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a b s t r a c t
We measured the magnesium isotopic compositions of endoskarns (i.e., the metasomatically altered interior
margin of the pluton) generated by contact metamorphism between granodioritic magma and dolomitic
wallrock. The endoskarns were sampled as crustal xenoliths in Pleistocene basaltic cinder cones erupted in eastern California and provide a record of pluton–wallrock interactions at depth. The endoskarns consist of an outer
zone made of pyroxenite (Mg-rich) and an inner zone represented by a plagioclase–quartz lithology with relict
plutonic textures and minor pyroxene. The inner and outer zones are separated by a thin selvage of phlogopite.
The Mg isotopic compositions of these endoskarns are all signiﬁcantly lighter (δ26Mg b −0.8‰ relative to the
Dead Sea magnesium (DSM-3) standard) than canonical peridotitic mantle (δ26Mg = −0.25‰). In particular, the
outer pyroxenite zones of the endoskarn are consistently N1‰ lighter (−1.69 to −2.09‰; mean = −1.74‰;
SD = 0.07‰; n = 8) than the mantle, and Mg isotopic values increase in the inner, Mg-poor and plagioclase–quartz
dominated zone (δ26Mg of −0.82‰). Because of the high temperatures associated with endoskarn formation, it is
unlikely that the light Mg isotopic compositions result from equilibrium isotopic fractionations between mineral
phases. The Mg isotopic signatures of the endoskarns are most easily interpreted by the mixing of Mg between
Mg-rich and 26Mg-depleted dolomitic wallrock with Mg-poor and 26Mg-enriched magma. Mg isotopes may thus
be useful in tracking magma–carbonate interactions in magmas.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Crustal assimilation of wallrock or anatectic melts derived from the
wallrock is an important process in the origin and differentiation of
magmas. Of interest here is the assimilation of crustal carbonates, such
as limestones and dolostones, which could lead to extensive decarbonation (Kerrick, 2001). Examples in which carbonate assimilation is
thought to be a signiﬁcant source of CO2 in volcanoes come from Merapi
in Indonesia (Chadwick et al., 2007) and Etna and Vesuvius in Italy
(Allard et al., 1991; Fulignati et al., 2000). To place these types of volcanoes in context, Etna and Vesuvius (1.3 ± 0.3 × 1013 g/yr CO2) combined make up 20% of the modern day global CO2 production from arcs
(b3.1 × 1013 g/yr C) (Allard et al., 1991; Dasgupta and Hirschmann,
2010). If carbonate assimilation is widespread, then there are important
implications for the long-term global carbon cycle and climate change
(Kerrick, 2001; Berner, 2003; Lee et al., 2013).
The extent to which magmas interact with crustal carbonates, however, is difﬁcult to constrain because the interaction zones are often
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poorly exposed. In many cases, crustal carbonates can be assimilated
by magmas, leaving behind little physical evidence (Liao et al., 2012).
Detecting carbonate assimilation in magmas using conventional radiogenic isotopes may be difﬁcult because limestones and dolostones are
typically characterized by unradiogenic Sr isotopes (and hence, similar
to juvenile magmas), and their Nd concentrations are so low that they
may not inﬂuence the Nd isotopic composition of the magma. Therefore,
it is possible that the extent of carbonate assimilation in the evolution of
magmas has been under-estimated. Diagnostic tools for identifying
carbonate interaction/assimilation by magmas are thus necessary.
The stable isotopes of Mg may have potential in tracking carbonate
wallrock and magma interactions. Signiﬁcant Mg isotopic variations
are observed in low temperature environments, ranging from +1‰ to
~−5.5‰ (Galy et al., 2002; Tipper et al., 2006a; Buhl et al., 2007;
Brenot et al., 2008; Pogge von Strandmann et al., 2008; Tipper et al.,
2008; Immenhauser et al., 2010; Li et al., 2010; Teng et al., 2010b;
Wimpenny et al., 2010; Huang et al., 2012). For example, river waters
vary from −2.6‰ to +0.8‰(Tipper et al., 2006a,b; Pogge von
Strandmann et al., 2008; Tipper et al., 2008), weathering residues are
between −0.3‰ and +0.6‰ (Teng et al., 2010b; Huang et al., 2012),
seawater is globally homogeneous at ~−0.8‰ (Ling et al., 2011), and
carbonates are between −1‰ to −5.5‰ (Galy et al., 2002; Pogge von
Strandmann, 2008; Higgins and Schrag, 2010). In contrast, igneous
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2. Geological setting and sample description

