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Geochemical data on igneous rocks of the Urumieh-Dokhtar magmatic arc (UDMA) are used to reconstruct tem-
poral variations in crustal thickness during the Tertiary. We use two approaches, (1) whole rock Sr/Y and La/Yb
ratios, and (2) Nd isotopes and an assimilation model for magma genesis. Our results indicate that the crust was
likely of normal thickness (~35 km) and remained constant during Eocene to Oligocene, corresponding to slab
roll back and back arc extension along the Eurasian activemargin. Crustal thickening began during the earlyMio-
cene and culminated in themiddleMiocene (~50 km). This thickening ismarked by a distinct increase in Sr/Y and
La/Yb ratios (changing the stability of certain mineral phases) and decrease in ɛNd (increasing crustal assimila-
tion). Thickening was likely due to intrusion of magma as well as crustal shortening and was a consequence of
the final roll back of the Neo-Tethys slab and subsequent continental collision.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Present day thickness of the continental crust is relatively well
known at regional and global scales (Laske et al., 2013). The thickness
ranges from just a few kilometers thicker than oceanic crust at island
arcs to over 80 km at some convergent margins, such as in Himalaya-
Tibet (Hu et al., 2017; Laske et al., 2013). Monitoring quantitative
changes in crustal thickness throughout the evolution of orogenic re-
gions has traditionally been difficult, as is the evolution of paleo-
topography. Qualitatively, this has been accomplished in many regional
studies aimed at deciphering timing of shortening or extension archived
in the rock record. One recently applied approach to quantify past crustal
thickness is the use of geochemical information frommagmatic rocks as
proxies for paleo-crustal thickness. Increasing crustal thickness in an arc
setting can affect trace and major elemental chemistry (Chapman et al.,
2015; Chiaradia, 2015; Farner and Lee, 2017; Mantle and Collins, 2008;
Profeta et al., 2015) and is also typically correlatedwith increased crustal
assimilation (Haschke et al., 2002; Scott et al., 2018), most commonly
quantified via radiogenic isotopes (DePaolo, 1981).

Recently, several geochemical indicators (e.g. the ratios of Sr/Y or La/
Yb and others as well as somemajor elements) have been used as prox-
ies for crustal thickness in magmatic rocks (Chapman et al., 2015;
, University of Arizona, 1040 E.
Chiaradia, 2015; Farner and Lee, 2017; Mantle and Collins, 2008;
Profeta et al., 2015; Turner and Langmuir, 2015). These geochemical in-
dicators are calibrated on a regional to global scale by comparing the
compositions of recently emplaced magmatic rocks to known crustal
thickness from geophysical studies (see Profeta et al., 2015). Hu et al.
(2017, 2020) calibrated crustal thickness to geochemical parameters
for collisional orogens.

Furthermore, radiogenic isotopic results provide useful proxies for
paleo-crustal thickness (Alexander et al., 2019; DePaolo et al., 2019;
Turner and Langmuir, 2015) in certain orogens where the crust is isoto-
pically distinct from the underlyingmantle. This kind of study has been
used in places such as the central Andes (Scott et al., 2018) where the
upper plate is old and highly radiogenic. This approach has a rather lim-
ited use in places like the CoastMountains of the Pacific NW(British Co-
lumbia and SE Alaska) where the entire upper plate is dominated by
young accreted terranes that are isotopically very similar to the under-
lying mantle (Girardi et al., 2012). The Neodymium Crustal Index (NCI)
is a good parameter to quantify crustal assimilation where appropriate.
This model depends on assumed, but in places reasonably well
constrained end member values of mantle and crust.

The Urumieh-Dokhtar magmatic arc (UDMA) in Iran is a part of the
Zagros mountain range, which is the product of northward subduction
of the Neo-Tethys followed by continental collision. The region is ideal
for studying the temporal variation of crustal thickness and the effects
of subduction and continental collision on crustal thickness since the
upper plate is continental and relatively old. Previously, Shafiei et al.
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(2009) and Asadi et al. (2014) suggested that the pre-collisional crustal
thickness during Eocene-Oligocene was 30–35 km, while during the
Miocene collision, the thickness increased to 45–55 km.

In this study we use trace elemental geochemistry and Nd isotopic
data from previously published values on granitoids and volcanic
rocks of the UDMA to investigate the systematic variations and the
timing of crustal thickening and sources of magmas in the northwest
part of the Zagros Orogen over the time period from 40 to 15 Ma (Eo-
cene to middle Miocene).
2. Geological background

The NW-SE trending Zagros Orogen forms part of the Alpine-
Himalayan orogenic belt and was generated as a result of the N-
dipping subduction of the Neo-Tethys oceanic lithosphere, accretion
and subsequent collision of the Afro-Arabia (Gondwana) plate with
Central Iran from late Cretaceous to late Tertiary (e.g., Agard et al.,
2011; Alavi, 1994; Berberian and King, 1981). The Zagros orogenic belt
is subdivided into three parallel NW-SE trending tectonostratigraphic
zones. From NW to SE the zones are the Urumieh-Dokhtar Magmatic
Arc (UDMA), the Sanandaj-Sirjan Zone (SaSZ) and the Zagros Fold Belt
(ZFB) (Fig. 1, Alavi, 1994).

