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Abstract
Amphibole-dominated dehydration melting of gabbro is the primary process responsible for the genesis of adakites, low-K
tonalites, modern trondhjemites, and plagiogranites as well as Archean tonalite-trondhjemite-granodiorite suites that represent the
earliest examples of continental crust. Previous literature has mostly focused on the role of Al-rich amphibole during anatexis of a
mafic source and many of these studies have investigated this process through experimental melting runs. However, due to
experimental boundary conditions, little is known about partial melting of amphibole-bearingmafic rock at temperatures < 800°C
for upper crustal conditions (pressure < 500 MPa). Classic and forward thermobarometric modelling suggests that in situ
trondhjemite leucosomes, hosted by Cheshmeh-Ghasaban mafic metatexites (Alvand Plutonic Complex, Hamedan, NW Iran),
represent a rare natural case study of a low-temperature incipient amphibole-dominated anatectic event of a mafic source with a
primary assemblage (Pl+Hbl+Cpx+Bt+Opx) typical of a hornblende-bearing gabbroic rock.
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Introduction

Crustal anatexis characterized by melt segregation and extrac-
tion is considered one of the key processes for the genesis of
large volumes of felsic magmas and therefore also for conti-
nental crustal growth and differentiation (e.g., Clemens 1990;
Vielzeuf and Vidal 1990; Johannes and Holtz 1996; Clemens
and Watkins 2001; Kriegsman 2001; Ratajeski et al. 2005;
Sisson et al. 2005; Gao et al. 2016; Rossetti et al. 2020; Saki
et al. 2021). Furthermore, crustal anatectic events mainly

occur through amphibole-, biotite-, and muscovite-
dehydration melting reactions (e.g., Clemens 1990; Gao
et al. 2016 and references therein) capable of producing melts
with particular chemical characteristics (e.g., Clemens 1990;
Clemens and Stevens 2012; Johannes and Holtz 1996; Patiño
Douce 1999; Castro 2013). Over the past few years, melting
experiments have been performed at pressures (P) up to 3.2
GPa and temperatures (T) up to 1100°C (see Gao et al. 2016,
and references therein) to help understand closed-system
felsic magma generation from partial melting of protoliths
various compositions (e.g., Beard and Lofgren 1991; Castro
et al. 1999; Sisson et al. 2005; Laurie and Stevens 2012;
Skjerlie and Patiño Douce 1995, 2002; Watkins et al. 2007;
Conrad et al. 1988; Skjerlie and Johnston 1996; Vielzeuf and
Montel 1994; Montel and Vielzeuf 1997;Castro et al. 1999;
García-Arias et al. 2012). A review of the existing chemistry
data of experimental melts frommafic tometapelitic protoliths
was recently published by Gao et al. (2016). Among all these
studies, there was great emphasis on experimental and natural
evidence for amphibole-dominated dehydration melting of
mafic magmatic and metamorphic sources such as basalts,
andesites, gabbros, greenstones, amphibolites, and eclogites
(e.g., Barker and Arth 1976; Barker 1979; Beard and
Lofgren 1991; Sisson et al. 2005; Ratajeski et al. 2005; Saki
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et al. 2021), because this is one of the processes that may
control the genesis of dacites (e.g., Beard and Lofgren
1991), adakites (e.g., Rossetti et al. 2014), modern low-K
tonalites and trondhjemites (e.g., Barker and Arth 1976;
Beard and Lofgren 1991; Sisson et al. 2005; Ratajeski et al.
2001, 2005; García-Casco et al. 2008; Saki et al. 2021),
plagiogranites (e.g., Koepke et al. 2005), and, most signifi-
cantly, the Archean tonalite-trondhjemite-granodiorite (TTG)
suites believed to provide the first evidence of Earth’s conti-
nental crust (e.g., Barker and Arth 1976; Moyen and Stevens
2006).

With the goal of contributing to the understanding of the
genesis of trondhjemite leucosomes through partial melting of
hornblende-bearing mafic rocks, this paper is focused on the
role of the dominant protolith-forming minerals during incip-
ient crustal anatectic events. In particular, this work is
intended as a companion paper of Saki et al. (2021) and uses
part of its geochemical dataset from the Cheshmeh-Ghasaban
(CG) mafic migmatite suite (Hamedan, NW Iran) where the
connection between a gabbro protolith and in situ
trondhjemite leucosomes has been demonstrated (Saki et al.
2020, 2021). Results are discussed in the context of the
existing literature. This study, exploring the CG mafic
metatexites, provides new evidence on how the very early
stage of partial melting of a hornblende-bearing mafic rock
is developed in upper crust environment.

Geological setting

The Alvand plutonic complex is located within the Sanandaj-
Sirjan Zone (hereafter SaSZ) of Iran (Fig. 1a), a distinctive
≈1000km long and ≈150 km wide NW-SE trending crustal
terrane (Stöcklin 1968), tectonically delimited by the
Urumieh-Dokhtar Magmatic Belt (UDMB) and by the
Zagros suture zone, at its northeastern and southwestern ends,
respectively. The SaSZ is characterized by a Cadomian (≈500-
600 Ma) basement (e.g., Stöcklin and Nabavi 1973; Ghasemi
and Talbot 2006; Hassanzadeh et al. 2008; Malek-Mahmoudi
et al. 2017; Azizi and Stern 2019; Moghadam et al. 2020,
2021) consisting of greenschist to amphibolite metamorphic
rocks intruded by Jurassic-Cretaceous magmas (Mohajjel
et al. 2003; Ghasemi and Talbot 2006; Hassanzadeh and
Wernicke 2016; Azizi et al. 2018a, b; Saki et al. 2020). It
has been interpreted as the southwestern portion of the
Iranian microcontinent (Hassanzadeh et al. 2008; Hosseini
et al. 2015; Azizi et al. 2016, 2018a). Since the work of
Eftekharnejad (1981), the SaSZ has been commonly divided
in northern and southern sectors; however, recently, Azizi and
Stern (2019) proposed a subdivision in three subzones from
north to south: Northern-SaSZ (N-SaSZ), Central SaSZ (C-
SaSZ), and Southern SaSZ (S-SaSZ). In particular, the C-
SaSZ is bounded with the structural zones of Baneh-

Mianeh-Ardabil in the north (Rabiee et al. 2020) and the con-
tinuation of Daruneh-Naeen fault in the south (Fig. 1a).

