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Abstract Mineral/melt and intermineral Ge/Si exchange coefficients for nine common rock‐forming
silicate minerals were determined by Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA‐ICP‐MS). Ge/Si mineral/melt exchange coefficients were found to vary by up to a factor of 10. In mafic
and ultramafic systems, Ge/Si mineral/melt exchange coefficients are less than 1 for plagioclase (0.48) and
olivine (0.72), close to 1 for clinopyroxene (1.17) and orthopyroxene (1.07), and greater than 1 for garnet
(2.69). In felsic and silicic systems, the Ge/Si mineral/melt exchange coefficient is less than 1 for quartz (0.23),
plagioclase (0.67), and potassium feldspar (0.67) but much greater than 1 for biotite (4.80) and hornblende
(3.95). We show that early, olivine‐dominated fractionation of primitive basalts does not fractionate Ge/Si
significantly, but subsequent cotectic crystallization of plagioclase and pyroxene can increase the Ge/Si ratio
from 6 × 10−6 to 7 × 10−6. We show that the only way to decrease Ge/Si during magmatic differentiation is by
crystallization of hornblende or biotite (though biotite is typically a late crystallizing phase), consistent
with hornblende being a major fractionating phase in hydrous intermediate magmas. The high compatibility
of Ge in hornblende makes this element, in conjunction with Si, a potentially useful approach for
distinguishing between hornblende and garnet in the source regions of intermediate magmas. The high
compatibility of Ge inmicas suggests that Ge/Si systematics may also be useful in understanding the origin of
ultrapotassic magmas, which are often thought to derive from phlogopite‐rich sources.

1. Introduction

Few studies have been performed on Ge in rocks because it is generally thought that Ge behaves like Si,
whose behavior is already well understood, and because of its low natural abundance (e.g., Arevalo et al.,
2011; De Argollo & Schilling, 1978b; Derry et al., 2006; Kurtz et al., 2002; Le Roux et al., 2011; Wasson &
Baedecker, 1970). Burton et al. (1959) systematically reported Ge abundance in over 200 terrestrial materials.
Bernstein (1985), in a review of Ge geochemistry and mineralogy, showed that the Ge content of most terres-
trial silicate rocks and common rock‐forming silicate minerals are similar (from 1 to 4 ppm; Figure 1), but Ge
in some sulfides and iron oxides can vary over several orders of magnitude. Ge and Si are thought to behave
similarly because they have similar ionic radius, valence, and ionic potential under conditions typical of the
Earth's crust and upper mantle (Ringwood, 1955). Thus, the Ge/Si ratio should be difficult to fractionate dur-
ing melting or crystallization; that is, the Ge/Si mineral/melt exchange coefficient

KGe=Si ¼ CGe
min=C

Si
min

� �

CGe
melt=C

Si
melt

� � (1)

is approximately unity for many mineral/melt systems (Malvin & Drake, 1987), where C represents the con-
centration of a particular element in a given phase (mineral or melt). Minerals in which Ge and Si likely
behave similarly are olivine and pyroxene (Capobianco &Watson, 1982; Malvin & Drake, 1987), the primary
constituents of peridotitic mantle.

In detail, however, K is not unity. The Ge/Si mineral/melt exchange coefficient may deviate slightly from
unity for such minerals as garnet, hornblende, and mica. In other cases, Ge's behavior can deviate substan-
tially from that of Si. Ge has a strong preference for clay minerals, such that pelitic sediments become
enriched in Ge relative to Si (Anders et al., 2003; Derry et al., 2006; Hammond et al., 2004; Kurtz et al.,
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2002; Lugolobi et al., 2010). Ge can be enriched in sulfide minerals (e.g.,
argyrodite, briartite, renierite, and germanite), sometimes to levels high
enough to form Ge ore (Bernstein, 1985; Höll et al., 2007). Ge is also
known to form complexes with organic molecules, which may decouple
it from Si in some parts of the marine environment (Bareille et al., 1998;
Dong et al., 2015; Shen et al., 2011; Tribovillard et al., 2011). Ge
compounds are more volatile than Si compounds at high pressures in
hot water vapor (Höll et al., 2007), which leads to the enrichment of Ge
in hydrothermal minerals, such as topaz (Breiter et al., 2013). Finally,
under high‐temperature reducing conditions, such as during core‐
mantle segregation, Ge tends to be more metallic than Si at a given
oxygen fugacity (e.g., Kegler & Holzheid, 2011; Righter et al., 2011).
Altogether, some processes likely leave an imprint of fractionated Ge/Si
ratio in various Earth materials whereas others, such as melting of
peridotitic mantle, may not.

Another property of Ge that may make it a useful tracer of petrogenetic processes is that in silicate systems,
Ge and Si are moderately incompatible to compatible; that is, the elemental exchange coefficient K is ~1. Ge
concentrations, like Si concentrations in igneous rocks, are within a factor of 2. Ge is ~1.1 ppm in peridotitic
mantle (McDonough & Sun, 1995) and ~1.3 ppm for continental crust (Rudnick &Gao, 2003). Element ratios
based on moderately incompatible element systems are “buffered” by mineralogy and are thus difficult to
disturb by contamination with small amounts of fluids or melts. The Ge/Si system becomes interesting when
the petrogenetic process involves a mineral whose K deviates from unity. For example, recent studies by Le
Roux et al. (2010) showed that Zn and Fe are moderately compatible and behave nearly identically during
melting of the Earth's mantle under typical oxygen fugacities of the mantle, but their behaviors diverge when
high oxygen fugacities, garnet, or high‐temperature volatilization of Zn are involved.

