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Abstract Calc-alkaline arc magmatism at convergent plate
margins is volumetrically dominated by metaluminous andes-
ites. Many studies highlighted the importance of differentiation
via fractionation processes of arc magmas, but only in the last
decades, it has been demonstrated that not all rock-forming
minerals may affect the evolution of calc-alkaline suites. In
particular, a major role exerted by Al-rich hornblende amphi-
bole as fractionating mineral phase has been documented in
many volcanic arc settings. The aim of this work is to under-
stand the role of the Tschermak molecule (CaAlAlSiO6) hosted
in the hornblende and plagioclase fractionation assemblage in
driving magma differentiation in calc-alkaline magmatic suites.
We explore this issue by applying replenishment–fractional
crystallization (RFC) and rare earth element–Rayleigh fraction-
al crystallization (REE-FC) modeling to the Sabzevar Eocene
(ca. 45–47 Ma) calc-alkaline volcanism of NE Central Iran,

where hornblende-controlled fractionation has been demon-
strated. Major element mass balance modeling indicates RFC
dominated by a fractionating assemblage made of Hbl52.0–
52.5 + Pl44.1–44.2 + Ttn3.3–3.9 (phases are expressed on total crys-
tallized assemblage). REE-FC modeling shows, instead, a low-
er degree of fractionation with respect to RFC models that is
interpreted as due to hornblende and plagioclase resorption by
the residual melt. Calculations demonstrate that fractionation of
the Tschermak molecule can readily produce dacite and rhyo-
lite magmas starting from a calc-alkaline andesite source
(FC = ca. 30%). In particular, the Tschermakmolecule controls
both the heavy rare earth elements (HREE) and light rare earth
element (LREE) budgets in calc-alkaline differentiation trends.

Keywords Calc-alkaline magmatism . Hornblende
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Introduction

Convergent plate margins are sites of intensive magmatism as
a part of the subduction factory processes at volcanic arcs
(e.g., Tatsumi 2005; Pichavant and Macdonald 2007; Zhang
et al. 2011). Andesite is the volumetrically dominant magmat-
ic product at convergent settings, and therefore, it is consid-
ered to exert a primary role in the growth, evolution, and
differentiation of the continental crust (Stern 2002, 2011;
Kelemen et al. 2003; Rudnick and Gao 2003; Tatsumi 2005;
Kimura et al. 2010; Larocque and Canil 2010; Stern 2011;
Takahashi et al. 2013).

Petrological and geochemical studies on arc magmas have
documented the importance of fractionation (FC and RFC)
and assimilation/fractionation (AFC) processes in magma dif-
ferentiation (e.g., Grove et al. 1982; Brophy 1987, 1990; Kerr
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et al. 1995; Santo et al. 2004; Macpherson et al. 2006;
Davidson et al. 2007; Dessimoz et al. 2012; Gao et al. 2012;
Rossetti et al. 2014). However, not all mineral phases found in
calc-alkaline rocks may be involved in FC processes, and
therefore, this may have impact in the evolution and differen-
tiation trends of calc-alkaline suites. Indeed, the pristine gab-
broic assemblage (plagioclase + cl inopyroxene,
orthopyroxene ± olivine ± magnetite; e.g., Shand 1943,
1947; Gill 1981) seems to have limited effect on the REE
fractionation budget (Davidson et al. 2007; Larocque and
Canil 2010), with the anorthite plagioclase controlling the
Eu budget (e.g., Davidson et al. 2013) and clinopyroxene
discriminating significantly among the REE (Davidson et al.
2007; Davidson et al. 2013; Larocque and Canil 2010).
However, even if clinopyroxene and hornblende fraction-
ations show similar effects on whole REE budget, the Cpx-
KD REE ≪ Hbl-KD REE (Davidson et al. 2007). Therefore,
hornblende fractionation is expected to enhance light rare
earth element (LREE) enrichment (monitored by increasing
La/Yb and decreasing Dy/Yb with respect to clinopyroxene
fractionation (Macpherson et al. 2006; Davidson et al. 2007;
Dessimoz et al. 2012; Davidson et al. 2013). Hornblende frac-
tionation is indeed recognized as the key factor in calc-
alkaline magma evolution and differentiation in magmatic
arc setting (Cawthorn et al. 1973; Arculus and Wills 1980;
Defant and Drummond 1990; Muntener et al. 2001; Grove
et al. 2002; Sisson et al. 2005; Macpherson et al. 2006,
Davidson et al. 2007; Ulmer 2007; Macpherson 2008;
Chiaradia et al. 2009; Moyen 2009; Bryant et al. 2011;
Dessimoz et al. 2012; Nandedkar et al. 2014; Rossetti et al.
2014; Moghadam et al. 2016).

