change from 32h to 29h for combusted
leaves in a closed system, the 𝛿11B of the volatilised B fraction can be
calculated using a mass balance equation:

𝑀𝑙𝑅𝑙 = 𝑀𝑎𝑅𝑎 +𝑀𝑣𝑅𝑣 (2)

where M and R denote the mass of B and 11B/10B ratio, respectively,
and subscripts l, a, and v denote fresh leaves, ash and volatilised B
fraction, respectively. We calculate that the volatilised B fraction should
have a 𝛿11B of 89h, which is much higher than that of fresh leaves.
Thus, our B concentration and isotope composition results suggest that
during combustion, a small and highly fractionated B fraction is lost
to the atmosphere, resulting in the B fraction deposited in soil being
isotopically lighter than the isotope composition of fresh leaves and
barks.

4.2. Boron adsorption experiments

4.2.1. Leaching solutions
Rainwater (Stage 1) solutions have an initial pH of around 7.

After reacting with combusted leaves, the pH of all Stage 2 solutions
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increased (Figs. 6 and 7). The leaching solutions of leaves combusted at
550 ◦C show the greatest increase in pH. This can be attributed to the
higher ash content in the residue combusted at 550 ◦C (Figs. 3). Car-
bonates, oxides and hydroxides that make up ash can increase soil pH
significantly post-fire (Ulery et al., 1993). Stage 2 leaching solutions of
lower combustion temperature experiments all show smaller increases
in pH due to less ash being created at low temperatures (Figs. 3).
Stage 2 leaching solutions for the combustion experiments at 300 ◦C
have lower pH than those for the 200 ◦C experiments, which could
be due to accelerated humification at higher temperatures (Katsumi
et al., 2016). Residue combusted at 200 and 300 ◦C have similar low
ash content, and consist mostly of organics (Figs. 3). Therefore, at this
temperature range, humification could be the more important factor
for determining pH of leaching solutions. The resulting humic acid
could possibly decrease the pH of the solution compared to the leaching
solutions of lower combustion temperatures.

After reacting with leaves combusted at 300 and 550 ◦C, the Stage
2 leaching solutions have a 𝛿11B of ∼ 29h (Fig. 4). This is the same
B isotope composition as that of leaves ash combusted at 500 ◦C
(Fig. 2), which indicates that there is no isotopic fractionation when
B is leached from ash into solution. In contrast, the leaching solutions
of leaves combusted at 200 ◦C has a higher 𝛿11B of ∼ 31.5 and 32.9h
(for 80:1 and 30:1 water:caly ratio experiments, respectively), which
are similar isotope compositions to that of leaves before combustion
(Fig. 2). This could suggest that the magnitude of volatilisation is small
enough during combustion at 200 ◦C, such that the combustion residue
retains the same B isotope composition as that of fresh leaves, and
subsequently imparts the isotopic signal to the leaching solution. Since
leaching solutions that reacted with ash combusted at 300 and 550 ◦C
have the same 𝛿11B, it is likely that the amount of volatilisation does
not increase linearly with temperature; instead, there is a threshold
temperature between 200 and 300 ◦C, above which significant volatil-
isation is initiated, and causing measurable B isotope fractionation
during the process. Therefore, during low severity fires, if this threshold
temperature is not reached, it is possible that B volatilisation would
be insignificant, and no B isotope fractionation would have occurred
during combustion.

Apart from possibly influencing the magnitude of B volatilisation,
combustion temperature likely also affects how plant materials are
modified. Stage 2 leaching solutions of combusted leaves have B con-
centrations that increase approximately linearly with combustion tem-
perature (Fig. 4), suggesting that increased combustion temperature
causes B to become more labile. Since increased temperature increas-
ingly degrades organic matter, a possible explanation is that there
is less organic matter in combustion residue of higher temperatures
(Figs. 3). It is known that B has strong affinity for adsorption onto
organic matter (Yermiyahu et al., 2001; Lemarchand et al., 2005). Thus
higher organic concentration in residues of leaves combusted at lower
temperatures could possibly release less B into solution during leaching.
Alternatively, residue combusted at higher temperatures may be more
porous and have smaller particle sizes, thus increasing the surface area
and the rate of leaching.