rocks and minerals generally exhibit a more limited range in Mg isotopic
compositions (Handler et al., 2009; Liu et al., 2010; Teng et al., 2010a),
although inter-mineral isotopic fractionations are also observed
in high temperature rocks (Li et al., 2011; Liu et al., 2011; Wang et al.,
2012).
Thus, given the sharp contrast in Mg isotopic behavior during low
and high temperature processes, low temperature isotopic signals can
be preserved during high temperature processes. As shown in recent
studies by Shen et al. and Teng's group (Shen et al., 2009; Liu et al.,
2010), some granitic rocks are isotopically heavy in Mg, which can be
explained by the assimilation of pelitic metasediments, which are
enriched in 26Mg (Li et al., 2010). However, assimilation of carbonate
rocks, such as dolostones or Mg-bearing limestones, should drive Mg
isotopes towards light signatures.
As a step towards testing the effect of carbonate assimilation on the
Mg isotopes of magmas, we investigated rocks formed by the interaction
of granodioritic magma with a dolomitic wall rock derived from the deep
crust of the late Cretaceous Sierra Nevada batholith in California, USA
(Ducea, 2001; Lee et al., 2007). These metasomatic interior margins of
plutonic rocks are called endoskarns. These rocks were sampled as xenoliths hosted in Quaternary basaltic lavas associated with Basin and Range
extension (Dyer et al., 2011). Previous detailed petrographic and geochemical analyses of these samples show that their protoliths are granodiorite plutonic rocks that have been metasomatized by CO2-bearing
ﬂuids released from dolomitic wall rock due to decarbonation of the
wall rock during skarn formation. Speciﬁcally, these CO2-bearing ﬂuids
were also enriched in Ca and Mg, leading to Ca and Mg enrichment of
the pluton margins, resulting in the formation of an endoskarn. In this
paper, we investigate the Mg isotopic composition of endoskarns in
order to assess the extent to which they inherit an isotopic signature
from the carbonate wallrock. Because most endoskarn outcrops are poorly exposed or highly weathered, we examined Cretaceous endoskarn
xenoliths in Pleistocene volcanoes. These endoskarns were sampled
from depth during eruption, providing some of the freshest samples of
endoskarn available.