With the aim to contribute to the comprehension of andes-
ite production and evolution in arc settings, this paper is fo-
cused on the study of the effect of the Tschermak molecule
(CaAlAlSiO6) in the fractionating Al-rich hornblende–plagio-
clase assemblage during arc magma differentiation. In partic-
ular, this paper is intended as a companion paper of
Moghadam et al. (2016) and uses part of its geochemical
dataset from the Sabzevar middle Eocene calc-alkaline volca-
nism of Central Iran (Fig. 1), where the dominant role of
amphibole fractionation in magma differentiation has been
demonstrated (Jamshidi et al. 2015; Moghadam et al. 2016).
Results document that the Tschermak molecule fractionation
contributes for more than 30 % to the evolution of the mag-
matic suite, controlling the Al, Ca, and REE budget during
differentiation of calc-alkaline melts.

Geological background

The closure of the Neotethyan oceanic realm along the Zagros
collisional zone of the Eurasia plate was accompanied by dif-
fuse arc magmatism during development of a cordilleran-type

continental margin along the Mesozoic Sanandaj–Sirjan and
the Tertiary Urumieh–Dokhtar structural zones of western Iran
(e.g., Berberian and King 1981; Mohajjel et al. 2003;
Baharifar et al. 2004; Agard et al. 2005; Ghasemi and Talbot
2006; Verdel et al. 2007, 2011; Dargahi et al. 2010; Azizi et al.
2011; Moghadam and Stern., 2011; Allen et al. 2013; Chiu
et al. 2013; Pang et al. 2013). A major magmatic flare-up is
documented during Eocene times, as documented by distribu-
tion of magmatic products both along the collisional zone and
intraplate domains of Central Iran (Omrani et al. 2008; Agard
et al. 2011; Moghadam and Stern 2011; Verdel et al. 2011;
Allen et al. 2013; Chiu et al. 2013; Pang et al. 2013; Jamshidi
et al. 2015; Moghadam et al. 2015, 2016). Verdel et al. (2011)
attributed the Eocene magmatism to decompression melting
of the lithospheric mantle hydrated by fluids released from the
subducted Tethyan slab. Agard et al. (2011) refer the Eocene
magmatic pulse to break off of the Neotethyan slab, whereas
Pang et al. (2013) propose a post-collisional convective re-
moval of the thickened lithosphere.

The NW–SE trending Sabzevar structural zone of NE cen-
tral Iran (Fig. 1) consists of a polyphase tectono-metamorphic
ophiolite domain developed during oceanic subduction and
suturing of a Late Cretaceous back-arc oceanic domain
(Sabzevar Ocean; McCall 1997; Besse et al. 1998; Stampfli
and Borel 2002; Bagheri and Stampfli 2008) formed in the
upper plate of the Neotethyan subduction (Rossetti et al. 2010;
2014; Omrani et al. 2013; Moghadam et al. 2015). The
tectono-metamorphic evolution was accompanied and follow-
ed by generation, extraction, migration, and emplacement of
calc-alkaline magma (e.g., Rossetti et al. 2014; Moghadam
et al. 2016). Geochronological evidence documents two major
magmatic phases: (i) a Late Paleocene slab melting event and
associate adakite magmatism at ca. 57 Ma, based on U–Pb
zircon and amphibole and muscovite Ar–Ar geochronology
(Rossetti et al. 2014), and (ii) a post-orogenic Eocene event at
ca. 45–47, based on U–Pb zircon and micas Ar–Ar geochro-
nology (Moghadam et al. 2016). Both Paleocene and Eocene
magmatic events show a clear metaluminous calc-alkaline af-
finity (Rossetti et al. 2014; Moghadam et al. 2016), with melt
evolution and differentiation dominantly controlled by amphi-
bole fractionation (Rossetti et al. 2014; Jamshidi et al. 2015;
Moghadam et al. 2016).

Petrography

Tertiary volcanic rocks are distributed along all the Sabzevar
ophiolite belt and occur as lava flows, pyroclastic deposits, and
felsic domes (Jamshidi et al. 2015; Moghadam et al. 2016).

Volcanic sequences are characterized by pyroclastic de-
posits and lava flows (andesitic to intermediate). Locally,
subvolcanic dacitic and rhyolitic domes are also observed to
intrude the ophiolite belt. Albitization due to secondary
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carbonate alteration, in both mafic and intermediate–felsic
rocks, is locally observed. In the following, mineral abbrevi-
ations are after Whitney and Evans (2010).