After reacting with clay at 80:1 water:clay ratio, Stage 3 solutions
show no significant changes to the B concentration (Fig. 4). This could
be because the large water:clay ratio does not allow enough B to be
adsorbed onto clay to significantly change the B concentration in the
solution. During this reaction, the B concentration in clay increased by
up to ∼ 2.7 ppm (Fig. 5). Considering the mass of clays and solutions,
and assuming that no B is lost during the experiment, we can write the
following mass balance:

𝑀𝑠𝑖 +𝑀𝑐𝑖 = 𝑀𝑠𝑓 +𝑀𝑐𝑓 +𝑀𝑟 (3)

where 𝑀 denotes the mass of B (in ng), and 𝑠𝑖, 𝑠𝑓 , 𝑐𝑖, 𝑐𝑓 and 𝑟
subscripts denote the Stage 2 solution, Stage 3 solution, clay before
reaction, clay after reaction, and Stage 4 rinse solution, respectively.
Using Eq. (3), we calculate that with a gain of 2.7 ppm of B in
214
Fig. 6. B isotope fractionation factor (𝛼) for B adsorption onto clays from leaching
solutions.

Fig. 7. B partition coefficient (Kd) for B adsorption onto clays from leaching solutions.

0.15 g of clay, and accounting for B desorbed in the rinse solution,
the B concentration of leaching solution (with a volume of 12 mL
and an initial B concentration of 533 ppb) is expected to decrease by
∼ 85 ppb. This calculated change in B concentration of the leaching
solutions is within error of our measured decrease of 49 ppb (Fig. 4).
Therefore, the water:clay ratio is likely too large to precisely measure
changes in B concentration of solutions. After repeating the experiment
at a lower water:clay ratio of 30:1 for leaching leaves combusted at
200 ◦C, we observe that there is a greater difference in the mean B
concentration between Stage 2 and 3 solutions, compared to that of
experiments performed at larger water:clay ratio (Fig. 4). This suggest
that having smaller water:clay ratio does indeed increase the precision
of measured changes in B concentration of leaching solutions. However,
the B concentration of Stage 2 and 3 solutions are still within error,
suggesting that a water:clay ratio even lower than 30:1 would be
preferable for precise measurements.

For 80:1 water:clay ratio experiments, a systematic change in the
𝛿11B of the leaching solutions is not observed after they have re-
acted with clays (Fig. 4). 10B is generally preferentially adsorbed onto
clays (Keren and Mezuman, 1981; Palmer et al., 1987). This should
result in an increased 𝛿11B of solutions after reacting with clays. How-
ever, the B isotope fractionation during adsorption can change with
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pH (Lemarchand et al., 2005, 2007). We calculate the isotope frac-
tionation factor (𝛼) in our experiments using a Rayleigh distillation
formulation:
Rx
Ro

≈ F𝛼−1 (4)

where Ro and Rx denotes the 11B/10B ratio of the leaching solution
before and after reacting with clays, respectively, and F denotes the
fraction of B remaining in solution after reacting with clays. For 80:1
water:clay ratio experiments, 10B is preferentially adsorbed onto clays
for leaching solutions of leaves combusted at 200 and 300 ◦C, as
indicated by 𝛼 values < 1, while for those of leaves combusted at
550 ◦C, 11B is preferentially adsorbed, as indicated by 𝛼 values > 1
(Fig. 6). This is in agreement with the trends observed in previous
studies of B adsorption where 𝛼 increases dramatically above pH of
9 (Lemarchand et al., 2005, 2007). Therefore, the differences in pH
could explain why leaching solutions of leaves combusted at 300 ◦C
increases in 𝛿11B (preferential 10B adsorption), while those of leaves
ombusted at 550 ◦C decreases in 𝛿11B (preferential 11B adsorption).

