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We investigated the state of the arc background mantle (i.e. mantle wedge without slab component) by means of olivine CaO and its
Cr-spinel inclusions in a series of high-Mg# volcanic rocks from the Quaternary Trans-Mexican Volcanic Belt. Olivine CaO was paired
with the Cr# [molar Cr/(Cr + Al) ∗100] of Cr-spinel inclusions, and 337 olivine+Cr-spinel pairs were obtained from 33 calc-alkaline, high-
K and OIB-type arc front volcanic rocks, and three monogenetic rear-arc basalts that lack subduction signatures. Olivine+Cr-spinels
display coherent elemental and He–O isotopic systematics that contrast with the compositional diversity of the bulk rocks. All arc front
olivines have low CaO (0.135 ± 0.029 wt %) relative to rear-arc olivines which have the higher CaO (0.248 ± 0.028 wt %) of olivines from
mid-ocean ridge basalts. Olivine 3He/4He–δ18O isotope systematics confirm that the olivine+Cr-spinels are not, or negligibly, affected
by crustal basement contamination, and thus preserve compositional characteristics of primary arc magmas. Variations in melt H2O
contents in the arc front series and the decoupling of olivine CaO and Ni are inconsistent with controls on the olivine CaO by melt
water and/or secondary mantle pyroxenites. Instead, we propose that low olivine CaO reflects the typical low melt CaO of high-Mg#
arc magmas erupting through thick crust. We interpret the inverse correlation of olivine CaO and Cr-spinel Cr# over a broad range of
Cr# (∼10–70) as co-variations of CaO, Al and Cr of their (near) primary host melts, which derived from a mantle that has been variably
depleted by slab-flux driven serial melt extraction. Our results obviate the need for advecting depleted residual mantle from rear- and
back-arc region, but do not upset the larger underlying global variations of melt CaO high-Mg# arc magmas worldwide, despite leading
to considerable regional variations of melt CaO at the arc front of the Trans-Mexican Volcanic Belt.
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INTRODUCTION
Forsteritic olivines and their Cr-spinel inclusions (‘olivine+Cr-
spinels’ hereafter) crystallize first in many primitive magmas.
Because olivine+Cr-spinels are stable over only a narrow tempera-
ture interval and are sensitive to melt composition (Dick & Bullen,
1984; Clynne & Borg, 1997; Sobolev et al., 2007), they can capture
compositional characteristics of primitive mantle melts. Several
studies discussed how magmatic olivine+Cr-spinels may track
mantle composition and processes (Dick & Bullen, 1984; Clynne
& Borg, 1997; Nekrylov et al., 2018). The Cr# [=molar Cr/(Cr + Al)
∗100] of magmatic Cr-spinels has been used as indicator of mantle
source depletion (e.g. Dick & Bullen, 1984; Clynne & Borg, 1997;
Kamenetsky et al., 2001; Nekrylov et al., 2018), in similar ways
as the Cr# range of residual Cr-spinels in mantle rocks is used
as indicator of residual mantle fertility (e.g. Dick & Bullen, 1984;
Warren, 2016; Pearce & Reagan, 2019; Pearce & Arculus, 2021). The

olivine Fo [=molar ratio of Mg/(Mg + Fe)∗100] has long been used
as proxy to the Mg# [=molar Mg/(Mg + Fe2+) ∗100] of their equi-
librium melts (Roeder & Emslie, 1970; Putirka, 2008). Moreover,
olivine trace elements have been used to test for the presence of
peridotitic versus pyroxenitic lithologies in the source of oceanic
intraplate and arc magmas (e.g. Sobolev et al., 2005; Sobolev
et al., 2007; Straub et al., 2008; Straub et al., 2011; Díaz-Bravo
et al., 2014; Søager et al., 2015; Brandt et al., 2017; Zamboni et al.,
2017; Rasmussen et al., 2020). While interpretation of what mantle
source characteristics are captured by the olivine trace elements
remains controversial (Kamenetsky et al., 2001; Matzen et al., 2013;
Matzen et al., 2017; Nekrylov et al., 2018), the potential clearly
exists. The use of olivine+Cr-spinels as tracers of mantle source
characteristics is particularly attractive in arc magmas, where
melt hybridization is common (e.g. Eichelberger, 1978; Kent et al.,
2010) and where olivine+Cr-spinels antecrysts may be the only
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way to assess the source characteristics of in-mixed mafic melts
that became absorbed into the larger volumes of co-existing silicic
magma bodies (e.g. Nixon, 1988; Straub & Martin-Del Pozzo, 2001;
Sas et al., 2017; Leeman & Smith, 2018).

In this study, we focus on the CaO contents of forsteritic
olivines from the continental Trans-Mexican Volcanic Belt
(TMVB), which are evaluated together with the Cr-spinel inclu-
sions. As high-level trace element in olivine, CaO has been exten-
sively measured in olivines from mid-ocean ridge basalts (MORB),
from intraplate basalts (Sobolev et al., 2007) and from arc magmas
(Clynne & Borg, 1997; Kamenetsky et al., 2006; Bryant et al.,
2011; Tamura et al., 2011; Díaz-Bravo et al., 2014; Søager et al.,
2015; Ammannati et al., 2016; Gavrilenko et al., 2016; Brandt et al.,
2017; Zamboni et al., 2017; Nekrylov et al., 2018; Mesa & Lange,
2021). It became clear that CaO is more variable in arc olivines,
and can be similar to or higher or lower than in MORB olivines.
However, a consistent feature of arc olivines is that their CaO
concentrations in continental arc magmas (e.g. Trans-Mexican
Volcanic Belt, Aeolian arc, Andean Southern Volcanic Zone, the
Cascades, Kamchatka and Costa Rica) are collectively lower than
those of MORB olivines. At first view, the low olivine CaO may
simply reflect the typical low melt CaO of continental arc magmas
(Plank & Langmuir, 1988; Turner & Langmuir, 2015), given that
CaO as incompatible element in olivine with low olivine/melt
partition coefficient (KdCa

oliv) of ∼0.02 depends on the melt CaO
(Jurewicz & Watson, 1988; Laubier et al., 2014; Ma & Shaw, 2021).
However, there are other factors. For one, it has been argued that
the KdCa

oliv—and thus the olivine CaO - is lowered by the elevated
melt water of hydrous arc magmas (Feig et al., 2006; Gavrilenko
et al., 2016; Mesa & Lange, 2021). Furthermore, it has been
proposed that the low olivine CaO reflects an increased CaO
retention in source by secondary pyroxenites (Herzberg, 2006;
Díaz-Bravo et al., 2014; Søager et al., 2015).

In order to evaluate the causes of the low CaO contents
of olivines in continental arc magmas, we present new high-
precision data of olivine CaO and their Cr-spinel inclusions in
forsteritic olivines from the continental Trans-Mexican Volcanic
Belt (TMVB). In the TMVB, olivine+Cr-spinels are often the only
phenocrysts in the monogenetic basalts to andesites, and in the
basaltic andesites and andesites of the composite volcanoes. They
are antecrysts in the dacites magmas of composite volcanoes
(Nixon, 1988; Straub & Martin-Del Pozzo, 2001; Schaaf et al.,
2005). The new olivine+Cr-spinel data were obtained from
a previously well-characterized set of olivine-phyric volcanic
rocks, which includes several monogenetic volcanoes of the
Sierra Chichinautzin Volcanic Field and of the Serdán basin,
as well as composite volcano Popocatépetl. In addition, we
analyzed for the first time olivine+Cr-spinels in monogenetic
rear-arc basalts that are free from subduction influence and
thus serve as proxy to the TMVB mantle wedge prior to
subduction modifications (Luhr, 1997; Díaz-Bravo et al., 2014;
Gómez-Tuena et al., 2014). Many of the arc front olivines are
‘high-Ni olivines’ which are olivines with a higher Ni at a given Fo
than possible for olivines in partial melts of peridotite mantle,
e.g. MORB olivines (Sobolev et al., 2005) and that have been
linked to secondary pyroxenite in the TMVB mantle wedge
(Straub et al., 2008; Straub et al., 2011). This allows for testing
the proposed link between mantle pyroxenites and low olivine
CaO, while the systematic differences in melt water content
of the TMVB magma series investigated (Cervantes & Wallace,
2003a; Cervantes & Wallace, 2003b; Johnson et al., 2009; Roberge
et al., 2009) allows for evaluating the influence of melt water on
olivine CaO.