Andesitic rocks

Andesitic rocks occur both as lava flows and as feeder
dykes intruding the ophiolite successions. Lavas and
dykes show isotropic to fluidal fabric and are medium to
high porphyritic with phenocrystals made of Hbl + Pl +
Ttn associated with a microcrystalline groundmass of
comparable composition (Fig. 2a–d). Rare augitic Cpx
phenocrystal (either preserved or strongly resorbed by
melt) is observed only in most mafic samples (i.e.,
SZD7C, Fig. 2c). Hornblende amphibole shows oscillato-
ry compositional zoning accompanied by variations in
pleochroism (from brown to greenish brown); in many
instances, amphibole shows strongly resorbed rims
(Fig. 2a). Also, the plagioclase crystals, generally, present
resorbed rims; sieve texture is evident where it is in con-
tact with resorbed amphiboles (Fig. 2b). Titanite occurs as
inclusion in amphibole (Fig. 2d), as an allotriomorphic
specimen (Fig. 2b), or as a microcrystalline aggregate as-
sociated with amphibole and plagioclase (Fig. 2c).

Dacites and rhyolites

Felsic lavas and domes show comparable texture, with
medium-to-low porphyritic texture and fluidal fabric.
Groundmass is mainly constituted by sanidine and quartz.
However, phenocrystals are still made of hornblende amphi-
bole and plagioclase, both zoned and resorbed by melt.
Titanite is very rare and often recognized as inclusion in am-
phibole phenocrystals (Fig. 2d). Most evolved felsic domes
(high-silica rhyolites) show aphyric texture with absence of
Ca–Al–Ti-rich mineral phases. Groundmass is always micro-
crystalline to holoyaline, and it is characterized by white mica
associated with alkali feldspar and quartz.

Workflow

Major element mass balance models (Bryan et al. 1969) have
been used preliminary in Moghadam et al. (2016) to test the
hypothesis of replenishment–fractional crystallization (RFC;
White et al. 2009) of the Sabzevar calc-alkaline rocks.

In RFC modeling, parental melt composition is assumed as
matrix b; if all equations are solved for b, then b = Liquid
(Daughter or Melt) + Minerals. When compositions of
Liquid and Minerals are known (expressed in matrix A), it is

Fig. 1 Regional geological context. a Satellite image of the Iran region.
The yellow rectangle indicates the Sabzevar structural zone (Image
Landsat from Google Earth Pro, Map Data: AND, Google; courtesy of
Google). b Localization of the Eocene volcanic calc-alkaline rocks

selected for this study (Image Landsat from Google Earth Pro, Map
Data: Google; courtesy of Google). c Simplified geological map of the
Sabzevar structural zone (modified after Moghadam et al. 2016)
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possible to estimate, by least square approximation, their pro-
portion (in matrix c).

The similarity of b’ (matrix c multiplied with matrix A) to b
(real value) is quantified with the sum of the square of the
residuals (Σr2) as follows:

∑r2 ¼ ∑
n

i−1
b

0
i−bi

� �2
ð1Þ

RFC models are considered acceptable when Σr2 < 1.0.
Proportion of daughter melt is expressed with F in matrix c.

Mass balance modeling can be used also to test crystal
accumulation (BCumulate^ in White et al. 2009). If the
Cumulate is assigned to the matrix b and all equations
are solved for b, then Cumulate = Liquid + Minerals.
Cumulate models are considered acceptable when
Σr2 < 1.0. Proportion of starting melt is expressed with
F in matrix c.

Starting from the andesite melt source (SZD19C) and
using the same fractionating mineral assemblage (Hbl +
Pl + Ttn) adopted in Moghadam et al. (2016), in this
companion study, we explore the RFC mass balance mod-
el to better constraint the magma evolution (for
representative mineral chemistry, see Supplementary
Document 1 in Moghadam et al. 2016). The mineral com-
positional dataset is here used to test the major element
mass balance modeling and the rare earth element–
Rayleigh fractional crystallization (REE-FC) modeling
based on the avai lable whole-rock dataset (see
Supplementary Document 2 in Moghadam et al. 2016).

Improved REE-FC models, using refined and weighted KD

REE coefficients, are produced for LREE, heavy rare earth
elements (HREE), and Eu.

The equation chosen to test REE–fractional crystallization
is that of Rayleigh (1896):

CL ¼ C0 � Fð Þ D−1ð Þ ð2Þ

where C0 represents the element concentration in parental melt,
D is the bulk mineral/melt partition coefficient, F represents the
residual melt fraction (where F = 1 − FC, and FC is the degree of
fractionation, with 0 < FC < 1), and CL is the element calculated
concentration in the residual melt for a specific degree of frac-
tionation (after Rossetti et al. 2014; Moghadam et al. 2016).

Comparison of results is then used to assess the role of the
Tschermak molecule (hosted in Ca-, Al-rich minerals) in the
evolution of Sabzevar calc-alkaline magmas and, in particular,
to quantify the amount of the Tschermakmolecule involved in
the fractional crystallization process.