The xenoliths analyzed in this study were collected from the Fish
Springs alkali basalt cinder cone (N 37.0712, W 118.2550), which
erupted ~0.314 million years ago (Martel et al., 1987; Blondes et al.,
2008) on the eastern ﬂank of the Sierra Nevada in the Big Pine volcanic
ﬁeld (0.1–0.5 m.y.) (Fig. 1) (Beard and Glazner, 1995; Mordick and
Glazner, 2006; Blondes et al., 2008). The exposed basement rock
through which the Big Pine volcanic ﬁeld was emplaced is composed
of Cretaceous granitoids to the west and Paleozoic metasediments to
the east (Bateman, 1961; Kistler et al., 1965). Crustal xenoliths are
abundant in the Fish Springs cinder cone. Petrographic and geochemical
observations suggest that a subset of these crustal xenoliths is represented by endoskarns, formed by the interaction between granodioritic
magmas and carbonate wallrocks (Dyer et al., 2011). The endoskarn
xenoliths range in size from a few cm up to 30 cm. Notable features in
these endoskarns include original igneous minerals that have been
replaced by Ca-rich plagioclase and pyroxene (diopside), replacive pyroxenes preserving plagioclase trace-element signatures, and phlogopitic
reaction zones between the pyroxene-rich skarn and magma (Dyer et al.,
2011).
In this study, we focus on two xenolith samples. Sample A (Fig. 2)
consists of four reaction zones with distinctive mineralogies. In the
direction of wallrock to magma, these zones are: a pyroxenite zone
(Px), a phlogopite-rich zone (Phl), a pyroxene-rich (~30%) plagioclase–
quartz zone (Px–Q–Pl), and a plagioclase–quartz zone with b5% pyroxene (Pl–Q). This entire reaction zone occurs over a distance of ~10 cm
and is typical of magma–wallrock contacts described in Dyer et al. The
Px zone is considered the contact itself and all other zones are considered
the endoskarn. Zone Pl–Q contains relict igneous textures and represents
the outer margin of the pluton body (Dyer et al., 2011). The original
plutonic maﬁc minerals (e.g., hornblende and biotite) are not present
in zones Pl–Q and Px–Q–Pl, suggesting that they have been replaced
by pyroxene. Sample B (Fig. 3) is a large (20 cm) plagioclase–quartz
rock containing small amounts of pyroxene and occurring as ﬁnely
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Fig. 1. Geological map showing the sample locality, the Fish Springs cone in the Big Pine volcanic ﬁeld in the eastern edge of Sierra Nevada.
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Pl). Phlogopite is the product of K-bearing magma reacting with the
pyroxene zone:
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disseminated and sub-parallel bands in the rock. Although it contains
no reaction zones, the lithology of Sample B closely resembles that of
zone Px–Q–Pl in Sample A. These mineralogic zones also correspond to
changes in whole-rock MgO content, which correlates with the mode of
the Mg-bearing phase. All pyroxenes are of the diopside endmember
and are characterized by 20–25 wt.% MgO (Dyer et al., 2011). Based on
the above mineral modes, the reconstructed MgO contents of the Px
zone are ~10–15 wt.%, the Px–Q–Pl zones are ~3–8 wt.% MgO, and the
Pl–Q zone are b1 wt.% MgO. The Phl zone is characterized by ~15–20%
MgO.
The above mineralogic zones result from reaction between the
granodioritic magma and dolomite wallrock at depth. The pyroxenite
zone (Px), composed almost of pure endmember diopside, formed by
the following decarbonation reaction at the pluton–dolomite contact:
4þ

2Si

þ

þ 4H2 O þ CaMgðCO3 Þ2 →CaMgSi2 O6 þ 8H þ 2CO2 ↑:

The phlogopite zone (Phl) occurs at the interface between the pyroxenite zone (Px) and the pyroxene-rich plagioclase–quartz zone (Px–Q–

δ26Mg

3.40%

4.25%

MgO(wt.%)

3.40%

þ

2þ

þ 18H þ 6CaMgSi2 O6 →K2 Mg6 Si6 Al2 O20 ðOHÞ4 þ 6Ca

þ 12H2 O:

Pyroxenes in the Pl–Q and Px–Q–Pl zones represent replacement of
magmatic plagioclase associated with Mg-rich ﬂuids derived from the
dolomite
Mg

Fig. 2. Mg isotopic compositions (triangles and left-hand axis) and concentrations (diamonds
and right-hand axis) are shown in the upper panel and photograph of Sample A with mineral
zonation (lower panel). Error bars are 2 standard deviations; the red shadow area denotes
the Mg isotopic composition of the mantle; the yellow shadow area represents the possible
isotopic composition of dolomitic wallrock.