Our goal is thus to develop a comprehensive set of accurate Ge/Si exchange coefficients in silicate systems so
that we can identify when Ge/Si systematics can be used as a diagnostic tracer. The most recent attempts to
quantify Ge/Si behavior have come from doped high‐pressure, high‐temperature experiments (Davis et al.,
2013; Le Roux et al., 2011), but so far, there has been no systematic study of partitioning in natural samples,
largely because of the low natural abundance of Ge and the difficulty of measuring Ge in situ. Recently, laser
ablation coupled with high mass resolution magnetic sector inductively coupled plasma mass spectrometry
(ICP‐MS; Arevalo et al., 2011; Righter et al., 2011) has eased the accurate determination of Ge because of the
high sensitivity and high mass resolving power of magnetic sector instruments, the latter essential for resol-
ving the various mass interferences that seem to plague Ge in ICP‐MS, such as 148Sm2+, 148Nd2+ on 74Ge.
Several experimental studies had reported the Ge partition coefficients for sporadic minerals (Davis et al.,
2013; Le Roux et al., 2011, 2015). In this paper, we use natural samples to infer exchange coefficients, provid-
ing systematic Ge/Si exchange coefficients database for rock‐forming silicate minerals in igneous systems.
Although obtaining partition coefficients by nature phenocryst‐matrix pairs encounter some challenges,
our comprehensive set of Ge/Si exchange coefficients can be used interrogate the origin and petrogenesis
of some igneous rocks.

2. Sample and Methods
2.1. Samples

We analyzed mineral phases or lava groundmass in the following samples: spinel peridotite xenoliths from
Samoa Island (SAM‐03, SAM‐04, SAM05, SAM‐08, SAM‐09) and Oak Creek lava flow in California, USA
(OK98‐98‐3 and OK98‐9; Lee et al., 2001); garnet peridotite xenoliths from Letlhakane kimberlite in
Botswana (LETH3) and the Venetia kimberlite in South Africa (VEN1 and VEN2); garnet pyroxenites from
Big Creek in California, USA (08BC16, 08BC17, 08BC19, 08BC20, 08BC26A, 08BC27‐A, BC24B, BC76, BC98‐1,
and BC98‐7; Chin et al., 2014; Lee et al., 2012; Lee et al., 2006); a plagioclase‐phyric andesite fromMount Hood
in Oregon, USA (L10MH20); granitic plutonic rocks from the Bernasconi Hills pluton in California, USA
(213E1 and 214H1; Farner et al., 2014); tonalitic plutonic rocks from the Domenigoni Valley pluton in
California, USA (2009 T‐7; Liao et al., 2013); alkali basalts from Mount Trumbull in Arizona, USA (MT13A

Figure 1. Ge content of various types of rocks and minerals. Data are from
Bernstein (1985) and references therein.
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and MT13E); alkali basalt from the Owens Valley in California, USA (AR); and ultrapotassic basalts from the
San Joaquin volcanic field in the Sierra Nevada, California, USA (DS107A, M33, M72B, M73, MA102, MJ13E,
H98A, and DY1; Van Kooten, 1980).

2.2. Analytical Methods

In situ analyses were obtained by laser ablation ICP‐MS at Rice University using a Thermo Finnigan
Element II Sector ICP‐MS coupled with a New Wave 213 nm laser ablation system. Ablation was performed
on ~150‐μm‐thick sections under a pure He atmosphere. Spot sizes of 110 μmwere used in order to maximize
sensitivity and homogenize large areas of fine‐grained basalt and andesite groundmass. Laser energy density
ranged between 11 and 15 J/cm2, and the repetition pulse rate was set at 10 Hz. Analyses were carried out in
medium mass resolution mode (m/Δm = 3,000) in order to distinguish isobaric interferences on Ge masses
(e.g., 73 and 74), although trace 58Fe16O+ and 36Ar38Ar+ on 74Ge is still irresolvable. Sensitivity was typically
estimated at about 200,000 cps (MR mode) for La on a BHVO‐2g glass standard for a 55‐μm, 10‐Hz spot (15.6
ppm of La; Gao et al., 2002). Both 73Ge and 74Ge were monitored. Both gave the same concentration to
within error, but because the isotope abundance and signal for 74Ge is higher, we used 74Ge to calculate
Ge concentration. We also analyzed the following masses: 23Na, 25Mg, 27Al, 30Si, 31P, 39K, 44Ca, 45Sc, 48Ti,
51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 73Ge, 74Ge, 88Sr, 89Y, and 91Zr (Dong et al., 2015; Shen
et al., 2011). Analyses typically consisted of 10 measurements of gas background and 40 measurements dur-
ing ablation of the sample (Figures 2a–2c). The 74Ge intensities of background are 200–500 cps, while the
sample signals are 5–30 times higher than background based on different type of mineral or rocks
(Figures 2a and 2b). Gas background was averaged and then subtracted from ablation signal. Drift associated
with ablation yield or matrix effects were controlled by internal normalization using 30Si. U.S. Geological
Survey glass standards BHVO‐2g, BCR‐2g, and BIR‐1g were used as simultaneous external standards for
all elements (Gao et al., 2002). The simultaneous use of several calibration standards helps to bracket the
concentrations in the sample unknowns, decreasing errors associated with matrix‐dependent elemental

Figure 2. (a and b) Example of a time‐resolved signal for laser ablation inductively coupled plasma mass spectrometry,
including background and sample analysis. (c) Example of internal standard‐normalized elemental signals after sub-
tracting background for same sample as in Figure 2a. Parallel nature of each isotope signal implies homogeneity on the
length scales of ablation. (d) External calibration curve of Ge74.
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fractionations and extrapolation of calibration curve (Lee et al., 2008). The accuracy of the external calibra-
tions for Ge is shown in Figure 2d. Major and trace element concentrations on a volatile‐free basis were esti-
mated by assuming all the measured major elements as oxides (Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO,
TiO, Cr2O3, MnO, and FeO) and then summing up to 100% (Lee et al., 2008; Liu et al., 2008; Shu & Lee,
2015). The external reproducibility and accuracy of the measurements were checked using U.S. Geological
Survey standards BHVO‐2g, BCR‐2g and BIR‐1g (Gao et al., 2002). For each analysis, the detection limit
was estimated at 3 times the standard deviation of the background divided by the sensitivity. Additional
details of analytical procedures are given in Lee et al. (2008) and Shu and Lee (2015).