GEOLOGICAL BACKGROUND
The Trans-Mexican Volcanic Belt
The Trans-Mexican Volcanic Belt is an active Quaternary volcanic
arc linked to the subduction of the Cocos and Rivera plates
along the Middle American Trench (Figure 1). Detailed reviews
on its evolution and magmatic series can be found elsewhere
(e.g. Gómez-Tuena et al., 2018b) and only pertinent facts are re-
iterated here. The TMVB has a broad, irregular arc front marked
by nine composite volcanoes and several monogenetic fields,
which are constructed on a continental crustal basement that
varies in age (Proterozoic to Cenozoic), composition and thickness
(∼35–50 km). The composite volcanoes erupted several hundreds
of km3 of calc-alkaline andesitic and dacitic magmas, which
display the arc-typical enrichments of large-ion lithophile ele-
ments (LILE) relative to high-field strength elements (HSFE) and
rare earth elements (REE). The numerous small-volume (usu-
ally <<1 km3) cones and lava flows of the monogenetic fields
are much more diverse in composition (e.g. Siebe et al., 2004a;
Siebe et al., 2005; Gómez-Tuena et al., 2018b; Larrea et al., 2019).
Calc-alkaline basaltic andesites are most abundant, but next to
andesites and dacites, high-MgO basalts (up to 10 wt % MgO;
Mg# ≤72) and rare rhyolites also occur (Supplementary Appendix
Figure S1). A compositionally striking subgroup consists of K-
rich basalts and basaltic andesites which are enriched in light
REE and have the steep heavy REE patterns indicative of garnet-
bearing residues (Luhr et al., 1989; Lange & Carmichael, 1990;
Gómez-Tuena et al., 2018b) (Supplementary Appendix Figure S2).
Another notable monogenetic variety is the so-called ‘OIB-type’
arc front magmas, which have the enriched, and only weakly
fractionated trace element patterns of intraplate magmas (e.g.
Wallace & Carmichael, 1999; Schaaf et al., 2005). The OIB-type
volcanics have been considered to best approximate background
mantle melts (Wallace & Carmichael, 1999; Cervantes & Wallace,
2003b; Johnson et al., 2009; Gómez-Tuena et al., 2018b), but they
also have been linked to locally enriched mantle domains that
may (Straub et al., 2013a; Straub et al., 2015) or may not (Turner
et al., 2017; Turner & Langmuir, 2022) be related to slab recycling
in the active subduction regime.

In the monogenetic fields, the diverse arc front magma types
can be closely associated both temporally and spatially. For exam-
ple, in the Sierra Chichinautzin Volcanic Field (Figure 1), late Pleis-
tocene calc-alkaline, OIB-type and K-rich series erupted within a
few 1000 years and within a few kilometers of one another and
sometimes even from the same vent (Siebe et al., 2004a; Siebe
et al., 2005; Straub et al., 2014; Straub et al., 2015). Comprehen-
sive geochemical studies of bulk rock major and trace elements
and Sr–Nd–Pb–Hf isotope ratios, complemented by olivine He–O
isotopes and composition, demonstrate that the compositional
diversity originates from a mantle source that has been made
heterogeneous by the slab flux and melt extraction (Wallace &
Carmichael, 1999; Straub et al., 2008; Johnson et al., 2009; Straub
et al., 2011; Straub et al., 2015; Ahmadi et al., 2023).

Rationale for sample and site selection
We selected olivine+Cr-spinels from 36 high-Mg# basalts to
dacites. The Mg# numbers [=molar ratio Mg/(Mg + Fe2+)∗100] of
the bulk rocks range between 50 and 73, and most (>87%) have
Mg# > 60 (Figure 1; Supplementary Appendix Figure S1). As typical
for the high-Mg# TMVB magmas, olivine+Cr-spinels are the only,
or dominant phenocrysts in the monogenetic basalts to andesites
(Siebe et al., 2004a; Schaaf et al., 2005; Straub et al., 2011; Straub
et al., 2013a; Straub et al., 2014). Rare high-Mg# orthopyroxenes
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Fig. 1. Map of the Trans-Mexican Volcanic Belt a: Trans-Mexican Volcanic Belt (grey shaded) with 9 Quaternary composite volcanoes (black triangles)
Sangangüey (San), Ceboruco (Ceb), Tequila (Teq), Colima (Col), Tancítaro (Tan), Xinantécatl (Xin; also Nevado de Toluca), Popocatépetl (Pop), Malinche
(Mal), Citlaltépetl (Cit; also Pico de Orizaba). Red rectangles denote the three study areas (Rear-arc; Sierra Chichinautzin/ Popocatépetl; Serdan Cones).
Crustal thickness contours (stippled) beneath TMVB, convergence rate in cm/yr (arrows with enclosed numbers) and age (Ma) of subducting Rivera Plate
(RP) and Cocos Plate are from Gómez-Tuena et al. (2018b). EPR, East Pacific Rise; RFZ, Rivera Fracture Zone; OFZ, Orozco Fracture Zone; OGFZ, O’Gorman
Fracture Zone. b: Close-up of Sierra Chichinautzin Volcanic Field/Popocatépetl study area with monogenetic volcanoes (open small grey circles) of the
Sierra Chichinautzin Volcanic Field and adjacent composite volcanoes Xinantécatl and Popocatépetl-Iztaccihuatl. Colored filled circles—sample
locations. Stippled rectangle (ca. 10 × 70 km) denotes zone of volcanic vents which can produce 10- to 20-km-long lavas flowing (arrow) downhill to the
south. Italic names—monogenetic volcanoes sampled: V. Chichi., Volcan Chichinautzin; Yeca., Yecahuazac.; CV, City of Cuernavaca; TL, City of Toluca.

have been observed in same monogenetic basalts and andesites
(Straub et al., 2014), and plagioclase phenocrysts appear in the
most silica-rich OIB-type varieties. Clinopyroxene phenocrysts are
absent, which is typical for the TMVB high-Mg# mafic magmas
(e.g. Blatter & Carmichael, 2001). At Popocatépetl, olivine+Cr-
spinels are the only phenocrysts in basaltic andesites and mafic
andesites, and they occur as antecrysts in the plagioclase- and
pyroxene-phyric Popocatépetl dacites (e.g. Straub et al., 2008;
Straub et al., 2011).

Thirty-one samples are from ten different monogenetic vol-
canoes; five samples are from composite volcano Popocatépetl.
Despite their small size, several of the monogenetic volcanoes (e.g.
Texcal Flow, V. Chichinautzin, Suchiooc, Cuatepel) are composed
of two and more compositionally distinct lava flows (e.g. Siebe
et al., 2004a; Straub et al., 2013a; Straub et al., 2014). An important
criterion for sample selection was the lack of consanguinity for
most of the 36 samples, which means they are not related to
each other by fractional crystallization and/or varying extents of
partial melting. The lack of consanguinity was determined on the

basis of the metadata, for example by the distinct Sr-Nd-Pb-Hf
isotope ratios or distinct incompatible trace element patterns at
a similar high bulk rock Mg# of the sample. According to these
criteria, 31 of the samples represent distinct melt batches from
distinct mantle sources (e.g. Straub et al., 2011; Straub et al., 2013a;
Díaz-Bravo et al., 2014; Gómez-Tuena et al., 2014; Straub et al., 2014;
Straub et al., 2015). The samples selected are from three study
areas (Figure 1):

Arc front: Sierra Chichinautzin/Popocatépetl
The principal study area between 99.3◦ and 98.4◦W includes
Popocatépetl and several monogenetic volcanoes in the Sierra
Chichinautzin Volcanic Field to the west (marked Sierra Chichin-
autzin/Popocatépetl in Fig 1). All volcanic vents are located within
a narrow, arc front-parallel corridor of ∼10 km width and ∼ 70 km
length, from which individual lavas extend up to ∼20 km downhill
to the south (Wallace & Carmichael, 1999; Siebe et al., 2004a;
Agustín-Flores et al., 2011; Straub et al., 2013a; Straub et al., 2014;
Straub et al., 2015). The Quaternary arc volcanoes are presumably
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constructed on Paleozoic high-grade metamorphic complexes of
the Mixteco terrane (Gómez-Tuena et al., 2007; Ortega-Gutiérrez
et al., 2008; Gómez-Tuena et al., 2018b). Subduction parameters
such as distance to trench, height above slab (∼100 km), slab dip
and crustal thickness (∼45 km) are all similar, thus do not account
for differences in melt composition, which include calc-alkaline,
high-K and OIB-type magmas. Calc-alkaline magmas are basaltic
andesites, andesites and dacites from Popocatépetl, and basalts,
basaltic andesites and andesites from the monogenetic volcanoes
V. Cuatepel, Cerro Pelagatos, Guespalapa Volcanic Complex and
the Suchiooc Cone. High-K basaltic andesites were collected from
V. Tuxtepec and Yecahuazac Cone. OIB-type basalts and basaltic
andesites were collected from V. Chichinautzin, Texcal Flow, and
the Suchiooc lava flows. Many of monogenetic volcanoes are
constructed by several, compositional distinct lavas flows and/or
pyroclastic cones; and sometimes the chronology of their events
can be reconstructed (e.g. Siebe et al., 2004a; Straub et al., 2013a;
Straub et al., 2014).

