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Abstract Gallium exhibits weak metallic properties owing to its proximity to non-metals in the
periodic table, yet is volatile in extra-terrestrial bodies and fairly reactive in nature. It has been used
extensively to elucidate the Solar System evolution, planet interior differentiation, and terrestrial
processes. However, Ga speciation and transformation in various planetary compartments and the
dynamics of its trans-reservoir pathways remain to be fully resolved. Although recent studies and

the development of modern analytical techniques for Ga isotopes have markedly improved our
understanding of Ga geochemistry, a systematical summary of state-of-the-art knowledge appears to be
long overdue. Here we provide an overview of the geochemical properties of Ga in different reservoirs,
including meteorites and Earth’s interior and exterior compartments, and a timely review of Ga isotopic
geochemistry. We also provide a first tentative estimate of total masses of Ga in different compartments
and the trans-reservoir Ga flux, based on the published data. This compilation reveals clearly the lack
of geochemistry data of Ga in Earth's interior, the imbalance of oceanic Ga budget and the potential
implications of Ga isotopes, stimulating future systematic studies of Ga and its isotopes in geosciences and
related fields.

1. Introduction

Gallium is a metallic member of the boron family (group IIIA; period 4; atomic number/weight 31/69.723)
in the periodic table. The geochemistry of Ga has been a topic of considerable research over the past five
decades, focusing chiefly on Ga concentration and speciation in various phases and environments (Benézéth
et al., 1997; Burton et al., 1959; Fleischer, 1955; Persson et al., 2006; Rudnick & Fountain, 1995; Rudnick &
Gao, 2003; Shaw, 1957; Shiller, 1988). It has been shown that Ga can be used to (a) distinguish terrigenous
from marine environments in paleoclimate research (Chen et al., 1997), (b) trace sources of materials and
constrain physiochemical conditions and dynamics of core-mantle differentiation (Blanchard et al., 2015;
El Korh et al., 2017; Kato et al., 2017; McDonough & Sun, 1995), (c) identify genetic links between iron me-
teorites (Brown & Goldberg, 1949; Goldberg & Arrhenius, 1958; Kato et al., 2017; Lovering et al., 1957; Wai
& Wasson, 1977), (d) explore the origin of volatile elements in the early Solar System, terrestrial planets, and
the Moon (Kato & Moynier, 2017a, 2017b), and (e) make medical devices and therapeutic drugs (Blakemore
et al., 1962; French et al., 1938; Goss et al., 2018; Matkovic & Gerber, 1992). A significant attribute of Ga is
its proximity to the neighboring period-3 boron-group element Al. Gallium is a trace element with virtually
no ability to form minerals of its own. However, the similarity of Ga and Al ensures the essential substitu-
tion of Al by Ga such that the trace element is often used as a geochemical analog of this major chemical
constituent of silicate minerals (Burton et al., 1959; Diakonov et al., 1997; Orians & Bruland, 1988a, 1988b;
Pokrovsky et al., 2004; Shiller, 1988). For example, taking advantage of the close relationship between Ga
and Al, Ga has been used to investigate magmatic processes, metamorphic intensity, and surface sedimenta-
tion (Borisenok & Saukov, 1960; Nesterenko et al., 1958). There are also non-trivial differences between Ga
and Al in terms of their geochemical behavior in Earth's surface environment. As a result, such variances
have been proved to be indicative of aqueous reaction pathways in marine and riverine environments, as
well as of water-rock interactions in the context of weathering (Hieronymus et al., 1990; Orians & Bru-
land, 1988b; Shiller, 1988; Shiller & Frilot, 1996; Yamamoto et al., 1976).
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Unlike the mono-isotopic element Al, Ga has two stable isotopes, ®Ga and "*Ga (Laeter, 1972), which in
principle can be more informative regarding tracing the geochemical and biogeochemical processes involv-
ing Al. However, due to the lack of effective means for separating Ga from complex matrices and limitations
of conventional mass spectrometry, the isotopic geochemistry of Ga has been explored only in the very
past. Although the recent development of multi-collector-inductively coupled plasma-mass spectrometery
(MC-ICP-MS) and improvements in analyte purification methods have allowed accurate and precise meas-
urements of isotopic ratios of many metals (e.g., Anbar et al., 2000; Maréchal et al., 1999; Zhu et al., 2000),
methods for the accurate determination of Ga isotopic composition were not developed until 2016 (Kato
et al., 2017; Yuan et al., 2016; Zhang et al., 2016). Processes and mechanisms triggering Ga isotopic frac-
tionation are therefore yet to be fully elucidated. Nevertheless, preliminary studies (Kato et al., 2017; Yuan
et al., 2016; Zhang et al., 2016) have provided data that clearly indicate the potential of Ga isotopes to trace
its biogeochemical processes on Earth and beyond.

Here we provide a comprehensive review of Ga geochemistry and isotopic geochemistry. The motivation
and rationale for this work was derived largely from the status quo that the previous review accomplished
more than 60 years ago (Shaw, 1957). This review comprehensively discussed the history, chemistry, cosmic
abundance, and geochemistry of Ga based on the limited literature published prior to 1956. In the light of
advances in Ga chemistry over the past six decades, particularly recent breakthroughs in Ga isotopic geo-
chemistry, it is clear that such a discourse is long overdue, looking back and summarizing progress to date
and providing an updated view of Ga behavior in nature and the role it may play in advancing geochemistry
and geoscience as a whole.

This review comprises three sections. First, a description of the physicochemical characteristics of Ga fol-
lowed by a summary of its geochemical properties in different geological reservoirs such as meteorites,
Earth's interior, and Earth surface systems (soils, sediments, hydrosphere, and biosphere), with a focus on
Ga speciation in the aqueous environment. Then a tentative estimate of the total mass of Ga in different
reservoirs and of Ga fluxes between them is presented. Finally, we provide an overview of recent progress in
Ga isotopic geochemistry, ending with a discussion of the applications of Ga and its isotopes in geosciences
and related fields.

2. Physicochemical Properties of Ga

Gallium was discovered by the French chemist Paul-Emile Lecoq de Boisbaudran in 1875 through the ob-
servation of its principal spectral lines in material separated from sphalerite (Shaw, 1957). Its electronic
structure of [Ar]|3d!°4s?4p! (Figure 1) indicates that Ga is a metal element with possible valent states of +1
and +3. Although relatively equally distributed among the different Earth reservoirs, elemental Ga is rarely
found in nature, with Ga3* being the main form present in sphalerite and bauxite minerals (Hose, 2016;
Shaw, 1957). Industrial elemental Ga is silver-white, always with a bluish tinge at ambient temperature and
pressure due to surface oxidation. Ga crystals usually have an orthorhombic structure (space-group Cmca),
but the relatively low melting (302.9 K) and high boiling (2673 K) temperature ensure that pure elemental
Ga can even melt in the human hand with little volatility owing to its low vapor pressure. Liquid Ga has a
high tendency to cling to most materials (including glass) other than Teflon, graphite, and quartz, with care
required when choosing a storage container for this metal. Gallium is of significant economic value as it is
widely used in high-tech sectors such as electronics, the missile industry, and power supplies, and is com-
monly found in infrared circuits, light-emitting diodes (LEDs), and diode lasers (Katrak & Agarwal, 1981).
To date, the biological behavior of Ga has remained unclear, although current understanding indicates
potential medical applications. For example, it has been shown that Ga can disrupt bacterial Fe metabolism
through a “Trojan horse” effect due to Fe-for-Ga surrogation resulting from the similar ionic radii of Ga3*+
(0.62 A) and Fe3+ (0.64 A) (Burton et al., 1959). A potentially promising new therapeutic system for Pseu-
domonas aeruginosa infections taking advantage of the antimicrobial and antibiofilm ability of Ga has been
approved by the US Food and Drug Administration, with large doses of Ga already being given to patients
to treat hypercalcemia of malignancy (Merryman et al., 1994).
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Figure 1. The physicochemical characteristics of Ga.

3. The Elemental Geochemistry of Ga
3.1. Gallium in Meteorites

The first estimate of the solar abundance of Ga was approximately 2.36 (normalized to 10'? atoms of H),
obtained by Goldberg et al. (1960). However, the emission line of Ga was quite perturbed and the estimate
was based on complex solar atmospheric models, so this value should be considered as having significant
uncertainty (Bidelman & Corliss, 1962; Goldberg et al., 1960; King et al., 1965). A recent investigation
gave an estimate of 2.88 + 0.10 for solar Ga abundance (Grevesse & Sauval, 2002; Lodders, 2003; Lodders
et al., 2009).