Mineral chemistry of the fractionation assemblage

Plagioclase

Feldspar phenocrystals consist of labradoritic plagioclase
(mean XAn ≈66 wt%), typical of basaltic melts. Normal zoning
is observed in the most of the analyzed samples. Orthoclase is
always less than 1 wt%.

Fig. 2 Thin section and back-
scattered electron (BSE) images
of the Hbl + Pl + Ttn fractionation
assemblage. a Resorbed and
rounded phenocrystal of
Tschermakite Hbl in andesite
(sample SZD19C). b Example of
resorbed phenocrystals of Pl and
Hbl with minor Ttn, commonly
recognized in dacites and low-
silica rhyolites (samples I10–35,
I10–32). c Example of highly
porphyritic mafic andesite char-
acterized by the assemblages Hbl,
Pl, and Ttn in association with
Cpx phenocrystals (sample
SZD7C). d BSE images showing
Hbl + Pl + Ttn assemblage. Note
the Ttn inclusions in Hbl
phenocrystals
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Hornblende

Hornblende phenocrystals belong to the tschermakite group
(Leake et al. 2004) with a mean atomic Mg/(Mg + Fe2+ +
Fe3+) = 0.53. Most of the hornblende crystals are zoned,
rounded, and resorbed by the melt, with rims characterized
by exsolution of spinels (Fig. 2a).

Clinopyroxene

Clinopyroxene phenocrystals show Al2O3 higher than 2 wt%
and a meanMg# [molar MgO/(MgO + FeOTOT)] = 0.62. TiO2

(wt%) is always higher than alkali content (Na2O + K2O
wt%). Representative clinopyroxene analyses show major di-
opside with respect to hedenbergite and orthopyroxene com-
ponents (54.4, 14.2, and 20.8 %, respectively, reported per-
centages are expressed on total calculated components); alu-
mina content is controlled by Tschermak molecule (6 7 wt%,
on total calculated components). These chemical characteris-
tics attest for a typical augitic pyroxene from basaltic calc-
alkaline melt.

Titanite

Titanite is ubiquitous. Titanite shows enrichments in FeOTOT

and Al2O3 (2.45 wt% and 3.53 wt%, respectively).

Whole rock geochemistry of selected samples

Andesitic samples show SiO2 ranging from 52.84 to 54.84
wt%, with higher MgO content (3.5–4.32 wt%), high Al2O3

(17.52–17.89 wt%), and lower Na2O (3.35–3.4 wt%).
Felsic rocks show intermediate to acid composition

(SiO2 = 63.23–74.28 wt%) with low MgO content (0.17–
1.84 wt%) and enrichment of Na2O (3.96–6.10 wt%) with
respect to K2O (1.14–2.79 wt%).

Altered mafic and felsic rocks present progressive enrich-
ments in Na2O content (up to 7.7 wt%), in K2O (up to 3.81
wt%) opposite to a strong CaO depletion (down to 4.63 and
1.74 wt%, in andesites and rhyolites, respectively).

Collectively, the Sabzevar magmatic suite shows a
subalkaline affinity and a distribution from basalt–andesites to
rhyolites on a TAS diagram (Le Maitre et al. 2002). According
to Peccerillo and Taylor (1976), a medium-K calc-alkaline sig-
nature can be recognized. Andesites show a clear
metaluminous signature with A/CNK (molar [Al2O3/(CaO +
Na2O + K2O)]) in the gap 0.79–0.85. Dacites and rhyolites
instead have A/CNK values in the range 0.87–1.21, with a
mean of 1.05 indicating a weakly peraluminous character.

Samples show fractionated REE patterns (Table 1)
enriched in LREE with respect to HREE, with (La/Yb)N and
(Eu/Yb)N values ranging 1.58–7.47 and 1.32–6.43, respec-
tively (chondrite normalization after Sun and McDonough
1989). Moreover, REE-normalized content progressively