For B adsorption at neutral to slightly basic pH in our experiments, the
𝛿11B of adsorbed B is on average about 12h lower than that of B in
solution (Table 2). For B adsorption at pH of 10, the 𝛿11B of adsorbed B
is on average about 15h higher than that of dissolved B (Table 2). The
clays in our experiment fractionates B isotopes with pH most similarly
to birnessite (a Mn-oxide mineral) (Lemarchand et al., 2007) (Fig. 6).
Geothite has greater preference for adsorbing 10B compared to clays
in our experiment (Lemarchand et al., 2007) (Fig. 6). It has been
suggested that goethite and kaolinite (primary constituent of clays used
in this study; Figure S1) form similar inner-sphere complexes when
adsorbing B (Goldberg et al., 1993). Thus, it is possible that the type
of B complexes formed via ligand exchange during B adsorption is not
the sole factor that determines the extent of B isotope fractionation.
Surface charge of clay minerals is an important factor for B isotope
fractionation during adsorption (Elmaci et al., 2015). Clays tend to have
permanent negatively charged sites on the surface, and pH dependent
positively or negatively charged sites on Al-OH sites and exposed
hydroxyl groups at the edge of the structural layers (Tombácz and
Szekeres, 2006). Since different clay minerals have different number
of these charged sites, pH can possibly modify the overall surface
charge differently, leading to varying B isotope fractionation during
adsorption. For 30:1 water:clay ratio experiments, the 𝛼 values range
from 1.033 to 1.049, indicating a preferential adsorption of 11B at pH
of ∼ 8. This contradicts the B isotope fractionation observed at similar
pH for experiments with 80:1 water:clay ratio. This can be reconciled
when considering that in the 30:1 water:clay ratio experiments, the
clays could be releasing B into solution, rather than just adsorbing B
from solution, as inferred by the clays having lower B concentration
after reacting with the leaching solutions (Fig. 5). Therefore, the 𝛼
values calculated using the change in the B isotope compositions of the
leaching solutions could be influenced by the B released into solution
from the clays, and may not represent the B isotope composition of
the B fraction that was adsorbed onto clay surfaces. This also results
in the very high 𝛿11B of adsorbed B calculated using the B isotope
compositions of the leaching solutions in the 30:1 water:clay ratio
experiments (see Table 1).

4.2.2. Clays
An approximately linear increase of B concentration with com-

bustion temperature is observed in the clay fractions after they have
reacted with leaching solutions (Fig. 5). This is likely a result of the
increase in B concentration of the leaching solutions with combustion
temperature (Fig. 4)- it has been shown that B adsorption is propor-
tional to the B concentration of solution (Goldberg and Forster, 1991;
Goldberg, 1997; Lu et al., 2022), thus leaching solutions of higher
combustion temperature will have greater B concentration leading to
more B adsorption onto clay. Another factor that controls B adsorption
215

h

is pH. This can be shown with the partition coefficient (Kd), calculated
as follows:

𝐾𝑑 =
[𝐵]𝑎𝑑𝑠
[𝐵]𝑠𝑜𝑙

(5)

here [𝐵]𝑎𝑑𝑠 is the concentration of adsorbed B in clay (in ppb), and
𝐵]𝑠𝑜𝑙 is the B concentration in solution after reacting with clays (in
pb). The [𝐵]𝑎𝑑𝑠 can be calculated using the change in B concentration
f clays after reacting with the leaching solutions, as well as the B
oncentration of rinse solutions to account for B removed through
esorption. In 80:1 water:clay ratio experiments, we observe maximum
dsorption at pH of ∼ 8 (Fig. 7). This is in agreement with a previous
tudy that observed a bell-shaped curve with a maximum Kd at pH
f 8 for B adsorption onto birnessite and goethite (Lemarchand et al.,
007). This observation can be explained as clay minerals have a
reater affinity for B(OH)4

−, which is in greater abundance at increased
H (Keren and Talpaz, 1984). Above pH 8, the Kd decreases again
ecause the surplus of OH− ions start to compete with B(OH)4