3þ

þ

þ 4H þ CaAl2 Si2 O8 →CaMgSi2 O6 þ 2Al

3þ

þ 2H2 O:

As discussed in Dyer et al., this reaction was evidenced by plagioclase–
diopside replacement textures as well as pyroxenes with trace-element
signatures inherited from plagioclase. The purpose of this study is
to investigate how Mg isotopes vary across these reaction fronts.
3. Methods
3.1. Sample preparation
Three subsamples from the Px zone, two from the Phl zone, one from
the Px–Q–Pl zone, and one from the Pl–Q zone were extracted from
xenolith Sample A. Three subsamples were extracted from Sample B.
Because the maﬁc minerals (pyroxene and phlogopite) account for all
of the Mg in these lithologies, only maﬁc minerals were hand-picked
from the coarse crushed sample (e.g., avoiding quartz and plagioclase)
in order to decrease matrix effects and facilitate puriﬁcation of Mg
after dissolution. Between 4 and 40 mg of maﬁc mineral grains were
dissolved in Savillex Teﬂon beakers using a mixture of concentrated
HF and HClO4. The samples were heated in sealed beakers overnight
at 135 °C, then evaporated on a hot plate at 170 °C. This process was
repeated before sample residues were dissolved in 2% HNO3 in preparation for column chemistry.
3.2. Column chemistry
Mg was puriﬁed by cation exchange chromatography at Rice University. Two cation columns were used; column 1 was loaded with 1.8 ml of
Bio-Rad AG50W-X12 resin (200–400 mesh) and used to separate Mg
from Ca. Column 2, was loaded with 0.5 ml of Bio-Rad AG50W-X12
resin (200–400 mesh) and calibrated to separate Mg from all other matrices. Both columns are pre-cleaned by 6 N HCl, and conditioned with
12 N HCl and 1 N HCl, respectively.
Sample solutions containing ~15–20 μg of Mg were eluted through
column 1 in 12 N HCl. Mg is collected in 4 ml of 12 N HCl with Ca
being retained on the resin. The collected Mg-bearing solution was
dried then loaded onto column 2 in 1 N HCl. This second column step
involves the sequential elution of 0.8 ml of 1 N HCl, 4 ml of 1 N
HNO3 + 0.5 N HF, 1 ml of 1 N HNO3, and 0.5 ml of 2 N HNO3 to elute
Cr, Al, Fe, Na, V, and K, respectively. Mg is then collected with 3 ml of
2 N HNO3. To ensure a clean Mg fraction, each sample was passed
through column 1 twice, followed by three to ﬁve passes through
column 2. Final Mg fractions were analyzed by a single-collector inductively coupled plasma mass spectrometer (ICP-MS) at Rice University to
assess the purity of the Mg. The Na/Mg, Al/Mg, K/Mg, Ca/Mg, and Fe/Mg
are all less than 5% in the ﬁnal solution, and the Mg recovery is N 99%.
3.3. Mass spectrometry

Fig. 3. Photograph of Sample B. Mg isotopic compositions (δ26Mg) and MgO (wt.%) are also
marked on the photo.

Mg isotope ratios were measured at the University of California,
Davis using a Thermo Scientiﬁc Neptune Plus high-resolution multiplecollector ICP-MS. Solutions containing 500 ppb Mg were introduced
into the plasma via an ESI Apex IR desolvating nebulizer. Analyses
were made in static mode, simultaneously measuring 26Mg, 25Mg, and
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Fig. 4. δ26Mg vs. δ25Mg plot for the xenolith samples.

pyroxene (and hence Mg) content. The δ25Mg vs. δ26Mg cross plot is
illustrated in Fig. 4.