Cosmochemically, Ga is considered a moderately siderophilic element with preferential partition into metal
phases relative to silicates (Lovering et al., 1957; Wai & Wasson, 1977, 1979; Wasson, 1967b). As a conse-
quence, it is generally enriched in iron meteorites (at up to 100 ppm; Lovering et al., 1957), representing
the metallic cores of planetary bodies relative to undifferentiated chondritic meteorites (5-10 ppm; Lod-
ders, 2003). Relatively high Ga concentrations occur in the sulfide phase of chondrites, indicating that it
may also be chalcophilic under reducing conditions (Allen & Mason, 1973; Lovering et al., 1957). Gallium
is more volatile than the rock-forming elements Fe, Mg, and Si (Albarede, 2009). Definition of the volatil-
ity of individual elements under solar nebular conditions as the 50% condensation temperature (T, K)
would mean that Ga has a T, , of 968 K, 25-30% lower than that of Fe, Mg, and Si (T, = 1300-1400 K,
Albarede, 2009; Lodders, 2003), suggesting potential applications of Ga in tracing volatile evolution of the
Solar System. For example, carbonaceous chondrites exhibit progressive depletion in Ga across the CI,
CM, and CV groups, correlated with a general depletion in volatile elements (Kato et al., 2017; Lodders
& Fegley, 1998; Lodders et al., 2009; McDonough & Sun, 1995). The moderate volatility of Ga implies it
is depleted in planetary bodies that have experienced strong volatile depletion, such as the Moon (Kato &
Moynier, 2017b).

The siderophilic nature of Ga (Mann et al., 2009; Siebert et al., 2011) means it is generally enriched in
planetary cores (therefore becomes one of the most abundant elements in the cores), so Ga content can
also aid the tracing of evolutionary histories of iron meteorites parent bodies. Depending on the extent of
volatile depletion in parent bodies and core-mantle differentiation conditions, Ga concentrations span a
range of up to two orders of magnitude across various iron meteorites (Akaiwa, 1966; Allen & Mason, 1973;
Baedecker & Wasson, 1970; Cobb, 1967; Cobb & Moran, 1965; Davis, 2006; Fouché & Smales, 1967; Green-
land, 1965; Hecht & Fenninger, 1965; Onishi & Sandell, 1956; Schaudy et al., 1967; Tandon & Wasson, 1968;
Wasson, 1967a, 1967b). Goldberg et al. (1951) initially classified iron meteorites into three groups based
mainly on Ga content. Both Ga and Ge are moderately volatile elements that are not substantially frac-
tionated during fractional crystallization (Davis, 2006; Lovering et al., 1957), so the concentration ratio
of Ga or Ge to the refractory element Ni is a key measure reflecting volatile depletion in iron meteorite
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Figure 2. Ga versus Ni (a) and Ge (b) concentrations in the classification
of iron meteorites. Four main groups and several subclass (IAB ~ IVB) of
iron meteorites were obtained based on the Ga, Ni, and Ge concentration
and the structure of meteorites (Campbell & Humayun, 2005; Choi

et al., 1995; Cobb & Moran, 1965; Lovering et al., 1957; Wasson, 1999;
Wasson & Choe, 2009; Wasson & Kallemeyn, 2002; Wasson &
Richardson, 2001; Wasson et al., 2007).

parent bodies. These ratios have been used in the classification of iron
meteorites to distinguish different parent bodies (asteroids) from which
individual meteorites originate (Figure 2 and Table S1; Davis, 2006; Kato
et al., 2017; Lovering et al., 1957; Wai & Wasson, 1977, 1979). Four groups
are generally classified (Figure 2): groups I, II, III, and IV, with Ga con-
tents range of 80-100, 40-65, 8-24, and 1-3 ppm, respectively (Cobb &
Moran, 1965; Lovering et al., 1957). The subclasses IAB-IVB of iron me-
teorites are also obtained based on Ga, Ni, and Ge contents and mete-
orite structure (Campbell & Humayun, 2005; Choi et al., 1995; Cobb &
Moran, 1965; Davis, 2006; Lovering et al., 1957; Wasson, 1999; Wasson
& Choe, 2009; Wasson & Kallemeyn, 2002; Wasson & Richardson, 2001;
Wasson et al., 2007).

Gallium has been used to constrain the first solid origin of the Solar Sys-
tem, the Ca-Al-rich inclusions (CAIs; Connelly et al., 2012; Grossman
et al., 2002; Kato & Moynier, 2017a). Although formed at high-temper-
ature and generally depleted in volatile elements, CAls are surprisingly
enriched in Ga with an average content of up to 18 ppm, about twice that
of CI chondrites (9.5 ppm; Kato & Moynier, 2017a). Secondary alteration
of CAIs in the parent body and gas-solid exchange in solar nebulae prior
to parent body formation are two possibilities for explaining this enrich-
ment (and also that of moderately volatile Zn; Kato & Moynier, 2017a),
but the cause is still debated (Bischoff et al., 1987; Chen-Lin et al., 1976;
Sylvester et al., 1993).

3.2. Gallium in Earth's Interior

Limited information is available concerning the systematics of Ga in
Earth's interior. However, as it lacks a strong affinity for either sidero-
phile or lithophile elements, Ga may not be particularly enriched or
depleted in Earth's interior or lithosphere (Kato et al., 2017; McDon-
ough, 2003; McDonough & Sun, 1995). A recent study estimated an aver-
age concentration of 2.4 + 1.9 to 5.3 + 2.3 ppm in Earth's core (Blanchard
et al., 2015), depending on how the calculation was performed. This
is significantly below the estimated mean content of ~8.7 ppm for the
lithosphere (Li, 1985), but is consistent with the estimated Ga content
of Earth's mantle (~4 ppm) based on the chemical systematics of Al, Sc
and Ga in basalts and peridotites (McDonough & Sun, 1995; McDon-
ough, 1990a, 1990b, 2003; O'Neill & Palme, 1998; Sun, 1982). This sug-
gests that Ga may not have behaved as a typical siderophile element dur-
ing Earth's accretion. The possible cause is that the conditions of Earth's
core formation at high temperature and pressure reduce the siderophilic
behavior of Ga compared with prevailing conditions (temperature and
pressure) for the formation of iron meteorite parent bodies (Blanchard
et al., 2015; Kato & Moynier, 2017a).

Gallium contents of various minerals and rocks are summarized in Ta-
ble S2. In general, Ga content is in the range of 0.1-26 ppm for mantle

peridotites and 0.2-81.1 ppm for basaltic magmas (Polat et al., 2009; Savov et al., 2007; Shafer et al., 2004;
Sun et al., 2017). It is a moderately incompatible trace element during magmatic processes with an en-
richment factor in basaltic lavas similar to that of Al (McDonough, 1990a; Sun, 1982). It may also be used
as an indicator of mantle material transfer (Davis et al., 2013; El Korh et al., 2017; Munir, 2018; O'Neill
& Palme, 1998). The heterogeneity of Ga among different compartments is clearly evident in subduction
zones, with subducted sediment having almost the same Ga contents (marine sediments, 22 ppm) as oce-
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anic crust (mid-ocean-ridge basalt (MORB), 17.5 ppm), much higher than that of the lithospheric mantle
(spinel peridotite xenoliths, 2.4 ppm; Burton et al., 1959; Gale et al., 2013; McDonough, 1990b).

Magmatic processes may impact Ga distribution and its mineral phase transformation. Prokof'Ev
et al. (2016) reported a Ga content of 0.5-495 ppm (average 18 ppm) for magmatic melts based on 2688
analyses of natural magmatic melts. The average Ga content of magmatic rocks is broadly similar to its
crustal abundance, but higher than that of most sedimentary rocks (barring shales; Burton et al., 1959; San-
dell, 1949; Shaw, 1957). The mean Ga content of magmatic rocks is about twice that of siliceous sedimentary
rocks (~10 ppm; Burton et al., 1959; Culkin & Riley, 1958a, 1958b). During fractional crystallization, the
Ga content of MORB lava flows (12-25 ppm) varies by tens of percent, with a negative correlation with
Mg* value (40-70; Mg* = 100 x (Mg/(Mg + 0.85 X Fe))) (Yang et al., 2020). As for other first-row transition
elements, the Ga mineral-melt partition coefficients may be used to predict the mineralogical compositions
and degree of melting of the source (Davis et al., 2013; Le Roux et al., 2015). Gallium is usually incompat-
ible in olivine and moderately incompatible to compatible in pyroxenes, leading to different mineral-melt

i

partition coefficients, Dg."®/™ ", Few Ga partition coefficients were determined experimentally in early
studies, with values of 0.024, 0.19, 0.86, and 4.6 for forsterite, diopside, anorthite, and spinel, respectively,
obtained for the forsterite-anorthite-diopside system at one atmosphere pressure and 1300°C (Malvin &
Drake, 1987). Later, ranges of values were obtained by Macdonald et al. (2010) for other minerals, with
partition coefficients of 1.1-1.4, 0.11-0.20, <0.01-0.37, 0.36-0.37, 2.2, 0.02, and 12 for alkali feldspar, heden-
bergite, fayalite, amphibole, biotite, ilmenite, and chevkinite, respectively. Le Roux et al. (2015) determined
respective DO/ ™! and DSP*/™! values of 0.23 and 0.28 at low pressure (1.5 GPa) for ortho- and clino-pyrox-
ene (Opx and Cpx) in spinel peridotite melting, with higher values of 0.42 and 0.40 at intermediate pressure
(2.8 GPa); for garnet peridotite melting, the respective values were 0.38 and 0.37 at 3 GPa, decreasing to 0.26
and 0.30 with pressures of up to 4 GPa. A DSP/™!'value of 0.78 was suggested for partitioning in MORB-like
eclogite melting at 2-3 GPa. Small variations in partition coefficient are clearly incompatible with the large
Ga content variation in natural samples (Table S2), thus further systematic examination is needed to better
constrain Ga partitioning between different mineral phases and to explore the potential implications for
mineralization and magmatism.