The C-SaSZ, where the Alvand plutonic complex and the
study area are located, is characterized by (i) Cadomian base-
ment dominated by metagranites and amphibolites (Badr et al.
2018; Azizi and Stern 2019); (ii) the Jurassic metamorphic
complex (Mohajjel and Fergusson 2000; Mohajjel et al.
2003; Agard et al. 2005; Hassanzadeh and Wernicke 2016;
Azizi and Stern 2019) with protoliths interpreted as mafic to
felsic volcanic rocks interbedded with carbonates and
siliciclastic materials deposited over a thin Cadomian crust
in a marine basin setting (e.g., Mohajjel et al. 2003;
Baharifar et al. 2004; Hassanzadeh and Wernicke 2016;
Azizi et al. 2018a, b); and (iii) the Jurassic to Early
Cretaceous gabbro to granite intrusive complexes (Saki et al.
2021 and references therein). The latter magmatic activity
heated the pre-existing rocks and generated Buchan-type ther-
mo-metamorphic contact aureoles characterized by Al2SiO5-
bearing hornfels up to migmatization (e.g., Baharifar et al.
2004; Agard et al. 2005; Sepahi et al. 2009, 2018, 2019,
2020; Shahbazi et al. 2010, 2014; Mahmoudi et al. 2011;
Hassanzadeh and Wernicke 2016; Saki et al. 2020).

The Jurassic Alvand plutonic complex (Fig. 1a, b) in the
Hamedan area, with an exposed area of > 400 km2, is one of
the largest batholiths intruded into the C-SaSZ (e.g., Aliani
et al. 2012). It consists of a composite mafic to felsic plutonic
complex with a main body made up of porphyritic granular
biotite-bearing granite (e.g., Sepahi 2008; Sepahi et al. 2018,
2020; Shahbazi et al. 2010; Aliani et al. 2012; Sheikhi
Gheshlaghi et al. 2020). Diffused leucogranitic, aplitic, and
pegmatitic dikes and dikes-swarms intrude both the whole
Alvand complex and its contact aureole (e.g., Aliani et al.
2012; Sepahi 2008; Sepahi et al. 2018, 2020; Shahbazi et al.
2010; Sheikhi Gheshlaghi et al. 2020). Mafic intrusive rocks
are mostly represented by pegmatoid and microcrystalline
gabbros and diorites that outcrop as stocks and dikes (e.g.,
Shahbazi et al. 2010; Aliani et al. 2012; Saki et al. 2020,
2021) and are mainly found in the northern part of the
Alvand complex, at the Cheshmeh-Ghasaban (CG) locality
(Fig. 1b). Minor occurrences of these mafic rocks are also
observed in the eastern sector of the Alvand complex, in the
Simin-Khaku locality (Eghlimi 1998; A.A. Sepahi, personal
communication). Existing literature on the CG gabbros
(Eshraghi and Mahmoudi Gharai 2003; Sepahi et al. 2009;
Shahbazi et al. 2010; Yang et al. 2018; Saki et al. 2020) per-
mits their discrimination between (i) hornblende-free olivine-
gabbros (hereafter Ol-gabbro) with pyroxenite lenses and (ii)
hornblende-bearing gabbros (hereafter Hbl-gabbro) and dio-
rites. A primary contact between these two gabbroic lithotypes
is locally observed (e.g., Saki et al. 2021); however, a detailed
field study is still missing. The Alvand complex has been
dated by zircon U–Pb method (Shahbazi et al. 2010;
Mahmoudi et al. 2011; Chiu et al. 2013; Sepahi et al. 2018,
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2020; Zhang et al. 2018a, b; Yang et al. 2018) which reveals a
prolonged Jurassic magmatic history from ≈167 to 150 Ma.
These geochronology studies suggest that CG gabbros
emplaced at ≈161–167 Ma (Shahbazi et al. 2010; Yang et al.
2018). Furthermore, Sepahi et al. (2013) used classic
thermobarometry modelling to estimate emplacement temper-
atures of 1200–1300 °C and 900–1100 °C for Ol-gabbros and
Hbl-gabbros, respectively, at crustal conditions of ≈ 5–6 ± 2.5
kbar for both.

The intrusive Alvand plutonic complex generated a well-
developed thermo-metamorphic aureole made up of
cordierite-andalusite-sillimanite-bearing hornfels and
cordierite-bearing migmatites (e.g., Sepahi et al. 2019; Saki
et al. 2020) in the local low-grade regional metamorphic base-
ment (known in literature as “Hamedan Phyllite,” e.g.,
Mohajjel et al. 2003). Peak conditions for the thermal aureole
were estimated at ~750 °C and 4 kbar (Sepahi 2008, Sepahi
et al. 2013; Sepahi et al. 2009, 2013, 2020; Saki et al. 2012,
2020; Baharifar et al. 2004; Shahbazi et al. 2014; Sheikhi
Gheshlaghi et al. 2020). The metapelitic migmatites show a
U–Pb zircon age of ~170 Ma (Sepahi et al. 2019), and are
mostly found in the eastern (Simin-Khaku locality) and

southern (Tuyserkan locality) sectors of the inner aureole
(e.g., Saki et al. 2021). These migmatites are characterized
by the diffuse occurrence of S-type leucosomes and pegma-
tites (e.g., Sepahi et al. 2019; Sheikhi Gheshlaghi et al. 2020;
Saki et al. 2012, 2020, 2021).

The presence of mafic metatexite migmatites, characterized
by the presence of both in situ and in source trondhjemite
leucosomes within the CG Hbl-gabbro protolith, was reported
and investigated by Saki et al. (2020, 2021). Saki et al. (2020)
studied these mafic migmatites by integrating (i) field obser-
vations, (ii) microfabric and textures, and (iii) mineral and
bulk rock chemistry and investigated the migmatization
event through qualitative analysis of partial melting reactions
and classic and forward thermobarometry. Saki et al. (2021)
followed this with a quantitative investigation of the gabbro-
trondhjemite connection utilizing (i) major-element mass bal-
ance modelling, (ii) trace and REE elements equilibrium batch
melting (EBM) modelling, (iii) pseudosection analysis ap-
plied to the Hbl-gabbro protolith, and (iv) a preliminary com-
parison between trondhjemite leucosomes and the chemistry
of experimental melts from literature. They concluded that an
origin for in situ trondhjemite leucosomes are compatible with

Fig. 1 Geological framework. a Schematic geological map of Iran
(modified after Ghasemi and Talbot 2006; Saki et al. 2021). The
Sanandaj-Sirjan zone is indicated in yellow. The blue square is the study
area presented in b. b Simplified geological map of the Alvand plutonic
complex (after Saki et al. 2021). The white star indicates the Cheshmeh-
Ghasaban metatexite migmatites and the sampling locality. c Field obser-
vation: an example of the outcropping mafic metatexite migmatite

characterized by net-structured texture and in situ leucosomes. d
Petrography: the Hbl-gabbro protolith hosting an in situ leucosome
micropatch. The Hbl-gabbro shows a holocrystalline texture with a pri-
mary assemblage made up of plagioclase (PlP), hornblende (Hbl),
clinopyroxene (Cpx), orthopyroxene (Opx), biotite (Bt), and ilmenite
(Ilm), whereas the leucosome is characterized mainly by a plagioclase
(PlL) and quartz (QzL) association
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1–2% partial melting of the Hbl-gabbro through an
amphibole-dehydration melting process near the solidus at
mid-to-upper crustal conditions of ≈700–750 °C and 300–
450 MPa.