4. Results
The δ26Mg values of all samples are between −1.59 and −2.09‰
(average of −1.76 ± 0.13‰, 1σ, n = 12) except for subsample Pl–Q
of Sample A, which has a heavier δ26Mg value of −0.82‰ (Table 1,
Fig. 2). These samples are all isotopically light relative to recent estimates for the Earth's mantle [−0.25 ± 0.07‰ (Teng et al., 2010a)]
and the upper continental crust [−0.22‰ (Li et al., 2010)]. In Sample
A, the δ26Mg values of subsamples from zones Px, Phl, and Px–Q–Pl
are very similar, ranging from −1.69 to −2.09‰. Subsample Pl–Q is
the furthest from the magma–carbonate contact and has the heaviest
δ26Mg value of −0.82‰, ~1‰ heavier than the rest of the xenoliths.
Three subsamples from Sample B, which represents a Px–Q–Pl lithology,
yield δ26Mg values between −1.59 and −1.68‰. This is similar to the
Mg isotopic composition in zones Px, Phl and Px–Q–Pl in Sample A
(Fig. 3). Those samples with the lightest δ26Mg value have the highest

Table 1
Mg isotopic composition of the xenolith samples collected from the Fish Springs cinder cone,
Sierra Nevada. All errors (2σ) are 2 standard deviations of the mean; n is the number of
measurements for each sample, (r) is a replicate analysis.
Specimen

Sample

MgO (wt.%)

δ26Mg

2SD

δ25Mg

2SD

n

A (zoned)

Px-1
Px-2
Px-2 (r)
Px-3
Phl-1
Phl-1 (r)
Phl-2
Px-Q-Pl-rich
Px-Q-Pl-poor
B-1
B-1 (r)
B-2
B-3

13.5
13.5
13.5
14.5
20.0
20.0
16.0
8.5
0.9
3.4
3.4
4.3
3.4

−1.72
−1.69
−1.81
−1.82
−1.88
−1.73
−2.09
−1.85
−0.82
−1.60
−1.68
−1.59
−1.65

0.05
0.03
0.04
0.02
0.06
0.02
0.05
0.02
0.10
0.06
0.12
0.09
0.03

−0.91
−0.86
−0.94
−0.94
−0.98
−0.92
−1.08
−0.98
−0.42
−0.83
−0.86
−0.82
−0.86

0.04
0.06
0.03
0.03
0.01
0.03
0.00
0.03
0.05
0.08
0.08
0.03
0.03

3
3
3
3
3
3
3
3
6
3
3
3
3

B (unzoned)