− for
dsorption sites. Despite this trend, clays that reacted with leaching
olutions of leaves combusted at 550 ◦C (pH ∼ 10) still experience
hat greatest B adsorption, indicating that the effects of the increased B
oncentration in solution may overprint the effects of pH. For 30:1 wa-
er:clay ratio experiments, the [𝐵]𝑎𝑑𝑠 was calculated using the change
n B concentration between Stage 2 and 3 solutions instead, as the
lays in these experiments had a net loss of B after reacting with the
eaching solutions and could not be used to infer the concentration
f the adsorbed B fraction. This likely underestimates the amount of
dsorbed B, as it does not account for any B released from clay into
olution. The Kd values for these experiments range from 3.3 to 5.9,
hich are low compared to those of 80:1 water:clay ratio experiments.
he low Kd value accounts for the possible B exchange between clays
nd solutions, as the clays were likely both releasing and adsorbing

into and from the leaching solutions, resulting in a smaller net
hange of B concentration in the solutions. This could be because
he clays used in the 30:1 water:clay ratio experiments have much
igher B concentration (Fig. 5). In contrast, the clays used in the 80:1
ater:clay ratio experiments have a lower B concentration, thus any
released from clays into solution is likely less significant. Despite

aving different B concentrations, the B isotope composition of clays
sed in both 80:1 and 30:1 water:clay ratios are the same. The clays
sed in both 80:1 and 30:1 water:clay ratios were collected from the
ame site, but at different times (about one year apart). We observe
hat the B concentration of soil clay fractions can fluctuate through
ime in nature, possibly with vegetation cycles which dominate the B
udget in soil (Fig. 5) (Gaillardet and Lemarchand, 2018). However,
he B isotope composition in the soil stayed constant in our sample
ite (Fig. 5), thus the B concentration fluctuation is not likely caused
y artificial contamination. It is possible for B contamination to be
ntroduced through anthropogenic activities (Robinson et al., 2007),
nd future studies would need to avoid contaminated sites as much as
ossible.

Clays that reacted with leaching solutions of leaves combusted at
50 ◦C also show a dramatic increase in 𝛿11B, compared to those
hat reacted with leaching solutions of leaves combusted at lower
emperatures, where only a marginal increase was observed (Fig. 5).
lays before reacting with leaching solutions have a very low 𝛿11B of
−4.2h, compared to the leaching solutions (Figs. 4). Thus, despite

0B being preferentially adsorbed for 200 and 300 ◦C combustion
emperatures, all clay samples are expected to have increased 𝛿11B
fter B adsorption. Clays that reacted with leaching solutions of leaves
ombusted at 550 ◦C show a sharp increase in 𝛿11B due to a combi-
ation of increased B adsorption, and greater preference for adsorbing
1B (Figs. 5 and 6). These observations are in contrast to our previous
xperiment (same author) on eucalypt barks, where a decrease in 𝛿11B
n clays was observed instead after reacting with leaching solutions of

igher combustion temperatures (Lu et al., 2022). This can be explained
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Table 1
Leaching solutions in B adsorption experiments.

Water:clay ratio 30:1 80:1

Combustion temperature
(in ◦C)

200 200 200 200 300 300 550 550

Stage 1 pH 7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1

Stage 1 B concentration
(in ppb)

5.1 5.1 5.1 5.1 5.1 5.1 5.1 5.1

Stage 1 𝛿11B (in h) 32.90 32.90 32.90 32.90 32.90 32.90 32.90 32.90

Stage 2 pH 7.7 7.7 7.8 7.8 7.2 7.2 10.9 10.9

Stage 2 B concentration
(in ppb)

57 57 68 68 336 336 538 538

Stage 2 𝛿11B (in h) 32.91 32.91 31.38 31.38 29.19 29.19 29.07 29.07

Stage 3 pH 7.8 7.9 8.0 8.0 7.6 7.5 10.0 10.0

Stage 3 B concentration
(in ppb)

51 48 63 73 294 306 506 488

Stage 3 𝛿11B (in h) 26.85 27.03 32.64 30.64 30.39 30.57 27.85 27.95

Adsorbed B (ng) 40 ± 6 50 ± 10 160 ± 23 270 ± 38 460 ± 66 500 ± 70 1000 ± 140 1020 ± 140

𝛿11B of adsorbed B
(in h)

80 ± 11 64 ± 9.1 17 ± 2.5 20 ± 2.9 21 ± 2.9 15 ± 2.1 49 ± 6.9 40 ± 5.7

The pH, B concentration (in ppb) and B isotope composition (in h) of rainwater (Stage 1 solutions), leaching solution of material combusted at different temperatures (Stage 2
solutions), and leaching solutions that subsequently reacted with clay (Stage 3 solutions). Precision is 0.1 for pH (unitless), 10% (2RSE) for the B concentration, and 0.29h (2SE)
or 𝛿11B of leaching solutions.
Table 2
Soil clay fractions in B adsorption experiments.