Field observation and petrography

In this companion paper, we present the field occurrences,
petrography, and mineralogy characterizing the studied Hbl-
gabbro protolith and the in situ trondhjemite leucosomes.

The CG gabbros, with an area of >20 Km2 (Fig. 1b), rep-
resent the most significant outcrop of mafic rocks in the
Alvand complex. Here both Ol-gabbro and Hbl-gabbro are
exposed and locally a primary contact is recognized (Saki
et al. 2021 and references therein). Close to this contact, the
Hbl-gabbro shows evidence for migmatization (Fig. 1c) char-
acterized by the presence of in-source and in situ leucosomes
(sensu Sawyer 2008) in millimetric- to metric-scale veins,
dikes, patches, net structure, veinlets, and lenses. Locally,
schollen migmatite fabric is observed. The low volume of
leucosome (<10 vol%) is typical of a metatexite migmatite
(e.g., Sawyer 2008). To note, Sepahi et al. (2009) had already
reported the thermally metamorphosed gabbros and Eshraghi
and Mahmoudi Gharai (2003) previously documented
“agmatites in gabbros” in the “Tuyserkan” quadrangle geo-
logical map, whereas no leucosome outcrop was found or
documented in the Ol-gabbros (Saki et al. 2021).

The Hbl-gabbro (Fig. 1d) is characterized by a
holocrystalline hypidiomorphic fine- to coarse-grained isotro-
pic texture with a preserved primary assemblage consisting of
plagioclase (40–50 vol%; An57-60Ab40-42Or0-1), hornblende
(30–35 vol%, magnesio-hornblende), clinopyroxene (10–20
vol%, diopside-rich augite), biotite (< 10 vol%, eastonite),
quartz (< 5 vol%), and orthopyroxene (< 5 vol%, hyper-
sthene). In decreasing order of abundance, accessory minerals
are ilmenite, apatite, titanite, and zircon. In agreement with
Saki et al. (2021), nearer the leucosomes, (i) plagioclase
shows subroundedmorphology with lobate margins, (ii) horn-
blende is characterized by clinopyroxene + orthopyroxene
replacement, and (iii) biotite shows generally preserved pri-
mary textures. Mafic selvedges made up of hornblende and
biotite in sheaf textures are also locally observed.

The trondhjemite leucosomes (Fig. 1d) are characterized by
a holocrystalline, hypidiomorphic to allotriomorphic
hololeucocratic granular texture with a magmatic assemblage
dominated by euhedral to anhedral plagioclase (up to 60
vol%, An26-30Ab68-72Or0-2) and anhedral quartz (up to 40
vol%), and rare k-feldspar locally showing granophyric tex-
tures. Rare xenomorphic pyroxenes (diopside-rich augite and
hypersthene) are also observed within the leucosomes.
Melanosomes, made up of plagioclase (up to 50 vol%),
clinopyroxene (up to 40 vol%), hornblende (up to 30 vol%),

and biotite (<5 vol%), are commonly observed close to
leucosomes. Saki et al. (2021) interpreted these melanosomes
as a melt residuum (sensu Taylor and Stevens 2010; Rossetti
et al. 2020) following anatexis.

Methodology

Five samples from the CG Hbl-gabbro protolith and five sam-
ples from in situ trondhjemite leucosomes were selected for
whole-rock analyses. Samples were analysed for major, trace,
and REE elements at Activation Laboratories (Canada) by
ICP-OES and ICP-MS (code 4Lithoresearch). For major ele-
ments, the uncertainty (1s) is estimated less than 2% for con-
centrations higher than 5 wt%, and less than 5% for concen-
trations between 0.1 and 5 wt%. For trace elements, the pre-
cision is 5% and 10% for the values in the ranges 1–100 ppm
and 0.1–1ppm, respectively.Whole-rock chemistry is present-
ed in Table 1. The dataset is integrated with analyses of nine
leucosome from Saki et al. (2020, 2021) and one Hbl-gabbro
from Saki et al. (2021) collected from the same studied out-
crops. These data are also reported in Table 1 for comparison.
The total alkali vs. silica (TAS) diagram (after Middlemost
1994) is here chosen as proxy diagram for the purpose of a
homogeneous dataset presentation. In the following, we
adopted the mineral abbreviation recommended by Whitney
and Evans (2010).

Whole-rock geochemistry

The Hbl-gabbro studied samples show (i) LOI < 1.33 wt%
(average 0.99 wt%) and (ii) the invariably absence of second-
ary phases such as epidote, chlorite, and tremolite-actinolite
amphibole, suggesting a negligible degree of alteration. They
are characterized by 48.46–51.20 wt% SiO2, with 13.75–
17.13 wt% Al2O3, 7.33–10.09 Fe2O3*, 11.48–13.54 wt%
CaO, 0.94–1.20 wt% TiO2, and 7.71–8.29 wt% MgO. On
the total alkali vs. silica (TAS) diagram for plutonic rocks
(after Middlemost 1994), all samples fall in the field of “gab-
bro” (Fig. 2a). The Hbl-gabbro shows trace elements contents
of 423–545 ppm Sr, 13–18 ppm Y, ≈55–72 ppm SLREE, and
≈9–11 SHREE. In the chondrite (Ch-) normalized diagram
(Fig. 2b; Sun andMcDonough 1989), the Hbl-gabbro samples
are characterized by homogeneous fractionated patterns with
LaN/YbN and DyN/YbN ranging 6.20–8.67 and 0.98–1.60,
respectively, with a positive Eu anomaly (Eu/Eu* = [EuN/
(SmN∙GdN)1/2] = 1.05–1.22).

The trondhjemite leucosomes are characterized by high
SiO2 (76.45–80.08 wt%) and very low MgO (0.11–0.55
wt%), Fe2O3* (0.21–1.36 wt%), TiO2 (0.03–0.16 wt%), and
CaO (1.27–2.89 wt%) contents. The Al2O3 content is in the
range 12.38–13.99 wt%, and the Na2O (3.18–5.01 wt%) is
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always higher than the K2O (0.24–1.26 wt%) content. In the
TAS diagram (Fig. 2a), these leucosomes plot in the “Granite”
field. They have 33–267 ppm Sr, 7–13 ppm Y, 34–124
ppm Zr, ≈43–55 ppm SLREE, and ≈4–6 ppm SHREE.
In the Ch-normalized diagram (Fig. 2b), leucosome sam-
ples are enriched in LREE with LaN/YbN values in the
range 7.83–14.17 and show depleted concave upward pro-
files with HREE flat patterns (DyN/YbN ranging 0.73–
1.25). The Eu anomaly is variable (Eu/Eu* 0.67–1.41;
mean value 1.02), which indicates a variable role for pla-
gioclase during their genesis (e.g., Hu et al. 2016). The
high-SiO2 low-Al2O3 trondhjemite character (Barker and
Arth 1976; Le Maitre et al. 2002) previously identified by
Saki et al. (2021) can be confirmed based on (i) modal
mineralogy (QAP diagram of Streckeisen 1976 in Le
Maitre et al. 2002; not shown), (ii) Na2O–CaO–K2O con-
tents (Fig. 2c), (iii) the Ab-An-Or normative diagram
(Fig. 2d; Barker 1979), and (iv) the Al2O3 (< 15 wt%)
content. Furthermore, on the Ab–An–Or diagram (Fig.

