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ABSTRACT

The evolution of atmospheric CO, and the pH of the ocean can be reconstructed by the boron isotopic com-
position (8''B) of marine carbonates, which is influenced by the 8'!B of the seawater. Boron (B) in the ocean is
primarily affected by continental weathering through rivers. Thus, it is essential to understand the behavior of B
and B isotopes in rivers and the factors affecting riverine B, which require a better understanding of sources and
processes of B in river systems. This review evaluates the inventories of B reservoirs contributing to rivers and
investigates the processes regulating the B isotope geochemistry of rivers.

B is widespread at the Earth’s surface and shows a wide range of concentrations between reservoirs. Different
reservoirs also exhibit significant variations in B isotopic compositions. Mixing and Rayleigh effects are mainly re-
sponsible for the variations in the §''B values of meteoric precipitation, which result in marine (§''B = +37 + 7%o),
anthropogenic (8''B = +9 + 10%o), and mixing types (§''B = +17 + 13%o) of meteoric precipitation. The con-
tribution of B to rivers from carbonate dissolution is negligible. Marine and non-marine evaporites have distinct 5''B
values (marine 8''B: + 27 = 9.4%o and non-marine 8''B: —2 + 8.6%o) that primarily reflect their different de-
positional environments. S-type granites that are tourmaline-free have an estimated §''B value of —14.2 = 4.9%o
and a Na/B value of 140 + 34. Non-S-type granites have a 8''B value of —8.9 = 6.7%o and a Na/B value of
1190 + 170. Intraplate basalts exhibit a §''B value of —5.2 + 4.4%o and a Na/B value of 3300 + 770.
Subduction-related basalts have a §''B value of + 0.3 + 7.3%o and a Na/B value of 1060 + 830. Shale has high B
contents of siliciclastic sedimentary rocks (104 = 92 ppm). The inferred 8'1B values of marine and continental shales
are —8%o and — 16%o, respectively. The effects of metamorphism can vary widely depending on the geologic setting
and type of protolith. The §''B values of wastewater are investigated based on their industrial, agricultural, and urban
sources. This inventory of B reservoirs can be useful for studies on rivers on a continental scale.

In regolith and groundwater, B isotopic fractionation mainly occurs due to water-rock interactions and the biolo-
gical cycle of B, whereas adsorption on sediments leads to minor B isotopic fractionation in rivers. In groundwater, the
reactive transport model reveals that the 8''B value of river water is sensitive to hydrological conditions. In regolith,
the steady-state mass balance model is used to predict the B isotope behavior of soil solution in different weathering
regimes. In the supply-limited regime (where chemical weathering is limited by tectonic forcing), the precipitation of
secondary minerals controls the variations in the 8''B values of soil solution, leading to an increase in the difference in
the 8''B values between soil solution and parent rock (8''Bgiss— 8''Byoe) With lower denudation rates, whereas sec-
ondary mineral dissolution produces the opposite change in 8''B. In the kinetically limited regime (where chemical
weathering is limited by climate), the biological cycle controls the variations in the §''B values of soil solution, and the
8B values of soil solution generally become closer to those of parent rock with higher denudation rates. The re-
lationship between the denudation rates and 8''Bgjes—8"'Byoq is thus not monotonous, indicating that additional
constraints are required to distinguish between the two regimes. Understanding of B isotope geochemistry of rivers can
be improved by better constraints on B end-member estimates, investigation of the B isotopic fractionation caused by
weathering and biological cycling in regolith, and assessment of atmospheric and biological sub-cycle.

* Corresponding author.

E-mail addresses: liuconggiang@vip.skleg.cn (C.-Q. Liu), zhaozhiqi@vip.skleg.cn (Z.-Q. Zhao).
1 Current address: School of Earth Science and Resources, Chang'an University, Xi'an 710054, China.

https://doi.org/10.1016/j.earscirev.2019.01.016

Received 30 September 2017; Received in revised form 16 January 2019; Accepted 19 January 2019

Available online 23 January 2019

0012-8252/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2019.01.016
https://doi.org/10.1016/j.earscirev.2019.01.016
mailto:liucongqiang@vip.skleg.cn
mailto:zhaozhiqi@vip.skleg.cn
https://doi.org/10.1016/j.earscirev.2019.01.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2019.01.016&domain=pdf

H.-R. Mao et al.

1. Introduction

Records of paleo-ocean pH can be used to reconstruct atmospheric
CO, concentrations and to investigate paleo-ocean acidification; thus,
they provide useful insights into the geochemical evolution of the at-
mosphere and ocean and into the global climate change (Anagnostou
et al., 2016; Foster and Rae, 2016; Penman et al., 2014; Rae, 2018;
Zhang et al., 2017). The boron isotopic compositions (8''B) of marine
carbonates are widely used for paleo-ocean pH reconstruction
(Anagnostou et al., 2016; Foster, 2008; Foster and Rae, 2016; Hemming
and Hanson, 1992; Henehan et al., 2016; Lemarchand et al., 2002b;
Rae, 2018; Vengosh et al., 1991b), which requires a precise under-
standing of the secular evolution of the 8'1B of seawater (Gaillardet and
Lemarchand, 2018; Lemarchand et al., 2000; Rae, 2018). Boron (B) in
the ocean is mainly influenced by continental weathering processes
through the inputs of rivers (Gaillardet and Lemarchand, 2018;
Lemarchand et al., 2000, 2002b). Therefore, it is essential to under-
stand the behavior of B and B isotopes in rivers and what factors affect
the B isotopes in rivers during continental weathering. This requires a
comprehensive knowledge of the reservoirs of B contributing to rivers
and the processes regulating the B isotope geochemistry of rivers. Un-
derstanding these sources and processes also provides insights into the
global biogeochemical cycle of B, particularly the continental B cycle.

Boron is a quintessential crustal element that is widespread in vol-
canic, plutonic, sedimentary, and metamorphic environments (Anovitz
and Grew, 1996; Grew, 2015). Moreover, B is moderately volatile and
highly soluble (Leeman and Sisson, 1996; Marschall and Foster, 2018),
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and it can be significantly adsorbed on clay minerals and metal oxides
(Gaillardet and Lemarchand, 2018; Goldberg and Su, 2007;
Lemarchand et al., 2007). B is an essential micronutrient for plants and
other organisms (Blevins and Lukaszewski, 1998; Brown et al., 2002;
Carrano et al., 2009). The reservoirs of B are widely distributed in the
atmosphere, hydrosphere, biosphere, and lithosphere. The contents of B
vary widely between reservoirs, ranging from a few ppb in rainwater to
several hundred ppm in evaporites (Chetelat et al., 2009a; Leeman and
Sisson, 1996; Lemarchand and Gaillardet, 2006; London et al.,
1996). B has two stable isotopes, '°B (19.8%) and ''B (80.2%). §''B
(%0) is defined as [(l1B/10B)sample/(l1B/10B)standard_1] X 1000%0;
where the standard is generally NIST SRM 951. The B isotopic frac-
tionation can be expressed as oap = 'B/°B)o/(*'B/'°B)p and as
A'B, 5 = 8'BA-8'!Bg. In nature, the 8'B values of different reservoirs
exhibit significant variations (Barth, 1993; Xiao et al., 2013), ranging
from —70 (Williams and Hervig, 2004) to +75%o (Hogan and Blum,
2003). The signatures of B reservoirs are generally applicable to specific
basins (Chetelat et al., 2009b; Lemarchand and Gaillardet, 2006; Liu
et al., 2012; Louvat et al., 2011b, 2014; Rose et al., 2000b); however,
evaluations of the B reservoirs for river systems on the continental scale
are still sparse (Gaillardet and Lemarchand, 2018; Palmer and Swihart,
1996). An extensive and detailed inventory of these B reservoirs for
rivers is essential for understanding the provenance constraints on the B
isotopes in river water and serves as a basis of continental B cycle. With
the development of analytical methods (e.g., Aggarwal et al., 2009;
Gaillardet et al., 2001; Guerrot et al., 2011; Lemarchand et al., 2002a;
Louvat et al., 2011a; Marschall and Monteleone, 2015; Pi et al., 2014;
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Fig. 1. Schematic of the main sources of B input into rivers and B isotopic fractionation in regolith. The uncertainty of 8!'B values in each reservoir is expressed as
one standard deviation (1SD). The estimated §''B values of seawater and the continental crust are from Foster et al. (2010) and Marschall et al. (2017), respectively.
For atmospheric inputs, see Section 2.1; for evaporites, see Section 2.3; for igneous rocks, see Section 2.4.1 (for granites, see Section 2.4.1.1 and for basalts, see
Section 2.4.1.2); for shales, see Section 2.4.2; for anthropogenic inputs, see Section 2.5; and for adsorption and plant uptake, see Section 3.2.2.
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Rosner et al., 2011; Tonarini et al., 1997; Wei et al., 2013; Wei et al.,
2014b; Xiao et al., 1988), more accurate measurements of !B have
been reported for different types of samples, thus providing extensive
data that can be used to estimate the 8''B values of different sources of
B in rivers.

Rivers show wide ranges of 8B values (from —10.6 to +47.3%o)
and B concentrations (from 0.1 to 86.4 umol/L); however, most rivers
exhibit B concentrations that are less than 2.3 pmol/L and §''B values
that vary between +2 and +20%o (e.g., Chetelat and Gaillardet, 2005;
Chetelat et al., 2009b; Farber et al., 2004; Guinoiseau et al., 2018;
Lemarchand and Gaillardet, 2006; Lemarchand et al., 2000, 2002b; Liu
et al., 2012; Louvat et al., 2011b, 2014; Petelet-Giraud et al., 2015;
Rose et al., 2000b; Yuan et al., 2014). The mechanisms that cause this
considerable variability in the B concentrations and §''B values of
rivers are still poorly understood (Gaillardet and Lemarchand, 2018).