Combustion
temperature
(in ◦C)

B concentration
before reaction
(in ppm)

B concentration
after reaction
(in ppm)

𝛿11B before
reaction (in h)

𝛿11B after
reaction (in h)

𝛼 𝛥11Bads−sol
(in h)

Stage 4 solution
B concentration
(in ppb)

200 18.0 17.9 −4.33 −3.19 0.986 ± 0.020 −14.2 18
200 18.0 18.3 −4.33 −3.60 0.990 ± 0.020 −10.3 23
300 18.0 18.3 −4.33 −3.88 0.991 ± 0.020 −8.8 42
300 18.0 18.8 −4.33 −4.11 0.986 ± 0.020 −14.5 37
550 18.0 20.7 −4.33 1.07 1.020 ± 0.020 19.4 59
550 18.0 20.7 −4.33 0.80 1.011 ± 0.020 11.2 61
200 (30:1) 30.2 29.2 −4.33 −2.31 1.049 ± 0.020 47.4 –
200 (30:1) 30.2 29.1 −4.33 −3.65 1.033 ± 0.020 32.9 –

The B concentration (in ppm) and 𝛿11B of soil clay fractions before and after reacting with Stage 2 leaching solutions, the isotope fractionation factor (𝛼) of B adsorption onto
clays from leaching solutions, the isotope fractionation between adsorbed and dissolved B (𝛥11Bads−sol), and the B concentration (in ppb) of Stage 4 rinse solutions.
as bark has lower 𝛿11B than leaves (Fig. 2), due to xylem sap becoming
more enriched in 11B the further from the roots (Roux et al., 2022).
Since an increase of 𝛿11B was observed in soil clay fractions of Yengo
National Park (NSW, Australia) after experiencing higher severity fires,
it was hypothesised that the B isotope composition of soil clay fractions
after wildfires is controlled by the amount of leaves combusted (Lu
et al., 2022). Our experiments here support this hypothesis, as experi-
mentally combusted leaves can replicate the increased 𝛿11B in clays as
observed in Yengo National Park soil samples.

The adsorbed B in our 80:1 water:clay ratio experiments displays
hysteresis, as not all adsorbed B is desorbed during rinsing, leading
to increase of B concentration and 𝛿11B in clays (Figs. 5). This would
suggest the formation of inner-sphere B complexes, which are not as
easily desorbed as outer-sphere complexes. Goldberg et al. (1993) had
previously suggested inner-sphere complex formation as the dominant
mode of B adsorption for kaolinite, based on calculations of ionic
strength dependence and zero point charge results. However, since
a large portion of adsorbed B was desorbed after clays were rinsed
once in our experiment (Table 2), it is possible that multiple species
of B complexes were formed during adsorption, only some of which
were hysteretic. It is unclear if this hysteretic B fraction represents
a permanent gain of B. Goldberg and Suarez (2012) found that a
time frame of months to years may be required for adsorbed B to
be exhibit hysteresis. Thus, it is possible that repeated rinsing could
have removed even inner-sphere B complexes, as our reaction time was
only 15 h. In our 30:1 water:clay ratio experiments, the clays have
a net loss of B after reacting with leaching solutions, indicating that
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more B was desorbed during rinsing than was adsorbed. The clays in
these experiments have a higher initial B concentration, which could
suggest that a significant amount of B was already adsorbed onto their
surfaces from soil solution prior to our experiments. During rinsing, the
initial adsorbed B could be lost in addition to any B adsorbed from
our leaching solutions, leading to a net loss of B. In nature, drying and
wetting cycles increase the hysteresis of B adsorbed onto clays (Keren
and Gast, 1981). Therefore, the adsorbed B fraction in our experiments
is possibly only weakly hysteretic, as the reaction involved neither
long durations, nor wetting and drying cycles. In natural wildfires, it is
likely that the deposited ash persists long enough in the soil to achieve
a stronger hysteresis, as the relationship between combustion and B
isotope signal in clays had been observed in stream sediments (Ryan
et al., 2023), which would not be possible if the adsorption were easily
reversible.