Although natural Ga reserves are greater than those of Cu, Ag, and Zn, Ga rarely forms independent
or high-content minerals. S6hngeite (Ga(OH),) and gallite (CuGaS,) are the only two natural crystal-
line phases known to host Ga stoichiometrically (Négrel et al., 2018; Strunz, 1965; Strunz et al., 1958);
but,despite the rarity of such minerals, Ga commonly occurs in various rock types (e.g., sphalerite,
magnetite, and silicates) as a trace element substituted for Zn, Fe, or Al (Burton et al., 1959). Across var-
ious minerals and rocks on the Earth, the Ga content of graphite is generally higher than that of other
non-silicate minerals and silicate minerals such as pyroxenes, olivine, and quartz (Table S2; Borisenok
& Saukov, 1960; Burton et al., 1959). Higher Ga content of up to 170 ppm has been reported for mica
(Burton et al., 1959). Coals are commonly enriched in Ga, at up to 1,500 ppm and often at industrial
grades (Qin et al., 2015), with its primary carriers being organic matters and clay minerals such as boe-
hmite and diaspore.

The Ga distribution in metamorphic rocks has attracted little attention as few data have become available
since the 1957 review (Shaw, 1957). Early studies indicate that the Ga content of metamorphosed igne-
ous rocks (9-18 ppm, average 12 ppm) is usually lower than that of metamorphosed sedimentary rocks
(2-37 ppm, average 19 ppm); with Al-rich/Si-poor and Si-rich/Al-poor minerals having higher and lower
Ga contents, respectively (Ahrens, 1954; Burton et al., 1959; Daly, 1933; Fleischer, 1955; Rankama, 1946;
Shaw, 1957). Regardless of the nature of the protolith, it seems that metamorphism may modify Ga distri-
butions in parental rocks. Although the Ga content and Ga/Al ratio of most metamorphic rocks are similar
to those of unmetamorphosed rocks (Borisenok & Saukov, 1960; Evans, 1964; Higazy, 1952; Nesterenko
et al., 1958; Nockolds & Mitchell, 1948), particular Ga distribution patterns in certain metamorphic miner-
als have been observed. For example, significant Ga enrichment occurs in garnet during skarn formation
(Nesterenko et al., 1958), in epidote during the last mineralization stage, and in vesuvianite skarn during
the pneumatolytic stage (Borisenok & Saukov, 1960). Changes in metamorphic intensity or stage may also
cause variations in Ga content and/or Ga/Al ratios (Evans, 1964; Higazy, 1952), as in greisenization and
albitization during metamorphism of granitic rocks (Sitnin, 1960).
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The distribution of Ga among different mineral phases may result from a number of factors including
strong bonding of Ga with organic matter (e.g., graphite), isomorphism with Al and Fe, and adsorption
on clay minerals and iron oxides. The chemical similarity of Ga and Al (Ahrens, 1964; Clarke & Mar-
tell, 1992; Diakonov, 1995; Pokrovski et al., 2003) is based largely on their same ground-state electronic
configurations (Ahrens, 1964; Clarke & Martell, 1992). Gallium content and Ga/Al ratios can thus be
used to characterize rocks and trace geological processes in the deep Earth. For example, the Ga/Al
ratio is commonly used to identify the petrological group to which igneous rocks belong. De Argollo
and Schilling (1978) reported a variation in Ga/Al ratios by up to 62% in volcanic rocks, with ratios
increasing with Al,O, content (from 10.2 to 19.4 wt.%) but decreasing with SiO, content (from 54.1
to 36.3 wt.%). The Ga/Al ratio in Al oxides (2.7 x 10~%) is similar to that in marine clays (2.4 x 1074
Burton et al., 1959; Schulte & Foley, 2013). Owing to the similarity of Ga+ and Fe3* ionic radii (0.62 A
and 0.64 A, respectively) and ionization potentials, Ga can also substitute for Fe3*. This may explain the
commonly observed relationships between Ga3* and Fe3* concentrations in rock and sediment samples,
and the high Ga contents of Fe-bearing minerals such as magnetite (20-90 ppm; Burton et al., 1959).
Similar isomorphic substitution occurs with Cr (ionic radius of 0.63 A; Burton et al., 1959), although
Ga3* substitution for Fe3* or Cr3* has not been investigated thoroughly, as the few studies reported in-
volved artificially Ga-doped materials such as sulfides, silicates, and germinates considered as analogs
of Al minerals (Goodyear & Steigmann, 1963; Pentinghaus & Bambauer, 1971). Improved understand-
ing of the genesis of Ga-bearing minerals or ore deposits therefore requires further systematic study to
better constrain the incorporation of Ga in different crystalline phases.

Gallium's incompatibility and solubility in fluids are also key factors controlling its geochemical behav-
ior and partitioning between mineral phases, and can be used to track hydrothermal processes (Davis
et al., 2013; El Korh et al., 2017; Munir, 2018). The dual lithophile-chalcophile characteristics of Ga are
discriminable in its distribution in hydrothermalism. For example, sphalerite Ga contents are relatively
high and usually correlated with Zn content, as Ga reacts as an isomorphic substitute for Zn in sulfides
(Burton et al., 1959; Fryklund & Fletcher, 1956; Vershkovskaya & Fabrikova, 1957), whereas quartz-fluorite
veins formed under low-temperature hydrothermal conditions have relatively low Ga contents (Frenzel
et al., 2016; Vershkovskaya & Fabrikova, 1957). Interaction with country rocks may also impact the dis-
tribution of Ga among minerals, with such interaction reducing the reactivity of Ga, resulting in high Ga
contents in sphalerites formed at low temperature (Vershkovskaya & Fabrikova, 1957). Later processes such
as oxidation and alteration in subsurface regions may also change the concentration and speciation of Ga in
minerals at depth with, for example, Ga contents being low in co-existing Zn- and Pb-rich minerals, espe-
cially plumbojarosite and hydrogothite. The precipitation of Ga with hydroxides is another important factor
controlling its redistribution in the oxidized zone where Al and Fe oxihydroxides usually form (Razenkov
& Galaktionova, 1962).

Although the above studies have significantly improved our knowledge of Ga geochemistry in the Earth
interior, processes and related mechanisms controlling Ga distribution among minerals and reservoirs re-
main unclear. New systematic studies are needed to build a more comprehensive understanding of Ga
geochemistry in the Earth interior.

3.3. Gallium in Soils and Sediments

Gallium and Al are not particularly mobile during weathering (Potedniok, 2008), as indicated by bauxite de-
posits (formed primarily by intense weathering of aluminosilicate rocks) having higher contents of both ele-
ments relative to, for example, limestone; with a mean Ga/Al ratio of 2.7 X 1074, similar to the crustal value
(Bennett & Czechowski, 1980; Potedniok, 2008; Schulte & Foley, 2013). However, the chemical dissimilarity
of Ga and Al during weathering is indicated by changes in Ga/Al ratios in soil profiles, with Ga content
increasing with weathering intensity (clay content), although currently available data indicate no trends
in Ga/Al ratios with depth in soil profiles (Turton & Mulcahy, 1962). For example, the average Ga/Al ratio
in saprolite (2.1 x 107#) is lower than that of the regolith for basaltic weathering (2.6 x 10~*) (Hieronymus
et al., 2001). The divergence of Al and Ga during weathering may be due to their solubility difference, with
Ga being slightly more leachable from minerals than Al or Fe, resulting in fractionation of Ga/Al and Fe/
Al ratios during certain weathering, erosion, and transportation processes (Sections 3.4.1 and 3.4.2), where
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Ga is preferentially released to solution (Alina, 2010; Welch et al., 2004). Furthermore, Ga hydroxides have
lower solubility than Al or Fe hydroxides and tend to be enriched in authigenic sedimentary phases. Finaly,
within the framework of hard/soft acid/base (HSAB) theory (Pearson, 1963), Ga hydroxide is a stronger
acid (weaker base) than Al hydroxide, implying a difference in pH-dependent behavior in processes such as
oxidative dissolution of sulfide ores (Razenkov & Galaktionova, 1962).

Soils are derived predominantly from continental weathering, and their Ga contents are strongly influenced
by the compositions of their parental rocks and minerals. Bowen (1982) estimated an average Ga content of
21 ppm for 1,600 soil samples collected globally, with a range of 1-70 ppm, partially exceeding the crustal
content of 15-19 ppm (Munir, 2018). Recent studies have shown soil Ga contents mainly within this range
(Nuamabh et al., 2019; Wang et al., 2020), which is not unexpected given the strong affinity of Ga with clay
minerals, organic matter, and Fe-Mn hydroxides. Gallium is commonly enriched in residues of intense
weathering, but with lower the Ga/Al ratios (Butler, 1953, 1954). This trend is controlled not only by the
breakdown rate of Ga-containing minerals, but also by the rate of formation of secondary phases into which
Ga is incorporated. Some studies have found that the Ga content of sedimentary rocks (e.g., bauxite) and
sediments (e.g., lake muds) formed under reducing conditions are higher than those in similar materials
formed under oxidizing conditions, suggesting a possible redox impact on the Ga distribution (Gorham &
Swaine, 1965; Wolfenden, 1965).