2d), all the studied samples fall in the field of typical
trondhjemites (Nilsen et al. 2003).

For the purpose of partial melting modelling using major
elements, trace elements (Sr, Y), and REE (Dy, Yb), we cal-
culated the compositions for average Hbl-gabbro protolith
(Av-Gb; green star in diagrams of Figs. 2 and 3) and
trondhjemite leucosome (Av-Lc; yellow star in diagrams of
Figs. 2, 3, and 7). They are presented in Table 2.

Workflow

Starting from the same mineral assemblage (Pl+Hbl+Cpx)
used in Saki et al. (2021) and using the current calculated
protolith and leucosome average compositions, we test the
equilibrium batch melting (EBM) model by integrating biotite
and orthopyroxene (analyses of Saki et al. 2021) to (i) refine
the KD coefficients characterizing this partial melting event,
(ii) to constrain the role of all the main protolith-forming

Fig. 2 Whole-rock geochemistry. a Total alkali versus silica (TAS) dia-
gram for plutonic rocks (after Middlemost 1994; Le Maitre et al. 2002).
All the major elements data have been recalculated to 100 wt% on anhy-
drous basis with FeO* as total FeO. b Chondrite-normalized rare earth
elements (REEs) diagram (Sun and McDonough 1989). c CaO–Na2O–
K2O diagram for Cheshmeh-Ghasaban leucosomes. The fields of exper-
imental melts produced at low pressure (P< 500MPa) through amphibole

(green field), biotite (blue field), and amphibole+biotite (dark red) dehy-
dration melting are also indicated. d Normative An-Ab-Or diagram for
the studied leucosomes. Literature data for “Hbl-Gabbro” and
“Trondhjemite” are from Saki et al. (2021). Field of trondhjemites from
Trondheim Region (Norway; cyan field, Nilsen et al. 2003) is also
reported
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mineral phases, and (iii) to better constrain through a forward
modelling the P-T conditions of the Hbl-gabbro anatexis.

The major-element mass balance model of Bryan et al.
(1969) was used in Saki et al. (2021) to test the hypothesis
of EBM (White et al. 2009; Lucci et al. 2016) for the genesis
of trondhjemite leucosomes from the partial melting of the
Hbl-gabbro. In EBM modelling, it is assumed that Residual
Assemblage (Minerals) = Protolith Source − Leucosome. If
the composition of the protolith is assigned to matrix b, and all
elemental equations are solved for b, then b= Leucosome+
Minerals. When the chemistry of leucosome and minerals
are known and expressed in matrix A, it is possible to deter-
mine their proportion (in matrix c) by least square approxima-
tion method. The similarity between the residual matrix b’
(with b’ = c X A) and the matrix b (the protolith) is quantified
through the sum of the square of the residuals (Σr2) as the
following:

∑r2 ¼ ∑
n

i−1
b

0
i−bi

� �2
ð1Þ

Models are considered acceptable when Σr2 < 1.0. The
proportion of the leucosome is expressed with the variable F
in matrix c.

Considering (i) the in situ character of the leucosomes and
their equilibrium with the residuum until the end of the
anatexis, (ii) the paucity/absence of gabbro remnants within
the leucosomes, and (iii) the results obtained by Saki et al.
(2021), it is then assumed the studied partial melting event is
compatible with an equilibrium batch melting process (Shaw
1970; Zou 1998; Ersoy 2013), where the proportions of the
involved mineral phases were those of the magmatic assem-
blage of the protolith. Following Saki et al. (2021), we use the
Shaw (1970) equation chosen for equilibrium batch melting:

CL ¼ C0

D0 þ F 1−D0ð Þ ð2Þ

where C0 is the elemental concentration in the protolith,D0

is the bulk mineral/melt partition coefficient, F is the fraction
of produced melt, and CL is the corresponding calculated ele-
mental concentration in the batch melt. The selected elements
are Sr (LILE), Y (HFSE), and Dy and Yb (HREE). The ele-
ment bulk partition coefficients (DSr, DY, DYb, and DDy) were
calculated following the scheme proposed in Section 8.1.4 of
Saki et al. (2021) and starting from the existing literature (see
Section 8.1.5 in Saki et al. 2021 and references therein).

Discussion

Major element mass balance model

The results of major-element mass balance model applied to
the average protolith and leucosome compositions are present-
ed in Table 3, where mathematically reliable solutions for the
genesis of leucosomes (Σr2 0.02–0.49; models A to D) are
reported.

The model A (Σr2 0.49) shows that the high-SiO2 (≈78
wt%) leucosome may be generated by ≈1% of partial melting
of the gabbroic source with a residuum made up of
Pl38Hbl49Cpx11. When Bt is included (model B, Σr2 0.43),
the major-element mass balance modelling shows a residuum
of Pl37Hbl46Cpx12Bt2 and highlights in the matrix c the neg-
ligible role of the trioctahedral phyllosilicate with respect to
the Ca–Al minerals. When the Opx is added to the matrix A
(models C and D), the mass balance modelling produces un-
realistic results with invariably negative values in matrix c
(highlighted in red) for the Opx. These negative values are
here interpreted as an excess or a non-involvement of this
phase in the Mineral = Protolith − Leucosome equation.

These results confirm the very low degree of partial melting
calculated by Saki et al. (2021) and highlight an anatexis event
dominated by Tschermak-bearing (Hbl+Cpx) and anorthite-