Arc front: Serdán Basin
The ‘Serdán basalts’ are located ∼122 km east of Popocatépetl
in the western foothills of the Citlaltepetl and Sierra Negra vol-
canoes. They are calc-alkaline, high-MgO (∼8.2–9.4 wt %), high-
Mg# (∼68.5–71) basalts and basaltic andesites that have enriched
Sr–Nd–Pb–Hf isotope signatures (LaGatta, 2003), which have been
linked to either basement contamination (Cai et al., 2014) or
to recycling of tectonically eroded fore-arc crust (Parolari et al.,
2021). The Serdán basalts erupt ∼150 km above slab through the
∼35–40 km thick continental crust of possibly Precambrian age
(Gómez-Tuena et al., 2018b). Three studied Serdán basalts are from
three cones near the town of Serdán (Cerro Resbaladero, Western
and Eastern Mesa Techachales); a forth sample (SM18) was taken
from an unnamed basaltic andesite flow ca. 15 km to the south.

Rear-arc: Monogenetic volcanoes near
Sangangüey
The ‘rear-arc basalts’ (n = 4) are high-TiO2 monogenetic basalts
that erupted within ∼10–20 km of the calc-alkaline Sangangüey
composite volcano at 104.7◦W (Gómez-Tuena et al., 2014). Their
incompatible trace element patterns lack subduction signatures
and resemble those of oceanic alkali basalts. Rear-arc olivines
have Ni and CaO concentrations comparable to those in mid-
ocean ridge basalts (MORB) (Díaz-Bravo et al., 2014; Gómez-Tuena
et al., 2014). Erupting ∼320 km above slab, rear-arc basalts repre-
sent melts from a TMVB mantle not modified by the slab flux.
The continental basement near Sangangüey is not older than late
Triassic (Cavazos-Tovar et al., 2020) and is estimated to be ∼40 km
thick (Gómez-Tuena et al., 2018b).

MATERIALS AND METHODS
A sample overview, details of sample preparation, analytical
methods and all new analytical data are given in the Supplemen-
tary Appendix 1 and in the Supplementary Appendix Tables 1 to 7.
We report new electron microprobe (EMP) data of olivine CaO and
their Cr-spinel inclusions for all 36 TMVB samples. The olivine
composition was measured with two different beam currents of
100 and 900 nA, respectively. All 100 = nA data for olivine CaO
are new, whereas their major element oxides and Ni data have
been reported previously except for the eight samples denoted in
Supplementary Appendix Table (Straub et al., 2008; Straub et al.,
2011; Straub et al., 2013a; Straub et al., 2014; Straub et al., 2015). All
900 nA EMP data are new.

In order to obtain a characteristic olivine signature for each
sample, we first analyzed ∼10 to 20 olivine phenocrysts per sam-
ple, including core-to-rim transects with a 100-nA beam current
(see Supplementary Appendix Table 5). This helped to determine
the dominant olivine population for a given sample. On the basis
of the ‘100 nA’ data, representative Cr-spinel-bearing olivine crys-
tals were selected for re-analysis with a 900-nA beam (olivine),
and for Cr-spinel analysis. This two-step process ensures the
comparability of the microbeam data with the 3He/4He and δ18O
data obtained from handpicked olivine crystals.

In order to obtain olivine+Cr-spinel pairs, ∼2 to 4 olivine points
were measured with a 900-nA beam around a Cr-spinel inclusion
which was analyzed 1 or 2 times. A total of 337 olivine-spinel
pairs were obtained from 246 individual olivine phenocrysts
(some phenocrysts have multiple pairs). The olivine+Cr-spinel
pairs are mostly from calc-alkaline volcanic rocks (n = 184
pairs), followed by OIB-type (n = 105), high-K (n = 31) and rear-
arc (n = 17) magmas. Since the high-K and calc-alkaline samples
have many similar compositional characteristic, the two high-
K samples are included in the calc-alkaline series for clarity
in text and figures (but not in the table), except when clearly
different. For clarity, only the 900-nA EMP data are displayed the
figures; analytical errors of these data are always smaller than
symbol size.

For most of the 36 samples, metadata already existed, which
are bulk rock major and trace elements and Sr-Nd-Pb-Hf isotope
ratios and olivine He–O isotopes (LaGatta, 2003; Straub et al., 2008;
Straub et al., 2011; Straub et al., 2013a; Cai et al., 2014; Díaz-Bravo
et al., 2014; Gómez-Tuena et al., 2014; Straub et al., 2014; Straub
et al., 2015). In order to complete the metadata for all samples
studied, we obtained additional olivine 3He/4He and olivine
δ18O data for 10 samples, as well as additional bulk rock major
and trace element data for five samples. Previous and new
bulk rock data are compiled in their entirety in Supplemen-
tary Appendix Table 1.

RESULTS
Olivine major element and He–O isotope
composition
The additional new olivine data confirm our prior results (Straub
et al., 2008; Straub et al., 2011; Straub et al., 2013a). As previ-
ously, the average olivine Fo per sample, which ranges from
Fo78 to Fo90, plots mostly in, or close to, equilibrium with the
bulk rock Mg#‘s (Figure 2a) (see Supplementary Appendix Table 1
and Figure S3 and S4 for the calculation of bulk rock ferric Fe).
Thus, most olivines can be linked to the bulk rock composition
by means of their Fo content (Straub et al., 2008; Straub et al.,
2011; Straub et al., 2013a). An obvious exception is the forsteritic
(up to Fo = 91.2) olivine+Cr-spinels antecrysts in the Popocatépetl
dacites (SiO2 = 65 wt %; Mg# =62), which plot well off the equilib-
rium line.

The additional olivine 3He/4He and δ18O data confirm the well-
known 3He/4He–δ18O contrast in the TMVB arc front olivines,
mantle-type 3He/3He = 5.4 to 8.0 Ra combines with a high, crustal-
type δ18O (>5.5 to 6.6�) (Figure 2b) (Straub et al., 2015). Two
new arc front olivine samples have slightly lower 3He/4He of 5.4
and 5.6 Ra, while the other 34 TMVB samples plot within the
canonical depleted mantle range of 8.8 ± 2.2 Ra, which is defined
by the 3He/4He range of MORB (Graham, 2002). Interestingly,
the new 3He/4He–δ18O data for the rear-arc olivines have both
have mantle-type 3He/3He = 7.7 to 8.4 Ra and mantle-type δ18O
(5.0 to 5.3�).
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per sample. Plot includes 6565 olivine analyses from 666 phenocrysts in
36 samples. Bulk rock Mg# per sample used ferric Fe calculated after
Maurel & Maurel (1982) from the averaged Cr-spinel inclusions per
sample (Supplementary Appendix 1). Melt Mg# from olivine is calculated

with an average exchange coefficient KDFe/Mg
oliv =0.30 ± 0.03 from Roeder &

Emslie (1970), whereby KDFe/Mg
oliv = [( KdFe

oliv/KdFe2+
melt )/(KdMg

oliv/KdMg
melt]. Small

dots—individual olivine analyses per sample. Large colored dots—melt Mg#
from olivine average per sample, with error bars denoting ±1 standard

deviation. Grey bar—olivine/melt equilibrium for KDFe/Mg
oliv ranging from

0.27 to 0.33. Stippled blue circle—Popocatépetl. Solid blue circle—olivine
antecrysts in Popocatépetl dacites. Stippled line—denotes melt Mg# in
equilibrium with mantle. b. Olivine δ18O� vs 3He/4He (Ra) of olivines for
subset of n = 34 samples. 3He/4He error bars are ±1 standard deviation
of individual measurement. External error is ±1 3He/4He Ra. Two
olivines with lower 3He/4He (5.4 and 5.6 Ra) are from high-MgO basalts
(Cerro Pelagatos: Mg# = 73, MgO = 9.2; Serdán basalt: Mg# = 68,
MgO = 8.9 wt %). MORB range of 3He/4He (Ra) of MORB after Graham
(2002); δ18O � range of mantle olivine from Bindeman et al. (2022).

Olivine CaO in arc front and rear-arc magmas
Arc front and rear-arc olivines have different CaO abundances
(Figure 3). The rear-arc olivines are CaO-rich (0.24 to 0.28 wt %)
and overlap with MORB olivines (Díaz-Bravo et al., 2014). The arc
front olivines have lower CaO contents of 0.08 to 0.21 wt %. The
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Fig. 3. TMVB olivine CaO wt % vs Fo. For clarity, only data obtained with
a 900-nA beam current (n = 1272) are shown. These data mostly
represent olivine cores. MORB olivines from Sobolev et al. (2007). Stippled
blue circle—Popocatépetl. Stippled black circle—very low CaO measured in
two single olivine crystals in two different samples of Popocatépetl
(SPO34 and SPO38).