B isotopic fractionation is primarily controlled by the relative par-
titioning between trigonal and tetrahedral coordination (Palmer and
Swihart, 1996). During water-rock interactions, the dissolution of mi-
nerals and adsorption (or coprecipitation) on clay minerals, metal
(hydr)oxides, and organic matter can produce large B isotopic fractio-
nation between rocks and fluids (e.g., Cividini et al., 2010; Lemarchand
et al., 2005, 2007; Palmer et al., 1987; Rose et al., 2000b; Schwarcz
et al., 1969; Spivack et al., 1987; Voinot et al., 2013; Williams et al.,
2001a; Xiao and Wang, 2001). Therefore, B isotopes can be used as a
sensitive tracer of water-rock interactions, particularly those in
weathering of the continental surface (Cividini et al., 2010; Deyhle and
Kopf, 2005; Gaillardet and Lemarchand, 2018; Lemarchand and
Gaillardet, 2006; Muttik et al., 2011). Furthermore, biological cycling
in regolith can lead to B isotopic fractionation (Cividini et al., 2010;
Gaillardet and Lemarchand, 2018). Considering the properties of B, B
isotopes in rivers have great potential for tracing rock weathering and
ecosystem dynamics on a continental scale. Thus, this review aims to
better understand how the B isotopes of river water change in response
to weathering processes and biological cycling and to investigate the
extent to which climatic and tectonic forcing affect the B isotopes of
river water. Understanding the B isotopic fractionation during water-
rock interactions in regolith and groundwater (e.g., Cividini et al.,
2010; Gaillardet and Lemarchand, 2018; Lemarchand et al., 2012;
Lemarchand and Gaillardet, 2006; Lemarchand et al., 2015) and mod-
eling B isotopes during the weathering of regolith (Bouchez et al., 2013)
can provide a good opportunity to improve our understanding of the
behavior of B isotopes during weathering processes.

Here, we compile the B data of meteoric precipitation, evaporites,
carbonates, igneous rocks, shales, and anthropogenic inputs and eval-
uate the 8''B values of the B reservoirs contributing to rivers. In ad-
dition, we discuss the behavior of B in rivers and the B isotopic frac-
tionation occurring during water-rock interactions and biological
cycling in regolith and groundwater. The 8''B values of the main
sources of B in rivers and the B isotopic fractionation that occurs in
regolith are also summarized (Fig. 1).

2. Sources of dissolved boron in rivers
2.1. Atmospheric inputs

It is necessary to evaluate the contribution of B from atmospheric
input to rivers due to its potentially significant influence on rivers be-
cause river water generally has low B concentrations (Lemarchand and
Gaillardet, 2006). Sea-salt aerosols, volcanic emanations, continental
dust, and emissions from biomass and fossil fuel burning can contribute
to atmospheric B, of which the major source is the ocean (Anderson
et al.,, 1994; Park and Schlesinger, 2002; Schlesinger and Vengosh,
2016). The 8''B values and B concentrations of meteoric precipitation
range from —13 to +48%o and from 0.1 to 69ug/L, respectively
(Anderson et al., 1994; Calabrese et al., 2011; Chetelat et al., 2009a;
Chetelat et al., 2005; Fogg and Duce, 1985; Louvat et al., 2014; Martens
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and Harriss, 1976; Mather and Porteous, 2001; Millot et al., 2010;
Miyata et al., 2000; Rose-Koga et al., 2006; Rose et al., 2000a; Rose
et al., 2000b; Roux et al., 2017; Singh et al., 2014; Spivack, 1986; Xiao
et al.,, 2007; Xiao et al., 1992; Zhao and Liu, 2010); however, our
knowledge of the mechanism and influence of atmospheric B is cur-
rently incomplete.

The wide range of §''B values measured in meteoric precipitation
has aroused interest in the evolution of B isotopes from seawater to
meteoric precipitation. Seawater evaporation experiments conducted
under open- and closed-system conditions have indicated the enrich-
ment of ''B in condensate relative to seawater and the enrichment of
1B in gaseous B relative to seawater under equilibrium conditions
(Chetelat et al., 2005; Xiao et al., 2007). Rose-Koga et al. (2006) in-
ferred that the evolution of atmospheric B primarily comprises the
evaporation of seawater into vapor (AuBsem,\,ater_vapor = +25.5%0) and
the condensation-precipitation of atmospheric vapor (A“Bvapor,
rain = — 31%o), which is modeled as a Rayleigh distillation process. This
Rayleigh process (condensation) has been used to explain the §''B
values of rainwater characterized by low 8''B values associated with
low B concentrations (Miyata et al., 2000; Roux et al., 2017). However,
the large variation in the 8''B values of rainwater also results from the
mixing of marine sources, continental dust, and emissions from biomass
and fossil fuel burning (Chetelat et al., 2009a; Chetelat et al., 2005;
Millot et al., 2010; Xiao et al., 2007). For example, along the Japanese
coast, the lower 8''B values (—12 to +21%o) of aerosols were attrib-
uted to coal burning in North China (Sakata et al., 2013). Furthermore,
the 8''B values of rainwater decreased under the influence of con-
tinental dust via offshore winds in the South China Sea and Dax, France
(Millot et al., 2010; Xiao et al., 2007). These data imply that atmo-
spheric B may be sensitive to non-marine sources, even if they are lo-
cated far from the sites of deposition. Based on these data and the re-
sults of experiments, we infer that precipitation derived from seawater
tends to be enriched in ''B relative to seawater, and we assign the
marine source (noted as MS) a 8!'B value of +45%o (Chetelat et al.,
2005; Rose-Koga et al., 2006; Zhao and Liu, 2010).

Anthropogenic B input is another significant source of atmospheric
B. Fossil fuels are commonly enriched in B: coals have a mean B content
of 47 ppm, whereas oil and gasoline have lower B contents than coals
(Chetelat et al., 2009a; Davidson and Bassett, 1993; Schlesinger and
Vengosh, 2016; Williams and Hervig, 2004). The B isotopic fractiona-
tion that occurs during fossil fuel burning (noted as FFB) is still poorly
understood. A few studies have argued that no fractionation occurs
during the high-temperature combustion of coal and wood (Chetelat
et al., 2005; Ruhl et al., 2014; Spivack-Birndorf and Stewart, 2006).
These authors reported a 8''B value of —19%o for urban aerosol lea-
chates that are mainly derived from coal combustion (Chetelat et al.,
2009a), which is close to the average 8''B value of fossil fuel
(=19 = 17%o, 1SD, from —70 to +17%o, see Supplementary Table
A.5) (Williams and Hervig, 2004; Williams et al., 2001c). Despite a
paucity of B data available for fossil fuel, it is reasonable to assume that
the B in the products of fossil fuel burning exhibits lower 8''B values.
SO, and NOj; are trace components of seawater that generally originate
from anthropogenic sources in urban areas. Due to the heterogeneity of
fossil fuel compositions, we cannot define well-constrained SO4/B and
NOs3/B ratios. To obtain a preliminary assessment of FFB, we assume
that the 8''B of FFB is approximately —19 * 17%o and that its SO4/B
and NO3/B molar ratios are 1800 and 375, respectively (Chetelat et al.,
2009a; Zhao and Liu, 2010). Biomass burning (noted as BB) has been
regarded as a third significant end-member. The average §!'B value of
various plants in different regions is +8 * 13%o (1SD, ranging from
—24 to +41%o) (see Supplementary Table A.4). The 8B values of
plants in different regions are likely governed by the site-specific §''B
values of natural reservoirs and agricultural activity (Liu et al., 2014;
Rosner et al., 2011; Serra et al., 2005; Wieser et al., 2001). Moreover,
recent works have indicated that leaves are enriched in ''B compared to
roots or stems (Geilert et al., 2015; Xu et al., 2015). Thus, the 8''B



H.-R. Mao et al.

values of plants are not well constrained. The SO,/B and NO3/B molar
ratios of plants are approximately 46 and 850, respectively, based on
data obtained from NIST SRM (No. 1515, 1573a, 1570a, 1547). As-
suming that biomass burning is accompanied by no significant B iso-
topic fractionation for the same reason as coal burning and that no
significant change occurs in the SO,/B and NO3/B ratios of plants, we
assign the mean 8''B value and SO,/B and NO3/B molar ratios of plants
to those of biomass burning. Continental dust has the great potential to
influence the B of rainwaters due to the large flux of dry deposition
(Roux et al., 2017; Schlesinger and Vengosh, 2016). The 8''B signature
of continental dust is poorly constrained because it represents a com-
bination of several sources, i.e., fertilizers, soils, carbonates, evaporates,
and silicates (discussed in the following section) (Millot et al., 2010;
Roux et al., 2017). Therefore, the contribution of continental dust is
ignored in the present assessment.

The 8'!B values and B concentrations (Fig. 2a) in coastal and inland
areas exhibit no marked differences. In Fig. 2b, the circled data, which
have high 8''B values and high Cl/B ratios, imply that this B mainly
originates from a marine source. In contrast, the boxed data, which
exhibit low §''B values and low Cl/B ratios, suggest that anthropogenic
sources contribute considerably to meteoric precipitation. Fig. 2b
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demonstrates that rare locations can exhibit rainwaters characterized
by high 8''B values and high Cl/B ratios (marine end-member),
whereas many locations show those with lower 8''B values and vari-
able Cl/B ratios due to mixed sources and/or Rayleigh process. Most of
these data are distributed in a triangular area (Figs. 2¢ and 2d), where
the values of MS, FFB and BB represent the corners. However, the cir-
cled data (Fig. 2c) that exhibit low §''B and NOs/B ratios may be ex-
plained by continental dust, particularly silicate B-bearing minerals
(Millot et al., 2010). Based on the B sources of precipitation (Fig. 2),
meteoric precipitation can be classified as marine or anthropogenic.
Marine meteoric precipitation is characterized by high &'B
(+37 £ 7%o, 1SD, n = 30) and Cl/B values (455 + 376,1SD,n = 21)
(Supplementary Table A.3) (Chetelat and Gaillardet, 2005; Lemarchand
and Gaillardet, 2006) and low NO3/B and SO,/B values. Conversely,
anthropogenic meteoric precipitation exhibits low 8''B (+9 + 10%o,
1SD, n = 41) and Cl/B values (98 + 164, 1SD, n = 33) and high NO3/
B or SO,4/B values. The third type of rainwater probably results from the
mixture of many sources and various processes (noted as mixing type);
thus, this type has intermediate 8''B values (+17 = 13%o, 1SD,
n = 99) and wide ranges of Cl/B (148 + 122, 1SD, n = 76), NO3/B,
and SO4/B values.
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Fig. 2. Relationships between §!'B values vs. B concentrations and the molar ratios of Cl/B, NO3/B, and SO4/B for meteoric precipitation samples from different
geographic sites. (a) 8''B vs. B concentration data are scattered. (b) Gray circle denotes marine source end-member (MS). The circled and boxed data denote B mainly
originating from marine and anthropogenic sources, respectively. (c, d) Dashed lines denote fossil fuel burning (FFB) and biomass burning (BB) end-members. For

data sources, see Supplementary Table A.1 and A.2.
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2.2. Contribution of carbonates

The chemical weathering of carbonate rocks represents an im-
portant contribution to riverine dissolved loads (Amiotte-Suchet et al.,
2003; Gaillardet et al., 1999; Meybeck, 1987) because the weathering
rate of carbonates is faster than that of silicates (Meybeck, 1987) and
carbonate rocks represent 7.8-13.4% of the continental surface
(Amiotte-Suchet et al., 2003; Durr et al.,, 2005; Hartmann and
Moosdorf, 2012). Nonetheless, the contribution of B from carbonate
rocks to rivers is poorly constrained.