Table 2 Average
compositions for EBM
modelling

Rock type Av-Gb Av-Lc

SiO2 (wt%) 49.78 78.30

TiO2 1.10 0.07

Al2O3 16.07 13.02

Fe2O3
(tot) 8.47 0.60

MnO 0.14 0.01

MgO 8.01 0.23

CaO 12.71 2.13

Na2O 2.26 4.09

K2O 0.84 0.66

P2O5 0.14 0.05

LOI 0.99 0.56

Total 99.50 99.16

Sr (ppm) 486.33 193.43

Y 15.33 8.71

Dy 2.79 1.33

Yb 1.37 0.91

Total iron as Fe2O3

�Fig. 3 (a) Y vs Sr/Y and (b) Yb vs Dy/Yb diagrams illustrating the
genesis of the trondhjemite leucosomes via equilibrium batch melting
(EBM) modelling and starting from the Av-Gb bulk average gabbroic
protolith compositions. The effect of the primary Pl+Hbl+Cpx assem-
blage on the EBM process is also presented for Sr-Y (c–e) and Dy-Yb
(f–h) systems. Bulk rock/melt partition coefficients used for EBMmodels
are reported in diagrams. The calculated EBM curves represent, for every
model, the Shaw (1970) modal batch melting solution. Batch melts stands
for leucosomes. The percentages indicate the amount (wt%) of melt
generated
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Table 3 Major elements mass balance modelling

b Liquid and mineral phases (matrix A) b′ b-b′ c

Model A

Av-Gb Av-Lc Pl-#7 Hbl-#4 Cpx-#2

SiO2 49.78 78.30 53.74 47.19 51.01 49.77 0.00 Av-Lc 0.011 = F

TiO2 1.10 0.07 0.02 1.47 1.11 0.85 0.25 Pl-#7 0.379 38.8%

Al2O3 16.07 13.02 30.41 7.92 5.06 16.09 -0.02 Hbl-#4 0.491 50.3%

FeOTot 7.62 0.54 0.03 14.11 6.02 7.58 0.03 Cpx-#2 0.106 10.9%

MnO 0.14 0.01 0.01 0.21 0.15 0.12 0.02

MgO 8.01 0.23 0.00 13.27 15.34 8.15 −0.13
CaO 12.71 2.13 12.06 11.76 21.30 12.63 0.08 Sum 0.99

Na2O 2.26 4.09 4.58 1.16 0.46 2.40 −0.13
K2O 0.84 0.66 0.07 0.37 0.00 0.22 0.62

Sum 97.80 0.49 = Σr2

Model B

Av-Gb Av-Lc Pl-#7 Hbl-#4 Cpx-#2 Bt-#1

SiO2 49.78 78.30 53.74 47.19 51.01 37.07 49.77 0.01 Av-Lc 0.014 = F

TiO2 1.10 0.07 0.02 1.47 1.11 1.26 0.84 0.25 Pl-#7 0.374 38.4%

Al2O3 16.07 13.02 30.41 7.92 5.06 17.81 16.13 −0.06 Hbl-#4 0.462 47.4%

FeOTot 7.62 0.54 0.03 14.11 6.02 13.20 7.50 0.12 Cpx-#2 0.121 12.4%

MnO 0.14 0.01 0.01 0.21 0.15 0.04 0.12 0.02 Bt-#1 0.018 1.9%

MgO 8.01 0.23 0.00 13.27 15.34 17.75 8.30 −0.29
CaO 12.71 2.13 12.06 11.76 21.30 0.04 12.54 0.16 Sum 0.99

Na2O 2.26 4.09 4.58 1.16 0.46 0.40 2.37 −0.10
K2O 0.84 0.66 0.07 0.37 0.00 8.78 0.36 0.48

Sum 97.94 0.43 = Σr2

Model C

Av-Gb Av-Lc Pl-#7 Hbl-#4 Cpx-#2 Opx-#3

SiO2 49.78 78.30 53.74 47.19 51.01 55.37 49.78 0.00 Av-Lc 0.026 = F

TiO2 1.10 0.07 0.02 1.47 1.11 0.02 0.96 0.14 Pl-#7 0.351 36.3%

Al2O3 16.07 13.02 30.41 7.92 5.06 0.36 16.02 0.05 Hbl-#4 0.588 60.9%

FeOTot 7.62 0.54 0.03 14.11 6.02 22.18 7.69 −0.07 Cpx-#2 0.075 7.8%

MnO 0.14 0.01 0.01 0.21 0.15 0.66 0.11 0.03 Opx-#3 −0.049 −5.1%
MgO 8.01 0.23 0.00 13.27 15.34 21.13 7.93 0.08

CaO 12.71 2.13 12.06 11.76 21.30 0.94 12.75 −0.05 Sum 0.99

Na2O 2.26 4.09 4.58 1.16 0.46 0.04 2.43 −0.16
K2O 0.84 0.66 0.07 0.37 0.00 0.00 0.26 0.58

Sum 97.92 0.40 = Σr2

Model D

Av-Gb Av-Lc Pl-#7 Hbl-#4 Cpx-#2 Bt-#1 Opx-#3

SiO2 49.78 78.30 53.74 47.19 51.01 37.07 55.37 49.77 0.00 Av-Lc 0.065 = F

TiO2 1.10 0.07 0.02 1.47 1.11 1.26 0.02 1.14 −0.04 Pl-#7 0.283 30.1%

Al2O3 16.07 13.02 30.41 7.92 5.06 17.81 0.36 16.06 0.01 Hbl-#4 0.668 71.1%

FeOTot 7.62 0.54 0.03 14.11 6.02 13.20 22.18 7.60 0.01 Cpx-#2 0.067 7.1%

MnO 0.14 0.01 0.01 0.21 0.15 0.04 0.66 0.07 0.07 Bt-#1 0.058 6.2%

MgO 8.01 0.23 0.00 13.27 15.34 17.75 21.13 8.04 −0.03 Opx-#3 −0.137 −14.6%
CaO 12.71 2.13 12.06 11.76 21.30 0.04 0.94 12.70 0.01 Sum 1.00

Na2O 2.26 4.09 4.58 1.16 0.46 0.40 0.04 2.38 −0.12
K2O 0.84 0.66 0.07 0.37 0.00 8.78 0.00 0.82 0.02

Sum 98.59 0.02 = Σr2
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bearing (Pl) phases. Furthermore, the higher number of rock
samples considered in the model permits to refine the amount
of each phase involved in the batch melting event, confirming
a scenario (Fig. 2c) of amphibole-dominated dehydration
melting (e.g., Beard and Lofgren 1991) to generate the studied
in situ trondhjemites.

Trace and REE element EBM models

Based on the previously presented major-element mass bal-
ance modelling, and consistency with the work of Saki et al.
(2021), we applied EBM modelling (Eq. 2) to Y vs. Sr/Y and
Yb vs. Dy/Yb compositional systems. Considering the
reacting assemblage Pl38Hbl49Cpx11, we calculated the
mineral/melt and the bulk mineral/melt partition coefficients.
Results are presented in Table 4. The average trondhjemite
(Av-Lc with ≈193 ppm Sr, ≈9 ppm Y, ≈1.3 ppm Dy, and
≈0.9 ppm Yb) corresponds to ≈1–5% of batch melting (Fig.
3(a, b)) of the average Hbl-gabbro protolith (Av-Gb with Sr
≈486, Y ≈15, Dy ≈2.8, and Yb ≈1.4). However, the studied
trondhjemite samples show a wide distribution with respect to
the average composition in plots of Y vs. Sr/Y (Fig. 3(a)) and
Yb vs. Dy/Yb (Fig. 3(b)). We therefore decided to explore the
role of each mineral phase involved through the effect of their
mineral/melt partition coefficients. From calculated partition
coefficients in Table 4, it is possible to observe how Sr is
mainly controlled by the plagioclase. An increase of the
anorthite-plagioclase effect (PlDSr up to 1.21) is capable to
describe leucosomes with low Sr/Y ratio (Fig. 2c), whereas
higher involvement of Tschermak-bearing inosilicates (Hbl+
CpxDY up to 1.068, with HblDY:

CpxDY=3:1) controlling Y is
capable to better approximate melts with higher Sr/Y ratio
(Fig. 2d) with respect to the average composition. However,
only when the two effects are coupled is it possible to fully
describe the leucosomes in the Sr-Y system.