Standard

δ26Mg

2SD

δ25Mg

2SD

n

Cambridge-1
BIR
BCR
BHVO

−2.60
−0.30
−0.45
−0.26

0.08
0.04
0.06
0.05

−1.34
−0.16
−0.23
−0.14

0.05
0.03
0.06
0.04

46
3
3
3

5. Discussion
The two most important results are as follows. First, all samples are
depleted in 26Mg relative to average values for the upper continental
crust (Tipper et al., 2008; Li et al., 2010) and published values for granitoid rocks (e.g., Shen et al., 2009; Li et al., 2010). Second, in Sample A
the heaviest δ26Mg value is observed in the zone (Pl–Q) farthest from
the carbonate wallrock. In order to explain these results we consider
the following three scenarios.
5.1. Large equilibrium isotope fractionation
The ﬁrst possibility is that the isotopically light Mg is the result of equilibrium isotopic fractionation between the minerals and a ﬂuid/magma
with normal, mantle-like isotopic signatures. This would require a fractionation factor Δ of −1.7‰, where Δ = δ26Mgendoskarn − δ26Mgﬂuid.
Ti-in-quartz thermometry on the Pl–Q and Px–Q–Pl zones yields temperatures between 510 and 570 °C (Dyer et al., 2011), which are lower than
the temperature for water-saturated granite formation. These temperatures are thus minimum bounds on the original magmatic temperatures
at which endoskarn formation occurred and may be too high for equilibrium isotope fractionation of Mg between phases (Liu et al., 2010).
For example, no signiﬁcant fractionation (b 0.1‰) was observed between minerals during differentiation of granitic magmas (Liu et al.,
2010) or at subsolidus conditions involving eclogites and peridotites
(Li et al., 2011). Limited isotopic differences are observed between
most maﬁc silicate mineral pairs, such as clinopyroxene, olivine, and
orthopyroxene (Handler et al., 2009; Yang et al., 2009; Young et al.,
2009; Liu et al., 2011). Signiﬁcant high temperature fractionations
have been observed between mineral pairs, such as spinel–olivine
(Δ ~ 0.25–0.8‰), omphacite–garnet (1.14‰), and phengite–garnet
(1.25–1.47‰) (Young et al., 2009; Li et al., 2011; Liu et al., 2011;
Wang et al., 2012). However, the similar isotopic compositions of
pyroxene-rich and phlogopite-rich zones in Sample A indicate that the
isotopic variations are not related to phlogopite–pyroxene fractionations, and given that phlogopite forms by hydrous metasomatism of
pyroxene, the similar isotopic signatures further suggest that no significant fractionations occurred between the ﬂuid and the maﬁc minerals.
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5.2. Kinetic equilibrium fractionation
A second scenario is the role of kinetic isotope fractionation
(disequilibrium), wherein gradients in chemical potential or temperature drive diffusive re-equilibration in the solid or liquid states
(Richter et al., 2008; Lundstrom, 2009; Richter et al., 2009a,b;
Huang et al., 2010). In general, because the light isotope has a higher
mean velocity than a heavier isotope at a given temperature (kinetic
energy), isotopic zonation is expected to develop whenever a
chemical or thermal gradient is imposed, even if the gradient is at a
steady state. Thermally-driven diffusion is called “Soret”-type if
it occurs in a liquid or “thermal migration” if it occurs in a multiphase system (Richter et al., 2009b). In Soret-type or thermal migration diffusion experiments, the heavy isotope concentrates in the
cold granitic magma end while the light isotope remains in the
hot basaltic end, suggesting preferential diffusion of isotopically
heavy Mg from the hot, Mg-rich end to the cold, Mg-poor end
(Richter et al., 2008). However, these predictions do not reproduce
our observations. In Sample A, the pyroxenite (Px) zone represents
the cold end (closest to wallrock), but it is isotopically light relative to
the plagioclase–quartz (Pl–Q) zone which represents the hot end
(magma). In any case, the temperature gradient across our sampling
transect of b10 cm in Sample A was probably negligible because the
thermal diffusion lengthscale during skarn formation is much greater
(N 100 m). Thermal migration effects are thus unlikely to have been
signiﬁcant on the lengthscales of our sampling.
Our observations also do not match those expected for Mg diffusion
driven by a chemical gradient. In this scenario, the higher effective diffusivities of the light isotope would result in larger diffusive lengthscales for the light isotope compared to the heavy isotope. Therefore,
Mg isotopes would be expected to become progressively lighter “downstream” of the Mg gradient (i.e., towards the granodioritic pluton), as
has been seen in Li and Mg isotopes (Teng et al., 2006; Richter et al.,
2008). In the case of Sample A, Mg isotopes are relatively constant
before becoming heavier toward the magma body (Pl–Q zone), where