Boron is incorporated into carbonates from parent fluids; the B
contents of carbonates increase with the B concentration and pH of a
solution (Hemming et al., 1995; Hobbs and Reardon, 1999; Kitano
et al., 1978; Uchikawa et al., 2015). Because the B concentrations of
rivers (normally lower than 40 ppb) and fresh lakes are lower than
those of seawater (4.5 ppm) (Lemarchand et al., 2002b), the B contents
of continental carbonates should be much lower than those of marine
carbonates, and the contribution of continental carbonates to rivers is
likely negligible (Chetelat and Gaillardet, 2005; Chetelat et al., 2009b;
Lemarchand and Gaillardet, 2006; Spivack and You, 1997). In marine
sedimentary rocks, the high B contents of some carbonates are largely
due to the presence of clay minerals that contain a substantial amount
of B (Harder, 1970; Leeman and Sisson, 1996; Uppin and Karro, 2013);
thus, this type of carbonate is not considered in this section. Biogenic
carbonates that incorporate B from seawater generally have high B
contents and higher §''B values (i.e., corals and algae have a typical B
content of 50ppm and 8B value of +25%o, as summarized by
(Marschall, 2018)). Nevertheless, ancient marine carbonates have
lower B contents and 8''B values than modern marine carbonates,
which has been attributed to the preferential removal of !'B from cal-
cite during diagenetic recrystallization (Ishikawa and Nakamura, 1993;
Vengosh et al., 1991b). The inverse correlation observed between the
8''B values and 1/B ratios in ancient carbonates supports this hy-
pothesis (Gaillardet and Allegre, 1995; Spivack and You, 1997). Fur-
thermore, deep-sea diagenesis, as verified by SEM analysis and §'°C,
8'%0, Mg/Ca, and Sr/Ca data (Kozdon et al., 2013; Regenberg et al.,
2007), results in B loss (Coadic et al., 2013; Edgar et al., 2015). The
variations in B in ancient seawater resulting from enhanced continental
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weathering could also result in the lower §''B values or B contents of
marine carbonates (Joachimski et al., 2005; Paris et al., 2010a). Even if
marine biogenic carbonates are well preserved, those that underwent
diagenetic alteration following tectonic uplift, especially ancient car-
bonates, could have lower B contents (Joachimski et al., 2005). Re-
gardless of the exact mechanism, the mean B concentration of inorganic
carbonates is 2.6 = 4.2ppm (1SD, n = 109, Supplementary Table
A.6).

The Ca/B molar ratios of carbonates, which are used to calculate the
contributions of dissolved boron from carbonate dissolution in river
water, range from 10,000 to 20,000 (Lemarchand and Gaillardet, 2006;
Rose et al., 2000b), suggesting that the contribution of B from carbo-
nates was mainly less than 5% (Chetelat and Gaillardet, 2005; Chetelat
et al., 2009b; Lemarchand and Gaillardet, 2006; Rose et al., 2000b).
Based on the majority of data obtained from carbonates and rivers, we
assume that the contribution of B from carbonate dissolution to rivers is
negligible (Gaillardet and Lemarchand, 2018).

2.3. Dissolution of evaporites

Although evaporites account for a small percentage of outcrops
(0.1-0.3%)), their rapid dissolution rate and very high B contents (which
can reach up to 2000 ppm) may lead to a large contribution of dissolved
B to rivers (Durr et al.,, 2005; Hartmann and Moosdorf, 2012;
Lemarchand and Gaillardet, 2006; London et al., 1996; Meybeck,
1987). The highly variable B contents in evaporite minerals and the
obvious distinction between the mean 8''B values of marine and non-
marine evaporites (Fig. 3) complicate the evaluation of their B con-
tributions (London et al., 1996; Rose et al., 2000b; Swihart et al., 1986).
Cl/B molar ratios are normally used to assess the contributions of
evaporites to rivers (Chetelat et al., 2009b; Lemarchand and Gaillardet,
2006). The Cl/B molar ratio of marine evaporites is considered to be
similar to that of seawater (ca. 1300; Vengosh et al., 1991a), and it was
proposed to be ca. 1000 by Lemarchand and Gaillardet (2006). How-
ever, it is difficult to estimate a well-constrained Cl/B ratio for non-
marine evaporites, given the mixing of multiple sources and their
variety of depositional settings (Qi et al., 1993; Vengosh et al., 1995;
Xiao et al., 1999). Thus, the Cl/B ratio in non-marine evaporites is
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tentatively assumed to be 250 + 360 (1SD, n = 50) based on the data
compiled from Vengosh et al. (1995) and Zheng and Liu (2009) and
references therein. This ratio is higher than that of 140, which was
obtained in the Changjiang River (Chetelat et al., 2009b). A SO4/B
value of 8000 is also used to assess the B contributions of evaporites
(Chetelat et al., 2009b; Lemarchand and Gaillardet, 2006); however,
the coexistence of gypsum and halite in evaporites probably causes an
overestimation of the B content. Thus, SO4/B ratios can be used for
gypsum-rich evaporites.

The incorporation of B from brine into salts may be explained by
two mechanisms: (1) trapping in fluid inclusions and (2) incorporation
in the mineral lattice (Vengosh et al., 1992). The first mechanism in-
dicates that the 8''B values of halite are similar to those of their parent
solution, with the minor coprecipitation of CaSO,4 ([Ca] < 1g/L) (Fan
et al., 2015; Liu et al., 2000; Paris et al., 2010b); in contrast, the second
mechanism indicates that salts selectively uptake '°B associated with
the coprecipitation of CaSO,4, MgSO,, or CaCO3 (Hemming et al., 1995;
Liu et al., 2000; Noireaux et al., 2015; Vengosh et al., 1992), thus de-
creasing the 8''B values of salts (Qaiprine: 0.969-0.981) (Vengosh
et al., 1992).

The distinct differences between the 8'*B values of marine and non-
marine borate minerals are attributed to their different sources of B
(Barth, 1993; Bassett, 1990; Swihart et al., 1986). Furthermore, the
8''B values of the borates in the same depositional environment depend
on not only the mineralogy of borates (Oi et al., 1989) but also the pH
of the brine during the precipitation of borates (Palmer and Helvaci,
1995; Palmer and Helvaci, 1997). Despite the diversity of borates and
salts, there are similar patterns in the §!'B values of evaporites between
these two sources: (1) the §!!B values of marine brine, salts, and borates
are usually higher than those of their non-marine counterparts; and (2)
the average 8''B values in these two environments decrease in the same
order of brine > salts and borates (Fig. 3). Additionally, because most
borate minerals in evaporites are soluble, the B entering rivers from
evaporites should be the sum of that from salts and borates.
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Nevertheless, because of the higher solubility of halite than that of
borates (ulexite and colemanite) and the various proportions of salts to
borates in evaporites, the contribution of B from the dissolution of salts
and borates to rivers is unclear. We tentatively assume that the B en-
tering rivers from the dissolution of salts is equal to that of borates. The
8B value of modern seawater is +39.6%o, which could be re-
presentative of the §''B value of marine evaporites considering the
near-uniform composition of seawater, whereas the varying 8''B values
of ancient seawater (e.g., Joachimski et al., 2005; Lemarchand et al.,
2000; Paris et al., 2010b) and diagenesis (Smith and Medrano, 1996)
would lead to a different 8''B value of marine evaporites; thus, the §''B
value of marine evaporites is proposed to be +27 + 9.4%o (the mean
8B value of the average values of marine salts and borates; Fig. 3).
Likewise, the 8''B value of non-marine evaporites is presumed to be
—2 + 8.6%o (i.e., the mean 8''B value of the average values of non-
marine salts and borates), which falls within the range of the mean §''B
value, i.e., —4 to +2%o (Chetelat et al., 2009b; Wang et al., 2001).

2.4. Silicate weathering

Silicate rocks include igneous rocks (13.0-14.1% of the continental
surface), metamorphic rocks (4.1-13.0% of the continental surface),
and sedimentary rocks (e.g., shale and sandstone account for 11.4% and
4.9% of the continental surface, respectively) (Durr et al., 2005;
Hartmann and Moosdorf, 2012). It is commonly accepted that the
weathering of silicate rocks contributes most of the dissolved B to rivers
(Chetelat et al., 2009b; Lemarchand and Gaillardet, 2006; Liu et al.,
2012; Rose et al., 2000b). Nonetheless, it is difficult to characterize the
contribution of silicate weathering to the dissolved B in rivers due to
the diverse compositions and different weathering rates of silicate mi-
nerals; thus, previous studies have usually considered the contribution
of silicate weathering to represent the remainder following the cor-
rection of other source contributions (e.g., atmosphere, evaporites, and
anthropogenic input) (Lemarchand and Gaillardet, 2006; Liu et al.,
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2012; Rose et al., 2000b). There are noticeable differences between the
B contents of sedimentary and igneous rocks; for instance, the abun-
dance of B in shale is usually higher than that in igneous rock (Leeman
and Sisson, 1996). Hence, it is necessary to distinguish the contribu-
tions of B from different types of silicate rocks.

2.4.1. Igneous rock

In igneous rocks (excluding tourmaline-bearing rocks), B contents
are generally less than 10 ppm, and their 8''B values cluster between
—8 and 0%o (Figs. 4a and 4b). Igneous rocks have a similar mean B
content of 11.6 * 13.4ppm (1SD, n = 506) compared to the con-
tinental crust and a higher mean 8B value of —3.0 + 7.3%o (1SD,
n = 383) compared to the continental crust (Supplementary Table A.9).
Na/B molar ratios are used to discriminate between the contributions of
igneous and sedimentary rock in river water, as Na is conservative and
igneous and sedimentary rocks have different Na contents. These vast
ranges of Na/B and 8''B (Figs. 4b and 4c) reflect that the B in igneous
rocks is likely derived from various sources and influenced by different
processes. Therefore, it is necessary to study different types of igneous
rocks. The two most common and distinct igneous rocks, i.e., granite
(5.7-7.2% of the continental surface) and basalt (3.5-5.8% of the
continental surface) (Durr et al., 2005; Hartmann and Moosdorf, 2012),
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are selected to discuss the B behavior of igneous rocks. The §!'B values,
B contents, and Na/B ratios of basalts and granites are shown in Fig. 5.