CaO gap between arc front and rear olivines is largest at Fo > 89,
which identifies the gap as feature of the primary melts. With
decreasing Fo, CaO decreases in the rear-arc olivines, but increases
in the arc front olivines, which causes the trends to converge
below ∼Fo86 at abundances of ∼0.2 wt % olivine CaO (Figure 3).
Along the arc front array, olivine CaO varies by up to factor of
two at a given Fo, to form a distinct, ‘tiered’ trend in CaO vs Fo
space. There is considerable overlap between OIB-type and calc-
alkaline olivines, despite the OIB-type olivines are overall shifted
to higher olivine CaO and lower Fo. Calc-alkaline olivines have the
lowest CaO abundances (∼0.08 wt %) at the highest Fo > 89. Four
single olivines from two different Popocatépetl samples (SPO38
and SPO34) have very low CaO (0.02–0.08 wt %), which is lower
than the CaO of other olivines in same samples and all other calc-
alkaline arc front olivines. The very low CaO olivines are shown for
completeness and are not further discussed in this study.

Cr-spinel Cr# in arc front and reararc magmas
The Cr# of Cr-spinel inclusions range from 7 to 73, and display
the typical, slightly inverse correlation with the Cr-spinel Mg#
(Figure 4). The TMVB Cr-spinel Cr# overlaps with those of Cr-
spinels in abyssal peridotites from mid-ocean ridge and forearc
basalts (Dick & Bullen, 1984; Parkinson & Pearce, 1998; Pearce
et al., 2000; Warren, 2016; Birner et al., 2017; Pearce & Reagan,
2019). Because the Cr# of mantle source and associated melts
should be very similar (Clynne & Borg, 1997), the wide Cr# range
suggests that the TMVB melts originate from variably depleted
mantle sources. The enriched rear-arc magmas have the lower
Cr# (= 19 ± 10) associated with fertile upper mantle. The OIB-type
and calc-alkaline arc front magmas exhibit a much larger Cr#
range at higher Cr#, which overlap with the Cr# from residual Cr-
spinels from variably depleted upper mantle domains (Warren,
2016; Pearce & Reagan, 2019). The Cr# of the Cr-spinel inclusions
in OIB-type and calc-alkaline olivines widely overlap, yet the Cr#
in the calc-alkaline olivines is on average slightly higher than the
Cr# in the OIB-type olivines.
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Olivine CaO and Cr-spinel Cr# systematics
Olivine CaO + Cr-spinel Cr# pairs form a strong linear inverse
correlation (Figure 5) in the OIB-type and calc-alkaline arc front
series. The trend intersects with the rear-arc olivines that have
the lowest Cr-spinel Cr# and olivine CaO. More CaO-rich rear-
arc olivines tend to extend to lower Cr-spinel Cr# at higher CaO
and aligns with MORB olivine+Cr-spinels (Coogan et al., 2014).
Again, OIB-type and calc-alkaline olivine+Cr-spinels widely over-
lap, despite a displacement of the calc-alkaline olivine+Cr-spinel
pairs to higher Cr-spinel Cr# and lower olivine CaO.

DISCUSSION
The remarkable coherent, inverse correlation of arc front and
rear-arc olivine CaO with the Cr# of their Cr-spinel inclusions
(Figure 5) contrasts strongly with the considerable compositional
diversity of their bulk rocks in major and incompatible trace ele-
ments and Sr-Nd-Pb-Hf isotope ratios (Straub et al., 2011; Straub
et al., 2013a; Díaz-Bravo et al., 2014; Gómez-Tuena et al., 2014;
Straub et al., 2014; Straub et al., 2015). This contrast points to a
common, underlying process that controls olivine CaO and Cr-
spinel Cr# and that is independent from the processes that control
bulk rock composition. Because TMVB magmas ascend through a
thick (∼35 to ∼45 km) continental basement, we first summarize
the evidence against transcrustal processing - fractional crystal-
lization and/or crustal assimilation—on the basis of the addi-
tional information provided by the extended 3He/4He–δ18O olivine
data set.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. 5. Cr-spinel inclusion Cr# vs olivine CaO in TMVB olivines. Data set
comprises 338 olivine–Cr–spinel pairs from 36 samples, and has a
correlation coefficient of R2 = 0.79, including the rear-arc olivines, but
excluding the very low-CaO olivines. Error bars are ±1 standard
deviation of olivine CaO and Cr-spinel Cr# average for a given
olivine+Cr-spinel pair. Stippled blue circle—Popocatépetl. Arrows indicate
fertile vs depleted upper mantle sources based on the Cr-spinel Cr#.
MORB olivines are from Coogan et al. (2014)

Transcrustal processes
Source vs crustal contamination
The additional 3He/4He–δ18O data confirm the contrast between
the high, mostly MORB-type 3He/4He and crustal-type δ18O in the
arc front olivines (Straub et al., 2015). They do not change our pre-
vious interpretation that this signature implies melt origin from
a mantle wedge that has been infiltrated by high- δ18O crustal
components from the slab (Straub et al., 2015). The 3He/4He–δ18O
signature cannot be reconciled with crustal basement contami-
nation, because the uptake of ∼10% to ∼30% crustal materials
required by the high δ18O, would lower melt 3He/4He to near-zero
crustal Ra value (Straub et al., 2015). Indeed, our previous studies
found that the 4He production rate of the old U- and Th-bearing
continental crustal basement is so high, that even the tiniest (<<

1%) assimilation of basement wall rock reduces the melt 3He/4He
to a near-zero Ra (Straub et al., 2011; Straub et al., 2013a; Straub
et al., 2014) (see also modeling in Supplementary Appendix 1).

The interpretation of an overall mantle-type 3He/4He–δ18O in
arc front magmas is supported by the new data of the rear-
arc olivines (Figure 2b), which demonstrates that a mantle-type
3He/4He–δ18O signature can survive the ascent through a ∼ 40 km
thick continental basement. All the same, the rear-arc olivines
have slightly higher average 3He/4He (=8.1 ± 0.4 Ra) than the
arc front olivines (3He/4He = 7.2 ± 0.6 Ra). This offset can have
several causes. First, it may reflect inherent 3He/4He variations
in the upper mantle, given that all 3He/4He data are within the
extended MORB range (3.5 to 15 Ra) of Graham (2002). Second,
there might be traces of crustal basement contamination in the
arc front magmas, as it has been proposed—but not quantified
- for comparable fluctuations of olivine 3He/4He along the arc
volcanic front in the Andean Northern Volcanic Zone (Lages et al.,
2021). However, quantification shows that the amount of crustal
basement assimilated in this scenario is so tiny (<<1%) that the
compositional integrity of mantle melts is not affected (Supple-
mentary Appendix Figure S5). Thirdly, the lower arc front 3He/4He
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may reflect some 4He ingrowth in a mantle wedge enriched by
slab-derived U and Th. Any subducted 4He is likely thermally
lost from slab during early subduction (Straub et al., 2011; Straub
et al., 2015), but slab recycling adds Th and U to the wedge
(Straub et al., 2015). However, a calculation after Ballentine &
Burnard (2002) [equation 13] shows that it would take >5 to
30 million years for sufficient new radiogenic 4He to ingrow
in the mantle wedge in order to lower the mantle 3He/4He to
values <5 Ra [calculation uses an initial mantle 4He concentra-
tion = 4.5 × 10−11 mol/g (Sandoval-Velasquez et al., 2021) and man-
tle 3He/4He = 8.5 Ra, with a mantle enriched in U ∼ 0.4 μg/g and
Th ∼1.9 μg/g owing to slab addition]. Realistic material transfer
times from slab-top to arc are much shorter, and likely well below
one million years (e.g. Elliott et al., 1997). In summary, while the
expanded olivine 3He/4He–δ18O data set adds more detail, it does
not change our previous conclusions that the olivines crystallize
in primary melts from metasomatized mantle wedge that experi-
enced no, or negligible, crustal contamination (Straub et al., 2011;
Straub et al., 2015).

Fractional crystallization
Another pertinent question is to which extent the major and trace
elements of the olivines may have been influenced by fractional
crystallization or melt mixing (e.g. Straub et al., 2011; Straub
et al., 2013a; Gleeson & Gibson, 2019). At first sight, the trends of
the olivine in the Fo vs CaO space mimic fractional crystallization
paths (Figure 3). In the rear arc, a trend of decreasing olivine
CaO with decreasing Fo points to the fractionation of an olivine
+clinopyroxene +plagioclase assemblage. The trend of increasing
olivine CaO with decreasing Fo at the arc front instead resembles
the olivine-only fractionation trends (e.g. Blatter & Carmichael,
2001; Schaaf et al., 2005) (Figure 6a).