Knowledge of Ga speciation in soils is of utmost importance in characterizing its physiological toxicity,
bioavailability, migration, and transformation at Earth's surface, but very limited information is available.
Potedniok (2008) investigated the speciation of Ga in brown (high nutrient content) and white (low nutrient
content) soil from respective industrial and agricultural regions of Poland, using a sequential extraction
method modified from Tessier et al. (1979) to separate soil Ga into exchangeable, carbonate, Fe-Mn oxide,
organic, and residual fractions. Results indicate that the Ga content of industrial soils is generally higher
than that of agricultural soils, with the proportion of bulk Ga in each fraction varying considerably in the
order of organic > Fe-Mn oxide > exchangeable > residual for industrial soil and exchangeable > organ-
ic > Fe-Mn oxide for agricultural soil. This difference was attributed to soil type and human activity includ-
ing industrial emissions and fertilizer application (Potedniok, 2008).

Just as soils are the main sink of residues from water-rock interactions, aquatic sediments are com-
pliment recipients of surface weathering products. Previous studies of Ga geochemistry in sediments
started with the measurement of the Ga content in marine particles. A pioneering study by Goldschmidt
and Peters (1933) reported commonly higher Ga contents for red clays (4-22 ppm) than silica (4-7 ppm)
and calcium mud (~4 ppm). Goldberg and Arrhenius (1958) determined the Ga content of marine sedi-
ments in the eastern Pacific Ocean, reporting values of 19-22 ppm (mean 21 ppm) in black-brown clay.
Burton et al. (1959) found a similar Ga content for other marine clay samples (20-28 ppm, mean 22.4
ppm). The Ga content of siliceous and calcareous oozes generally displays a significant negative corre-
lation with silica and carbonate mineral contents, with a higher content (up to 20 ppm) in extracted clay
phases (Burton et al., 1959). The average Ga/Al ratio of these marine clays (2.40 x 10~%) is similar to that
of granitic rocks (2.35 X 107%), indicating no significant differentiation of Ga and Al during the weath-
ering of terrestrial rocks, transport of detrital sediments, or deposition of sediments as clays on the
ocean floor (Burton et al., 1959). Together, these observations indicate that in most authigenic marine
sediments, Ga is hosted mainly by detrital fractions. However, the oxide phases of marine sediments,
for example, manganese nodules, have significantly higher Ga/Al ratios (9.7 X 10~*) than marine clays
(2.40 x 107%), despite their similar ranges in Ga content (15.7-21.5 ppm). This ratio is lower than that
of seawater (3 x 107%), s implying Ga-Al fractionation during incorporation into manganese nodules
(Goldberg & Arrhenius, 1958).

To summarize, Ga, together with Al and/or Fe, may be a useful tool in elucidating the behaviors of trivalent
elements (e.g., Sc and Ti) during weathering. More importantly, the strong association of Ga with widely
distributed Fe solid phases must be considered when interpreting the distribution of Ga in various surface
environments. Whether Ga forms organometallic complexes in soils, and the quantitative impact of such
compounds on the Ga distribution in soils, remain to be clarified (Potedniok, 2008). The potential applica-
tion of Ga in tracing and characterizing relative geochemical reactions in soils and weathering processes
has yet to be fully explored.
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Figure 3. Eh-pH diagram of Ga (a) and Al (b). The assumed activities for the dissolved species are 10~* for Ga, and for
10~*-° Al (Brookins, 1988).

3.4. Gallium in the Hydrosphere

In addition to release from minerals by chemical weathering, dissolution, adsorption, and (co-)precipita-
tion associated with biogeochemical processes may control the abundance and speciation of Ga in aqueous
environments (Balistrieri et al., 2003; Paulson & Balistrieri, 1999; Pokrovsky et al., 2004). The aqueous
geochemistry of Ga and the relative roles of the various processes in aquatic systems are discussed in the
following sections.

3.4.1. Characteristics and Transformation of Ga Species in Aqueous Solution

Gallium and Al display similar speciation in aqueous solution in the Eh-pH diagram (Figure 3), implying
that Ga acts as an analog of Al in aquatic systems. Under acidic and alkaline conditions, Ga and Al exist as
trivalent cations (Ga**, AI’**) and corresponding oxyanions (GaO3 and Alog’). In intermediate pH ranges
(5.3-10.4 for Ga and 3.7-11.3 for Al), the metal hydroxides Ga(OH), and AI(OH), are the predominant spe-
cies (Brookins, 1988). Thermodynamic data for Ga and Al are summarized in Table S3.

Few studies have investigated the speciation of Ga in aqueous solutions under different physicochemical
conditions (Benézéth et al., 1997; Diakonov et al., 1997; Persson et al., 2006; Pokrovsky et al., 2004). The
Bjerrum plot (Figure 4a) describes the distribution of monomeric Ga species as a function of pH at 25°C,
with Ga aqueous concentrations of <10~° M, indicating the following. The hydrolysis of Ga** occurs at
pH values as low as 2, with successive formation of GaOH?**, Ga(OH),*, Ga(OH),, and Ga(OH),™ as pH
increases and with Ga(OH)," being the dominant species in the pH range of natural waters. At constant
pH, the degree of Ga** hydrolysis increases with temperature. As the aqueous Ga concentration increas-
es, polynuclear species form, leading to precipitation of amorphous Ga(OH), (Figure 4).

A comparison of Ga aqueous species distribution (Figure 4a) with those of Al and Fe (Figures 4b and 4c)
indicates that, consistent with HSAB classification of (Pearson, 1963), hydrolysis of the harder AI** aque-
ous ion (through complexation with OH~) would not occur as readily as that of the softer Ga** and Fe**,
with Ga(OH),~ dominating Ga speciation in the pH range of most natural fluids (Benézéth et al., 1997;
Diakonov, 1995; Persson et al., 2006). Mononuclear and small polynuclear species of Fe(III) are less stable
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Figure 4. Distribution of monomeric Ga(a), Al (b), and Fe(III) (c)
species as a function of pH at 25°C, excluding polymeric species
([Ga(aq)] £107° M, [Al(aq)] < 1078 M; [Fe(III)(aq)] < 1071 M). After

Diakonov (1995).

than their Ga and Al analogs, so large polymers with 3-FeOOH-like struc-
tures (i.e., Fe,, polycations) for rapidly during Fe(IIT) hydrolysis, leading
to the precipitation of Fe oxy-hydroxides (Pokrovsky & Schott, 2002b). In
contrast, AI** forms more stable complexes with F~ than Ga3* and Fe3*,
and with ligand harder than OH~ or Cl~. HSAB concepts thus provide
useful information concerning the affinity of Ga3* with various inorganic
and organic ligands or solid surfaces in solutions, with respect to that of
A3,

An X-ray adsorption fine structure study of Ga3* hydrolysis under var-
ious pH conditions (Pokrovsky & Schott, 2002a) has shown that Ga3*
hydrolyzes via the formation of Ga oxy-hydroxide polynuclear species
composed of Ga(O/OH/H,0) octahedron. The degree of edge/corner
sharing amongst the octahedra appears to be pH-dependent (Figure 5).
At pH > 4, the Ga , Keggin type polycation, in which 12 edge-linked
Ga octahedra surround a central tetrahedral Ga atom, dominates Ga
speciation (Figure 5). At pH > 4.5, the Ga , cation transforms into
more disordered GaOOH-Ga(OH), precursors. The Ga,, polycation
has the same local structure as the Al , polycation formed during AI**
hydrolysis. The sensitivity of Ga speciation to physicochemical condi-
tions in aqueous solution implies that Ga may be applicable as a tracer
of how such conditions changed in ancient aqueous environments.

Adsorption is a non-trivial behavior of high-valence (>2) elements in
solution, and is particularly relevant to natural aqueous environments
where suspended particles such as mineral grains and aggregates of or-
ganic matter commonly occur. Such particles can transport large amounts
of these elements directly (especially insoluble trace elements such as
those of the groups IITA and IVA), or act as substrates for adsorption of
trivalent and tetravalent elements such as Ga, Al, and many others (e.g.,
Sc, Ti, Cr, Ge, Y, Zr, In, Hf or TI; Balistrieri et al., 2003; Dupr¢ et al., 1999;
Gaillardet et al., 2003; Paulson & Balistrieri, 1999; Pokrovski et al., 2002;
Pokrovsky & Schott, 2002b).

Few studies have reported experimental results on the adsorption of Ga
on mineral surfaces. Persson et al. (2006) and Pokrovsky et al. (2004) ex-
amined aqueous Ga species in the presence of calcite and goethite and
found that pH and adsorbent concentrations greatly affect the amount
of adsorbed Ga and Ga speciation, both in solution and on adsorbent
surfaces (Figure 5). The observed pH dependence is expected from the
surface charge properties of calcite and goethite (Figure 6). Gallium
behavior during mineral coprecipitation has rarely been reported.