2.4.1.1. Granite. Granite is the main reservoir of B in igneous rocks
because B is concentrated in the melt by crystal fractionation (London
et al., 1996). S-type granites are commonly considered the most
“fertile” granites because B is released from the anatexis of B-rich
metasedimentary rocks (London et al., 1996). Tourmaline is a weather-
resistant borosilicate mineral and is commonly found in S-type granite.
Thus, the influence of tourmaline should be carefully eliminated from S-
type granite when assessing the effect of granite weathering on river
water compositions. Granites can be divided into two groups: non-S-
type granites (i.e., I, A- and M-types) (Figs. 5a to 5c¢) and S-type
granites (S-I-A-M classification based on Winter, 2014).

The various compositions and metamorphic histories of (meta-)se-
dimentary protoliths result in different types of tourmaline, which can
be derived from melt or exsolved fluid (Jiang and Palmer, 1998;
Trumbull and Slack, 2018) and lead to large variations in the 8B
values of tourmaline in granites, ranging from —29.9 to +0.8%o
(Chaussidon and Albaréde, 1992; Jiang and Palmer, 1998). Thus, it is
complicated to exclude tourmaline from S-type granite. To simplify this
evaluation, S-type granites are presumed to form by melting (meta-)
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sedimentary protoliths (London et al., 1996) that are assumed to have
the same composition and metamorphic history and only experience
magmatic differentiation. The 8''B value of S-type granite (removing
tourmaline) can be estimated by excluding the 8''B value of the melt
crystalized into tourmaline. The formation of tourmaline from melt and
fluids can generally be modeled as Rayleigh processes (Drivenes et al.,
2015; Marschall et al., 2009; Siegel et al., 2016; Trumbull et al., 2013).
The 8''B value of the residual melt is estimated to be —13.3%o at 650°C
and —15.1%o0 at 500°C (methods see Supplementary B.1). After ex-
cluding the contribution of tourmaline, the §''B value and B content of
S-type granite are estimated to be —14.2 * 49%0 and
62.5 + 12.5ppm, respectively (methods see Supplementary B.1). The
Na/B molar ratio of S-type granite is 140 = 34 based on the Na content
of the S-type granite (2.5%) (Winter, 2014).

This non-S-type granite originates from producing melt by melting
the mantle (8''B of —7.1%o) or crustal material (§!'B of —9.1%o)
(Supplementary Table A.9) that then experiences fractional crystal-
lization, magma mixing and assimilation. Generally, B isotopes frac-
tionate slightly during anatexis and magmatic differentiation, implying
that the 8'!B values of non-S-type granite are similar to those of source
rocks (Kaliwoda et al., 2011; Romer et al., 2014a; Trumbull and Slack,
2018). However, non-S-type granite can be contaminated by exsolved
fluids from country rock or meteoric fluids that are enriched in 'B
(Drivenes et al., 2015; Kaliwoda et al., 2011; Trumbull et al., 2013;
Zhao et al., 2011). The various influences of magma mixing and of
assimilation can lead to the abnormal 8''B values of granite (Cividini
et al., 2010; Lemarchand et al., 2012; Romer et al., 2014a) (Fig. 5b).
After excluding outliers, we can assign a mean &''B value of
—8.9 * 6.7%0 (1SD, n = 36) (Supplementary Table A.11) to the non-
S-type granite, which is similar to the 8''B values of the mantle and
continental crust. The B contents of granites range from 1 to 55 ppm
and cluster between 6 and 8 ppm (Fig. 5a), reflecting that granites in
different environments display similar enriched patterns. Therefore, we
assume that the average B content of 11 = 10 ppm (1SD, n = 86) in
the non-S-type granite represents an end-member composition. The Na/
B ratios of non-S-type granites cluster around 1300 (Fig. 5c), which is
similar to the calculated Na/B of 1190 + 170 (Supplementary B.1),
whereas their average Na/B value is 2200 += 1670 (1SD, n = 67) (ex-
cluding those over 7000) because some samples have relatively low B
contents (< 5 ppm). Therefore, the Na/B value of non-S-type granites is
estimated to be 1190 = 170.

2.4.1.2. Basalt. B and B isotopes in subduction-related and intraplate
basalts are topics of great interest because they are sensitive tracers of
water-rock processes and crustal cycling (de Hoog and Savov, 2018;
Leeman and Sisson, 1996; Marschall, 2018; Palmer, 2017). Intraplate
basalts generally have lower B contents than subduction-related basalts
(Leeman and Sisson, 1996; Li et al., 2016; Ryan et al., 1996), but the
discrepancy between 8'!B values of these basalts is unclear. Intraplate
basalts are primarily derived from the mantle, and their B contents and
isotopes are chemically similar to those of mid-ocean ridge basalt
(MORB) or oceanic island basalt (OIB). Unaltered MORB shows a wide
range of 8''B values from —12 to 0%o (Ishikawa and Nakamura, 1992;
Marschall, 2018; Roy-Barman et al., 1998). However, the global range
of uncontaminated MORB (with low Cl/K), whose heterogeneity is
identified by radiogenic isotopes and trace elements (including
depleted and enriched MORB), shows no significant variations in
8!'B, suggesting that pristine MORB has homogeneous 8''B values
(Marschall et al., 2017). Thus, the estimated B content and 8'!B value of
depleted MORB-source mantle are 0.077 ppm and —7.1 = 0.9%o,
respectively (Marschall et al., 2017). Furthermore, the assimilation of
seawater (or brine) or seawater-altered materials can significantly
increase the 8''B value of MORB (Chaussidon and Jambon, 1994;
Marschall et al., 2017). OIB shows a wide range of §''B values from
—17 to +12%o (Supplementary Table A.12), which is largely
influenced by the assimilation of crustal materials altered by seawater
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or hydrothermal fluids during magma ascent (Brounce et al., 2012;
Genske et al., 2014; Marschall, 2018). In contrast, some studies have
suggested that the 8!'B excursion of OIB from MORB mainly reflects the
mixing of primitive mantle with recycled subducted materials
(Kobayashi et al., 2004; Li et al., 2016; Tanaka and Nakamura, 2005;
Turner et al., 2007). Intraplate basalts generally exhibit low B contents
(average 3.1 + 3.2ppm, 1SD, n =120) and 8''B values (average
—5.2 * 4.4%o, 1SD, n = 115) (Figs. 5d and 5e, Supplementary Table
A.12). The mean Na/B molar ratio of intraplate basalts is 3300 = 770,
which is calculated using the mean contents of Na,O (2.9 = 0.7%)
(Farmer, 2014) due to the paucity of Na/B data.

B is highly depleted in the mantle and strongly enriched in sub-
ducted sediments, altered oceanic crust (AOC), and the serpentinized
mantle; hence, the B values of subduction-related basalts are largely
regulated by the various sources of B-rich fluids, dehydration processes,
and the structure of the subduction zone (de Hoog and Savov, 2018;
Konrad-Schmolke and Halama, 2014; Manea et al., 2014). Subducted
sediments exhibit wide variations in their B contents (ca. 50 to
150 ppm) and 8''B values (ca. —13 to +5%o) (Ishikawa and
Nakamura, 1993; Marschall, 2018; Plank, 2014; Tonarini et al., 2011)
and are estimated to have weighted average values of [B] = 53 ppm
and 8''B = —1.6%o (Leeman and Sisson, 1996). AOC shows variable B
contents (from 1 to 104 ppm, mean [B] = 5.2 ppm) and 8B values
(from —4 to +25%o, mean 8''B = +3.4%o) (Marschall, 2018; Smith
et al., 1995). Most *'B-rich fluids are released from AOC and sediments
at shallow depths during the early stages of dehydration (de Hoog and
Savov, 2018; Scambelluri and Tonarini, 2012; Tonarini et al., 2011).
Serpentinites have very high B contents (up to 91 ppm) and high §''B
values of ca. +5 to +40%o (Boschi et al., 2013; Boschi et al., 2008;
Harvey et al., 2014b; Spivack and Edmond, 1987; Vils et al., 2009).
Serpentinites mainly deliver ''B-rich fluids at deep depths; however,
the B isotopic fractionation during the dehydration of serpentinite re-
mains unclear (Harvey et al., 2014a; Metrich and Deloule, 2014;
Scambelluri and Tonarini, 2012). A combined thermodynamic-geo-
chemical model was developed, which integrates mass balance and B
isotopic fractionation with the thermal geometry of the subduction zone
(Konrad-Schmolke and Halama, 2014; Konrad-Schmolke et al., 2016;
Marschall et al., 2007; Marschall et al., 2006; Prigent et al., 2018).
Subduction-related basalts have an average B content of
13.2 + 10.4ppm (I1SD, n=165), an average &''B value of
+0.3 * 7.3%0 (1SD, n = 148), and an average Na/B value of
1060 = 830 (1SD, n = 67) (Supplementary Table A.12).

2.4.2. Sedimentary rock

Silicate minerals are commonly found in siliciclastic sedimentary
rocks, including shale, sandstone, and conglomerates. Here, shales refer
to all fine-grained siliciclastic sedimentary rocks. Shales account for a
large portion of the continental surface (Durr et al., 2005) and comprise
most of sedimentary rocks (Ilgen et al., 2017). Generally, shales have
the highest B contents of all siliciclastic sedimentary rocks, because clay
minerals, which have high B contents due to adsorption, are the major
constituents of shales (Leeman and Sisson, 1996). Thus, shale may be an
adequate representative for assessing the contribution of B from the
silicate minerals of sedimentary rocks.