However, the similarity to olivine-only fractionation trends at
the arc front is deceptive, because most arc front magmas studied
cannot be linked by fractional crystallization on the basis of their
metadata (Díaz-Bravo et al., 2014, Gómez-Tuena et al., 2014, this
study, Straub et al., 2015, Straub et al., 2011, Straub et al., 2013a,
Straub et al., 2014). In Figure 6a, each filled colored circle denotes
a sample, which is not consanguineous with any of the other
samples because it has (i) distinct Sr-Nd-Pb-Hf isotope ratios; or
(ii) very different incompatible trace element patterns at similar
high Mg# (e.g. calc-alkaline vs high-K vs OIB-type patterns; see
also Supplementary Appendix Figure S2), or (iii) olivines with
distinct Ni and Fo, which cannot be connected to each other
by olivine-only or olivine-dominated fractionation as discussed
in our previous studies (e.g. Straub et al., 2008; Straub et al.,
2011; Straub et al., 2013a). In most cases, all three criteria apply,
which not only separate magma batches from different volcanoes
(symbols with different colors in Figure 6a), but also from the
same volcanoes (same color). Previous studies also showed that
the non-cogenetic relationships cannot erased by recharge melt
mixing (Straub et al., 2011; Straub et al., 2013a; Díaz-Bravo et al.,
2014; Gómez-Tuena et al., 2014; Straub et al., 2014; Straub et al.,
2015). The primary character of the arc front magma diversity
is also obvious in the wide Cr# range of the Cr-spinel inclusions
(Figure 6b) which cannot be produced by fractional crystallization
(Dick & Bullen, 1984; Arai, 1994; Clynne & Borg, 1997).

In summary, these observations imply that the olivine Fo-CaO
variability must be primarily inherited from a range of different
mantle melts that crystallize olivines with subtly variable Fo
and CaO contents. This inference is consistent with the Fo-Ni
systematics of the same olivines, which require melt origin from
a mantle heterogeneous in Mg# (∼89–92), therefore, producing
a broader range primary melts in equilibrium with olivines of
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∼Fo87 to ∼Fo91 (Straub et al., 2008; Straub et al., 2011). Of course,
additional shallow fractional crystallization likely overprints the
initial Fo-CaO variability in order to produce the olivine Fo-CaO
range at Fo < 87 (e.g. Straub et al., 2011; Straub et al., 2013a).

Mantle processes: Extent of melting vs serial
melting
What creates the strong inverse correlation of olivine CaO and
Cr-spinel Cr# in the TMVB mantle melts? In the following, we
first outline a potential genetic model, which is then investigated
in detail.

As a simple first approximation, we assume that the olivine
CaO vs Cr-spinel Cr# array is controlled by primary melt composi-
tions. This assumption is plausible for the Cr-spinel Cr#, which
is highly sensitive to melt composition and known to preserve
the Cr/Al of primary mantle melts (e.g. Dick & Bullen, 1984;
Kamenetsky et al., 2001). Mantle Al is stored in the aluminous
phase (garnet, spinel or plagioclase) and in clinopyroxene (e.g. De
Hoog et al., 2010). Al acts incompatibly during melting (e.g. Dick
& Bullen, 1984), and thus melt Al decreases with the extent of
melting, or with increasing mantle source depletion. In contrast,
mantle Cr is primarily hosted in orthopyroxene and clinopyroxene
next to spinel (Witt-Eickschen & O’Neill, 2005; De Hoog et al., 2010;
Ma & Shaw, 2021). Because Cr is compatible in pyroxenes with a
mineral/melt partition coefficient KdCr

px »1 (e.g. Beattie et al., 1991;
Ma & Shaw, 2021), melt Cr and Cr# both increase with increasing
extent of melting, and they are higher in melts from depleted
mantle (e.g. Dick & Bullen, 1984; Kamenetsky et al., 2001).

CaO is incompatible in olivine and strongly sensitive to melt
CaO (e.g. Jurewicz & Watson, 1988). Melt CaO in primary melts is
controlled by mantle clinopyroxene, which is the exclusive host
of mantle CaO (Langmuir et al., 1992; De Hoog et al., 2010). A
fertile mantle with ∼13–18 wt % clinopyroxene produces CaO-rich
melts, whereby melt CaO increases with the extent of melting as
long as clinopyroxene is residual in source until ∼22–29% melt
extraction (=clinopyroxene-out) (e.g. Langmuir et al., 1992; Bizimis
et al., 2000). However, because clinopyroxene melts out faster than
olivine and orthopyroxene, the proportion of clinopyroxene in the
residual mantle decreases more rapidly than mantle olivine and
orthopyroxene during melting (Langmuir et al., 1992; Bizimis et al.,
2000). Thus, as mantle clinopyroxene decreases in source, melt
CaO should also decrease with progressive source depletion at a
given extent of melting.

Together, this systematics may explain the olivine CaO vs Cr-
spinel Cr# array as product of repeated or ‘serial’ melt extrac-
tion from a given parcel of mantle in the presence of residual
clinopyroxene. ‘Serial melting’ is the repetitive melting of the
same source, which may proceed until the source becomes too
refractory to melt at the clinopyroxene-out, beyond which melting
requires much higher mantle temperatures (Hess, 1994; Kushiro,
2001) or additional water (Parman & Grove, 2004). In the arc
environment, serial melting is plausible, because the slab flux to
the mantle wedge is continuous as seen from studies of supra-
subduction zone peridotites (e.g. Bizimis et al., 2000), and thus
should trigger serial melt events within the lifetime of individual
arc volcanoes (Straub & Martin-Del Pozzo, 2001; Streck et al., 2002;
Straub et al., 2013a; Larrea et al., 2019). Because the frequency of
melting outstrips mantle replenishment by the slower convective
corner flow (∼10–100 km per million year, Ficini et al., 2017), serial
melting should be efficient in depleting the background mantle
(=mantle without slab component) ‘in-situ’ beneath active arc
volcanoes.

In the TMVB, mantle depletion by serial melting has been pre-
viously proposed based on the bulk rock incompatible elements
and olivine Fo-Ni systematics (Straub et al., 2008; Straub et al.,
2013a; Straub et al., 2014; Straub et al., 2015). Here we propose that
is also a suitable mechanism to explain the olivine CaO vs Cr-
spinel Cr# systematics. Importantly, the inverse array cannot be
created by simply increasing the extent of melting, as proposed
by Dick & Bullen (1984) for a similar Cr-spinel Cr# range in MORB.
This is because an increasing extent of melting predicts a positive
correlation in the olivine CaO vs Cr-spinel Cr# space. In addition,
a variable extent of melting of the same source is at variance
with the missing consanguinity of the melts evident from the
olivine+Cr-spinels which construct the array (Figure 6b).

While the ‘serial melting model’ (as it will be referred to here-
after) may account for the coherent olivine CaO vs Cr-spinel
Cr# systematics, it builds on several assumptions, which are:
(i) olivine CaO primarily reflects melt CaO; (ii) primary melt CaO,
Al or Cr concentrations are not affected by secondary pyroxenites
in source; and (iii) the slab-flux drives the serial melting and
mantle source depletion at the arc front. These assumptions will
be discussed next.

Controls on olivine/melt CaO partitioning
Experimental CaO partitioning between olivine and melt
CaO is incompatible in olivine with KdCa

oliv’s mostly below 0.1
(Jurewicz & Watson, 1988; Beattie et al., 1991; Libourel, 1999;
Laubier et al., 2014; Ma & Shaw, 2021). Experimental studies con-
firm strong links between melt and olivine CaO, whereby the
KdCa

oliv was found to be indifferent to the pressure of crystallization
below 2 GPa, melt temperature, melt oxygen fugacity (Jurewicz
& Watson, 1988; Beattie et al., 1991; Libourel, 1999; Laubier et al.,
2014), and melt polymerization (Wang & Gaetani, 2008). However,
some compositional dependencies exist. First, the KdCa

oliv increases
slightly with decreasing olivine Fo, because Ca2+ substitutes more
easily for the slightly larger Fe2+ cation site than for the Mg2+ site
(e.g. Jurewicz & Watson, 1988; Libourel, 1999; Ma & Shaw, 2021).
Second, the KdCa

oliv can decrease with increasing melt H2O (Feig
et al., 2006), which may lower the olivine CaO in hydrous, unde-
gassed arc magmas (Gavrilenko et al., 2016).

Quantifying the olivine-melt partitioning for CaO in the TMVB
is not simple, because there are no internally consistent partition-
ing data. Different approaches and various parametrizations in
the partitioning studies have returned a large (up to a factor of
10) range of KdCa

oliv at a given Fo (Supplementary Appendix Figure
S6). However, the high KdCa

oliv’s (∼0.12 to 0.22) predicted by Libourel
(1999) do not apply in the TMVB, because they are optimized for
Fe- and alkali-rich melts with far lower olivine Fo < 80 than the
TMVB olivines. The intermediate KdCa

oliv’s (∼0.04 to 0.12) of Beattie
et al. (1991) seem uncertain, because they build on an only weak
dependency of the KdCa

oliv on the KdMg
oliv.