3.4.2. Gallium in Riverine Systems

Gallium is generally more mobile than Fe and Al in erosion and trans-
port processes (Figure 7; Gaillardet et al., 2004), and small geochemi-
cal differences may induce fractionation of the three elements during
surface weathering (Burton et al., 1959; Wood & Samson, 2006). For

example, compared with soils, Ga/Al ratios are significantly variable across aquatic environments (Ta-
bles 1 and S4-S8), even with variations within a single water column (Table 1). Furthermore, although
Ga and Al may have the same sources and display similar geochemical behaviors during weathering, dis-
solved Ga/Al ratios are consistently higher than in related solid materials, by up to three orders of mag-
nitude (Brown et al., 2010; Kramer et al., 2004; Measures, 1995; Pokrovsky & Schott, 2002b; Pokrovsky
et al., 2010, 2015; Shiller & Bairamadgi, 2006; Shiller et al., 2006; Stoffyn & Mackenzie, 1982).
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Figure 6. The adsorption of Ga(III) on goethite and calcite as a function
of pH expressed as the percentage of Ga adsorbed in the experiment. (a)
Goethite (10g/L; 84 m?/g), modified from Persson et al. (2006), (b) Calcite
(25 g/L, 18.6 m?/g), Modified from Pokrovsky et al. (2004).

The flux of riverine Ga is a critical indicator of material transport from
continent to ocean but remains poorly quantified. It is generally under-
stood that concentrations of Ga and Al in river water are insignificant due
to their quasi-insoluble nature resulting from a strong affinity with organ-
ic matter and preferential incorporation into secondary weathering prod-
ucts such as clay minerals (Shiller, 1988; Shiller & Frilot, 1996). Within
the same basin, dissolved molar Ga/Al ratios are consistently higher than
in solid materials (Table S8 and Figure 8). However, there is no appar-
ent relationship between Ga and Al concentrations in solids and waters
of a given river, implying that solid-phase Ga and Al are not key factors
controlling their dissolved concentrations. Regarding carriers, studies of
boreal river tributaries flowing to the White Sea, Russia, have shown that
Ga and other insoluble trace metals are transported mainly (50%-80% in
spring flood; 10%-40% in base-flow periods) as Fe-, Al-, and organic-rich
colloids (Pokrovsky & Schott, 2002b; Pokrovsky et al., 2005, 2006; 2015;
Vorobyev et al., 2019). Ultrafiltration (20%-90% in the 1 kDa 0.22 um
size fraction) of boreal river water indicates no relationship between the
concentration of colloidal Ga and seasonal hydrology changes or rock li-
thology in the basin; rather there seems to be a correlation between Ga
and total-Fe and organic-carbon concentrations (Pokrovsky et al., 2010;
Vasyukova et al., 2010).

In estuaries, Al and Ga concentrations are linearly correlated with sa-
linity, with lower dissolved concentrations in less-saline waters (Ori-
ans & Bruland, 1985, 1988a, 1988b), interpreted as being due to strong
adsorption of Ga and Al by particulate matter (Johnson, 2016; Kramer
et al., 2004).

3.4.3. Gallium in the Ocean

As for many other elements, Ga in the ocean is derived mainly from conti-
nental fluvial and aeolian inputs, sediment-water interaction, hydrother-
mal input, and anthropogenic emissions (Bruland & Lohan, 2003; Chou
& Wollast, 1997; Johnson, 2016; Orians & Bruland, 1988a, 1988b). Details
of Ga geochemistry in the marine environment and its input fluxes are
largely unknown. Dissolved Ga was recently used as a tracer to determine
proportions of Pacific- and Atlantic-derived seawater in the Arctic Ocean,
with water-source distributions being essentially equivalent to meteor-
ic-water/sea-ice-melt fractions based on Ga as a conservative proxy in
place of nutrients (Whitmore et al., 2020). Available data indicate that
Ga concentrations in seawater are consistently higher than in river wa-
ter. This may result from a combination of several factors including (a)
sustained Ga input by weathering reactions (especially from continental
Ga-rich phases such as mineral ores) and from anthropogenic sources,
(b) marine processes such as dilution by seawater, adsorption of Ga onto
marine sediments, and biological effects, and (c) loss of riverine Ga in
the coastal zone due to changes in pH, salinity, and/or physicochemical
and hydrodynamic conditions. The relative contributions of these factors
are yet to be quantified (Orians & Bruland, 1988a; Shiller, 1988; Shiller &
Frilot, 1996).

Since the first estimation of seawater Ga concentrations by spectrogra-
phy over a century ago (Del Campo & Rodeja, 1914), sporadic measure-
ments have been performed to constrain the Ga content in the ocean, par-
ticularly in the scope of comparison with Al (Hydes, 1979, 1983; Hydes
& Liss, 1977; Measures & Edmond, 1988; Orians & Bruland, 1988a;
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Figure 7. Chemical mobility of Ga (and other elements) relative to Na during surface weathering (Gaillardet et al., 2004).

Pokrovski et al., 2002; Shiller, 1988; Shiller & Frilot, 1996). Water-column studies report a concentration
range of 5-43 pmol kg! in surface seawater (Table S4), with a minimum concentration at middepth, and
an uptrend toward the sediment-water interface (Figure 9). Goldschmidt (1954) suggested that Ga may
be enriched in seawater relative to Al, based on comparison with crustal sources. The Ga/Al ratio in both
the Atlantic and Pacific oceans (Figure 9) is indeed over an order of magnitude higher than the corre-
sponding crustal ratio. Seawater Al generally exhibits a similar trend with depth, although several studies
have documented Ga geochemical behavior different to that of Al across the water column. This particu-
lar vertical distribution of Ga and Al may be caused by atmospheric deposition, organic-matter remin-
eralization, scavenging by particles and colloids, or sediment-water interaction (Johnson, 2016; Orians &
Bruland, 1988a, 1988b). For example, the rapid increase of Al at depth (>6,000 m) in some profiles may
be explained by various possible mechanisms such as desorption from particle surfaces, release from de-
composing biogenic carriers, and diffusion from sediments as inferred from the pore-water concentration
gradient (Hydes, 1979; Orians & Bruland, 1985, 1988a, 1988b; Stoffyn-Egli, 1982), although these factors
might impact differently on Ga concentration profiles.

Z‘zl:tteenltration of Ga and Al and Ga/Al Ratios in Various Aqueous Environments
Dissolved phase Solid phase Ga (ug/g) Solid phase Ga/Al x 10~*
Ga/ Al Source Stream Susp. Source Stream Susp.
No. Ga (pmol//L) Al x 10~ (nmol/L) rock bed Topsoil  Sed. rock bed Topsoil  Sed
Californian streams 1-79 1.5-4.55 16-446 1.7-20 6.6-22 4.6-33 21-31 1.0-8.7 1.3-3.3 1.5-2.5 2.0-25
U.S. rivers 68-250 0.2-1.05 95-2370
Thermal waters 2.9 X 10*-3.6 X 10°

Note. The Ga/Al ratios is the mass ratios. Data taken from Goguel (1988), Shiller (1988), Shiller and Frilot (1996), Uzumasa and Nasu (1960), and Wood and

Samson (2006).
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Figure 9. Dissolved Ga and Al concentration in depth-profiles

of the Pacific and Atlantic oceans (Hydes, 1983; Orians &

Bruland, 1986, 1988a, 1988b; Shiller & Bairamadgi, 2006; Shiller

et al., 2006). The dashed line is the calculated Pacific Ga concentration
estimated from the Ga/Al ratio of the upper continental crust (UCC)
(0.0883, pmol.kg~!/nmol.kg~!, Hu & Gao, 2008; Rudnick & Gao, 2003) and
the dissolved Pacific Al concentration (nmol.kg=?, red square) of the same
depth-profiles. The solid line is the calculated Atlantic Ga concentration
with the data of UCC Ga/Al ratio and the dissolved Al concentration
(nmol.kg1, red circle) of the same Atlantic depth-profiles.

Hydrothermal systems are another source of Ga in seawater, with Ga con-
centrations in geothermal waters being significantly higher than those
in rivers and oceans albeit with a wide variation of 0.1-72 (Hydes, 1983;
Orians & Bruland, 1986, 1988a, 1988b; Shiller & Bairamadgi, 2006; Shiller
et al., 2006). The Ga content of geothermal sediments is particularly high,
reaching 700 ppm (Goguel, 1988; Krupp & Seward, 1990; Riley, 2010;
Shiller, 1988; Uzumasa & Nasu, 1960; Weissberg et al., 1979). However,
the magnitude of the hydrothermal input flux of Ga to the oceans is not
yet accurately constrained.

3.5. Gallium in the Biosphere

The relations between trace elements and lives are mutual. Trace ele-
ments are essential building materials for life, and biota regulate their
transfer and transformation through metabolism and biogeochemical re-
actions, impacting their biogeochemical cycling. For Ga, however, its bi-
ological properties, occurrence in living organisms, physiological toxicity,
and the effects of biota on its geochemical cycling are poorly understood.
This preliminary review of the biochemical behavior of Ga may aid the
evaluation of impacts of biota on Ga geochemical systematics in various
environments.