B in shale is primarily derived from the clay minerals adsorbed from
depositional environments (Cody, 1970; Harder, 1970), organic matter
(Williams et al., 2001c; Williams et al., 2013), and continental and
marine sediments (Leeman and Sisson, 1996). Shale can be simply
classified as marine or continental shale based on its depositional en-
vironment (Cody, 1970), where seawater and freshwater generally have
distinct B contents and §''B values (Lemarchand et al., 2002b). Buried
organic matter (e.g. coal and kerogen), which is enriched in B (com-
monly 50-200 ppm), will release °B-enriched fluids with increasing
temperature during maturation, but the 8''B values of organic-derived
fluids are scarce (—12 to +16%o, mean 8''B = —1.5%o, n = 4) (Clauer
et al., 2018; Williams and Hervig, 2004; Williams et al., 2001c). Marine
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sediments show variable B contents and 8''B values (see Section
2.4.1.2). Soils are a major source of continental sediments, showing
variable B contents (ca. from 10 to 100 ppm) and 8B values (ca. from
—30 to +10%o0) (Gaillardet and Lemarchand, 2018; Leeman and
Sisson, 1996; Lemarchand et al., 2012; Noireaux et al., 2014; Spivack
et al., 1987). The B contents in shale are generally controlled by ad-
sorption, diagenesis, and metamorphism. The differences between the B
contents of seawater and freshwater can result in higher B contents of
marine shale than those of continental shale, whereas factors such as
mineralogy, grain size, organic matter, and metamorphism can change
the B contents of shale (Cody, 1970; Engle et al., 2016; Harder, 1970;
Williams et al., 2007). In addition, the depositional environments of
sedimentary basins can vary widely (e.g., Romer et al., 2014b). The B
contents of shale (Fig. 6a) cluster around 80 ppm, suggesting that the
difference between the B contents of continental and marine shale is
small. Our mean B content of shales is 104 = 92 ppm (1SD, n = 181)
(Supplementary Table A.13), which is similar to previous estimates of
ca. 100 ppm (Harder, 1970; Shaw and Bugry, 1966; Spivack et al.,
1987; Wedepohl, 1971). The mean Na/B molar ratio of shales is
37 = 44 (1SD, n = 134), which is not far from the Na/B value of 50
determined based on the mean Na content of shales (Na,O: 1.5%)
(Boggs, 2011). It is still necessary to briefly summarize the other factors
that control the B contents in shales.

Adsorption studies have suggested that factors such as pH, clay
mineralogy, grain size, temperature, and the B content of water can
influence adsorption, e.g., B adsorption increases with increasing pH
(with maximum adsorption occurring at pH = 8-10), adsorption occurs
in the order of illite > montmorillonite > kaolinite, and the higher B
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contents of a solution are associated with higher amounts of adsorption
(e.g., Goldberg, 1997; Goldberg and Glaubig, 1986; Goldberg and Su,
2007; Keren and Mezuman, 1981; Keren and Talpaz, 1984; Mattigod
et al., 1985; Palmer et al., 1987; Singh, 1971). Furthermore, diagenesis
also comprises two stages: the desorption of B from clays transferred
into pore fluids (the amount of adsorbed B is negligible when
T > 120°C) (Leeman and Sisson, 1996; You et al., 1996) and the in-
corporation of B into the interlayers and tetrahedral sites of clay mi-
nerals (Williams and Hervig, 2002; Williams et al., 2001a). The B
contents in clay minerals can approach equilibrium with pore fluids
(Williams and Hervig, 2002; Williams et al., 2001a; Williams et al.,
2001b); thus, argillaceous sediments do not experience significant B
loss during diagenesis (Ishikawa and Nakamura, 1993). Moreover,
during diagenesis, pore fluids can be influenced by the dissolution of
evaporites and the maturation of organic matter (Ilgen et al., 2017;
Williams et al., 2001b; Williams et al., 2013).

The 8''B values of shale (Fig. 6b) exhibit a possible bimodal dis-
tribution, with apparent peaks near —16 and —8%o and an average
8''B value of —12.0 = 5%o (1SD, n = 87). However, this pattern is
provisional considering the paucity of 8!'B data. Clay minerals, the
depositional environment, diagenesis, and metamorphism are essen-
tially responsible for variations in the 8''B values of shales. In general,
illite-rich clays have lower §''B values than smectite-rich clays
(Ishikawa and Nakamura, 1993; Spivack et al., 1987), likely due to the
preference of '°B to enter the tetrahedral sites of illite/smectite during
illitization (Williams and Hervig, 2002; Williams et al., 2001a). The
8B values of pore fluids and clay-solution isotope fractionation play
important roles in controlling the §''B values of sediments as a result of
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B adsorption. Pore fluids are commonly derived from rivers, seawater,
and organic-derived fluids. B isotopic fractionation between clay mi-
nerals/sediments and fluids depends mainly on the pH of the solution at
low temperatures (Lemarchand et al., 2015; Palmer et al., 1987; Xiao
and Wang, 2001). The adsorption of B from seawater on clay minerals
leads to A“Bday,sea‘,\,ater values of —32%o to —25%o at pH values of
6.8-8 (Palmer et al., 1987; Spivack et al., 1987). The A Bseqiment-water
values of rivers vary widely, ranging from -31.2 to —5.8%o
(pH = 7.5 ~ 9.5); however, fractionation probably does not result from
adsorption in rivers (Chetelat et al., 2009b; Liu et al., 2012; Rose et al.,
2000b). Thus, the differences between the 8''B values of marine and
river sediments probably reflect the combined effects of adsorption and
the mineralogy of sediments. Marine sediments have higher 8''B values
(average 8''B = —1.6%o (Leeman and Sisson, 1996)); in contrast, river
sediments show lower 8''B values (average 8''B = —11.3%o, ranging
from —18.8 to —3.5%0) (Chetelat et al., 2009b; Lemarchand and
Gaillardet, 2006; Pennisi et al., 2009; Spivack et al., 1987). The ob-
served fractionation during late diagenesis and metamorphism
(T > 250°C) is A" Buiagenesis = — 19%o0 at 200°C and —15%o at 300°C
(Williams et al., 2001la; Williams et al, 2001b). The
Aquiagenesis = —22.7%0 at 125°C, which is based on the empirical
equation (Williams et al., 2007) and indicates the wide variation in
fractionation (~7%o between 125°C and 300°C) occurring during di-
agenesis and metamorphism. Diagenesis and organic-derived B can lead
to the lower 8''B values of shales relative to those of sediments
(Marschall, 2018). Nevertheless, the extent of the decrease in the §''B
values of shales is different. We thus tentatively designate the §''B
values of the continental and marine shale end-members as —16%o and
— 8%o, respectively.

2.4.3. Metamorphic rock

Many factors can regulate the behavior of B during metamorphism,
such as the composition of the protolith, the P-T-t path, the composition
of the fluid, and the stability of the minerals that host B (Leeman and
Sisson, 1996). Inferences about the behavior of B and its isotopes during
metamorphism that are drawn from comparisons between metamorphic
rocks and an average protolith have yielded varying results, due to the
large variability in the 8*'B values of protoliths (Romer and Meixner,
2014). Despite the diversity of metamorphic processes and protoliths,
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some general inferences can be drawn.

Contact metamorphism generally occurs adjacent to igneous intru-
sions that may exsolve hydrothermal fluids into the country rock.
Hydrothermal fluids can transfer B from an intrusion into the country
rock. Thus, if igneous intrusions expel B-rich fluids, the contact aureoles
in the country rock may exhibit elevated B contents and even tour-
malinization (Leeman and Sisson, 1996; Woodford et al., 2001). Gen-
erally, these fluids are enriched in 'B relative to the original magma
(Drivenes et al., 2015; Jiang and Palmer, 1998; Kaliwoda et al., 2011;
Smith and Yardley, 1996; Trumbull et al., 2013; Trumbull et al., 2008;
Zhao et al., 2011), and the 8''B values of fluids vary widely; for in-
stance, fluids from marine evaporites have higher §''B values of +20%
(Lambert-Smith et al., 2016) and fluids from non-marine sedimentary
rocks have lower 8''B values of —13%o (Jiang, 2001; Marschall and
Jiang, 2011).

Regional metamorphism affects boron more subtly than contact
metamorphism due to its more gradual thermal gradients and lower
water-rock ratios. Moreover, the nature of the protolith and the pre-
sence of B-bearing minerals and their P-T stability exert key influences
on B and its isotopic geochemistry (Leeman and Sisson, 1996; Romer
and Meixner, 2014). Low-grade metamorphism causes the overall loss
of B and minor B isotopic fractionation to lower 8''B values, which
depends on the relative contributions of B in the mineral lattice and B
on the mineral surface (Romer and Meixner, 2014). During high-grade
metamorphism, devolatilization reactions preferentially remove ''B
from B-bearing minerals, principally mica and chlorite, thus resulting in
the lower 8''B values and B concentrations of the residual rocks
(Bebout, 2007; Bebout and Nakamura, 2003; Benton et al., 2001;
Marschall et al., 2007; Moran et al., 1992; Nakano and Nakamura,
2001; Peacock and Hervig, 1999; Wunder et al., 2005). In addition, this
released boron may be sequestered in the rock (probably representing a
small fraction of the B in newly formed tourmaline) (e.g., Nakano and
Nakamura, 2001; Romer and Meixner, 2014).

2.5. Anthropogenic inputs

With increasing human activities, the inputs of anthropogenic B into
rivers have increased up to 0.65 Tg B/yr, thus strongly influencing the B
inventory in rivers (Schlesinger and Vengosh, 2016). The major
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Fig. 7. (a) Histograms of the §''B values of industrial, urban, and agricultural wastewater; (b) 8''B values of different subgroups of wastewater. For data sources, see

Supplementary Tables A.14 and A.15.
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anthropogenic inputs into rivers stem from the exploitation of oil and
combustion of coal, industrial and urban effluents, and agricultural
wastewater.

The B concentrations of coal vary widely from 10 to 1000 ppm, with
a mean B concentration of approximately 47 ppm (Schlesinger and
Vengosh, 2016; and references therein). Due to the contribution of
gaseous and particulate B into rivers via precipitation (see atmospheric
inputs), this section discusses the contribution of the effluents of coal
combustion residuals (CCRs) to rivers. The large variations in the B
concentrations and 8''B values of the leachates of CCRs, which range
from 1 to 142 ppm and —19 to +16%o, respectively, are attributed to
different coal sources considering that the isotopic fractionation asso-
ciated with coal combustion and leaching from CCRs is apparently
small (Davidson and Bassett, 1993; Ruhl et al., 2014; Williams and
Hervig, 2004). Surface water and groundwater under the influence of
the leaching of CCRs exhibit 8B values (from —9.9 to +30.0%o) that
are different from background water values (Harkness et al., 2016). The
mean 8''B value of the leachates of CCRs mentioned above is
+0.5 + 9.8%o0 (1SD, n = 54). The 8''B values of oil- and gas-produced
water, which range from +25.5 to +51%o (average: +33.8 = 6.8%o,
1SD, n = 52), are quite different from those of the leachates of CCRs
(Warner et al., 2014; Warner et al., 2013).