3. Results
3.1. Ge/Si Systematics
3.1.1. Basalts
The basalt samples from three localities consist of >100‐μm scale olivine phenocrysts set within an aphyric,
microcrystalline groundmass, while two basalt samples (DY1 and H98A) contain plagioclase phenocrysts. In
all cases, groundmass crystals are less than 30 μm. Our 110‐μm‐diameter spot size is larger than average
grain size in the microcrystalline groundmass, but heterogeneities in the bulk composition of the ground-
mass still persist. This can be seen from the variability in Ge/Si ratio for different 110‐μm laser ablation sam-
pling of the basalt groundmass. This variation in measured Ge/Si ratio varies with MgO and Al2O3 due to
variations in the abundance of microcrystalline clinopyroxene (Cpx) and plagioclase (Pl) that were not fully
homogenized by a 110‐μm spot size. We assumed that our sampling bias was random so that the average of
numerous ablation spots provides the best estimate of the actual groundmass composition. For olivine (Ol)
and plagioclase phenocrysts within the basalt, we analyzed several grains in each sample to obtain
representative concentrations.

The Ge concentration (ppm by weight) and Ge/Si ratio (ppm/ppm) of basaltic groundmass and olivine phe-
nocrysts are shown in Figure 3a and Tables S1 and S2 in the supporting information. Ge concentration of
basaltic groundmass ranges from 1.4 to 2.1 ppm and Ge/Si ratio varies from 5.9 × 10−6 to 9.7 × 10−6.
Olivine phenocrysts have slightly lower Ge concentration (0.9 to 1.3 ppm) and Ge/Si ratio (5.1 × 10−6 to
6.6 × 10−6) than the basalt groundmass. Ge content of plagioclase phenocrysts is about 0.8 ppm and Ge/Si
ratio varies from 2.9 × 10−6 to 3.2 × 10−6.
3.1.2. Peridotites
Seven spinel peridotite xenoliths and three garnet peridotite xenoliths from several place (see section 2.1)
were used to study the Ge/Si partitioning coefficients. The spinel peridotites have clinopyroxene‐
orthopyroxene equilibration temperatures of ~1000 °C, while the garnet (Gt) peridotites equilibrated
between 1000 and 1400 °C (Lee et al., 2001). Olivine has the lowest Ge/Si ratio (2.5 × 10−6 to 4.6 × 10−6)
and Ge concentration (0.5 to 0.9 ppm; n = 23) among the silicate phases (Tables S1 and S2). No significant
difference was observed between olivines in spinel peridotite and in garnet peridotite. Clinopyroxene and
orthopyroxene (Opx) have similar and moderate Ge concentration and Ge/Si ratio (Figure 3b and
Tables S1 and 2). Ge content of orthopyroxene ranges from 1.3 to 1.8 ppm and Ge/Si ratio varies from 4.7
× 10−6 to 6.3 × 10−6 (n = 10). Ge content of clinopyroxene ranges from 1.2 to 1.5 ppm, and Ge/Si ratio varies
from 4.7 × 10−6 to 6.3 × 10−6 (n= 14). Garnet has the highest Ge concentration (2.3 to 2.4 ppm) and the high-
est Ge/Si ratio (10.6 × 10−6 to 11.3 × 10−6; n = 3) of the silicate minerals in peridotite (Tables S1 and S2).
Spinel has the lowest Ge concentration (0.13 to 0.17 ppm; n = 2) and therefore contributes negligibly to
the Ge and Ge/Si systematics of the bulk peridotite.
3.1.3. Garnet Pyroxenites
The garnet pyroxenites are dominated by clinopyroxene and garnet with lesser amounts of orthopyroxene,
occasional amphibole. The garnet pyroxenites record equilibration temperatures below 900 °C (Lee et al.,
2006). In general, garnets have much higher Ge contents and Ge/Si ratios than clinopyroxene (Figure 3c).
Ge content of clinopyroxene ranges from 1.3 to 1.6 ppm, and Ge/Si ratio varies from 4.9 × 10−6 to 6.2 × 10−6

(n = 8), while Ge content of garnet ranges from 2.8 to 3.3 ppm and Ge/Si ratio varies from 14.2 × 10−6 to
15.8 × 10−6 (n = 8; Tables S1 and S2).
3.1.4. Andesites
An andesite from Mount Hood Oregon was used to study the Ge/Si exchange coefficients between plagio-
clase and melt. The mineral assemblage of the andesite is dominated by plagioclase and orthopyroxene
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with minor clinopyroxene. We analyzed eight plagioclase phenocrysts and adjacent andesite groundmass
pairs in thin section. For each plagioclase phenocryst‐groundmass pair, we analyzed three spots to obtain
a representative composition. Andesite has lower Ge and Ge/Si than basalt (Tables S1 and S2). The Ge
content of andesite groundmass ranges from 1.0 to 1.2 ppm, and Ge/Si varies from 3.0 × 10−6 to 3.8 × 10−6

(n = 8). Plagioclase phenocrysts within andesite have lower Ge and Ge/Si compared to andesite
groundmass (Figure 3d). Ge content of plagioclase phenocryst ranges from 0.5 to 0.7 ppm, and Ge/Si
varies from 1.9 × 10−6 to 2.5 × 10−6 (n = 8; Tables S1 and S2), lower than that in the granites and diorites.
3.1.5. Granites and Diorites
In situ laser ablation ICP‐MS analyses on minerals in two granites are shown in Table S1. We measured bio-
tite (Bt), quartz (Qtz), potassium feldspar (Kfs), and plagioclase. In a given sample, biotite contains the
highest Ge (~3.8 ppm) and Ge/Si (~22 × 10−6) while quartz contains the lowest Ge (~0.5 ppm) and

Figure 3. Ge/Si ratios of various minerals plotted against each other. Intermineral andmineral‐melt exchange coefficients
are calculated from the slope of linear regression lines forced through zero (orthogonal regression was assumed). Numbers
within the plot represent the calculated slopes.
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Ge/Si (~1.1 × 10−6). Plagioclase and potassium feldspar have almost the same Ge (~1.0 ppm) and Ge/Si
(~3.3 × 10−6; Figure 3f).