A less significant role for plagioclase is instead observed
when approaching the Dy-Yb system (Table 4), where the
selected HREE elements are mostly controlled by the Ca–Al
inosilicates. In particular, Dy is nearly to be totally controlled
by Hbl, whereas a HblDYb:

CpxDYb=3:1 relationship exists for
Yb, comparable to that previously observed for Y. While

calculated variations of the bulk DDy are not capable to de-
scribe the leucosome chemistry (Fig. 2f), opposite a minimum
variability of the Hbl+CpxDYb (0.908–0.998) is effective in de-
scribing near all the leucosomes (Fig. 2g). Again, only when
the minor effect of DDy is coupled with DYb is the whole
dataset of trondhjemites described. Clinopyroxene and horn-
blende show similar effects in controlling the selected trace
and REE elements during the partial melting event; however,
the relation CpxD << HblD is observed, suggesting that only Pl+
Hbl played a main role during this incipient anatexis.

Classic and forward modelling thermobarometry: the
path to anatexis

To assess the pressure-temperature (P-T) conditions of genesis
of CG trondhjemite leucosomes, we integrate here (i) classic
thermobarometry as derived from the Zircon-saturation ther-
mometry (TZr, Watson and Harrison 1983) and the Monazite-
solubility model (TREE, Montel 1993) and (ii) forward model-
ling thermobarometry through the pseudosections method.
Results are then discussed also considering the previous re-
sults obtained by Saki et al. (2020, 2021).

The zircon-saturation model provides information on satu-
ration condition of zircon within an hydrous felsic Al-
saturated magma (Watson and Harrison 1983) and therefore
provides a minimum estimate for magma temperature prior to
the extensive crystallization and cooling (e.g., Miller et al.
2003; Lucci et al. 2018). The trondhjemite leucosomes show
values of Zr in the range 34–124 ppm, corresponding to TZr =
684–694 ± 25 °C (Table 1) and to a weighted mean value of
723 ± 13 °C (±1s standard deviation of the weighted mean,
MSWD = 0.98, n=14). The monazite-solubility model
(Montel 1993) is based on the effect of LREE content in Ca-
poor felsic melt and operated assuming the whole-rock com-
position as representative of a frozen liquid. The solubility
LREE temperatures were calculated for variable water content
(0.1–6.0 wt% H2O); results are reported in Table 1. These two
models show convergence (TREE = TZr ± 20°C) at (i) 733 ± 19
°C (MSWD 0.58, n=7) for anhydrous conditions (H2O 0.1
wt%) in samples GH-L2, GH-L4, GH-L5, GH-Mig4, GH-
Mig5, GH-Mig8, and CG-Lu1 and (ii) 710 ± 19 °C (MSWD
0.22, n=7) for hydrous conditions (1–6 wt% H2O) in samples
GH-L1, GH-L3, GH-Mig6, CG-Lu2, CG-Lu3, CG-Lu4, and
CG-Lu5. When these two clusters are merged, the obtained
weighted mean TREE (722 ± 13 °C, MSWD = 0.60, n=14)
overlaps that from zircon-saturation model. In agreement with
the existing literature on SiO2-rich felsic melts (e.g., Miller
et al. 2003; Rossetti et al. 2013; Lucci et al. 2018), the con-
vergence of these two models could represent the temperature
at the onset of crystallization, also resembling the temperature
of the anatectic source (e.g., Rossetti et al. 2013).

To refine the thermobaric conditions leading to the Hbl-
gabbro anatexis and trondhjemite melt production in

Table 4 Calculated
partition coefficients
used in the EBM
modelling

Calculated mineral/melt partition
coefficients

Pl Hbl Cpx Bulk

DSr 0.858 0.272 0.068 1.198

DY 0.092 0.769 0.254 1.115

DDy 0.033 1.043 0.097 1.173

DYb 0.132 0.725 0.218 1.074
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Cheshmeh-Ghasaban area, we used the average protolith Av-
Gb composition for forward modelling thermobarometry
using the software Perple_X 6.9.0 (Connolly 2005;
downloaded June 21, 2020, http://www.perplex.ethz.ch).
The model system NCKFMASHT (Na2O–CaO–K2O–
FeO*–MgO–Al2O3–SiO2–H2O–TiO2) was chosen assuming
the total iron as FeO due to the presence of ilmenite in the
preserved primary mineral assemblage and lack of any
secondary Fe3+-bearing phases. Three forward models were
developed: the main one and two testbeds to verify its
reliability on identifying the melt-in conditions. Concerning
the main model (hereafter “model A”), the solid-solution
models selected are “Augite(G)” for clinopyroxene (Green
et al. 2016), “Opx(W)” for orthopyroxene (White et al.
2014), “Amph (DPW)” for Ca-hornblende (Dale et al. 2005)
, “Bio (TCC)” for biotite (Tajcmanova et al. 2009), “feldspar”

for feldspar (Fuhrman and Lindsley 1988), and “melt(G)” for
melt (Green et al. 2016). The analyzed loss on ignition (LOI)
was assumed as H2O content, coherently with the existing
literature on partial melting modelling (e.g., Rossetti et al.
2020; Saki et al. 2021). The ilmenite (Ilm) end-member is also
used in the calculation. The first testbed (hereafter “model
T1”) was developed using the same solid-solution models of
model A but considering water-present conditions (H2O in
excess). The second testbed (hereafter “model T2”) was de-
veloped using LOI as H2O content but a different set of solid-
solution models: “melt(G)” for melt (Green et al. 2016),
“Augite(G)” for clinopyroxene (Green et al. 2016),
cAmph(G) for Ca-hornblende (Green et al. 2016), Pl(I1,HP)
and Fsp(C1) for ternary feldspar (Holland and Powell 2003),
Bi(W) for biotite (White et al. 2014), Opx (W) for
orthopyroxene (White et al. 2014), and Ilm (WPH) for