Boron ore products from two major B producers (Turkey and USA)
are used for glass (51%), ceramics (13%), agriculture (14%), detergents
(3%) and other uses (19%) (Barth, 2000; Kot, 2015). B used in de-
tergents, fertilizers and insecticides probably contributes substantially
to rivers. Industrial products are manufactured from borate minerals
that are dominantly exploited in non-marine evaporite deposits in
Turkey and the USA (Barth, 2000; and references therein). Moreover,
industrial manufacturing processes are unlikely to cause significant
isotopic fractionation (Barth, 1998; Barth, 2000; Palmer and Helvaci,
1995; Palmer and Helvaci, 1997; Swihart et al., 1996). In China, borate
ore deposits exhibit a wide range of 8''B values from —19.5 to
+11.1%o0 (Jiang, 2001; Jiang et al., 1997). In general, non-marine bo-
rates have low values (Fig. 7a). The 81B values of industrial and urban
effluents should fall within the same range because all of these products
originate from borate minerals. However, the mean §''B value of urban
wastewater is slightly higher than that of industrial wastewater, prob-
ably because of the different sources of urban and industrial waste-
water.

Agricultural wastewater mostly refers to fertilizer and animal
manure. The variation in the 8''B values of mineral fertilizer is likely
attributed to different mineral sources; for example, the 8''B values in
the USA range from —2 to +0.7%o (Komor, 1997), and the 8B values
in France range from —8 to +7%o (Widory et al., 2005). Moreover,
animal manure exhibits remarkably higher §''B values (Fig. 7b), which
are probably due to variations in the diet and physiology of different
animals (Komor, 1997). The combination of B and N isotopes has been
used to identify the contamination of groundwater and surface water
(Briand et al., 2017; Bronders et al., 2012; Puig et al., 2017; Widory
et al., 2004; Widory et al., 2013; Widory et al., 2005). The mean §''B
values of industrial, urban, and agricultural wastewater are
—6.9 * 7.5%0 (1SD, n = 142), +1.2 = 5.2%0 (1SD, n = 67), and
+12.3 = 10.7%o (1SD, n = 45), respectively, and the 8B values of
these subgroups of wastewater are shown in Fig. 7b.

3. Processes of boron in catchments

Could we regard the B isotopes of rivers as the simple mixture of
different sources? If not, what processes influence the B isotopes of
rivers, where do the processes occur, and to what extent do those
processes change the B isotopes of rivers? Here, we conduct a pre-
liminary investigation of the processes on the continental surface.
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3.1. Mixing of sources of B in rivers

The behavior of B and the extent to which it behaves as a con-
servative element should be evaluated in river systems. We hence assess
the behavior of B during adsorption on river sediments, throughout the
biological cycle in aquatic ecosystems, and during carbonate pre-
cipitation from river water.

Assuming that the suspended particulates (up to 400 mg/L) are illite
(i.e., clay minerals with the maximum B adsorption, see Section 2.4.2),
at T = 25°C pKa = 9.23 (Baes and Mesmer, 1976), a pH of 8 and high B
concentrations of 40 ppb in rivers (Lemarchand et al., 2002b), based on
the calculation of Keren and Mezuman (1981), the proportion of B
adsorbed on solids is less than 0.5%, which is consistent with previous
results (i.e., lower than 1%) (Chetelat et al., 2009b; Lemarchand and
Gaillardet, 2006; Rose et al., 2000b). Moreover, in sediments from
seawater, which exhibits higher B concentrations relative to rivers and
a proper pH (see Section 2.4.2), the proportion of adsorbed B is still
approximately 10% (Spivack et al., 1987). Therefore, the adsorption of
B does not significantly change the B concentrations and §"'B values in
rivers (Chetelat et al., 2009b; Gaillardet and Lemarchand, 2018;
Lemarchand and Gaillardet, 2006; Rose et al., 2000Db).

The biological uptake of B by aquatic plants, algae, and animals is
usually neglected in river studies. Boron is generally not consumed by
microorganisms in river systems (Chetelat and Gaillardet, 2005;
Guinoiseau et al., 2018; Widory et al., 2005). However, B plays a key
role in plants, where it participates in the cell wall structure and pro-
cesses such as polyol transport, nitrogen fixation, and reproduction
(Blevins and Lukaszewski, 1998; Brown et al., 2002; Roux et al., 2015);
thus, ignoring the uptake of B by aquatic plants may underestimate the
impact of biological effects in rivers. Furthermore, the role of biological
effects on B isotopes in soils remains debatable. A few studies have
showed that B isotopic fractionation occurs between plants and soil
solutions (A" Byjantsoitwater = — 10 % 5%o) (Cividini et al., 2010) and
between plant tissues (i.e., leaves are generally enriched in ''B com-
pared to roots or stems) (Geilert et al., 2015; Sun et al., 2014; Xu et al.,
2015), whereas Schmitt et al. (2012) proposed that absorption by plant
roots does not cause substantial isotopic fractionation. The biological
cycle of boron in aquatic ecosystems is poorly understood.

Many studies have focused on B isotopes during carbonate pre-
cipitation in marine environments; however, little is known about the
effects of carbonate precipitation on B isotopes in rivers. Carbonate
precipitation occurs in a few karstic catchments (e.g., Dominguez-Villar
et al., 2017; Li et al., 2010) and in arid areas, such as Northern India
(e.g., Bickle et al., 2005). Experiments of calcite or aragonite pre-
cipitation (Kaczmarek et al., 2016; Mavromatis et al., 2015; Noireaux
et al., 2015; Sanyal et al., 2000; Uchikawa et al., 2015; Xiao et al.,
2008) have indicated that the deposition of carbonate will shift the §!'B
values of water; however, it remains unclear how the 8''B values in
rivers will change. A recent study of adsorption on calcite shows a wide
range of values of AM'Bagssol = —24.5t0 +5.5%0 at 8 < pH < 12 (Saldi
et al., 2018). The precipitation of carbonates can increase the 8''B
values of liquids in thermal springs by causing the adsorption of '°B on
solids, as observed in Tibet (Yuan et al., 2014). The B contents and
isotopes of river water in arid areas, karstic catchments, or rivers with
high suspended sediment loads are likely not conservative. However,
carbonate precipitation does not often occur in other types of rivers
where B and B isotopes can be considered conservative.

Assuming that B is conservative during in situ riverine processes and
that B isotopic fractionation mainly occurs in regolith and groundwater,
we can establish a combined mixing model of the different sources of B
(Chetelat and Gaillardet, 2005; Chetelat et al., 2009b; Gaillardet et al.,
1999) with the fractionation derived from related processes in the basin
to describe the 8'!B values of river water (8''Be,;) (for details, see
Supplementary B.2.1):
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[B]river — [B]l + A[B]J % a(Na)
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where a(Na); represents the mixing proportion of Na from different
sources (i = atmosphere, evaporite, granite, basalt, shale, and anthro-
pogenic inputs); [Blyiver and [Na] iy, are the concentrations of B and Na
of river water, respectively; [B]; and 8'1B; are the B concentration and
the 8''B value of the reservoir i, respectively. During release of B from
the reservoir i to rivers, the processes j would change the B of the re-
servoir i (j = dissolution, precipitation, and biological cycling in re-
golith). The B concentration and 8''B value of the portion of changed B
are the difference in B concentration (A[B]}) and §''B value (A''B;)
between the reservoir i and the input to rivers, respectively. [Cl]/[B]
ratios can also be substituted for [Na]/[B] ratios (Lemarchand and
Gaillardet, 2006). The inventory of the reservoirs of B isotopes (Section
2) can be applied in mixing equation (2) for river water only on a large
scale (mainly continental scale) due to the wide range of B reservoirs. In
other words, the large uncertainties of the reservoirs of B isotopes
probably reflect that B is highly mobile; hence, when B isotopes are
studied in a small catchment, the local geology and lithology should be
investigated to determine the appropriate end-member of B.

3.2. B isotopic fractionation during water-rock interactions and biological
cycling

Water-rock interactions on the continental surface can lead to
considerable variability in the dissolved 8'1B values of rivers (Chetelat
et al., 2009b; Lemarchand and Gaillardet, 2006; Rose et al., 2000b). In
groundwater and regolith, boron in solution can be significantly ad-
sorbed on the surfaces of secondary minerals and organic matter or be
coprecipitated into secondary minerals (Gaillardet and Lemarchand,
2018). Several studies have suggested that B isotopic fractionation
depends on the temperature, pH, mineralogy, water-rock ratio, and
organic matter during water-rock interactions on the continental sur-
face (Deyhle and Kopf, 2005; Lemarchand et al., 2005; Lemarchand
et al., 2007; Palmer et al., 1987; Palmer and Swihart, 1996; Saldi et al.,
2018; Voinot et al., 2013; Williams et al., 2001a; Xiao and Wang, 2001).
The biological cycle may not considerably influence the boron in river
water during in situ riverine processes, but it can largely affect the B
isotopic composition of soil solutions in regolith, such as in the
Strengbach catchment (Cividini et al., 2010; Lemarchand et al., 2012).
Thus, we focus on the water-rock interactions and biological cycle of B
in groundwater and regolith.
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3.2.1. Models of B isotopic fractionation controlled by adsorption/
desorption in groundwater

Although the adsorption of B on river sediments may not dominate
the B isotopic fractionation during in situ riverine processes, the ad-
sorption/desorption in groundwater can largely affect the boron of river
water through baseflow. After boron is released from primary minerals,
it is adsorbed on mineral surfaces or coprecipitated into minerals. The
equations describing the exchange of B between solution and mineral
surfaces can be written as (Gaillardet and Lemarchand, 2018;
Lemarchand and Gaillardet, 2006; Lemarchand et al., 2015):

Wr
B =—*B
[ ]sol WR + Kd [ ]T (3)
Kd + W
ol = ————%— % Ry
a * Kd + Wy ()]

where [B], and [B]t are the concentrations of B dissolved in solution
at equilibrium and the total quantity of B (adsorbed and dissolved) per
mass of water, respectively; Wy is the water/rock ratio; Kd is the par-
tition coefficient of B (Kd = [Blags/[Blsol); Reol and Ry are the 1'B/1°B
ratios of the solution at equilibrium and the total ''B/!°B ratios, re-
spectively; and a is the fractionation factor between the solids and
solution (o = R,gs/Rso1) (for details, see Supplementary B.2.2).