Table 1 Bulk REE parameters
for Sabzevar Eocene volcanic
suite

Sample Rock type Eu* YbN (La/Yb)N (Eu/Yb)N (Dy/Yb)N

SZD7C 0.94 12.71 2.52 1.34 1.17

SZD18D Albitized
Mafic

0.95 8.35 5.71 1.86 1.30

SZD19C 0.98 11.82 4.92 1.74 1.21

D1 Albitized 1.05 12.53 6.16 1.91 1.22

SZD29A Albitized 0.90 9.00 3.16 1.43 1.18

l10-35 1.09 4.18 14.45 2.32 1.13

SZD11C 0.96 8.24 8.30 1.84 1.20

SZD1A Intermediate 1.10 3.76 16.48 2.58 1.33

SZD2C 0.78 14.29 6.38 1.79 1.27

D21 1.10 7.65 11.31 1.74 0.82

SZD27A 0.98 3.94 13.38 2.31 1.44

SZD38A Albitized 1.00 1.18 19.26 4.82 1.77

l10-32 1.02 6.41 6.91 1.54 0.98

SZD20C 1.10 1.12 10.27 2.65 1.48

SZD31A
Acid

0.92 4.65 14.07 2.24 1.33

SZD21C 0.98 1.59 13.58 2.54 1.29

SZD34A 0.89 3.18 24.44 2.43 1.20

SZD33A 0.66 3.76 10.10 1.32 1.28

SZD26A 0.98 0.88 13.77 6.43 3.48

Eu*, EuN / [SmN × GdN]
1/2 . Chondrite-normalized REE values after Sun and McDonough (1989)
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decreases from andesites to rhyolites. Europium anomaly [EuN /
(SmN × GdN)

1/2] is absent (mean value of 0.97) or slightly neg-
ative in few felsic rocks (0.66–0.89). HREE shows flat profile as
highlighted also by (Dy/Yb)N ratio ranging 0.82–1.77 (with a
mean of 1.25; up to 3.48 only for aphyric high-silica rhyolites).
In a (La/Yb)N vs. YbN diagram (after Martin et al. 2005; Moyen
2009), the Eocene Sabzevar volcanism shows a major calc-
alkaline arc setting signature (Moghadam et al. 2016).

Results

RFC modeling: dacites and rhyolites

The RFC modeling has been applied to all selected dacites
(see Table RFC1 in the supplementary material). It was
verified that a fractionation of a Hbl + Pl + Ttn assem-
blage in the range of 45.1–55.3 wt% (Σr2 0.04–0.87) is
necessary to produce the Sabzevar dacite melts. RFC
modeling for high-silica rhyolites (see Table RFC2 in
the supplementary material) indicates a major degree of
fractionation of the Hbl + Pl + Ttn assemblage up to
59.5–65 wt% (Σr2 0.11–0.30).

Average dacite and rhyolite (Table 2) RFCmodeling attests
for intermediate and acid melts being produced by two differ-
ent degrees of fractionation (50 and 60 %, respectively; Σr2

0.06–0.07) of the same fractionating assemblage (Hbl52.0–
52.5 + Pl44.1–44.2 + Ttn3.3–3.9; percentages are expressed on total
crystallized assemblage).

A Harker-like graphic solution for the RFC models, with
major element compositions recalculated on anhydrous basis
and normalized to 100 wt%, is presented in Fig. 3. All major
elements show the same fractionation trend for both dacites
and rhyolites, with minor variation in Al2O3 and TiO2 con-
tents, mainly related to the different amounts of Ttn (3.9 and
3.3 % in dacite and rhyolite, respectively) involved in the FC
process.

Cumulus modeling: mafic andesites

We approach the calculation considering SZD19C as Liquid
and the Hbl + Pl + Ttn assemblage as the cumulate assemblage
leading to production of the mafic, highly porphyritic, andes-
ites (i.e., SZD7C, Fig. 2c).

A crystal accumulation of 21.8 %, mainly controlled by
Hbl fractionation (77.5 % of the total crystallized assemblage;

Table 2 Major element RFCmodeling for average dacite and rhyolite. Sum of the square of the residuals (Σr2) and proportion of daughter melt (F) are
reported in italic

b Liquid and mineral phases (matrix A) b’ b–b’ c

Model A: SZD19C to average dacite (RFC modeling)

SZD19C Av. Dacite Hbl Pl Ttn

SiO2 54.84 65.75 42.48 50.90 32.08 54.82 0.02 Av. dacite 0.477 = F

TiO2 1.01 0.37 0.89 0.05 31.09 1.04 -0.03 Hbl 0.266 52.0 %

Al2O3 17.89 16.15 12.62 29.98 3.53 17.91 -0.02 Pl 0.226 44.1 %

FeOTot 6.44 3.44 17.28 0.69 2.45 6.45 0.00 Ttn 0.020 3.9 %

MnO 0.13 0.08 0.34 0.01 0.04 0.13 -0.01 Sum 0.99

MgO 3.50 1.32 10.81 0.10 0.41 3.54 -0.04

CaO 8.03 3.59 10.07 13.70 26.78 8.01 0.02

Na2O 3.40 4.90 1.72 3.71 0.08 3.64 -0.24

K2O 0.84 1.56 0.33 0.12 0.03 0.86 -0.02

Sum 96.39 0.06 = Σr2

Model B: SZD19C to average rhyolite (RFC modeling)