Fig. 4 Forward modelling
thermobarometry: model A. a
Representative P-T pseudosection
calculated for the Av-Gb average
Hbl-gabbro protolith in the sys-
tem NCKFMASHT (Na2O–
CaO–K2O–FeO*–MgO–Al2O3–
SiO2–H2O–TiO2) with LOI as
H2O wt% using the Perple_X
software. b Isopleths derived
from the calculated
pseudosections and indicating the
calculated amount of generated
melt (wt%). c Temperature-
pressure-melt (wt%) representa-
tion of the progressive amount of
melt generated through the partial
melting of the average Av-Gb
Hbl-gabbro protolith
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ilmenite (White et al. 2014). Further details are in the solution.
dat file enclosed in the Perple_X package, whereas the refer-
ence database is the hp62ver.dat file, an update version of the
Holland and Powell (2011) thermodynamic dataset. The
single-phase volume isopleths (melt, Pl, Hbl, Cpx, Opx, Bt)
and the mineral composition isopleths (i.e., an in plagioclase)
were drawn by PyWerami (version 2.0.1, downloaded from
the website http://petrol.natur.cuni.cz/~ondro/pywerami:
home). The melt and mineral phases involved were
expressed in weight % (wt%) and were in accordance with
the results from the EBM models. Starting from the work of
Saki et al. (2021), the pseudosections were constructed from
700 to 800 °C and between 250 and 450 MPa. The results of
forward modelling thermobarometry are shown in Figs. 4, 5,
6, and 7. The representative and simplified model A
pseudosection calculated for the bulk chemistry of the Av-
Gb average protolith is presented in Fig. 4 a, where the melt
appearance (red dashed curve) is constrained at ≈725–730 °C.
The melt and mineral phase isopleths (wt%) as derived from
the pseudosections calculation are used to investigate the evo-
lution of the partial melting evolution and are presented in
Figs. 4 a and b and 5. In particular, the melt isopleths (wt%)
are here used as a proxy of the anatexis. A three-dimensional

temperature-pressure-melt abundances (T-P-melt) diagram
(Fig. 4c) is also proposed to better visualize the melt appear-
ance (melt-in curve) in the system and its progressive produc-
tion at higher temperatures. Replicate testbeds models T1 and
T2 for water-saturated conditions (Fig. 5a, b) and different
solid-solution models (Fig. 5c, d), respectively, show melt
generation at ≈720–730°C comparable to the main model A
(Fig. 4). However, with respect to main model A, the two
testbed models fail in accurately reproducing the CG
metatexite. The model T1 with H2O in excess (Fig. 5a) is
characterized by a very high melt-production rate (Fig. 5b)
in contrast with the observed low volume of in situ
leucosomes. Opposite, the model T2 based on a different set
of solution models (Fig. 5b) shows a reasonable low melt-
production rate (Fig. 5d) but fails in correctly reproducing
the primary assemblage of the Hbl-gabbro as shown by the
lack of primary orthopyroxene in the pre-melting protolith.
Consequently, the main model A represents the best forward
modelling thermobarometry approximation of the anatexis of
the CG Hbl-gabbro to generate the in situ trondhjemite
leucosomes.

How did the protolith-forming Pl+Hbl+Cpx+Bt+Opx pri-
mary assemblage participate to the partial melting event? The

Fig. 5 Forward modelling
thermobarometry: testbeds
models T1 and T2. a Model T1:
representative P-T pseudosection
calculated for the Av-Gb average
Hbl-gabbro protolith in the sys-
tem NCKFMASHT (Na2O–
CaO–K2O–FeO*–MgO–Al2O3–
SiO2–H2O–TiO2) with water-
excess conditions and solid-
solution models equal to “model
A” using the Perple_X software.
b Model T1: isopleths derived
from the calculated
pseudosections and indicating the
calculated amount of generated
melt (wt%). c Model T2: repre-
sentative P-T pseudosection cal-
culated for the Av-Gb average
Hbl-gabbro protolith in the sys-
tem NCKFMASHT (Na2O–
CaO–K2O–FeO*–MgO–Al2O3–
SiO2–H2O–TiO2) with LOI as
H2O wt% and a different set of
solid-solution models (see text for
further details) using the Perple_
X software. dModel T2: isopleths
derived from the calculated
pseudosections and indicating the
calculated amount of generated
melt (wt%)

Page 13 of 20     1788Arab J Geosci (2021) 14: 1788

http://petrol.natur.cuni.cz/~ondro/pywerami:home
http://petrol.natur.cuni.cz/~ondro/pywerami:home


possible solution to this point is explored hereafter using min-
eral volume and mineral composition isopleths as calculated
for the main model A (Fig. 5).

The pseudosection method indicates that the protolith prior
to melting (“pre-melting protolith” field in diagrams of Fig.
6a–f) is characterized by the following assemblage Pl47Hbl26-
32Cpx10-12Bt6Opx2-6, very close to that determined by petro-
g r a p h i c o b s e r v a t i o n s ( P l 4 0 - 5 0Hb l 3 0 - 3 5 C p x 1 0 -

20Bt<10Opx<5Qz<5). Furthermore, the predicted anorthite
component (X-An = 0.60) in plagioclase fully overlaps the
observed one (X-An = 0.57-0.60). When the protolith starts
to melt (T > 725°C), the following conditions are observed: (i)
the amount of plagioclase progressively decreases (Fig. 6a),
(ii) the plagioclase is characterized by a progressive increase
of the anorthite compound (Fig. 6b), (iii) the amount of horn-
blende (Fig. 6c) and biotite (Fig. 6e) progressively decrease,

and (iv) the amount of pyroxenes (Cpx+Opx) progressively
increase together with melt production. These trends can be
interpreted as a batch melting event (i) developed at the ex-
penses of the Pl+Hbl+Bt assemblage and (ii) associated to the
growth of newly formed Cpx+Opx. These two conditions are
compatible with well-known reactions published in literature
(e.g., Rushmer 1991; Pattison 1991; Thompson and Ellis
1994; Graphchikov et al. 1999; Weinberg and Hasalová
2015) and qualitatively discussed by Saki et al. (2020) for
the studied mafic migmatites:

Hblþ Pl ¼ Opxþ Cpxþmelt ð3Þ
Hblþ Qzþ H2O ¼ Cpxþ Opxþmelt ð4Þ
Btþ Qz ¼ Opxþmelt ð5Þ