The first study of Ga in biological samples was undertaken in 1919, when
Cornec (1919) measured Ga concentrations in Laminaria sp. This was
followed by determination of Ga concentrations in other marine organ-
isms in 1935 (Vinogradov, 1935), and in oysters and human urine in
1941 (Bertrand, 1941). Follow-up studies detected the presence of Ga
in various organisms, such as natural spices, seeds, fruits, and beetles,
thus confirming the widespread occurrence of Ga in natural ecosystems
(Bertrand, 1941; Cornec, 1919; Culkin & Riley, 1958b; Vinogradov, 1935).
The concentration of Ga in most organisms is generally <1 ppm: Squalus
acanthias, 0.1 ppm; body wall of Asterias rubens and Bryssopsis lyrifera,
0.7 ppm; and Lycopodium flabelliforme and Mitchella repens, 0.1-0.2 ppm
(Bertrand, 1941; Culkin & Riley, 1958a; Hutchinson & Wollack, 1943;
Ishiguro et al., 1952; Noddack, 1939). Culkin and Riley (1958a, 1958b)
noted nonuniform distribution of Ga in a single organism, with signif-
icantly higher concentrations in viscera and digestive organs than other
organs and tissues. Relatively high Ga concentrations of up to 60 ppm
were determined in some lichens and bryophytes (Lounamaa, 1956;
Shacklette, 1965). For microorganisms, Yamamoto et al. (1976) meas-
ured Ga concentrations in 30 different species of algae, finding a range
from 0.02-0.64 ppm in dried samples (average 0.14 ppm). More impor-
tantly, the same study reported strong positive Ga-Al and Ga-Fe corre-
lations in various seaweeds (Yamamoto et al., 1976). As seen in Table 2,
Ga/Al ratios in marine organism range from 1.2 X 107 to 7.2 X 107,
similar to the average for upper continental crust (UCC) but generally
lower than for Earth surface conditions (i.e., soils and surface waters).
Relative to oceanic microorganisms, few data have been reported for Ga
in continental plants, and there is no evidence that Ga is an essential
micronutrient for crops and vegetables such as tomato, lettuce, and sug-
ar beet (Culkin & Riley, 1958a, 1958b; Hewitt & Bolle-Jones, 1952). A
wide range of Ga contents (0.02-60 ppm) have been reported for vari-
ous continental plants, with relatively high concentrations in lichens
and mosses (up to 60 and 30 ppm, respectively) for which the mecha-
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Table 2

Concentrations of Ga in Biological Materials

Species Ga(ug/g)  Al(ug/g)  Ga/Alx10™* Reference

Marine plants
Chlorophyceae Codiaceae 0.05-0.16  143-1,336 1.2-3.5 Culkin and Riley (1958a)
Phaeophyceae Fucaceae 0.01-0.10 34.4-372 2ol =72 Culkin and Riley (1958a)
Rhodophyceae Corallinaceae 0.23-0.56  94.8-4,420 1.3-4.0 Culkin and Riley (1958a)
Lycopodium flabelliforme 0.1 Hutchinson and Wollack (1943)
Mitchella repens 0.1-0.2 Hutchinson and Wollack (1943)
Marine animals 0.01-3.7 32-16,480 0.35-6.3 Culkin and Riley (1958a)
Squalus acanthias 0.1 Burton et al. (1959)
Asterias rubens, Bryssopsis lyrifera 0.7 Burton et al. (1959)

Land plants
Corn leaf 0.02-0.32 2.1-9.4 Prince (1957a, 1957b)
Lichen 0.02-60 Lounamaa (1956)
Bryophyte up to 30 4.3 Shacklette (1965)

Note. The Ga/Al ratios is the mass ratios.

nisms of Ga incorporation remain unclear (Bowen, 1979; Dvornikov et al., 1976; Gribovskaya et al., 1968;
Kabata-Pendias, 2010; Lounamaa, 1956; Potedniok, 2008; Shacklette et al., 1978; Shacklette, 1965; Stein-
berg, 1938, 1939a, 1939b, 1941; Wedepohl, 1969).

It is well known that heavy metals can lead to tissue damage when their intake exceeds certain limits (Liu
et al., 2019), harming organism growth and even posing a threat to life. For Ga, however, median lethal
doses (LDSD), and comprehensive understanding of morphological transformation, in vivo migration, and
physiological effects on various organisms have yet to be established (Maghakyan et al., 2017). Available
LC,, data for Ga for different aquatic organisms (Table 3) indicate that high Ga concentrations in the aquat-

Table 3
The LC,, of Ga of Different Aquatic Organisms
Exposure LC,,
Species periods (mg/L) Reference
Americamysis bahia 24 h 22.47 Onikura et al. (2005)
Americamysis bahia 96 h 12.76
Brachionus plicatilis 24 h 11.48
Artemia salina 24h 54.64
Artemia salina 48 h 52.78
Danio rerio 48 h 17.70 Yang and Chen (2018)
Danio rerio 72h 12.18
Danio rerio 96 h 9.10
Rhodeus ocellatue 48 h 18.02
Rhodeus ocellatue 72h 14.54
Rhodeus ocellatue 96 h 10.71
Cyprinus carpio 48 h 28.81
Cyprinus carpio 72h 22.11
Cyprinus carpio 96 h 19.78 Yang and Chen (2003)

ic environment may pose a threat to life therein. Furthermore, even in
a diluted environment, Ga may be harmful to the health and life of cer-
tain organisms with long exposures. The LC,, of Ga is sensitive to the
salinity of aqueous solutions, as they display an excellent positive corre-
lation, similar to the relationship between salinity and LC,; for Zn and
Ca (Blackmore & Wang, 2003; Burke et al., 2003; Hall & Anderson, 1995;
Lin & Dunson, 1993; Onikura et al., 2005; Voyer & Modica, 1990). Early
experimental results indicate that the asymptotic maximum Ga concen-
tration is 2 mg kg DM~! (DM, dry matter) in wheat tops and 18 mg kg
DM™! in wheat roots, much higher than those of other elements such
as B, La, Fe, and Cu under the same conditions. Such a high rate of Ga
consumption poses a hazard to the physical health of wheat (Wheeler &
Power, 1995).

Apart from elemental Ga, the wide application of high-purity As com-
pounds in the semiconductor industry and ensuing waste products such
as computer circuitboards and photodiodes calls for attention to the
physiological toxicity of artificial Ga-bearing compounds such as GaAs
(Dupuis, 1984; Robinson, 1983; Tanaka, 2004). Strong evidence has been
presented that GaAs is not only a toxin that directly damages the lungs
and reproductive organs of animals but also a human carcinogen. The
chronic physiological toxicity of GaAs is not entirely clear but is of en-
vironmental concern because of its aqueous solubility (Program, 2000;
Rosner & Carter, 1987; Webb et al., 1984; Yamauchi et al., 1992). Due to
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Table 4
Masses of Ga in Earth Reservoirs

the increasing demand for electronic products, the use of Ga is expected
to grow rapidly, making the study of its environmental effects and physi-

Reservoirs

The masses of Ga (t) ological toxicity a matter of urgency.

Earth core
Earth mantle
Earth crust
SoC
Lithosphere
Soils

Ocean

(4.5 + 3.6) X 10'/(9.9 + 4.3) X 10 However, it is known that Ga is a beneficial element for the growth
of certain microorganisms and fungi such as Aspergillus Niger

16
51.:7111(2)14 and duckweed Lemna minor. It is also the only element that com-
petes with Fe for entry to organisms through membranes (Culkin
21X A0S & Riley, 1958a, 1958b; Emery & Hoffer, 1980; Gascoyne et al., 1991;
10" Shiller, 1988). Few studies have explored the physiological effects of
8.5 x 10 Ga. Riley (1943) reported that in nutrient-deficient cultures the growth
1.6 X 106 of the marine diatom, Nitzschia closterium, was stimulated by Ga, but

this effect disappeared in the presence of nitrate and phosphate (Culk-
in & Riley, 1958a, 1958b). Hutchinson and Wollack (1943) found that
Ga, as gallous and gallic salts or cyanide complexes, has a greater re-
semblance to Fe than Al in many biological respects (Culkin & Riley, 1958a, 1958b). These older studies
pioneered the investigation of Ga biogeochemistry but did not probe the underlying mechanisms re-
sponsible for any physiological benefit of Ga. However, recent data began to unveil pathways, for exam-
ple, trace Ga has been used in the treatment of Kashin Beck disease for Ca fixation, and its radioactive
isotopes have been used for diagnostic and therapeutic purposes (Liu et al., 2016; Matkovic et al., 1990).

3.6. The Global Biogeochemical Cycle of Ga

No reconstruction of the global biogeochemical cycle of Ga has been reported to date, so we made a tenta-
tive effort to conceptualize a model of global Ga cycling based on published data for Ga storage in different
geological reservoirs (Table 4) and relative trans-reservoir fluxes (Figure 10), with a focus on the oceanic Ga
budget. Volcanism is not included in the model because although a potentially important natural source,
it is not yet possible to estimate volcanic Ga emissions owing to a lack of data and uncertainties in charac-
terizing volcanic eruptions (e.g., ash particle size distribution). However, our model does include estimated
anthropogenic Ga releases to the environment.

A number of considerations are factored into the model, as follows.

1. Levik et al. (2015) found that Ga recovery from bauxite (its main geogenic source) leads to a Ga exploita-
tion flux of ~11,000 tonnes (t) yr~!, of which <300 t yr~! is utilized in primary and secondary products,
with the remainder (in red mud) entering the Al cycle as an impurity.