SZD19C Av. Rhyolite Hbl Pl Ttn

SiO2 54.84 71.87 42.48 50.90 32.08 54.83 0.01 Av. rhyolite 0.373 = F

TiO2 1.01 0.14 0.89 0.05 31.09 0.97 0.03 Hbl 0.321 52.5 %

Al2O3 17.89 15.13 12.62 29.98 3.53 17.87 0.02 Pl 0.270 44.2 %

FeOTot 6.44 1.51 17.28 0.69 2.45 6.34 0.10 Ttn 0.020 3.3 %

MnO 0.13 0.05 0.34 0.01 0.04 0.13 −0.01 Sum 0.98

MgO 3.50 0.37 10.81 0.10 0.41 3.64 −0.14
CaO 8.03 1.63 10.07 13.70 26.78 8.08 −0.05
Na2O 3.40 5.10 1.72 3.71 0.08 3.46 −0.06
K2O 0.84 2.36 0.33 0.12 0.03 1.02 −0.18

Sum 96.35 0.07 = Σr2
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Σr2 0.44), is able to produce mafic andesites (model 14,
Table RFC3 in the supplementary material).

Due to the presence of augitic Cpx phenocrystals in
mafic andesites (Fig. 2c), we repeat the model adding
the Cpx composition to the mineral matrix. Results (mod-
el 15, Table RFC3 in the supplementary material) again
point to a crystal accumulation of 22 % (Σr2 0.43), chief-
ly controlled by Hbl fractionation (76.4 % of the total
crystallized assemblage), and demonstrate the irrelevant
role of augitic Cpx fractionation (1.0 % of the total crys-
tallized assemblage).

Rayleigh fractional crystallization applied to REE

Results from RFC modeling do not completely agree
with whole-rock REE geochemistry: a progressive extrac-
tion of Hbl should lower the Dy/Yb value with

differentiation (Davidson et al. 2007; Rossetti et al.
2014), that is at odds with the REE signature of the
Eocene Sabzevar magmatic rocks, which instead show
flat HREE patterns and a near constant value of (Dy/
Yb)N ratio (Moghadam et al. 2016). The latter evidence,
in particular, suggests permanence rather than extraction/
fractionation of Hbl during magma differentiation.

Based on RFC model results and considering the REE
geochemistry, we approach the REE–Rayleigh FC model-
ing by calculating differentiation curves in three different
systems: (La/Yb)N vs. YbN, (Eu/Yb)N vs. YbN, and (Dy/
Yb)N vs. YbN. The REE-FC models were calculated for
mineral phase weight percentage, obtained through aver-
age rhyolite RFC model (Hbl 52.5 %, Pl 44.2 %, Ttn
3.3 %) after normalization to phase density (tschermakite
hornblende 3.44 g/cm3 in Deer et al. 1997; labradorite
plagioclase 2.68 g/cm3 in Deer et al. 2001; titanite
3.53 g/cm3 in Deer et al. 1982).

Fig. 3 Harker diagrams as derived frommajor element RFCmodeling of
the Sabzevar Eocene volcanic suite. Major elements have been
recalculated to 100 % on anhydrous basis. Black arrows (straight,
dashed, and dotted are Hbl, Pl, and Ttn, respectively) represent
FC = 20 % of pure phases. Blue and pink stars represent average

compositions of dacite and rhyolite, respectively (see Table 2). Blue and
pink lines represent fractionation trends as calculated from average dacite
and rhyolite compositions (see Table 2), respectively. Samples colors
refer to Fig. 1b
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Phase/melt partition coefficients for basaltic–andesitic/
dioritic source were selected from literature (Schnetzler
and Philpotts 1970; Nagasawa and Schnetzler 1971;
Matsui 1977; Luhr and Carmichael 1980; Green and
Pearson, 1983; Green and Pearson 1985; Fujimaki et al.
1984; Bacon and Druitt 1988) through the GERM KD

database (https://earthref.org/GERM/).
Refined calculated partition coefficients are as follows:DLa

1.899, DEu 2.257, DDy 2.355, and DYb 3.646 (with maximum
values tested of 2.292, 8.639, 16.033, and 9.245, respective-
ly). The high variance for Eu, Dy, and Yb is a consequence of
REE–element diffusivities in hornblende structure (Cherniak
and Dimanov 2010) and of high REE–KD values for titanite
(Luhr and Carmichael 1980).

Results as obtained by application of Eq. (2) are presented
in Table 3. These results show that major element and REE FC
models converge only in reproducing the aphyric high-silica
rhyolites, with a fraction of ca. 60 %, of the Hbl + Pl + Ttn
assemblage. Instead, average dacite and rhyolite compositions
are obtained for ca. 20 and 40 % fractionation of the same
assemblage (Figs. 3 and 4).