In the Mackenzie basin (mainly composed of shale), the adsorption
model was applied to describe the rapid ion exchange reactions in
groundwater; furthermore, a reactive transport model reveals that the
8B value of river water is sensitive to hydrological conditions,
weathering rates, the residence time of groundwater, and the host rock
exchange properties (Lemarchand and Gaillardet, 2006). In the Sus-
quehanna Shale Hills, B is primarily removed by the erosion of fine
particles (clay) from regolith rather than chemical weathering
(Noireaux et al., 2014; Sullivan et al., 2016), implying that a basin
mainly composed of shale may be dominated by adsorption in
groundwater due to the low weathering rate of shale.

3.2.2. Models of B isotopic fractionation controlled by weathering in
regolith

The steady-state mass balance model established by Bouchez et al.
(2013) can be used to describe the stable isotopic compositions (e.g., Li,
B, Ca, and Si) of soil solution during the weathering of silicate rocks in
regolith. This model can also be applied in Eq. (2) as Aqu and A[B]; to
predict how the 8''B of river water would vary in response to the
weathering of regolith on a catchment or continental scale when the B
of river water primarily originates from the weathering of regolith. The
following assumptions in the model will be revisited to confirm that
they are suitable for B isotopes. Based on the characteristics of B dis-
cussed above, it is reasonable to assume that the precipitation of sec-
ondary minerals and biological uptake result in B isotopic fractionation
in regolith (Bouchez et al., 2013). In addition to the dissolution of

Table 1
Symbols in models.
Symbols Definition
8 Brock B isotopic composition of bedrock
8" Byiss B isotopic composition of soil- or river water
A"Bprec B isotopic fractionation factor associated with the precipitation of secondary weathering products (including adsorption) (between secondary products and soil water)
A“BuPt B isotopic fractionation factor associated with uptake by plants (between plants and soil water)
Srock Flux of dissolution of B (“solubilization”) from primary minerals at the weathering front
Sprim Flux of dissolution of B (“solubilization”) from primary minerals in the regolith
Esec Flux of erosion of B contained in secondary weathering products
Eorg Flux of erosion of B contained in organic matter
[Blrock Concentration of B in bulk rock
[Blprim Concentration of primary mineral-bound B in the regolith
[Blsec Concentration of secondary weathering product-bound B in the regolith
[Blorg Concentration of organic matter-bound B in the regolith

Adapted from Bouchez et al. (2013).
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biotite causing B isotopic fractionation (Voinot et al., 2013), the in-
congruent weathering of primary rock-forming minerals can also lead
to B isotopic fractionation due to the different dissolution rates and
different 8''B values of primary minerals (Kaliwoda et al., 2011;
MacGregor et al., 2013; Zhao et al., 2015). Nevertheless, considering
the assumption that regolith is treated as a “batch reactor” and exits at
steady-state, we can assume that no B isotopic fractionation occurs
during the dissolution of primary minerals and desorption of secondary
minerals (Bouchez et al., 2013). Although Rayleigh fractionation has
been used to interpret B isotopic data in the weathering zone (e.g.,
Rudnick et al., 2004; Thompson et al., 2007; Tipper et al., 2012), the B
data of these profiles do not fit this model (Lemarchand et al., 2012;
Sullivan et al., 2016). Rather, the model envisions the entire regolith as
a “batch reactor”; thus, it is not suitable to use Rayleigh effects in this
case (see discussion in Bouchez et al. (2013)). After confirmation of
these assumptions, the model is applied to describe the 8!'B value of
soil water (8''Bg;s) in regolith, which is expressed as (see Table 1 for
symbols):

Aqurec*Esec + AnBupt*Eorg
Srock + Sprim

511Bdiss = 511Brock -
)

Eq. (5) illustrates that 8 Byiss iS dependent on lithology (8B oct),
fractionation factors (A''Byrec and A''B,,,), and the fluxes of erosion
(Esec, and Eqy,) and weathering (Srock and Sprim) in regolith. The 8''Byock
values of different types of silicate rocks are discussed in Section 2.4.1;
however, the combined effects of fractionation and the fluxes of
weathering and erosion on 8'!Bg;s; have not yet been fully recognized.
To apply this model, it is essential to elucidate the B isotopic fractio-
nation during weathering processes. The B isotopic fractionation during
dissolution, precipitation, and uptake are discussed below.

Very limited information is available concerning the B isotopic
fractionation during the dissolution of primary minerals. In biotite,
large differences in the 8''B values of different crystallographic sites
have been reported (Voinot et al., 2013). Likewise, illite and smectite
exhibit similar 8''B patterns (8''Binterlayersite > 8" Bretrahedral-site)
(Williams and Hervig, 2002; Williams et al., 2001a), and these can be
extrapolated to other phyllosilicates (Voinot et al., 2013). Thus, the B
isotopic fractionation during the dissolution of phyllosilicates can be
attributed to the different dissolution rates and different §''B values of
the interlayer and structural sites (Voinot et al., 2013). Nonetheless, as
for the regolith, we surmise that the incongruent weathering of rock-
forming minerals is a more general scenario relative to the dissolution
of phyllosilicates. The 8'!B values of primary minerals and B isotopic
fractionation during the dissolution of primary rock-forming minerals
both warrant further study.

Generally, the precipitation of secondary minerals comprises the
adsorption of B(OH),~ on mineral surfaces and its later substitution for
Si or Al in tetrahedral sites, which are both preferentially enriched in
10 (Muttik et al., 2011; Palmer et al., 1987; Palmer and Swihart, 1996;
Williams et al., 2001a). During adsorption, A''Bjay-solution i PH-de-
pendent at low temperatures and ranges from —32 % 3%o to
—25 + 2%o at pH values ranging from 6.8 to 7.8 (Palmer et al., 1987;
Spivack et al., 1987). Likewise, A“Boxy,soluﬁm is pH-dependent; in
PartiCUIar, AllBgoethite-solution = —40%o at PH < 8 and Alleimessite»solu»
tion = — 15%o0 at pH < 8.5 (Lemarchand et al., 2007). Additionally, B
isotopic fractionation during B adsorption onto host minerals in aquifer
shows pH-dependency (Lemarchand et al., 2015). During substitution
in the structural sites of minerals, B isotopic fractionation depends
primarily on temperature, pH, and salinity (Boschi et al., 2008; Muttik
et al., 2011; Pennisi et al., 2009; Vils et al., 2009). Furthermore, Liu and
Tossell (2005) indicated that further fractionation during the substitu-
tion of structural B (noted as AMBgypstitution) OCCUrs between B
(OH)4 (aq) and tetrahedral B in phyllosilicates.

The B isotopic fractionation factor of uptake by plants (A''B,p)
from soil water, which ranges from —10 to — 5%o, indicates that °B is
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slightly enriched in plants (Cividini et al., 2010), which is consistent
with the preferential incorporation of '°B into organic matter
(A" Bhumic acidsol = — 25%o0) (Lemarchand et al., 2005). Moreover, only
a few studies have reported B isotopic fractionation between plant tis-
sues, for instance, fractionation between plant tissues (A''Bjcaves.
roots = +27%o in bell pepper) (Geilert et al., 2015) and fractionation
between hydro-soluble and structural B (A'"'Bgupcenn wan = —15 to
+4.6%0) (Sun et al., 2018). A few studies have indicated that the B in
plants can be transferred as boric acid during its uptake and transport
and that it can be fixed in the cell wall as borate (Blevins and
Lukaszewski, 1998; Geilert et al., 2015; Reid, 2014). However, little is
known about the influence of plant physiology and the mineralization
of organic matter on B isotopes in the biological cycle. Thus, the B
isotopic fractionation during biological cycling may present large
variability.

For this model, we assume that Alprrec is equal to the B isotopic
fractionation during adsorption (A''B,qs) because A''Bye. mainly re-
sults from adsorption. The relationship between A''B,4, and pH has
been verified to be linear in a narrow range of pH values (6.8-8)
(Palmer et al., 1987); otherwise, it is a sigmoidal curve (Lemarchand
et al., 2005; Lemarchand et al., 2007). Nevertheless, to make a first
order estimation of A''By.., We tentatively assume that A''Byec is
linearly related to the pH of the solution and ranges from —32 to 0%o
(pH from 5.5 to 9) (details see Supplementary B.3), based on a summary
of B isotopic fractionation during adsorption (Gaillardet and
Lemarchand, 2018). In contrast, A''B,, is mainly dependent on the
plant physiology rather than the weathering conditions in regolith.
Thus, we assume that AHBupt remains constant under different degrees
of weathering of regolith.

It is difficult to directly determine the fluxes of B in the different
compartments of regolith, which hinders the application of this model.
To overcome this problem, we convert the B flux into a function of a
parameter that is indicative of weathering conditions using the same
method as Bouchez et al. (2013). For the derivation of the model, see
Supplementary B.3. Eq. (5) is converted to a function of the chemical
depletion fraction, and the 8''B value of soil water can be written as
follows:

[Blsec 411 + [Blorg 11 .
11 11 _ [Blrock Pre¢ T [Blrock up
) Bdixs -0 Brock = [Blprim _ 1
Block  1- CDF (6)

The chemical depletion fraction (CDF) is defined as CDF = 1-
[Xi]rock/[Xi]regolith = W/D: where [Xi]regolith and [Xi]rock are the con-
centrations of immobile element in regolith and parent rock, respec-
tively; and W and D represent the chemical weathering rate and the
total denudation rate, respectively (Riebe et al., 2003; Riebe et al.,
2001). The CDF is used as a proxy of the chemical weathering intensity
(Dellinger et al., 2015; Dixon et al., 2009; Riebe et al., 2003). We as-
sume that the CDF values increase with decreasing pH; hence, A“BPrec
increases with increasing CDF values. The values of CDF normally vary
between 0 and 0.5 in granitic lithologies (Riebe et al., 2004;
Schoonejans et al., 2016). We use the model of Ferrier and Kirchner
(2008) to calculate the concentrations of minerals (quartz, plagioclase,
K-feldspar, biotite, kaolinite) in a regolith developed on granite at
steady-state conditions, the non-dimensional denudation rate (Dyon_qi-
mensional), the non-dimensional weathering rate (Wyon-dimensiona), and
the CDF (calculated by Wnon—dimensional/Dnon-dimensional) (Flg Sa) Con-
sidering that B contents generally decrease in the order of musco-
vite > plagioclase > biotite > K-feldspar > quartz (Leeman and Sisson,
1996) and based on their proportions in granites, we assume that B is
hosted only by plagioclase and biotite in unweathered granite and in
equal proportions. Likewise, we assume that kaolinite is the only host of
B as a secondary product. Thus, the concentrations of minerals are only
shown in Fig. 8a for plagioclase, biotite and kaolinite. We assume that
the B contents of unweathered rock, secondary minerals, and organic
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matter are 10 ppm, 38.7 ppm, and 100 ppm, respectively; A''Bpec
ranges from — 32 to 0%o, increasing linearly, and A''B, is —10%o (for
details; see Supplementary B.3).