2. The anthropogenic flux of Ga to the atmosphere was calculated from aerosol Ga contents and emissions.
Huang et al. (2014) estimated that in 2007 the average global emission of total suspended particulates
(TSP), PM, , (particles <10 um diameter), and PM, , (2.5 um) were 162 x 10° 99 x 10° and 78 x 10° t,
to which anthropogenic sources contributed 105 x 106, 55 X 105, and 40 X 109 t, respectively. As no data
exist specifically for anthropogenic aerosol, the average Ga content of ~28 ppm for PM, , measured
recently in Beijing (September 15 to October 16, 2015; unpublished data) was applied. The crustal abun-
dance of ~17 ppm was applied as the Ga content of natural aerosol (Burton et al., 1959). Gallium fluxes
to the atmosphere carried by TSP, PM, , and PM,  are thus of the order of 3,909, 2,288, and 1,766 tyrl,
of which anthropogenic emissions account for about 2,940, 1,540, and 1,120 t yr~!, and natural sources
about 969, 748, and 646 t yr—!, respectively. The flux of Ga to the atmosphere carried by anthropogenic
and natural PM, particles thus constitutes 52% and 77% of anthropogenic TSP, respectively, to which
PM, ; contributes more than 70% (72% and 86% for anthropogenic and natural PM, ;, respectively). The
relatively high Ga content in fine particles means a prolonged higher level in the atmosphere, although
the actual aerosol residence time was not considered here due to the lack of relevant data.

3. There are numerous sources of Ga flux to oceans and each must be evaluated. (a) Atmospheric dust
deposition to oceans is of the order of 5.3 X 108-8.5 x 10® t yr~! globally, including 8 wt.% Al (Maring &
Duce, 1987). Of the total Al deposition, it is estimated that 9% is released into seawater by dissolution,
implying 3.8 X 10%-6.1 X 10° t yr~! dissolved Al and 3.8 X 107-6.1 X 107 t yr~! particulate Al are supplied
annually to the oceans by dust deposition (Maring & Duce, 1987). Based on the UCC Ga/Al ratio of

YUAN ET AL.

14 of 27



A~y
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles

10.1029/2021GB007033

Global total emissions of TSP, PM10, PM2.5:
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Figure 10. The global Ga flux (unit: t yr=1).

Data from Al-Khatib et al. (2019); Bruland (1983); Evans (2012); Gale et al. (2013); Hu and Gao (2008); Huang

et al. (2014); Hunt (1972); Koljonen (1992); Lavik et al. (2015); Li (1985); Lodders and Fegley (1998); Maring and Duce (1987); Matschullat (2000); Metz
and Trefry (2000); Nielsen et al. (2006); Niu et al. (2012); O'Neill and Palme (1998); Prospero (1981); Rudnick and Gao (2003); Trenberth et al. (2007); Viers

et al. (2009).

0.0883 pmol kg=!/nmol kg ~1, 330-540 t yr~! of dissolved and 3,300-5,400 t yr~! of particulate Ga are
delivered as mineral dust to the oceans (Hu & Gao, 2008; Maring & Duce, 1987; Prospero, 1981; Rud-
nick & Gao, 2003). However, considering the different residence times of Ga and Al in the ocean (~750
and 150 years, respectively; Orians & Bruland, 1988a, 1988b; Shiller, 1998), this estimate based on the
crustal Ga/Al ratio should be considered with caution. (b) Rainwater is another source of oceanic Ga.
The Ga content of rainwater varies from 0.51 to 42.2 ug L' in different continental areas, with means
of 1.9-2.7 ug L' (Al-Khatib et al., 2019). Considering an estimated 373 Tt yr~! total precipitation over
the global ocean (Trenberth et al., 2007), 700-1,000 Ga t yr—! are deposited. (c) The flux of Ga from
continent to ocean in suspended phases of rivers and hydrothermal fluids must also be considered. A
suspended-sediment flux of 272 x 103 t yr—! was estimated on the basis of a global sediment flux of
15 Gt yr! with an average Ga content of 18.1 ppm (Viers et al., 2009). Similarly, the dissolved Ga flux
from rivers to oceans is about 1.1 x 10° t yr—! (Gaillardet et al., 2003, 2014; Viers et al., 2009). However,
this dissolved Ga flux may be overestimated, as the recent studies report much lower Ga contents in
riverwaters (Colombo et al., 2019; Gaillardet et al., 2014; Shiller & Frilot, 1996; Whitmore, et al., 2020),
and the riverine dissolved Ga may be further partially scavenged and removed by complex processes at
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estuary (Ho et al., 2019; Mcalister & Orians, 2012; Schier et al., 2021). To be mentioned, the delivery of
sediments to oceans most likely increases with time, implying a change in the continental Ga flux over
geological history (Vanlaningham et al., 2009), although the historical Ga-ocean flux is beyond the scope
of this study. (d) Fluxes of high-temperature hydrothermal water flux of 5.6 + 0.6 X 10'° t yr~! (German
& Seyfried, 2014), with corresponding Ga contents of 25-67 nmol kg=! (Metz & Trefry, 2000; Nielsen
et al., 2006) provide estimated hydrothermal inputs of Ga to the oceans of 98-265 t yr~'. Ho et al. (2019)
estimate a much higher global dissolved Ga flux from hydrothermal activity of 599 + 118 t yr~! using the
the slope of the Ga-*He, linear regression and the global *He hydrothermal flux (Ho et al., 2019).

4. The subduction-induced flux of Ga from the ocean floor to Earth's interior must also be considered.
The total fluxes of subducted sediments, oceanic crust, and lithospheric mantle are 1.7, 45.6, and 13 Gt
yr~}, respectively (Evans, 2012). Considering typical Ga contents of marine sediments (22 ppm), MORB
(17.5 ppm), and spinel-peridotite xenoliths (2.4 ppm, considered here as representing deep lithosphere;
Burton et al., 1959; Gale et al., 2013; McDonough, 1990a), total subducted Ga fluxes are estimated to be
3.8 X 10* t yr~! for marine sediment, 8 X 10° t yr~! for oceanic crust, and 3.1 x 10* t yr—* for lithospher-
ic mantle. However, the true outflux of Ga from the oceans may be close to 3.8 x 10* t, as most Ga in
oceanic crust and lithospheric mantle derived from ridge uplift would not participate in oceanic cycling
(Orians & Bruland, 1988a, 1988b).

Collectively, the oceanic Ga budget is driven by 3.2-16.2 x 10° t yr~! inputs, including 0.7-0.9 kt yr~! from
precipitation, 3.6-5.9 kt yr~! from dust deposition, up to 599 + 118 t yr~! from hydrothermal fluids, and
0.3 Mt yr~! from rivers. Rivers and hydrothermal fluids are thus the main contributors of Ga to the oceans,
with the total influx being higher than the total Ga outflux associated with subduction. We emphasize that,
because of the lack of data, these assessments are first-order approximations only, and more systematic
studies of, for example, the range of Ga concentrations in hydrothermal and geological samples and the
residence time of Ga in the ocean, are needed to reduce uncertainties.

We now turn to the estimate of Ga storage in various Earth reservoirs. We consider the mantle, litho-
sphere, pedosphere, ocean, and subducted oceanic crust (SOC, a pivotal reservoir for transport of sur-
face materials to the deep Earth; Table 4). (a) Based on the Ga contents of the various spheres of the solid
Earth discussed above, the corresponding masses of Ga in the core, mantle, and crust are estimated to be
4.5 £ 3.6 Ptor 9.9 + 4.3 Pt, 16 Pt, and 0.5 Pt, based on compartment masses of 1.9 Zt, 4 Zt, and 0.03 Zt,
respectively (Burton et al., 1959; Lodders & Fegley, 1998; O'Neill & Palme, 1998). (b) The lithosphere
provides almost all Ga resources to surface reservoirs including soil, biota, and even humans. Gallium
storage in the lithosphere is ~1 Pt, based on the mass of the lithosphere (124 Et) and its average Ga
content of 8.7 ppm (Li, 1985). (c) The total global mass of soils is about 1/25,000 that of the lithosphere
(i.e., 5 Pt; Matschullat, 2000), so 85 Gt of Ga is estimated to be stored in soils globally, based on a mean
content of 17 ppm (Burton et al., 1959; Koljonen, 1992; Matschullat, 2000). (d) The global ocean stores
a total of ~1.6 Mt Ga, based on an ocean mass of 1.4 Et and the average oceanic Ga concentration of
17 pmol kg=! (Bruland, 1983). (e) With regard to the SOC, assuming it constitutes ~3 wt% of the entire
mantle (4 Zt), its mass would be about 0.1 Zt (Gale et al., 2013; Niu et al., 2012). Using the Ga content
of MORB for SOC, the total SOC Ga mass is about 2 Pt. (f) Estimation of the total Ga content of the at-
mosphere is not yet possible due to a lack of data, particularly concerning variations in particle size and
type, and of deposition between different regions.

4. The Isotopic Geochemistry of Ga

Gallium has a total of 26 radioactive isotopes and two stable isotopes (*Ga and 'Ga; Gross & Thoennes-
sen, 2012; Laeter, 1972). All radioactive Ga isotopes have half-lives of <80 h and are often used in nuclear
medicine applications (Gross & Thoennessen, 2012). This section is devoted entirely to the stable isotopic
geochemistry of Ga.