Discussion

Comparing major element and REE-FC results, a gap in
the degree of fractionation in the order of 20–30 %
(compare Figs. 3 and 4) to reproduce the Eocene
Sabzevar volcanic suite is evident. Based on the wide-
spread textural evidence at microscale showing strongly
resorbed Hbl and Pl phenocrystals in the groundmass of
the Sabzevar volcanics, we therefore hypothesize that such
gap corresponds to fractionated, not extracted Tschermak-
rich (Ca–Al-rich) phenocrystals (hornblende and plagio-
clase) that suffered interaction with residual melt (Fig. 2a,
b). This hypothesis is supported by nearly constant Eu*
anomaly and (Dy/Yb)N vs. YbN differentiation trends

(Table 1 and Fig. 4). In this view, taking into account the
general incompatible behavior of REE elements (e.g.,
Philpotts and Ague 2009), the fractionation gap may

Table 3 REE-FC modeling results

YbN (La/Yb)N (Eu/Yb)N (Dy/Yb)N

C0 values

Andesite SZD19C 11.82 4.92 1.74 1.21

FC degree CL values

0.1 8.95 5.92 2.01 1.38

0.2 6.55 7.27 2.37 1.61

0.3 4.60 9.18 2.85 1.92

0.4 3.06 12.02 3.53 2.34

0.5 1.89 16.53 4.55 2.96

0.6 1.05 24.41 6.20 3.95

0.7 0.49 40.35 9.24 5.72

Fig. 4 Rayleigh REE-FC modeling for the Sabzevar Eocene volcanic
suite. The cyan fractionation curves represent solutions as derived in
Table 3. The red dotted lines represent calculated solutions for
maximum KD values calculated from literature (see text for further
details)
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represent the REE budget re-distributed in the melt by re-
sorption of not extracted, Tschermak-rich phenocrystals.

Convergence of both major and REE fractionation models
only for aphyric high-silica rhyolites (hence characterized by
the absence of the Hbl + Pl + Ttn assemblage) supports the
hypothesis of the REE budget fully controlled by the
Tschermak-bearing phases.

Validity and limitations of the RFC modeling

Three albitized samples (a high-altered andesite, a
medium-altered dacite, and a poorly altered rhyolite, re-
spectively) have been used to test the validity and limita-
tions of the presented RFC modeling. Andesite and dacite
models (Table RFC4 in the supplementary material) fail to
reproduce the differentiation trend (Σr2 5.66 and 5.68,
respectively), mainly due to the large r2 for Al, Ca, and
alkalines. Rhyolite model, instead, produces a nearly ac-
ceptable result (Σr2 1.09). Since the rhyolite rocks show
aphyric textures devoid of Ca–Al-rich (Tschermak-
bearing) mineral phases, these results emphasize the dom-
inant role exerted by Tschermak-bearing mineral phases in
controlling magma differentiation.

The Tschermak effect

Major element RFC and REE-FC modeling of the Eocene
Sabzevar volcanic suite highlights the major roles exerted by
Ca–Al-rich (Tschermakmolecule-bearing) phases such as Hbl
and Ca–Pl.

Throughout, a simple stoichiometry calculation is pos-
sible to define the amount of Tschermak molecule in-
volved in RFC processes. Considering the simplified gen-
eral mineral formulas for the following: (i) Tschermakite
Hbl [Ca2(Mg,Fe)2MgAl4Si6O22(OH)2], (ii) labradoritic Pl
[XAn 66 wt%; 0.66 (CaAl2Si2O8) + 0.34 (NaAlSi3O8)],
and (iii) Ttn [CaTiSiO5], it is possible to write the frac-
tionating assemblage as follows:

Ca2 Mg; Feð Þ2MgAl4Si6O22 OHð Þ2� þ ½0:66 CaAl2Si2O8ð Þ

þ 0:34 NaAlSi3O8ð Þ� þ ½CaTiSiO5�

ð3Þ

Factoring in minor terms:

2 CaAl2SiO6ð Þ þ Mg; Feð Þ2Si2O6 þ 2SiO2 þMg OHð Þ2
� �

þ 0:66 CaAl2SiO6ð Þ þ 0:66 SiO2ð Þ þ 0:34 NaAlSi3O8ð Þ½ �
þ CaTiSiO5½ �

ð4Þ

with Tschermakite Hbl expressed as 2 Tschermak mol. + 1
Opx + 2 Qtz + 1 Brc and labradoritic plagioclase as 0.66
Tschermak mol. + 0.66 Qtz + 0.34 Ab, respectively.