4.3. Implications

Boron isotopes in atmospheric particulates can be useful in tracking
fossil fuel burning, as coals tend to have low 𝛿11B. Previous studies
assume that this light B isotope composition is transferred to atmo-
spheric particulates during volatilisation without any isotopic fraction-
ation (Sakata et al., 2010, 2013). However, our experiments show that
isotopic fractionation does occur with a temperature threshold between
200 and 300 ◦C during combustion and volatilisation, where 11B is
preferentially volatilised. Though this likely does not affect trends from
coastal sites, due to the heavy background B isotope composition of
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aerosols linked to seawater, it should be accounted for in more inland
studies where the preferential loss of 11B may mask coal burning.
For wildfires, this isotope fractionation during combustion does not
preclude a B isotope signal being imparted in the soil, as the isotope
fractionation is small, and leaves tend to have much higher 𝛿11B
compared to soil minerals. Though we observe that pH, B concentration
and water:clay ratio can all influence B isotope fractionation during
adsorption onto clay minerals, we were able to replicate the increased
𝛿11B in clays following high severity fires observed in previous studies,
by reacting clays with leaching solutions of combusted leaves (Fig. 5).
This shows that B isotope signals following wildfires is likely a function
of the amount of combusted leaves (and by extension flame height).
Although wildfires can consume different material with different B
isotope compositions, the variations in the B isotope compositions im-
parted to soil is likely determined by combustion of leaves on tall trees,
as shorter plants would be consumed in both low and high severity
fires. This signal has been shown to persist in stream sediments (Ryan
et al., 2023), thus it may be possible to reconstruct a fire severity
history by studying boron isotopes in sediment sequences. This would
be invaluable, as only fire occurrence histories are currently available,
and it is difficult to infer if wildfires are becoming more severe in
addition to becoming more frequent due to climate change. Addition-
ally, while burning leaves increases the 𝛿11B of clays, combustion of
lower plant compartments such as bark can decrease the 𝛿11B of clays
instead. Peltola and Åström (2006) found a decrease of 𝛿11B in lake
sediments linked to a historic town fire. This can be explained as a town
fire combusts only wood, which have lower 𝛿11B than leaves. Therefore,
it may be possible to differentiate wood fires from wildfires in the B
isotope signals, and perhaps a record of man-made fires by early human
civilisations can also be inferred with this new proxy.

5. Conclusions

Boron isotopes are fractionated during plant combustion, where 11B
is preferentially volatilised. The volatilised B fraction is small (< 5%
f total B). Boron in ash of combusted eucalypt leaves have higher
11B (29.06 ±0.29h) than that of combusted eucalypt barks bark (6.51
0.29h), due to intra-plant B isotope fractionation. Rainwater leach B

rom ash of combusted leaves that can be adsorbed onto clay minerals
n the soil and increase the 𝛿11B of clays by up to 5h. This increase of B
sotope composition in clays is comparable to that observed in soils that
xperienced a high severity fire, thus suggesting that leaf combustion is
key factor in determining the B isotope composition of soil following

ires. It is therefore possible to differentiate wildfire severity using B
sotopes based on the proportion of leaves combusted. Ash from com-
usted leaves can change the pH of leaching solutions, which in turn
ontrols the amount of B adsorption, and the B isotope fractionation
uring adsorption. Though 10B is usually favoured during B adsorption
nto clay minerals, it is possible for 11B to be preferentially adsorbed

at high pH. Thus, the temperature of wildfires is also important, as it
affects ash production and therefore soil pH. Boron adsorption onto
clays displays a degree of hysteresis, suggesting that the relationship
between combustion and B signal in clays can be preserved for long
durations.
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Data Availability section).
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