The abundances of %°Ga and 'Ga are 60.1% and 39.9%, respectively (Laeter, 1972). Gallium isotopic compo-
sitions are normally expressed as §7'Ga, in per mil units:
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sample

Here, the standard is the US National Institute of Standards and Technology (NIST) standard reference
material (SRM) 994 solid metal Ga (Ga®/"* = 1.50676 % 0.00039, at the 95% confidence level; Machlan
et al., 1986; Yang & Meija, 2010; Yuan et al., 2016; Zhang et al., 2016). Alternative standards have been used
as reference materials in other Ga isotope studies (Kato & Moynier, 2017a, 2017b; Kato et al., 2017; Zhang
et al., 2016).

Gallium isotopic compositions were first determined more than 70 years ago when Inghram et al. (1948)
found no significant difference in isotopic ratios between terrestrial and meteoritic materials, most likely
because of a lack of sufficient precision. Laeter (1972) then determined Ga isotopic compositions of mete-
orites, but with uncertainties as high as 1.1%.. Since then, there have been a number of attempts to develop
better analytical methods, such as purifying Ga from geological samples using chromatographic techniques
with different ion-exchange resins and acids (Dembinski et al., 2006; Kiriyama & Kuroda, 1988; Machlan
& Gramlich, 1988). However, the accurate determination of Ga isotopic composition remained elusive, due
either to incomplete recovery of Ga or to significant isotopic fractionation during chromatographic elution,
with the heavier isotope having a stronger affinity for the resins (e.g., Dowex 50-X8 resin and AG 1 X 4
resin) than the lighter isotope (Dembinski et al., 2006; Machlan & Gramlich, 1988). Sample purification,
together with instrumental limitations for determining Ga isotopic ratios, became the rate-limiting step
in the investigation of Ga isotopic geochemistry for about three decades. It was not until 2016 when three
chromatographic purification methods were established simultaneously, allowing more accurate analysis of
Ga isotopic compositions based on MC-ICP-MS instrumentation (Kato et al., 2017; Yuan et al., 2016; Zhang
et al., 2016). Data precisions of better than 0.06%. (2SD), with a variation in 8”*Ga values of up to 1.83%o
across different industrial and natural materials were achieved, opening the way for Ga isotopic approaches
in various research studies. However, studies using the different purification methods reported inconsistent
87'Ga values for certain reference materials (Feng et al., 2019; Kato et al., 2017, Wimpenny et al., 2020; Yuan
et al., 2016; Zhang et al., 2016), requiring further study of technique reliability. We performed an interna-
tional calibration and comparison of §”'Ga values for set reference materials, with results indicating that
87'Ga values, relative to both the NIST SRM 994 and IPGP-Ga standard (Feng et al., 2019; Kato et al., 2017,
Yuan et al., 2016; Zhang et al., 2016), of our newly purchased reference materials JG-2, BHVO-2, and BCR-2
were consistent with those reported previously by other laboratories (Figures 11 and 12, Table S9). Inter-lab-
oratory and international calibration of standards should thus be undertaken regularly to test method relia-
bility and to evaluate possible standard heterogeneity or contamination (Feng et al., 2019; Kato et al., 2017;
Wimpenny et al., 2020; Yuan et al., 2016; Zhang et al., 2016).

The implications of Ga isotopic composition are not yet fully resolved; however, preliminary studies have
clearly shown the interest of Ga isotopes to geoscience research. Cosmochemically, volatilization signifi-
cantly fractionates isotopes of volatile elements such as Hg, B, Zn, Cu, and Sn (Bouchard et al., 2008; Creech
& Moynier, 2019; Luck et al., 2005; Paniello et al., 2012; Xiao et al., 1997; Zheng et al., 2007), and the
recently developed Ga isotopic approach may provide a powerful alternative in the study of processes in-
volved in the loss of volatile elements from planetary bodies (e.g., chondrites, the Moon, and CAIs). For
example, Ga isotopes have been used to study the origin of volatiles depletion in primitive meteorites (Kato
& Moynier, 2017a). The observed enrichment of the heavier Ga isotope in the most volatiles-rich meteor-
ites (CI chondrites) likely indicates that the Ga budget of the parent bodies of primitive chondrites was
not controlled by evaporation within the Solar System, but rather was inherited from very early nebular
processes (Figure 12; Kato & Moynier, 2017a). A recent study has shown that CAls are enriched in the
light Ga isotope, with Ga isotopes thus being of interest in identifying the fate of moderately volatile ele-
ments in planetary bodies and refractory inclusions (Kato & Moynier, 2017b). Furthermore, bulk primitive
meteorites, most likely the building blocks of terrestrial planets, exhibit variable §'Ga values (by ~1%o)
negatively correlated with Al/Ga ratios, as observed similarly for other moderately volatile elements such as
Zn (Pringle et al., 2017) and Rb (Pringle & Moynier, 2017), suggesting a lack of evaporation effect in the vol-
atile-element budget. Through analysis of a series of terrestrial mafic and ultra-mafic rocks (ocean-island
basalts, MORBs, and komatiites), Kato and Moynier (2017a) found that Ga isotopes are not significantly
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Figure 11. 37'Ga values for geological reference materials, normalized to NIST SRM 994 (a) and IPGP Ga standard
(b), respectively (see detailed in Table S9). Data from Feng et al., 2019 (green triangle); Kato et al., 2017 (red box), and
Zhang et al., 2016 (purple circle) are also displayed. Blue diamonds are the §'Ga values measured in this study.

fractionated during magmatic differentiation and have an average bulk silicate Earth isotopic composition
of 8"'Ga = ~0.00%0 + 0.06%o (relative to the IPGP-Ga; Figure 12; Table S9).

Another promising potential application of Ga isotopes is the investigation of surface weathering processes,
with Ga being an analog of Al, a major component of aluminosilicates commonly considered conservative
during surface alteration (Hydes, 1979; Hydes & Liss, 1977; Measures & Edmond, 1988; Orians & Bru-
land, 1988a, 1988b; Pokrovsky & Schott, 2002a; Richardson & Derry, 2016; Shiller & Frilot, 1996). Previous
studies have shown that isotopes of elements such as Mg, Ca, Ba, and Li are powerful tools in investigat-
ing surface weathering and its relative climatic and environmental effects (Dellinger et al., 2014; Gussone
et al., 2016; Hindshaw et al., 2011; Opfergelt et al., 2012; Teng et al., 2010; Tipper et al., 2006), but none
of these act as a reliable proxy for trivalent Al. Yuan et al. (2016) studied the adsorption of Ga on surfaces
of calcite and goethite minerals, and found significant Ga isotopic fractionation (up to 1.3%.) during Ga
adsorption (Yuan et al., 2018), foreshadowing the potential application of Ga isotopes in tracing and char-
acterizing surface biogeochemical processes. Previous studies have also reported that industrially produced
Ga materials are significantly enriched in the heavy isotope relative to geological materials, foretelling the
usefulness of Ga isotopes for distinguishing natural from anthropogenic sources (Feng et al., 2019; Kato
et al., 2017; Yuan et al., 2016; Zhang et al., 2016). It is thus safe to conclude that Ga isotopes are likely to
provide additional clues concerning yet-underconstrained Al behavior and its biogeochemical cycle, and
shed new light on other biogeochemical processes in which Ga is involved.
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Figure 12. §7'Ga values (normalized to NIST SRM 994 Ga standard) in different natural samples. Data derived from
this study and taken from Feng et al. (2019), Kato et al. (2017), Wimpenny et al. (2020), Yuan et al. (2016), and Zhang
et al. (2016). The Ga isotopic composition of Bulk Silicate Earth (BSE) was obtained from Kato et al. (2017).

5. Conclusions and Geochemical Implications

More than a century of research on the systematics of Ga in various Earth reservoirs has provided a large
data set that significantly improves knowledge of Ga biogeochemistry. Recently developed isotopic ap-
proaches will undoubtedly be useful in tracing the origin of Ga and elucidating the geological and biological
processes that modify its fate in Earth systems. This review is a compilation of available published data and
provides a state-of-the-art view of the geochemistry of Ga and related applications.

This review also highlights major knowledge gaps in Ga systematics, including the lack of data for deep
Earth reservoirs, the behavior of Ga during surface weathering, the transfer and transformation of Ga in
surface ecosystems, the coupling of Ga with Al, Fe, and other elements such as Ge, B even Zn, the rela-
tionship between Ga and biota and its effect on the global Ga biogeochemical cycle, and the biological
properties of Ga and its derivatives and their possible physiological toxicity. Attention to these areas has the
potential to shape future research in this field.
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An emerging need is a mechanistic view of processes responsible for Ga isotopic fractionation and appli-
cations of Ga isotopic composition. Future progress in this aspect may improve our understanding of the
global biogeochemical cycling of terrestrial Ga. Cosmochemically, as volatilization significantly fractionates
isotopes of volatile elements, a Ga isotope approach may provide an effective tool in improving our under-
standing of processes triggering the depletion of volatile elements in planetary bodies (e.g., chondrites, the
Moon, and CAIs) and the Solar System evolution.
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