Using phase percentage obtained through major element
RFC modeling, we can rewrite Eqs. (3) and (4) as follows:

Average dacite can be defined as

1:331 CaAl2SiO6ð Þ þ 1:331 SiO2ð Þ þ 0:52 Mg; Feð Þ2Si2O6

þ 0:52Mg OHð Þ2 þ 0:15 NaAlSi3O8ð Þ þ 0:039 CaTiSiO5ð Þ

ð5Þ

Average rhyolite can be defined as

1:342 CaAl2SiO6ð Þ þ 1:342 SiO2ð Þ þ 0:525 Mg; Feð Þ2Si2O6

þ 0:525Mg OHð Þ2 þ 0:15 NaAlSi3O8ð Þ þ 0:033 CaTiSiO5ð Þ

ð6Þ

Normalizing to 100, the major role exerted by the
Tschermak molecule on the fractionating assemblage for both
dacite and rhyolite models, up to 34.2 and 34.3 %, respective-
ly, is evident. Furthermore, stoichiometric factors indicate that
the Tschermak molecule is mainly controlled by Hbl (78 %)
with respect to Pl (22 %).

Based on the stoichiometry, the FC degree gap betweenmajor
RFC and REE-FC models shows that 6 to 10 % of the
Tschermak molecule suffered interaction with fractionated melt.

The Tschermak role in the calc-alkaline magmatism

It is widely accepted that Hbl is the main mineral phase con-
trolling differentiation and major and REE fractionation in
andesites and in calc-alkaline magmas (e.g., Cawthorn and
O’hara 1976; Anderson 1980; Defant and Drummond 1990;
Romick et al. 1992; Grove et al. 2002; Davidson et al. 2007,
2013; Pichavant and Macdonald 2007; Moyen 2009;
Larocque and Canil 2010; Bryant et al. 2011; Deering et al.
2011; Zhang et al. 2011; Dessimoz et al. 2012; Takahashi et al.
2013; Rossetti et al. 2014; Moghadam et al. 2016). Major
element RFC modeling presented in this study confirms the
primary role of Hbl and Pl fractionation (52 and 44 %, respec-
tively), in magma differentiation.

For Hbl and Pl fractionation, stoichiometry shows the follow-
ing fractionating components (percentages are on total fraction-
ated assemblage): Tschermak (34.2–34.3%), Qtz (34.2–34.3%),
Opx (13.4%), Brc (13.4%), andAb (3.9%). Tschermak +Qtz +
Brc provides the 81.8–81.9%of the total crystallized assemblage
for both dacite and rhyolite melts. Due to (i) the marginal effect
of Opx in REE budget (e.g., Davidson et al. 2007; Larocque and
Canil 2010), (ii) the late crystallization of Ab, enriched in the
residual melt, and (iii) the general REE-poor/neutral behaviors of
Brc (e.g., Kodolányi et al. 2011) and Qtz (e.g., Monecke et al.
2002; Götze et al. 2004), the Tschermak molecule is the only
efficient component whose fractionation is able to produce dacite
and rhyolite magmas starting from a calc-alkaline andesite
source. In particular, the Tschermak molecule controls both the
HREE and LREE,when it is part of double-chain inosilicate (i.e.,
Hbl) and Eu and LREE in framework silicate (i.e., Ca-rich Pl).
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Finally, cumulation and permanence of Tschermak-rich
phenocrystals in the melt are the key factor to understand bulk
REE budget in calc-alkaline differentiation trends.

Conclusion

The main results of this study can be summarized in the fol-
lowing points:

1. Major element RFC modeling outlines that the Sabzevar
Eocene calc-alkaline volcanic rocks are genetically linked
melts due to fractional crystallization dominated by the
Tschermak component hosted in hornblende + Ca–plagio-
clase + titanite (Hbl52.0–52.5 + Pl44.1–44.2 + Ttn3.3–3.9;
phases are expressed on total crystallized assemblage).
Furthermore, dacites and rhyolites represent two different
degrees of fractionation (FC values 45–55 and 59–65 %,
respectively) starting from the same andesitic source.

2. Mafic andesites, considering their isotropic phenocrystal-rich
fabric and taking in account mass balance results (Hbl77.5 +
Pl21.7 + Ttn0.8), can be interpreted as Hbl cumulates. RFC
modeling evidences a negligible role of clinopyroxene frac-
tionation (≈1 % with respect to total crystal assemblage).

3. REE-FC modeling confirms a co-genetic magmatic suite,
spanning from andesites to dacites and rhyolites. The lower
degree of fractionation for dacites and rhyolites (approxi-
mately 20 and 40 %, respectively) is interpreted as a due to
re-equilibration of the bulk REE budget between fractionat-
ed phases and the residual melts. This hypothesis is in agree-
ment with (i) the general incompatible behavior of REE; (ii)
the presence of resorbed Hbl and Pl phenocrystals, (iii) the
REE patterns (in particular, Eu* anomaly and flat HREE
patterns), and (iv) convergence at FC = 60 % for both major
and REE-FC models only for aphyric high-silica rhyolites.

4. Fractional crystallization of the Tschermak molecule
(hosted in Hbl and Pl) dominantly controls magma differ-
entiation in calc-alkaline magmatic suites.
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