the pyroxene-mode and hence Mg concentration are lowest. This is
opposite to the expected behavior of Mg if it is controlled by chemical
diffusion. We note that this discussion does not rule out the permeable
ﬂow of ﬂuids (which follows D'Arcy's law and hence would mathematically have the form of diffusion) as the mechanism of introducing Mg
into the granodiorite; it only rules out differential isotopic diffusion
through ﬂuids or solids as being responsible for the observed Mg isotope
fractionations.
5.3. Source control
A third scenario is that the Mg isotopic systematics is determined by the interaction between granodioritic magma and
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dolomitic wallrock with distinct Mg isotopic compositions. Based
on petrographic and geochemical studies, Dyer et al. suggested
that these skarns and endoskarns formed by granodioritic magma
reacting with dolomitic wallrock. Indeed, the δ26Mg values of carbonates are signiﬁcantly lighter than those of the mantle and
most igneous rocks (Galy et al., 2002; Buhl et al., 2007; Higgins
and Schrag, 2010; Immenhauser et al., 2010; Teng et al., 2010a).
For example, most limestones have δ26Mg values between − 2.5
and − 4.5‰ and dolomites between − 1 and − 2.5‰ (Galy et al.,
2002; Buhl et al., 2007; Immenhauser et al., 2010). The δ26Mg
values of all pyroxene-rich and phlogopite lithologies (− 1.60 and
− 2.09‰) fall in the range of dolomite (Galy et al., 2002; Buhl
et al., 2007; Higgins and Schrag, 2010), which we interpret as independent evidence for reaction with dolomitic wallrock. In particular,
the constancy of the δ26Mg value in the pyroxene-rich and phlogopite
lithologies suggests that the Mg in these lithologies is dominantly derived from the dolomitic wallrock (Fig. 5). The intermediate δ26Mg
value in the Pl–Q zone of −0.8‰ suggests that the pyroxene might
have been partially derived by replacement of primary plutonic biotite
or hornblende, thus explaining the mixed Mg isotopic signature of the
Pl–Q zone.
The relative contribution of Mg from dolomitic wallrock and granodioritic magma can be estimated using a simple mixing model. Assuming that the δ26Mg values of the granodioritic magma and dolomitic
wallrock are −0.3‰ and −2‰, respectively, mass balance suggests
that approximately 70% of the Mg in the Pl–Q zone derives from the
magma, whereas N90% of the Mg in the Px, Phl and Px–Pl–Q zones derive from the carbonate host rock (Fig. 5). For completeness, we also
consider mixing with pelitic endmembers in Fig. 5, but mixing with
pelitic endmembers would not generate a pyroxene-bearing lithology
so it is not worth considering any further.
These results suggest that the Mg isotopic systematics in the
endoskarns is best explained by mixing between isotopically heavy
Mg in the magma and isotopically light Mg in the carbonate wallrock.
Correlations between Mg isotopes and radiogenic isotopes in granitic
differentiation series in plutonic rocks were interpreted to reﬂect mechanical mixing between endmembers rather than kinetic isotope effects (Shen et al., 2009). In the case of endoskarns, Mg is introduced
into the pluton by the porous ﬂow of ﬂuids derived from the
decarbonating country rock, rather than by bulk assimilation of the
country rock.
6. Conclusions
We investigated Mg isotope systematics in endoskarn xenolith samples from the Pleistocene Fish Springs cinder cone in the Sierra Nevada.
The endoskarns are composed of four mineralogic zones (from the contact into the interior): a pyroxenite zone at the wallrock–magma contact, a phlogopite zone, a plagioclase–quartz–pyroxene zone, and a
plagioclase–quartz zone. All zones have Mg isotopic compositions lighter than peridotitic mantle. In detail, the Mg isotopic compositions of the
pyroxene-rich and phlogopite-bearing zones are uniformly light. However, the Mg isotopic composition increases in the plagioclase–quartz
zone, which is furthest from the contact and contains only sparse
amounts of pyroxene. These isotopic anomalies are most easily
explained by source effects rather than kinetic or equilibrium isotope
fractionations. We suggest that the light Mg isotopes represent mixing
of Mg between a granodioritic magma and dolomitic wallrock, the latter
characterized by light Mg isotopes. Such mixing occurs through the ﬂuid
transport of Mg from the country rock into the magma, and not by bulk
assimilation of the country rock.

Mg fraction from dolomtic wallrock
Fig. 5. Mixing model showing relative contribution of Mg from isotopically light dolomitic
wallrock and isotopically heavy endmembers. Granitic endmember having mantle-like
values is shown in bold. Heavier isotopic endmembers, representing magmas with larger
pelitic components, are also shown for completeness.
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