A diorite sample, biotite‐rich (30%), and containing hornblende (∼25%), plagioclase (∼10%) and quartz
(∼35%) was analyzed to calculate the hornblende (Hb) and plagioclase Ge/Si exchange coefficient.
Hornblende has much higher Ge (~4.3 ppm) and Ge/Si (~21 × 10−6) than those (Ge ~ 1.0 ppm; Ge/Si
~ 3.3 × 10−6) of plagioclase (Figure 3e).

4. Discussion
4.1. Intermineral and Mineral‐Melt Exchange Coefficients

As stated in section 1, we define here the Ge/Si exchange coefficient (KGe/Si) between two phases i and j as

KGe=Si ¼ CGe
i =CSi

i

� �

CGe
j =CSi

j

� � (2)

C is concentration of Ge or Si in phase i or j. If the exchange coefficient of a given mineral pair is constant,
then the Ge/Si ratios of two phases plotted on a binary plot will lie on an array that will project through the
origin. The slope of this array is the exchange coefficient K. While the exchange coefficient will depend on
temperature and the major element chemistry of the phases, we assume that the temperature dependence
of Ge and Si partitioning are similar so that the exchange coefficient is less temperature sensitive. For exam-
ple, Fe2+/Mg2+ exchange coefficients are known to be relatively temperature‐insensitive even though Fe and
Mg partitioning are temperature sensitive (see Beattie et al., 1991). We thus forced a regression through zero
to obtain exchange coefficients (Figure 3). This approach was used to obtain exchange coefficients from nat-
ural samples in Le Roux et al. (2010), which was then confirmed experimentally by Le Roux et al. (2015).

Intermineral exchange coefficients are reported in Table 1. It can be seen that exchange coefficients for a
given mineral pair are, in some cases, identical within error, even for different systems. For example, the
clinopyroxene‐garnet exchange coefficient in high‐temperature (>1200 °C) peridotite (0.43) is indistinguish-
able from that of eclogites (0.38), which equilibrated at lower temperatures (<900 °C). This suggests that
temperature effects are canceled out (to within the error of our measurements) when considering Ge‐Si
exchange in mafic and ultramafic systems, even though Ge and Si partitioning individually depends
on temperature.

Mineral‐melt exchange coefficients are determined directly and indirectly. We are able to directly determine
olivine/melt and plagioclase/melt exchange coefficients from phenocryst‐lava groundmass pairs. The
remaining mineral/melt exchange coefficients were determined by bootstrapping intermineral exchange
coefficients. For example, the clinopyroxene/melt exchange coefficient is determined by multiplying the

clinopyroxene/olivine by the olivine/melt exchange coefficient, KGe=Si
Cpx=melt ¼ KGe=Si

Cpx=Ol*K
Ge=Si
Ol=melt . This approach

of using natural samples was well demonstrated in Lee et al. (2012) for Cu and Le Roux et al. (2010) for Zn
and Fe, again confirmed experimentally (Le Roux et al., 2011, 2015; Liu et al., 2014). Mineral/melt exchange
coefficients calculated in this way are listed in Table 1.

We now compare our results to previous studies. The first systematic study on Ge partitioning in mafic sys-
tems was done experimentally in doped (1 wt. % levels of GeO2) systems by Malvin and Drake (1987) with
Ge determined by electron probe microanalysis. They obtain a Ge/Si exchange coefficient for olivine/melt
of 0.73, clinopyroxene/melt of 1.4 and plagioclase/melt of 0.58 (Table 1). Despite the fact that their experi-
ments were doped at concentrations 104 times that of natural systems used in the present study, our data agree
with their results: Our exchange coefficient for olivine/melt is indistinguishable and those for
clinopyroxene/melt and plagioclase/melt are ~17% and 16% lower than those of Malvin and Drake (1987),
likely within error of measurements. Le Roux et al. (2011, 2015) also report Ge partition coefficients based
on doped experiments in mafic systems. Our exchange coefficients for clinopyroxene/melt and olivine/melt
are indistinguishable, and those for orthopyroxene/melt is 15% higher than those of Le Roux et al. (2011,
2015). Yang et al. (2015) reported the Ge content of Martian shergottites and olivine, orthopyroxene within
it, yielding a Ge/Si exchange coefficient for olivine/melt of 0.75 and orthopyroxene/melt of 1.29. Our
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exchange coefficient for olivine/melt is indistinguishable, and those for orthopyroxene/melt are 17% lower
than those of Yang et al. (2015). Davis et al. (2013) obtain Ge/Si exchange coefficients for olivine/melt of
0.43, clinopyroxene/melt of 0.72, orthopyroxene/melt of 0.70, and garnet/melt of 1.56 (Table 1). Our
exchange coefficients are all about 60% higher than those of Davis et al. (2013) for reasons unknown, but
as we will show below Ge/Si exchange coefficients of olivine and pyroxene closer to unity more readily
explain natural mantle and mid‐ocean ridge samples.