Fig. 6 Forward modelling
thermobarometry. Model A:
isopleths derived from the
calculated pseudosections: a
plagioclase (wt%), b anorthite
(XAn) in plagioclase, c horn-
blende (wt%), d augitic-
clinopyroxene (wt%), e biotite
(wt%), and f orthopyroxene
(wt%)
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The refined major-trace-REE EBM modelling and the
study of partition coefficients proposed in this work indicate
that in situ trondhjemite leucosome corresponds to a very low
degree (≈1–2%) of partial melting of the Hbl-protolith mainly
controlled by Ca–Al-bearing phases such as hornblende and
plagioclase, whereas the improved thermometry estimates
based on the zircon-saturation and monazite-solubility models
indicated that the melting event was developed at ≈720–730
°C. Saki et al. (2021), through classic barometry modelling
applied to hornblende in the mesosome, propose a pressure
estimates of 360 ± 60MPa for the partial melting. Integrating
these results with those obtained from the forward modelling
thermobarometry model A (Fig. 7), it is possible to derive the
following conclusions: (i) the anatexis responsible for the
trondhjemite leucosome production is an incipient partial
melting event developed close to the solidus at a relatively
low temperature (< 750°C), (ii) the appearance of new gener-
ation of pyroxenes (Cpx+Opx) is accompanying the melt pro-
duction since the very early stage, and (iii) the trioctahedral
mica is not involved in the melting reactions for a very low
degree (<2%) of partial melting and therefore reaction of Eq.
(5) can be discarded. Concerning the latter point, when
trondhjemite leucosome chemistry are plotted in a Na2O–
CaO–K2O diagram (Fig. 2c), they fall close to the Na2O–
CaO axis, within the field of experimental melts derived from

low pressure (P<500MPa) amphibole-dominated dehydration
processes in amphibole-bearing mafic rocks, whereas a biotite
participation would have led to melts with higher K2O con-
tents (e.g., Gao et al. 2016 and references therein). The non-
involvement of biotite in the dehydration melting process is
also supported by its preserved texture when approaching the
in situ leucosomes. This is also in line with the existing liter-
ature (e.g., Patiño Douce and Beard 1995; Singh and Johannes
1996) where it has been demonstrated for P<500 MPa that (i)
biotite can persist to higher temperatures than hornblende and
(ii) a biotite-plagioclase assemblage starts to melt at 750–
770°C, a temperature slightly higher than that obtained for
CG trondhjemite leucosomes.

In the work of Saki et al. (2021), it was proposed a
compar ison between the chemis t ry of the CG
trondhjemite leucosomes and that of experimental melts
produced at 850–1100°C for P 100–500 MPa conditions
by partial melting of amphibole-bearing source rocks
(e.g., Beard and Lofgren 1991; Sisson and Grove
1993; Patiño Douce and Beard 1995; Springer and
Seck 1997; López and Castro 2001; Gao et al. 2016).
Following their approach and using SiO2 content as dif-
ferentiation index, through the application of the “Color
Fill Contour” tool in OriginPro 8.5.0 software, we de-
rived the isolines (dashed black lines in Fig. 8) for the
900°C and the 1000°C experimental melting tempera-
tures, for all the major elements. A decrease in melting
temperature corresponds to experimental melts (grey
circles in Fig. 8) characterized by a progressive SiO2

(wt%) content increase associated with an opposite de-
crease of Al2O3, TiO2, MgO, FeOtot, MnO, CaO, and
P2O5 (wt%) contents. No clear relationship is highlight-
ed for Na2O and K2O contents. As explained by Sisson
et al. (2005), experimental runs close to the solidus and
for T< 800°C are usually not attempted because of the
very small volumes of melt produced precluding trust-
worthy bulk analyses. However, observing the Harker
diagrams of Fig. 8, it would be expected that melt gen-
erated at such low temperatures would present still
higher SiO2 content and even lower Al2O3, TiO2,
MgO, FeOtot, MnO, CaO, and P2O5 contents. When
CG trondhjemites are plotted in Harker diagram of
Fig. 8, they completely match the expected composi-
tional characteristics for low T and low P melts derived
by amphibole-dominated dehydration melting from a
mafic protolith. Furthermore, their integration in these
Harker diagrams permit also to graphically trace the
800°C isoline (red dashed lines) contributing to our
knowledge on low-pressure amphibole-dominated incip-
ient anatectic events affecting amphibole-bearing
sources, and furthermore to the genesis of high-SiO2

(>70 wt%) low-Al2O3 (<15 wt%) trondhjemites (sensu
Barker and Arth 1976).

Fig. 7 Classic and forward modelling thermobarometry. The
representative model A pseudosection presented in Fig. 4 a is integrated
with its selected melt (wt%) isopleths and zircon-saturation thermometry
(TZr) weighted mean value (cyan dashed line) and 1s range (cyan dotted
field) calculated for trondhjemite samples. The blue star represents Ti-in-
Hbl thermometry and Al-in-Hbl barometry estimates from Saki et al.
(2021). The pressure-temperature (P-T) genetic domain of Cheshmeh-
Ghasaban trondhjemites is indicated with the yellow shaded area.
Mineral abbreviations follow Whitney and Evans (2010)
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Conclusions

The hornblende-bearing gabbros outcropping at Cheshmeh-
Ghasaban locality are a key area to investigate mafic
migmatites and amphibole-controlled anatexis developed in
the upper crust. Outcomes of this work are the following:

(i) The CG Hbl-gabbro are the source protolith of a mafic
metatexite hosting up to 10 vol% of in situ high-SiO2

low-Al2O3 trondhjemites.
(ii) The EBM modelling indicates that the trondhjemite

leucosomes are generated by a very low (< 2%) degree
of batch melting of the hornblende-bearing gabbroic
protolith.

(iii) The partial melting event were mainly controlled by
primary Pl+Hbl+Cpx gabbroic assemblage, whereas
Bt shows a negligible role and Opx does not participated
to the anatexis.

(iv) The Pl is the main phase controlling Sr (LILE)
content, whereas Hbl is deputy to regulating Y
(HFSE) and Yb (HREE) contents; Cpx shows sim-
ilar behavior of Hbl; however, due to the lower
distribution coefficients (CpxD << HblD), it plays
a minor ro le wi th respec t to the Pl+Hbl
assemblage.

(v) Classic and forward modelling thermobarometry along
with existing literature indicates thermobaric estimates of
T ≈720–730°C at P ≈360 MPa, close to the solidus, for
the Hbl-gabbro partial melting and genesis of the
trondhjemites.

(vi) The pseudosection method confirms the main role of
Pl+Hbl and highlights the growth of peritectic Cpx+
Opx associated with the melt, coherently with Hbl-
dominated melting reactions.

(vii) The natural CG high-SiO2 low-Al2O3 trondhjemites
match the expected chemistry for melts generated by

Fig. 8 Harker diagrams showing the comparison between Cheshmeh-
Ghasaban trondhjemites and experimental melts from low pressure (<
500 MPa) amphibole-dehydration melting of mafic sources. Dashed
black lines represent the 900° and 1000°C experimental melting temper-
atures, whereas the red dashed lines are the 800°C isolines obtained from

the integration of experimental melts and studied natural leucosomes.
Literature data for trondhjemite (Tdj) leucosomes are from Saki et al.
(2021). Experimental melt chemistry data (grey circles) are from Beard
and Lofgren 1991; Sisson and Grove 1993; Patiño Douce and Beard
1995; Springer and Seck 1997; López and Castro 2001; Gao et al. 2016
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amphibole-dominated partial melting of a mafic source
at T < 800°C and P < 500 MPa.

These results fully describe how trondhjemites can be gen-
erated by a low-temperature incipient melting controlled by
Ca–Al-bearing Pl+Hbl assemblage of a hornblende-bearing
mafic source in upper crust conditions.
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