The influences of climatic and tectonic forcing on chemical weath-
ering on the catchment or continental scale have been extensively
studied (Dixon et al., 2012; Ferrier et al., 2012; Godderis et al., 2017;
Maher and Chamberlain, 2014; Riebe et al., 2017; Riebe et al., 2001;
West et al., 2005). To investigate how the 8''B of river water will
change in response to these two types of forcing, two types of weath-
ering regimes are considered: (1) a supply-limited regime is char-
acterized by a low denudation rate (D), high weathering intensity
(CDF = W/D), and long regolith residence time, which means that
primary minerals are nearly completely altered before their erosion and
that many secondary minerals are formed, thus implying tectonic
controls on chemical weathering rates; and (2) a kinetically limited
regime is characterized by a high D, low CDF, and short regolith re-
sidence time, which means that primary minerals are incompletely al-
tered before being eroded away and that fewer secondary minerals are
formed, thus implying climatic controls on chemical weathering rates
(Dixon et al., 2012; Ferrier et al., 2016; Riebe et al., 2017; Riebe et al.,
2004; West et al., 2005). The variations in 8''Bg;es— 8''B,ocx in the two
types of weathering regimes with D;,on_dimensional ad CDF are shown in
Fig. 8b and c, respectively. In the supply-limited regime, the pre-
cipitation of secondary minerals controls the variations in the §''By;, in
regolith, e.g., the Strengbach catchment (Cividini et al., 2010), leading
to an increase in 8 'Byiss — 81 B ock With lower Dpon-dimensional, Whereas
secondary minerals could also dissolve and release isotopically light B
that was adsorbed earlier, i.e., when the regolith had very low Dyq.
dimensional (< 0.15) values, thus leading to a decrease in
81 Byiss — 8 1Brock With lower Dyon.-dimensional: 1N the kinetically limited
regime, biological cycling should control the variations in the 8''Bg, in
regolith, e.g., the Mule Hole CZO (Gaillardet and Lemarchand, 2018),
thus causing 8"!Bg;ss to become closer to 8''B,o with higher denuda-
tion rates because a high denudation rate may cause less vegetation or
make less B available for plants and lead to the formation of fewer
secondary minerals. The relationship between the denudation rate (or
CDF) and 8 'By;ss — 8 'B,ock is not monotonous due to the dissolution of
secondary minerals, which is similar to the processes of Li isotopes
(Dellinger et al., 2015). This indicates that additional constraints are
required to distinguish between the two regimes. Based on the role of
fluxes of erosion in Eq. (5), B isotope geochemistry of suspended sedi-
ments could serve as an additional constraint on understanding con-
tinental weathering. In addition to precipitation and biological cycling,
the lithology can also affect 8'!By;s through the 8''B value of the
bedrock and the incongruent weathering of rock-forming minerals. The
influence of dissolution of primary minerals and of precipitation of
secondary minerals on the 8By values also depends on the hydro-
logical conditions (Gaillardet and Lemarchand, 2018).

The results (Fig. 8b and c) are based on the assumptions of Aanrec,
[Blorg/ [Blrock, and [Blsec/[Blrock, but limited information is available
about how they respond to changes in the CDF, which can cause great
uncertainties. To evaluate the impacts of different parameters, we
performed a simple sensitivity analysis (Fig. 9). Different values are
aSSigﬂed to AllBprec; AllBupt, [B]prim/[B]rOCk) [B]org/[B]rock’ and [B]sec/
[Blrock (for details, see Supplementary B.3). The changes in A“Bprec and
[Blsec/[Blrock significantly decrease 8 Byiss— 81 1Boe in the supply-
limited regime (high CDF) but only slightly change 8" Biss — 8 'Broci in
the kinetically limited regime (low CDF) (Fig. 9a). Changing A''B,, to
—15%o slightly increased 8"'Bgiss — 8''Brock, While changing AM'B,, to
+10%o remarkably changed 8''Bgiss—8''Byock at a low CDF, which
resulted in an initial decrease and later increase (Fig. 9b). Similarly,
changing [B]org/[B] rock will Shghtly Change Slleiss - 811Brock ata hlgh
CDF, whereas increasing [Blorg/[Blrock at a low CDF will cause an op-
posite trend that first decreases and then increases (Fig. 9¢). The effects
of A"'B, and [Blorg/[Blrock indicate that biological cycling dominates
the B isotopic fractionation in a kinetically limited regime. Decreasing
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A"Byrec to —15%o and increasing A''B,, to —15%o led to minor
changes in 8" Byiss— 8 'BLock at a moderate CDF (0.1-0.3). Using a
A"'Bre. value of —15%o and a A''B,, value of +10%o led to sig-
nificantly low values of 8''Bgiss—8"'Brock. Variations in both A''Bpe.
and A''B,,, will significantly change the trends of §''Bgiss— 8" Brock
(Fig. 9d), suggesting that the trends of 8! Bgjes — 8" 'Byoci are sensitive to
B isotopic fractionation during the precipitation of secondary minerals
and biological cycling. However, thus far, the values of A“BlJreC and
A""By;, have mostly been determined by experiments, suggesting that
better understanding the behavior of B isotopes in regolith requires
extensive field studies.

4. Conclusions

We evaluate the B reservoirs of meteoric precipitation, evaporites,
carbonates, silicate rocks, and anthropogenic inputs to investigate the
provenance constraints on B isotopes in river water on a continental
scale. Based on the source and evolution of boron reservoirs, the fol-
lowing inventories are estimated using subgroups of each reservoir to
fit most types of basins. (1) Atmospheric inputs: mixing and Rayleigh
effects are mainly responsible for the variations in the 8''B values of
meteoric precipitation, which result in marine (§''B= +37 * 7%o,
Cl/B = 455 + 376), anthropogenic (8''B= +9 * 10%o, Cl/
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B =98 + 164), and mixing types (§''B= +17 * 13%o, Cl/
B = 148 + 122) of meteoric precipitation. (2) Carbonates: the B con-
tributions of carbonate dissolution to rivers are negligible because
continental carbonates have low B contents and marine carbonates lose
B after diagenesis. (3) Evaporites: marine and non-marine evaporites
have distinct 8''B values, primarily reflecting their different deposi-
tional environments. Marine evaporites have a &''B value of
+27 * 9.4%0 and a Cl/B value of 1300, whereas non-marine eva-
porites have a 8''B value of —2 * 8.6%0 and a Cl/B value of
250 + 360. (4) Silicate rocks: igneous rocks (excluding tourmaline-
bearing rocks) have a mean B content of 11.6 = 13.4 ppm. S-type
granites that are tourmaline-free have an estimated §''B value of
—14.2 = 4.9%o0, B content of 62.5 = 12.5ppm, and Na/B value of
140 = 34. Non-S-type granites have a 8''B value of —8.9 * 6.7%o, B
content of 11 = 10 ppm, and Na/B value of 1190 = 170. Intraplate
basalts exhibit a 8''B value of —5.2 + 4.4%o and a Na/B value of
3300 + 770. Subduction-related basalts have a 8''B value of
+0.3 *+ 7.3%0 and a Na/B value of 1060 + 830. Shale has high B
contents of siliciclastic sedimentary rocks (B content = 104 + 92 ppm
and 8''B = —12 =+ 0.5%0). The inferred 8''B values of marine and
continental shales are —8%o and —16%o, respectively. The effects of
metamorphism can vary widely depending on the geologic setting and
types of protolith. (5) Anthropogenic inputs: the 8''B values of the
leachates of coal combustion residuals, oil and gas-produced water, and
industrial, urban, and agricultural wastewater are assumed to be
+0.5 * 9.8%o0, +33.8 = 6.8%0, —6.9 * 7.5%0, +1.2 *+ 5.2%o, and
+12.3 + 10.7%o, respectively. The variability in the §''B values of
contamination are probably due to their different sources. It is im-
portant to highlight that the preliminary estimates of B reservoirs suffer
from large uncertainties; however, this inventory of B isotopes can be
useful for understanding the mixing of end-members in rivers on a
continental scale. In contrast, rivers on a catchment scale require ex-
tensive work to determine the end-members of B based on their local
lithological and geological conditions.

The water-rock interactions and the biological cycle of B are the
principal processes leading to B isotopic fractionation in regolith and
groundwater, whereas adsorption on sediments leads to minor B iso-
topic fractionation in rivers. In groundwater, rapid ion exchange reac-
tions can be described by the adsorption model, and the reactive
transport model reveals that the 8'*B values of river water are sensitive
to hydrological conditions. In regolith, the steady-state mass balance
model is used to predict the B isotope behavior of soil solution during
weathering processes and biological cycling. In the supply-limited re-
gime (where chemical weathering is limited by tectonic forcing), the
precipitation of secondary minerals controls the variation in the §''B
values of soil solution (8''Bys), leading to an increase in
8" Byis— 8 ' Bock  with  lower  denudation rates, whereas
8 Byiss— 8 ' Brock Will decrease with lower denudation rates when
secondary minerals dissolve. In the kinetically limited regime (where
chemical weathering is limited by climate), biological cycling controls
the variations in the §''Bg; values in regolith, and §''Bgy;s, generally
becomes closer to 8B, with higher denudation rates. The relation-
ship between the denudation rate (or CDF) and 8"!Bgjss — 8B oy is thus
not monotonous, indicating that additional constraints are required to
distinguish between the two regimes. These models are preliminary and
are affected by considerable uncertainties, but they reveal that the
hydrological conditions (in groundwater/soil solution), weathering
processes (in regolith/groundwater), and biological cycling (in re-
golith) can have significant influences on the §''B values of river water.

B isotope biogeochemistry of rivers has yet to be fully understood.
Future studies need to be done in three regards: constraints on the es-
timates of B end-members, clarification of the B isotopic fractionation
caused by weathering and biological cycling in regolith, and assessment
of the atmospheric and biological sub-cycle.

=+
=+
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