Independent constraints on Ge partitioning in felsic systems are sparse (Macdonald et al., 2007). The study of
Macdonald et al. (2007) on natural rhyolite‐phenocryst systems yield a Ge/Si exchange coefficient for
hornblende/melt of 3.41, alkali feldspar/melt of 0.21, and biotite/melt of 3.64 (Table 1). Our exchange coeffi-
cients for hornblende/melt and biotite/melt in andesitic systems agree to within error with those of
Macdonald et al. (2007), but our exchange coefficient for alkali feldspar/melt is twice that of Macdonald et
al. (2007). We will show below, however, that our exchange coefficients can readily explain bulk rock data.

4.2. Bulk Peridotite/Melt Exchange Coefficients

The bulk peridotite/melt exchange coefficientKGe=Si
peridotite=melt can be estimated from the measured olivine/melt

exchange coefficientKGe=Si
Ol=melt along withmeasured intermineral exchange coefficients, mineral modes in peri-

dotite, and Si contents of each phase:

KGe=Si
Peridotite=melt ¼ KGe=Si

Ol=melt XSi
Ol þ XSi

OpxK
Ge=Si
Opx=Ol þ XSi

CpxK
Ge=Si
Cpx=Ol þ XSi

GtK
Ge=Si
Grt=Ol þ XSi

SpK
Ge=Si
Sp=Ol

h i
(3)

where XSi
j ¼ CSi

j xj=C
Si
peridotite is the mass fraction of Si in phase j relative to the whole‐rock (and CSi

j and
CSi
peridotite represent the concentration of Si in phase j and the bulk rock and xj is the weight fraction of

phase j in the rock). Thus, we can calculate the peridotite/melt Ge/Si exchange coefficient by assuming
typical Si contents in peridotitic minerals and their mineral modes. We estimated bulk exchange coeffi-
cients for fertile spinel, fertile garnet peridotite, oceanic, and cratonic peridotite. The peridotite/melt
Ge/Si exchange coefficients and mineral modes (Pearson et al., 2014; Walter, 1998, 2014; Workman &
Hart, 2005) are reported in Table 2. Spinel has a negligible influence on bulk exchange coefficient owing
to its low abundance. Clinopyroxene and orthopyroxene both have Ge/Si exchange coefficients near
unity and thus have little impact on fractionation of Ge/Si. Instead, the Ge/Si exchange coefficients
for peridotite/melt are mainly controlled by the proportions of olivine and garnet because Ge is mildly
incompatible in olivine but compatible in garnet. Over the range of typical fertile upper mantle

Table 1
Intermineral and Mineral‐Melt Exchange Partition Coefficients

Mafic system Felsic system

Intermineral exchange partition coefficients in mafic/felsic system
KCpx/Ol 1.63 ± 0.03 KHb/Pl 5.88 ± 0.30
KOpx/Ol 1.49 ± 0.06 KBt/Pl 7.14 ± 0.53
KGt/Ol 3.77 ± 0.36 KQtz/Pl 0.35 ± 0.04
KCpx/Grt 0.38 ± 0.01 KKfs/Pl 1.00 ± 0.03
Mafic system Felsic system

Mineral‐melt exchange partition coefficients in mafic/felsic system
This study M&D Le Roux Davis Our data Macdonald

KOl/Basalt 0.72 ±0.04 0.73 0.79 0.43 KPl/Andesite 0.67
KPl/Basalt 0.48 ±0.02 0.58 KKfs/Andesite 0.67 0.21
KCpx/Basalt 1.17 ±0.08 1.40 1.08 0.72 KHb/Andesite 3.96 3.41
KOpx/Basalt 1.07 ±0.08 0.93 0.70 KBt/Andesite 4.69 3.64
KGt/Basalt 2.69 ±0.31 1.56 KQtz/Andesite 0.23

Note. Data source: M&D: Malvin and Drake (1987); Le Roux: Le Roux et al. (2011, 2015); Davis: Davis et al. (2013); and Macdonald: Macdonald et al. (2007). Ol:
olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Gt: garnet; Hb: hornblende; Qtz: quartz; Kfs: potassium feldspar; Bt: biotite; Pl: plagioclase.
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peridotite compositions, the bulk peridotite/melt Ge/Si exchange coefficient ranges from 0.93 to 1.11
from spinel‐ to garnet‐facies peridotites, indicating that Ge/Si ratio of mantle‐derived melts only
change slightly relative to the mantle (Wasson & Baedecker, 1970).

4.3. Ge/Si Systematics in Basaltic Systems
4.3.1. Mid‐ocean Ridge Basalts
Ge and Si data from mid‐ocean ridge basalts (MORBs; Jenner & O'Neill, 2012; Yang et al., 2018) show that
Ge/Si correlates negatively with MgO content (Figure 4a). To understand the evolution of Ge/Si in MORB
during crystallization, we modeled fractional crystallization using thermodynamic programs (Asimow &
Ghiorso, 1998; Ghiorso & Sack, 1995). We used pMELTS (Ghiorso et al., 2002) to calculate the major element
composition of primary MORB, starting with a fertile mantle composition (Palme & O'Neill, 2014) having a
Ge/Si ratio of Rs

0 = 5.45 × 10−6 (McDonough & Sun, 1995; Palme & O'Neill, 2014). We assumed isentropic

Table 2
Peridotite/Melt Exchange Partition Coefficients of Ge/Si

Modal Abundances in peridotites

Source of dataa Ol Opx Cpx Sp Gt Kperidotite

Oceanic mantle peridotite 1 57 28 13 2 0.93
Fertile spinel peridotite 2 49.4 27.6 19.8 3.3 0.94
Fertile garnet peridotite 3 53.6 5.6 27.9 12.9 1.11
Craton peridotite 4 71.9 20.8 3.3 1.1 6.2 0.94

Note. Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Sp = spinel; Gt = garnet; Kperidotite = KGe=Si
D Peridotite=meltð Þ.aMineral modes of mantle peridotites are from 1: Workman and Hart (2005); 2: Walter (2014); 3: Walter (1998); and 4: Pearson et al. (2014).