The lowest KdCa
oliv’s (∼0.01 to 0.04) are obtained by the

parametrization from Jurewicz & Watson (1988), which includes a
correction for the olivine FeO (Figure 7a). The Jurewicz & Watson
(1988) KdCa

oliv’s coincide with those of Laubier et al. (2014) and Ma &
Shaw (2021). These KdCa

oliv’s apply for anhydrous high-Mg# basalts
and basanites from mid-ocean ridges, and arc and intraplate
settings. They seem most realistic for the TMVB, also because
they overlap with a KdCa

oliv calculated with the TMVB samples
(Figure 7b). This calculated KdCa

oliv is obtained by dividing the
average CaO of all equilibrium olivines in a given sample by
the bulk rock CaO. Equilibrium olivines are those that have an
olivine/bulk rock Fe2+/Mg exchange coefficients (KDFe/Mg

oliv ) between
0.27 and 0.33. The calculation uses a bulk rock ferric Fe2O3 that
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Fig. 7. KdCa
oliv vs bulk CaO wt % for 900 nA olivine data. a. KdCa

oliv calculated from the olivine Fo after Jurewicz & Watson (1988) [KdCa
oliv = 0.01∗

(−0.08 ± 0.015) ∗Fo + (9.5 ± 0.2)]. Colored symbols—average KdCa
oliv = 0.026 ± 0.003 after from Jurewicz & Watson (1988); grey symbols with stippled

lines—minimum (0.015 ± 0.003) and maximum (0.037 ± 0.002) KdCa
oliv after Jurewicz & Watson (1988). Note slightly elevated KdCa

oliv from Fe-rich V.

Chichinautzin olivines that may not be fully corrected by the Jurewicz & Watson (1988) parametrization. b. KdCa
oliv calculated from bulk rock and olivine

averages (n = 31 samples), using only olivines in Fe/Mg equilibrium with bulk rock (see text for filtering). Error bars (± stdev) of averaged olivine are
mostly within symbol size. Results are compared to KdCa

oliv after Jurewicz & Watson (1988) (grey dots, as in panel a), Laubier et al. (2014) (dark blue bar) and

Ma & Shaw (2021) (pink bar). Light blue field—the range of KdCa
oliv (∼0.015 to 0.030) induced by variable melt water content from ∼2 to 6 wt % H2O

(Gavrilenko et al., 2016).

was obtained after Maurel & Maurel (1982) from the average
stoichiometric Fe3+/Fe2+ of all Cr-spinel inclusions per sample
(Supplementary Appendix 1, Supplementary Appendix Figures S5
and S6). The percentage of melt Fe2O3 ranges between 9–20%, with
an average of 12 ± 3%, which is plausible for primitive arc magmas
(e.g. Kelley & Cottrell, 2009). Approximately half (∼51%) of the
olivines from 31 samples (out of 36 samples) are in equilibrium
with their respective bulk rocks. These olivines return a calculated
KdCa

oliv of 0.019 ± 0.003 (Figure 7b) with a total range by a factor of
∼2 (0.013 to 0.027). This range is considered acceptable since
the calculated KdCa

oliv depends on how well the average olivine
CaO approximates the ‘true’ average olivine CaO in the TMVB
magmas where crystal-scale mixing is common (e.g.Straub et al.,
2008 ; Straub et al., 2011).

The calculated KdCa
oliv’s are within the uncertainty range of the

KdCa
oliv’s of Jurewicz & Watson (1988) (0.012 to 0.046; grey dots

in Figure 7b). The Jurewicz & Watson (1988) equation provides
slightly higher KdCa

oliv’s for the Fe-rich magmas from V. Chichin-
autzin, but this effect is within the uncertainty range. Thus, no

perceptible change in KdCa
oliv is expected at the high Fo (∼80–90) of

the TMVB olivines. Moreover, the validity of the calculated KdCa
oliv

is supported by its independence from bulk rock CaO (∼5.5 to
10 wt %) (Figure 7).

How sensitive is the KdCa
oliv to melt H2O?

The light blue field in Figure 7b displays the KdCa
oliv range (∼0.015

to 0.030) that corresponds to an increase in melt water content
from ∼2 to ∼6 wt % H2O (Gavrilenko et al., 2016). This is similar
to the known range of melt water (∼0.2 to 5.2 wt % H2O) in
the TMVB magmas (Cervantes & Wallace, 2003a; Cervantes &
Wallace, 2003b; Johnson et al., 2009; Roberge et al., 2009), and thus
implies that the influence of water on the KdCa

oliv is within the
overall uncertainty range. Consequently, it is not possible - with
the partitioning data at hand - to quantify or even to discern an
effect of melt water on the KdCa

oliv in the TMVB.
Nevertheless, some inferences on the proposed influence of

melt water on olivine CaO can be made from the TMVB olivines
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Fig. 8. a, b: Olivine Ni (μg/g) vs Fo overview of TMVB olivines studied. Small grey dots—MORB olivines after Sobolev et al. (2007). Stippled blue
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Ni (μg/g) vs Fo of Serdán basalts d: Olivine CaO (wt %) vs Fo for Serdán basalts. For discussion see text.

themselves. A solid result of olivine melt inclusion studies was
that the calc-alkaline magmas are more hydrous (up 5.2 wt % melt
H2O) (Moore & Carmichael, 1998; Cervantes & Wallace, 2003a;
Roberge et al., 2009) than the OIB-type magmas, which are only
moderately wet with ∼0.2–1.3 wt % H2O (Cervantes & Wallace,
2003b; Johnson et al., 2009). TMVB rear-arc magmas are dry to
moderately wet (H2O ∼ 0–2.3 wt %) based on plagioclase hygrome-
try (Díaz-Bravo et al., 2014). However, there are no offsets between
calc-alkaline and OIB-type olivines in the CaO vs Cr-spinel Cr#
space, which must be present if the KdCa

oliv was strongly influenced
by the melt water content. Instead, the data for all arc front series
overlap. Possibly this means, that all olivines studied crystallized
late in already degassed melts, in which case the olivine CaO
would reflect the melt CaO anyway. In summary, while uncer-
tainties due to the partitioning data exist, the existing data argue
against a strong influence of either FeO or H2O on olivine CaO,
even if minor effects are possible. Instead they agree with melt
CaO being the dominant control of the TMVB olivine CaO.

The decoupling of olivine Ni and CaO in arc front
magmas
Most of the TMVB olivines investigated are ‘high-Ni olivines’
(Figure 8) have been linked to the presence of secondary mantle
pyroxenites. Sobolev et al. (2005) first proposed for the intraplate
environment, that secondary pyroxenites may form following
the reactive infiltration of silica-rich materials in the mantle

source. This would cause mantle olivine to be replaced by new
secondary orthopyroxenes and clinopyroxenes. Subsequently, it
was proposed that the secondary clinopyroxene increases the
total amount of clinopyroxene in source, which would increase
CaO retention in source, and reduce CaO in partial melts and
their magmatic olivines (e.g. Herzberg, 2006; Søager et al., 2015;
Zamboni et al., 2017).

One problem with this hypothesis is that decompression melt-
ing models predict an increase (not a decrease) in melt CaO
with the increasing amount of clinopyroxene in source, because
clinopyroxene is the main phase melted (e.g. Langmuir et al., 1992).
Another problem is that it predicts that low CaO arc olivines must
be coupled with high-Ni contents. The latter is not observed in the
TMVB, where low CaO arc front olivines have variable Ni. High-
Ni olivines are common in the Sierra Chichinautzin/Popocatépetl
area (Straub et al., 2008; Straub et al., 2011), but lack in the Serdán
basalts, where olivine have both low Ni and CaO (Figure 8b).
Within the Serdán basalts, olivine CaO and Ni do not co-vary
either: the olivines with the highest Ni (SM20) do not have the
lowest CaO, which is instead found in the olivines with the lowest
Ni contents (SM18). Thus, it seems that olivine Ni and CaO can
be decoupled in arc front magmas, which argues against a joint
control by secondary mantle pyroxenites.

The decoupling of olivine Ni and CaO is simple to explain,
if one considers two independent controls: while the olivine Ni
depends on the presence or absence of mantle olivine, olivine CaO
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should be dependent on the amount of mantle clinopyroxene at a
given extent of melting (Langmuir et al., 1992). Notably, in the
‘arc variant’ of the Sobolev et al. (2005) model, no additional
secondary clinopyroxene is required beyond the replacement
of mantle olivine by orthopyroxene (Straub et al., 2008; Straub
et al., 2011). Thus, serial melting should lower melt CaO as mantle
clinopyroxene progressively decreases, regardless of peridotite
or pyroxenite source. However, if mantle olivine was not, or
only partially eliminated in the mantle wedge, the melt Ni
does not increase and magmatic olivines had low Ni contents.
High-Ni contents in low CaO olivines would only occur, if the
olivine-to-orthopyroxene transformation was complete. This
decoupling may well explain why low CaO arc olivines are far
more common than high-Ni arc olivines—simply, because the
complete elimination of mantle olivine by the reactive silicic slab
flux is more difficult to achieve than a reduction of clinopyroxene
by serial melting.

The driver of serial melting beneath the arc
volcanic front
The obvious driver for serial melting is the hydrous silicic slab
flux, which triggers melting by lowering the solidus, and creates
the secondary, more fusible pyroxenite lithologies (Straub et al.,
2008, Straub et al., 2011). Extensive studies of arc—forearc/trench
compositional links in the TMVB leave little doubt that the slab
flux strongly influences the composition of the TMVB arc front
magmas (e.g. Gómez-Tuena et al., 2007; Straub et al., 2015; Parolari
et al., 2018; Gómez-Tuena et al., 2018a; Gómez-Tuena et al., 2018b;
Parolari et al., 2021).