Figure 4. (a) Ge/Si versus MgO inmid‐ocean ridge basalt (MORB; Jenner & O'Neill, 2012; Yang et al., 2018). Open squares
represent modeled fractional crystallization liquid lines of descent (Asimow & Ghiorso, 1998; Ghiorso & Sack, 1995)
with Ge/Si exchange coefficients determined in this study. (b) The modeled Ge/Si of melt derived from primary mantle.
(c) Plot of Ge/Si versus MgO in ocean island basalts (OIBs), as represented by Hawaii based on data are from (De Argollo &
Schilling, 1978a). (d) Ge/Si ratio of partial melts derived from remelting of MORB‐like garnet pyroxenites in the
eclogite stability field.

10.1029/2019GC008514Geochemistry, Geophysics, Geosystems

HE ET AL. 8



fractional melting (representing polybaric decompression melting) with a 1350 °C potential temperature and
used a 10% aggregate melt to represent primary MORB. Ge systematics were modeled as follows. At every
increment i of melting, melt Ge/Si ratio was calculated using

Rm
iþ1 ¼

RS
iþ1

Ks
iþ1

(4)

where

Rs
iþ1 ¼

Rs
i×C

s
i−R

m
i ×Xi×Cm

i

Cs
i−Xi×Cm

i
(5)

Rm
i is the Ge/Si ratio of each melt increment, Cm

i and Cs
i are the Si concentration of each melt increment (m)

and peridotite (s), Xi is the mass proportion of each melt increment relative to the peridotite residue, andKS
iþ1

represents the Ge/Si exchange coefficient between bulk solid phases and melt, which changes as the mineral
modes change (see equation (3)). We then integrate the melt increments to get an aggregate melt composi-
tion; we show how aggregate melt Ge/Si ratio varies as a function of melting degree (Figure 4b). It can be
seen that Ge/Si is minimally fractionated (about 1.1 times) during peridotite melting. A typical melt derived
from primarymantle (melt fraction of 10%) was used as the parental magma fromwhichMORBs derive (par-
ental MORB thus estimated to have a Ge/Si ratio of 5.72 × 10−6).

We then used MELTS (Asimow & Ghiorso, 1998; Ghiorso & Sack, 1995) to model the differentiation of
MORB. We allowed the parental, primary MORB to fractionally crystallize at 0.3 GPa. Si was tracked as
an output from theMELTS program. The Ge/Si ratio of MORB at each increment of crystallization was deter-
mined using

Rm
iþ1 ¼

Rm
i ×C

m
i −K

s
i×R

m
i ×Xi×Cs

i

Cm
i −Xi×Cs

i
(6)

where Rm
i and Rm

iþ1 represent the Ge/Si ratio of melt at increment i and i + 1, Cm
i and Cs

i represent the Si
concentration of melt and bulk crystallized solid phases at each increment,Ks

i represents the Ge/Si exchange
coefficient between bulk crystallized solid phases and melt, Rm

0 is the parental MORB Ge/Si ratio, and Xi

represents the mass proportion of crystallized solid phases at each increment. Results are shown in
Figure 4a. It can be seen that our Ge/Si exchange coefficients, coupled with theMELTs thermodynamic mod-
els, reproduce the observed MORB Ge/Si systematics. For the first ~27% of crystallization, the liquid line of
descent is controlled by olivine with a bulk Ge/Si exchange coefficient of 0.72. During this stage, MgO
decreases rapidly while Ge/Si ratio increases gradually. Beyond ~27% crystallization, the melt undergoes
cotectic crystallization with proportions of Pl, Cpx, and Ol, which altogether yield a higher but still incom-
patible bulk Ge/Si ratio exchange coefficient (about 0.74–0.83). Since the rate of decrease of MgO declines
(because of plagioclase crystallization), the Ge/Si ratio increases more significantly with decreasing MgO
in a Ge/Si‐MgO diagram.
4.3.2. Ocean Island Basalts
There are limited studies on the Ge/Si systematics of ocean island basalts (OIBs). As far as we know, the only
published data are those from Hawaiian volcanic rocks (De Argollo & Schilling, 1978a; Huang & Humayun,
2016). Unlike MORB, Hawaiian volcanic rocks do not show a clear trend between Ge/Si and MgO, although
it would be worth remeasuring such data using more modern analytical tools with higher precision. In any
case, Hawaiian volcanic rocks (5.9–7.3 × 10−6) fall within the same Ge/Si range as MORBs (Figure 4c). It has
been suggested that pyroxenites might be present in OIB sources (e.g., Allègre & Turcotte, 1986; Dasgupta et
al., 2010; Hirschmann et al., 2003; Sobolev et al., 2007), so the question arises as to whether the pyroxenites
are influencing the Ge/Si of OIBs?