The connection between the slab flux (triggers serial melt-
ing) and mantle depletion (by serial melting) can be tested by
correlating the crystal tracers of mantle depletion (e.g. Cr-spinel
Cr#, olivine CaO) with bulk rock incompatible element ratios that
are ‘mantle-controlled’ (not added from slab), or ‘slab-controlled’
(dominated by the slab flux), respectively. In the TMVB high-Mg#
magmas, where Ti-Fe-oxides are absent, only a few incompati-
ble elements are mantle-controlled, which include TiO2 and the
heavy REE Ho, Er, Yb and Lu (Straub et al., 2014). The bulk rock
TiO2/Lu with the largest contrast in elemental incompatibility is
most sensitive to mantle source variations. Interestingly, the total
range of TiO2/Lu in the TMVB volcanic rock cannot be reproduced
by a single melting step, but requires at least one re-melting of
the source (Straub et al., 2014). As predicted by the serial melt-
ing model, the average Cr-spinel Cr# per sample increases with
decreasing bulk rock TiO2/Lu (Figure 9). The array is bracketed by
rear-arc basalts (enriched) and Popocatépetl Cr-spinels (depleted),
respectively. The TMVB TiO2/Lu range of ∼2.5 to 6 is also within
with the only slightly larger TiO2/Lu range in MORB (∼2 to 6)
(Gale et al., 2013), as expected if TiO2/Lu traces melting of the
upper mantle.

Conversely, Cr-spinel Cr# correlates positively with tracers of
slab flux, such Ba/La, Nd/Pb, Nb/La, Li/Ho and especially 87Sr/86Sr
(Figure 9b). Importantly, the covariation of Cr# with 87Sr/86Sr con-
firms that the slab flux imposes heterogeneity on the mantle
wedge, as the low 87Sr/86Sr of the original mantle (∼rear-arc
mantle) becomes increasing augmented by the radiogenic slab
flux that is at its peak where the background mantle is most
depleted (higher Cr#).

Insights from the trends of arc-front
monogenetic volcanoes
The olivines of monogenetic volcanoes cover the entire array of
arc front olivines in the CaO vs Cr-spinel Cr# space (Figure 10).

Because the spatial, temporal and compositional relationships of
monogenetic eruptive lava flows and pyroclastic deposits are far
easier to unravel than those of the complex composite volcanoes,
their variations provide additional constraints for the serial melt-
ing model proposed. Key insights are:

The evolution of the residual mantle
Time series from monogenetic volcanoes illustrate how efficiently
serial melt extraction can modify the residual mantle. The best
example is provided by the OIB-type Texcal Flow that is con-
structed by at least three individual lava flows, which in the
order of eruption, are the ‘Old Texcal Flow’, the ‘Main Texcal
Flows’ and the ‘Cuescomates vents lavas’ (Figure 10a) (Straub
et al., 2013a). Each unit has distinct incompatible element and
isotope ratios (Straub et al., 2013a) which systematically change
with their average olivine+Cr-spinels (∼0.21 wt % CaO / Cr# ∼ 20;
∼0.18 wt % ∼31 and ∼ 0.14 wt %/∼55; Figure 10a). For example,
with increasing Cr-spinel Cr#, bulk rock Nd/Pb decreases from ∼8
to ∼6, Nb/La from 1.2 to 0.9 and TiO2/Lu from 4.6 to 4.0, while
87Sr/86Sr increases from 0.7031 to 0.7038 and La/Lu from 38 to
62 (Straub et al., 2013a). Remarkably, together the three Texcal
flows define a straight trend across most of CaO vs Cr-spinel Cr#
space (Figure 10a). This suggests that serial melt extraction may
induce profound changes in the local mantle source of a mono-
genetic volcano within its short lifetime, typically on the scale
of years.

While similar time series are not available for the monogenetic
volcanoes, their variations confirm that serial melting may induce
considerable local source heterogeneity. For example, the Gues-
palapa Volcanic Complex (Figure 10b) consists of a volcanic shield
which is topped by three small cones (El Caballito, Manteca and
El Hoyo) that are spaced only a few 100 meters apart (Siebe
et al., 2004b). The shield and each cone have distinct bulk rock
Sr-Nd isotope ratios and/or trace elements (Straub et al., 2014)
as well as distinct olivine CaO, Ni and Cr-spinel Cr# signatures,
and are, therefore, not consanguineous. The range of olivine CaO-
Cr-spinel Cr# at Guespalapa is nearly as large as at the Tex-
cal Flow, with a displacement to higher Cr#. This suggests that
Guespalapa melts were sourced from a mantle locally made
heterogeneous by serial melting. Similar systematics occur also
at less complex monogenetic volcanoes, such as at calc-alkaline
volcano Cuatepel, where olivine+Cr-spinels of cones and flow
also correlate inversely (Figure 10c), or also at regional scale seen
from the Serdán group, where the basalt flow (SM18) closest to
the arc front is offset to lower olivine CaO at higher Cr# relative
to the three basalts ∼15 km farther to the north (higher CaO)
(Figure 10d).

A notable exception from the broader variability of olivine+Cr-
spinels is the OIB-type monogenetic V. Chichinautzin. Each of
its four consecutive eruptive units has distinct major and trace
elements and Sr-Nd isotope ratios (Siebe et al., 2004a; Straub
et al., 2013a), and yet the range in Cr-spinel Cr# is small and varies
only from 51 to 56 (Figure 10e). Olivine CaO is indistinguishable
in the four units. Still, the oldest V. Chichinautzin flows have
a lower average Cr-spinel Cr# (=51 ± 1) than the youngest lavas
(Cr# = 56 ± 2), and both bracket the intermediate lavas (Cr# = 53 + 2
and Cr# = 54 ± 1, respectively). With ∼1 km3 eruptive volume, V.
Chichinautzin is the largest of all Sierra Chichinautzin mono-
genetic volcanoes (Siebe et al., 2004b). Here, it seems possible that
despite the isotopic and trace element diversity of the V. Chichin-
autzin series, the residual mantle was locally barely affected by
melt extraction.
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Coexistence of OIB-type vs calc-alkaline arc front magmas
Another remarkable observation of the monogenetic trends is
the wide overlap between OIB-type and calc-alkaline olivine+Cr-
spinels (Figs. 5, 10). Antecryst uptake does not explain this over-
lap because calc-alkaline and OIB-type vents are spatially and
temporally separated, and thus do not share a plumbing system
where the crystal cargo can be exchanged. This is also true for
the Suchiooc Cone (calc-alkaline) and the immediately adjacent
Suchiooc Flows (OIB-type): olivine+Cr-spinels overlap (Figure 10f)
despite distinct bulk rock major and trace element and Sr-Nd
isotope composition (Straub et al., 2014), yet there is no shared
plumbing system as the flow visibly postdates the cone based on
field observations.

The olivine+Cr-spinels provide no support for the hypothesis
that calc-alkaline magmas may originate from a residual mantle
after OIB-type melt extraction (e.g. Wallace & Carmichael, 1999;
Cervantes & Wallace, 2003a; Straub et al., 2008; Johnson et al.,
2009). This would predict systematically lower olivine CaO and
higher Cr-spinel Cr# in the calc-alkaline magmas than the OIB-

type magmas. Moreover, it disagrees with the chronology of the
volcanic events in the Sierra Chichinautzin Volcanic Field, where
the young (<2000 years) OIB-type series follow the Holocene
calc-alkaline magmas (Siebe et al., 2004b; Straub et al., 2013b).
The simplest explanation for the overlapping olivine+Cr-spinel
compositions is that the source domains of the calc-alkaline, high-
K and OIB-type magmas co-exist in the mantle wedge, and each is
modified according to its own individual melt extraction history.

No liquid-line-of-descent from basalt to andesite
The olivine+Cr-spinel systematics should capture earliest
stages of melt evolution after the liquidus. We note that the
signals recorded by the olivine+Cr-spinels do not conform to
experimental liquid-line-of-descents, that produce andesitic
melts from basaltic parental melts. Blatter et al. (2013) and
Muentener & Ulmer (2018) obtained successful liquid-line-of-
descents for the basalt to andesite evolution in dry and hydrous
experiments at arc-typical elevated oxygen fugacities and at
pressures corresponding to middle to deep arc crust (up to 45
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kilometers). In the experiments, melt CaO always decreases with
increasing SiO2, while melt Al2O3 increases the earliest stages of
differentiation. The interval of increasing Al2O3, which is largest
in hydrous melt, is caused by early pyroxene crystallization in the
absence of plagioclase (Blatter et al., 2013; Muentener & Ulmer,
2018). While one could argue that melts in the middle to deep
crust follow their own fractionation path, this sequence is not
mimicked by the forsteritic olivine+Cr-spinels. Melt Cr has not
been measured in these experiments, but it is reasonable to
assume that melt Cr decreases as it is consumed by pyroxenes and
Cr-spinel. Thus, melt Cr# will decrease with decreasing CaO, which
is opposite to the trend of the olivine+Cr-spinels (Figures 5,10).
Additionally, the experiments predict that Cr# decreases with
increasing melt SiO2, which is also opposite to the observed trend
of increasing Cr-spinel Cr# with increasing melt silica (Figure 11).