To evaluate the influence of pyroxenites during OIB genesis, we used pMELTS to model the Ge/Si ratio of
melt derived fromMORB‐like garnet pyroxenites (Ghiorso et al., 2002). Since melts derived from pyroxenites
are more silicic, more viscous and hence less mobile, such melts would be difficult to segregate at low melt
fractions. For these reasons, we assumed isobaric (3.0 GPa) batch melting. An average MORB composition
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from Jenner and O'Neill (2012) was assumed. The Ge/Si ratios of melts can

be easily calculated from the equation: Rm ¼ RS

KS, where R
m and RS are the

Ge/Si ratio of melt and the solid garnet pyroxenite respectively and KS is
the bulk garnet pyroxenite/melt exchange coefficient. Importantly,
because of garnet, Ge is compatible relative to Si; that is, KS varies from
1.54 to 1.94 over the course of melting. Model melts derived from garnet
pyroxenites thus have Ge/Si ratios from 3.3–4.2 × 10−6, which is much
lower than that of Hawaii (Figure 4d). Because Hawaii has similar Ge/Si
ratio as MORB, this could imply that garnet pyroxenite may not be an
important component in the mantle source region of Hawaii or more com-
plex modeling of a pyroxenite melting, that is, with melt‐rock reaction,
might be necessary. We note, however, that Hawaii may not be represen-
tative of OIBs and the accuracy of existing Ge data of Hawaiian basalts
might need reevaluation, so more work is necessary. We also have not
explored the possibility of garnet pyroxenites having higher initial Ge/Si,
compensating for the compatible nature of Ge during melting. Garnet pyr-
oxenites formed as primary cumulates in arcs, where garnet is a liquidus
phase, may have higher Ge/Si than garnet pyroxenites formed by meta-
morphism of MORBs, which never saw any significant garnet
fractionation.

4.4. Granitoid Ge/Si Ratio

The major minerals in granitoids are quartz, plagioclase, alkali feldspar, biotite, and hornblende. As shown
in Figure 5, granitoids have Ge/Si ratio less than that of MORBs (Ayuso et al., 2009; Kamei & Takagi, 2003).
They also define a rough trend of Ge/Si decreasing with increasing SiO2. We did not attempt to model the
Ge/Si of granitoid formation using MELTS or related thermodynamic programs because of their difficulty
in predicting amphibole and biotite proportions. We can nevertheless show that granitoid Ge/Si systematics
can be readily explained as a mass balance between these different minerals:

RGe=Si
Granitoid ¼

XQtz×CGe
Qtz þ XPl×CGe

Pl þ XKfs×CGe
Kfs þ XBt×CGe

Bt þ XHbl×CGe
Hbl

XQtz×CSi
Qtz þ XPl×CSi

Pl þ XKfs×CSi
Kfs þ XBt×CSi

Bt þ XHbl×CSi
Hbl

(7)

where RGe=Si
Granitoid is the Ge/Si of the granitoid, Xmineral is the mineral mode, and CGe

mineral and CSi
mineral are the

typical Ge and Si concentrations of each mineral phase. The mineral modes of several kinds of granitoids
(granite, granodiorite, monzonite, and diorite; Le Maitre, 2002) and typical Ge and Si contents of each
mineral (Table 3) were used to model the Ge/Si ratio of granitoid as weighted averages of the mineral
phases (Figure 5). Modeled granitoids define a curved mixing (or unmixing) trend line in Ge/Si versus
SiO2 space, with Ge/Si decreasing with increasing SiO2. Our models predict that the Ge/Si ratio of gran-
itoids should be less than that of basalts, primarily due to fractionation of hornblende. Although hornble-
nde is not an early fractionating phase of hydrous basalts, the presence of primary hornblende in
cumulates crystallized from andesitic magmas (Erdman et al., 2016) indicates the importance of hornble-
nde in the evolution of intermediate magmas. It is also possible that granitoids form by partial melting of
amphibolites, which would also generate melts with low Ge/Si if amphibole is residual. Published

Figure 5. Ge/Si versus SiO2 (wt. %) for granitoids andminerals within them.
Granitoid data are from (Ayuso et al., 2009; Kamei & Takagi, 2003). Red
circles represent model granitoid compositions based on mass balance of
measured mineral compositions with mineral modes taken from Le Maitre
et al. (2002). Qtz = quartz; Hb = hornblende; Pl = plagioclase; Kfs = alkali
feldspar; Bt = biotite.

Table 3
The Mineral Modes, Ge/Si Ratio, and Ge and Si Contents of Some Representative Granitoids

Modal Abundances in granitoids (%)

Qtz Hb Bt Pl Kfs SiO2 (wt. %) Ge (ppm) Ge/Si (×10−6)

Granite 50 2 2 30 16 81 0.87 2.29
Granodiorite 30 5 3 44 18 72.8 1.09 3.20
Monzonite 4 0 8 50 38 63.6 1.2 4.04
Diorite 5 40 5 50 0 55.6 2.42 9.29

Note. The mineral modes are assumed from Le Maitre (2002).
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granitoid data (Ayuso et al., 2009; Kamei & Takagi, 2003) are in agreement with the modeled data
(Figure 5). An important conclusion from our granitoid data is that the extreme differentiation (Lee &
Morton, 2015) needed to generate rhyolites and granites can result in low Ge/Si, consistent with quartz
having the lowest Ge/Si of all relevant silicate minerals. We note, however, that assimilation of sediments
could influence Ge/Si as described below.

4.5. Implications and Unanswered Questions

In summary, we show that Ge/Si ratios and Ge/Si ratio exchange coefficients vary greatly from mineral to
mineral (Table 1). Only in the case of melting peridotitic mantle and early differentiation of primitive basalt
does Ge/Si remain relatively unfractionated. Garnet, amphibole, and biotite fractionation should lead to resi-
dual liquids with low Ge/Si. Quartz has the lowest Ge/Si of all magmatic minerals. A number of implications
and questions follow.

First, chemical and physical weathering could enhance Ge/Si fractionation. Quartz‐ and feldspar‐rich
sands would be expected to have low Ge/Si. Clay‐rich sediments, derived from micas or the breakdown
of feldspars and amphiboles, will have high Ge/Si (Lugolobi et al., 2010). Basalts contaminated by sand-
stones might be expected to evolve toward low Ge/Si (and high Si), whereas basalts contaminated by
shales might be expected to evolve to high Ge/Si (without an increase in Si; Derry et al., 2006; Iacono‐
Marziano et al., 2009; Kurtz et al., 2002). Our analysis of a limited data set for granitoids is undoubtedly
too simplistic as contamination and crustal melting will likely complicate interpretation of Ge/Si.
However, our preliminary results here provide good motivation for investigating Ge/Si systematics of
more granitoids.

Ge/Si may also be helpful in distinguishing garnet from hornblende fractionation. Both garnet and hornble-
nde are important mineral phase of the magma source of trondhjemites, tonalites, and granodiorites (Rapp et
al., 1991). They are also major fractionation phases in the roots of island arcs, generating Si‐rich liquids that
resemble the andesitic composition of continental crust (Alonso‐Perez et al., 2008; Davidson et al., 2007;
Erdman et al., 2016; Lee et al., 2006; Lee et al., 2007). Separating the effects of garnet and hornblende is often
difficult because heavy rare earth elements, which are typically used to quantify the influence of garnet are
compatible in both garnet and hornblende. In detail, heavy rare earths are more compatible in garnet than in
hornblende, so residual magmas with low heavy rare earth abundances could have had their rare earth sys-
tematics generated by small amounts of garnet fractionation or large amounts of hornblende fractionation.
What makes Ge/Si systematics interesting is that the Ge/Si exchange coefficient of hornblende is 1.6 times
higher than that of garnet. Thus, the combination of heavy rare earth element and Ge/Si systematics could
yield an additional constraint on the involvement of hornblende or garnet in the magma source or crystal-
lizing phases. This would complement work on the use of middle and heavy rare earths to distinguish
between garnet and hornblende (Davidson et al., 2012). There is, however, not enough granitoid Ge/Si data
in the literature to apply this test right now.

An unanswered question of this study is whether accessory minerals can modify Ge/Si systematics. For
example, could the low Ge/Si ratios of evolved magmas, which we attribute to hornblende here be controlled
by the fractionation of other phases, such as magnetite, sulfide, and apatite? Examination of Ge/Si in back‐
arc basin basalts (Jenner et al., 2015) shows that Ge/Si decreases at ~4 wt. % MgO, coinciding with the onset
of magnetite, sulfide, apatite, and plagioclase fractionation (Figure 6). Our study here suggests plagioclase
fractionation by itself should lead to an increase in Ge/Si. For Ge/Si to decrease by fractionation of the other
minerals, which are in low abundance, Ge must be highly compatible in such minerals. More work is neces-
sary to quantify the Ge systematics of magnetite and sulfide. However, the fact the Ge concentration itself
does not decrease at the onset of magnetite saturation (Figure 6) suggests that these accessory phases do
not play a significant role. Instead, we see that the decrease in Ge/Si is associated with an increase in SiO2

content (Figure 6). One possibility is hornblende fractionation at depth, but these back‐arc basin basalts
are not known to have hornblende. We are thus unable to explain the back‐arc basin fractionation Ge/Si
fractionation trends.

Finally, the compatibility of Ge in biotite suggests that Ge/Si systematics of ultrapotassic magmas may
be useful in quantifying the role of phlogopite in the source regions of suchmagmas or as fractionating phase.
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5. Conclusions

We studied the mineral/melt and intermineral exchanging behavior of Ge/Si for nine common rock‐forming
minerals in natural mafic and felsic systems. Ge/Si mineral/melt exchange coefficients vary by up to a factor
of 10. In mafic and ultramafic systems, Ge/Si mineral/melt exchange coefficients are less than 1 for plagio-
clase (0.48) and olivine (0.72), close to 1 for clinopyroxene (1.17) and orthopyroxene (1.07), and greater than
1 for garnet (2.69). In felsic and silicic systems, the Ge/Si mineral/melt exchange coefficient is less than 1 for
quartz (0.23), plagioclase (0.67), and potassium feldspar (0.67) but much greater than 1 for biotite (4.80) and
hornblende (3.95).

The bulk peridotite/melt exchange coefficient was estimated from the measured olivine/melt exchange coef-

ficient KGe=Si
Ol=melt along with measured intermineral exchange coefficients, mineral modes in peridotite, and Si

Figure 6. (a–d) FeO (wt.%), SiO2 (wt.%), Ge (ppm), and Ge/Si ratio versus MgO (wt.%) and (e and f) SiO2 (wt.%), Ge/Si
ratio versus K2Oinitial/K2O for Valu Fa back‐arc basins lavas in the Tonga subduction zone (Jenner et al., 2015). The
K2Oinitial is the K2O of the lava at 8% MgO, where K2Oinitial/K2O is used as a proxy for residual melt fraction. Decrease in
Ge/Si coincides with onset of magnetite fractionation, but magnetite fractionation does not appear to influence Ge con-
centration. Decrease in Ge/Si is due to an increase in SiO2 of residual melt.
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contents of each phase. Over the range of typical fertile upper mantle peridotite compositions, the bulk
peridotite/melt Ge/Si exchange coefficients are near unity (0.93–1.11), indicating that the Ge/Si ratio of
mantle‐derived melts must be similar to that of the mantle. We show that early olivine‐dominated fractiona-
tion of basalts also does not lead to significant Ge/Si fractionation. However, precipitation of plagioclase
causes Ge/Si to rise slightly in the residual magma.

In contrast, fractionation of hydrous magmas, where hornblende may be amajor fractionating phase inmore
intermediate systems, the compatibility of Ge in hornblende causes residual liquids to decrease in Ge/Si. This
is why granites have Ge/Si significantly lower than basalts and even the mantle.

Finally, we suggest that Ge/Si systematics may be useful in distinguishing between the effects of garnet and
amphibole on the evolution of intermediate magmas in continental arcs. However, there is still insufficient
bulk rock Ge data on arc magmatic rocks to pursue this direction now. And the high compatibility of Ge in
micas suggests that Ge/Si systematics may also be useful in quantifying the role of phlogopite in the source
regions of such magmas or as fractionating phase.
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