This latter increase is also visible in the monogenetic volcanoes.
For example, at the Cuatepel volcano, the andesite (Cr# = 67 ± 1)
has higher Cr# than the basaltic andesite flow (Cr = 62 ± 1). At the
Texcal Flow, an increase in melt silica from 50.0 to 52.6 wt % SiO2

correlates with a large increase in Cr-spinel Cr# from 20 ± 1 to
56 ± 7. Moreover, the high-MgO monogenetic basalts or basaltic
andesites, which should best approximate mafic parental melts,
do not always have the highest Cr-spinel Cr#. For example, the
Tuxtepec basalt (MgO = 9.8 wt %; Mg# =72) has Cr-spinel with Cr#
=61 + 4, and the Pelagatos basaltic andesite (MgO = 9.1 wt %; Mg#
=73) has Cr-spinels with Cr# =58 ± 6 (Figure 10g). Instead, the Cr-
spinels with the highest Cr# occur always in the andesites of the
monogenetic fields (e.g. Guespalapa shield andesite Cr# =68 ± 3)
and of Popocatépetl (e.g. Nexpayantla andesite Cr# = 65 ± 3)
(Figs. 10h, 11). While the olivine+Cr-spinels argue against melt
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evolution by fractional crystallization, they readily conform with
genetic models that propose that a broader spectrum of basaltic to
andesitic primary mantle melts originates from variably depleted
mantle sources in the TMVB (Straub et al., 2008; Straub et al., 2011).

The origin of mantle depletion beneath composite volcano
Popocatépetl
Lastly, the monogenetic olivine+Cr-spinel trends have implica-
tions for magma genesis at composite volcano Popocatépetl.
Popocatépetl has end member character in olivine CaO + Cr-
spinel Cr# space (Figure 10h). In the context of the serial
melting model, this suggests that Popocatépetl mafic melts are
extracted from a highly depleted background mantle. At first
sight, taken by itself and given the much larger eruptive volume
of Popocatépetl (∼500 km3), one might attribute the source
depletion at Popocatépetl to a larger extent of melting that is
driven by a high, hydrous slab flux to its source. However, the
position of Popocatépetl at the high-Cr# end of the olivine+Cr-
spinel array, that is principally constructed by the small volume
(≤1 km3) monogenetic volcanoes imply that the Popocatépetl
source domain may have also evolved by serial melting from an
original rear-arc-type mantle. In other words, the source depletion
at Popocatépetl should have also developed by serial extraction
of small-volume mantle melts comparable to those that build the
monogenetic volcanoes. These melts must have been extracted
frequently and for a long time to sustain a steady influx of mafic
melts into the Popocatépetl plumbing system.

Popocatépetl has been active since at least several 100 000 years
(e.g. Cadoux et al., 2011). The samples studied range from the
oldest exposed basaltic andesite and andesite flows of the
Barranco Nexpayantla (erupted several 100 000 years ago) to the
andesites and dacites from the active summit cone, some of which
are historical. The Popocatépetl olivines from the different stages
have distinct Fo-Ni signatures (Straub & Martin-Del Pozzo, 2001;
Straub et al., 2011) and also olivine CaO + Cr-spinel characteristics
(Figure 10h), which identifies them as distinct, non-cogenetic
mafic melt batches that are fed into the Popocatépetl system.
There is no unidirectional temporal trend, and if there was
once a fertile mantle, its products are either eroded or buried
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Fig. 12. Bulk rock Mg# vs CaO in global arcs. Arc data are from GeoROC
(2023), Straub (2019); MORB data are from Gale et al. (2013). Highlighted
TMVB samples (n = 31) are only those where equilibrium olivines were
found in bulk rock (see Figure 7b); samples with olivine+Cr-spinel
antecrysts are not shown. V. Chichinautzin stands out by its inherently
high FeO/MgO.

under younger series. How can mafic melts be produced from
a longterm depleted mantle? We propose that mantle melting
beneath Popocatépetl may have been sustained by a network
of many fusible lithologies in the mantle, which may have been
constructed by the continuous slab flux. Upon melting, individual
mafic melts are extracted from certain parts of the network, until
the larger mantle domain becomes too refractory and volcanism
halts until sufficiently new fertile mantle has been advected by
corner-flow which may cause volcanic activity to resume. This
model is consistent with the many cycles of renewed volcanic
activity Popocatépetl, that can be linked to the ascent of new
mafic mantle melts (Straub & Martin-Del Pozzo, 2001; Mangler
et al., 2020).

Serial melting and global arc magma genesis
The observed olivine+Cr-spinel systematics are not unique to the
TMVB, but align with similar data from high-Mg# magmas in
the southernmost Cascades (Clynne & Borg, 1997), from Ruapehu
volcano in the Taupo Volcanic Zone (Conway et al., 2020) and from
the Payenia backarc in the Andes Southern Volcanic Zone (Søager
et al., 2015; Brandt et al., 2017). Thus, the serial melting may be
common in arcs. In this context, several points emerge that are
relevant for global arcs:

First, the serial melting model implies the in-situ depletion of
the mantle wedge by active arc volcanism itself. This inference
contrasts with studies that propose that the depleted arc front
mantle may be residual to melting in the back-arc or rear-arc
region from where it is dragged beneath the arc front by corner
flow (e.g. Stolper & Newman, 1994; Hochstaedter et al., 1996;
Hochstaedter et al., 2000; Ryan & Chauvel, 2014). It has also been
proposed, that slab flux drives variations in the extent of melting,
which would result to a variably depleted mantle wedge along the
arc front (e.g. Kelley et al., 2010; Barker et al., 2020). This model
is to some degree at variance with serial melting model that
emphasizes that the frequency of melt extraction from the mantle
as important factor in residual mantle evolution.

Secondly, the question arises how the melt CaO variations
induced by serial melting relate to the robust CaO systematics
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in global mafic arc magmas (Plank & Langmuir, 1988; Turner &
Langmuir, 2015). At the global scale, melt CaO in high-Mg# ∼55–
65 arc magmas in thin-crusted oceanic arcs is similar high as in
MORB, and both are higher by a factor of 3 than the low-CaO high-
Mg# magmas from thick-crusted continental arcs (Figure 12). The
difference has been linked to the extent of melting, which was
inferred to be higher in oceanic than in continental arc settings
(Plank & Langmuir, 1988; Turner & Langmuir, 2022). The high-Mg#
TMVB magmas have end member character in the global array,
which is confirmed by the low bulk rock CaO of high-Mg# samples
studied (Figure 12). Nevertheless, the melt CaO range within the
TMVB still varies by almost a factor of two between ∼9.9 wt % and
∼ ≤ 5.5 wt % CaO in calc-alkaline arc front magmas, which corre-
sponds to about half of the global range (Figure 12). Thus, while
serial melting does not upset the global systematics, it clearly
creates considerable regional variations within in the TMVB.

Lastly, our study predicts that high-CaO oceanic arcs (e.g. Mar-
iana, Izu Bonin, Tonga, Kermadec) should have high-CaO olivines
that resemble MORB olivines. High CaO olivines with ∼0.31 wt
% and ∼ 0.4 to 0.5 wt % CaO, respectively, have been indeed
reported from Northwest Rota Seamount in the northern Mariana
arcs (Tamura et al., 2011) and from picrites in the Solomon arc
(Kamenetsky et al., 2006). However, at both locations, the high-CaO
olivines are only part of a larger olivine population with variable
CaO contents, that also includes lower CaO olivines (0.14 wt %
and less) at high olivine Fo ≥ 86. Here, combined olivine CaO + Cr-
spinel systematics could test whether the existence of the low
CaO olivines in oceanic arcs conform to the CaO + Cr-spinel sys-
tematic of continental arcs and likewise may record the slab-flux
driven serial melting in oceanic arc volcanoes.

CONCLUSIONS
The following are the conclusions of this study:

• Forsteritic olivines and their Cr-spinel inclusions from high-
Mg# TMVB magmas preserve signatures of primary mantle
melts.

• Rear-arc and arc-front olivine+Cr-spinels have different
olivine CaO and Cr-spinel Cr# signatures, owing to their
origin from mantle that is not (rear-arc) or strongly (arc-front)
modified by the slab flux.

• The CaO contents of the olivines is principally controlled by
the melt CaO of high-Mg# primitive TMVB magmas; other
influences (melt H2O, Fe) are minor.

• Olivine CaO + Cr-spinel Cr# systematics indicate in-situ
source depletion of the arc front mantle by slab-flux driven
serial melting.

• The regional arc-scale variations in melt CaO recorded by
olivine CaO -Cr-spinel Cr# systematics record are superim-
posed on underlying global variations.
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