The Urumieh-Dokhtar Magmatic Arc has a length around 1000 km
and a width of 50–80 km. Subduction of the Neo-Tethys lithosphere
was accompanied by the development of the UDMA, which is a conti-
nental magmatic arc (Andean type), parallel to the Zagros suture zone
150–200 km to the north (Main Zagros Thrust, Fig. 1).Magmatic activity
in the UDMA started in the latest Cretaceous (Hassanzadeh and
Wernicke, 2016). Verdel et al. (2011) attributed the renewed Paleogene
magmatism in the UDMA to extension in response to slab roll back fol-
lowing a period of Cretaceous flat-slab subduction. Recent studies doc-
ument the main subduction-related followed by collision-related
magmatic activity throughout the Cenozoic (e.g., Babazadeh et al.,
Fig. 1. The major structural units of Iran (modified after Alavi, 1994) as well as distribution of
Table 1.
2017, 2019; Chaharlang and Ghorbani, 2020; Chiu et al., 2013;
Ghalamghash et al., 2019; Ghorbani et al., 2014; Nouri et al., 2018;
Sarjoughian et al., 2018a, 2018b; Sarjoughian et al., 2019; Shahsavari
Alavijeh et al., 2019; Verdel et al., 2011; Yeganehfar et al., 2013).

The well-preserved latest Mesozoic-Cenozoic continental arc of Iran
reveals spatial and temporal patterns of magmatism as well as across-
arc geochemical variations in its evolution (Moghadam et al., 2020;
Sepidbar et al., 2019). Eocene-Oligocene magmatic rocks have a geo-
chemical signature typical of a continental arc under extension
(e.g., Moghadam et al., 2020). Magmatism was active in the Eocene,
with a notable magmatic flare-up that affected the UDMA from
~55 Ma until ~37 Ma (Verdel et al., 2011). A change in the nature of
magmatism in the Oligocene indicates a transition from arc-like to
what has been referred to as “OIB-like” geochemistry, implying a pro-
gressive increase in the involvement of an asthenosphere component,
unmodified by subduction (Babazadeh et al., 2017; Verdel et al.,
2011). Arc magmatism terminated with the beginning of collision dur-
ing late Oligocene-Miocene (e.g., Topuz et al., 2019). According to Chiu
et al. (2013), diachronous cessation of arc magmatism is consistent
with an oblique collision between Arabia and Eurasia. The late
Miocene-Quaternary magmatism, which has been described in the cen-
tral UDMA (Babazadeh et al., 2019; Chiu et al., 2013), coincidedwith the
onset of closure of the eastern Tethys seaway the end of Arabian under-
thrusting, which was also triggering the escape tectonics in Anatolia
(Pang et al., 2013). Crustal thickening in Iran has been related to the
oblique subduction of Neo-Tethys oceanic lithosphere beneath the re-
gion (Moghadam et al., 2016). Crustal thickness beneath the UDMA is
currently ~45–55 km (Taghizadeh-Farahmand et al., 2015, Fig. 2).
3. Sample and database

We compiled literature data for thirteen regions of igneous rocks of
Eocene to middle Miocene ages in the UDMA. The data include whole
studied samples in the UDMA. source data for UDMA intrusive and volcanic ages are from



Fig. 2. Map of present day crustal thickness in Iran after Shafiei et al. (2009) and Asadi et al. (2014).
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rockmajor and trace elemental geochemical composition (160 samples;
Table 1, Table A.1). Four study areas include Eocene intrusive rocks
(Saveh, Khalkhab-Neshveh, Haji Abad and Soheyle-Pakuh); another
four regions consist of Oligocene intrusive rocks (Ardestan, Zafarghand,
Nodushan-Yazd and Sarduiyeh); two regions are early Miocene granit-
oid rocks (Tafresh and Kashan) and three study areas represent middle
Miocene dacitic rocks (Tafresh and Isfahan).

The data from Saveh, Khalkhab-Neshveh, Haji Abad, Soheyle-Pakuh,
Ardestan, Zafarghand, Nodushan-Yazd, Sarduiyeh, west Nain, Tafresh,
Marshenan, Isfahan, Takht, Darreh Zar, Chah Firouzeh and Sarkuh are
also used to illustrate the isotopic composition (Nd\\Sr) of igneous
rocks (147 samples) from the UDMA (Table A.2). The location for the
Eocene to middle Miocene samples are shown in Fig. 1 and listed
Table 1.
4. Results

4.1. Major and trace elemental geochemical composition

Table A.1 lists the major and trace element data for the UDMA sam-
ples. Tertiary granitoids are gabbro, monzonite, tonalite, granodiorite
and granite. Middle Miocene volcanic rocks are dacitic (Fig. 3a and b).
The majority of Eocene-middle Miocene samples are calc alkaline
(Peccerillo and Taylor, 1976, Fig. 3c). The Eocene-Middle Miocene gran-
itoids and volcanic rocks in the UDMA are metaluminous to
peraluminous with an alumina saturation index (ASI = molar Al2O3/
(CaO + K2O + Na2O)) of 0.7 to 1.7 (average = 0.9, Fig. 3d).
Trace elements and REEs are plotted in Fig. 4, normalized to primi-
tive mantle (Sun and McDonough, 1989). Eocene to middle Miocene
granitoids and volcanic rocks of the UDMA are enriched in large ion
lithophile elements (LILEs) such as Rb, Ba, K, Pb and Sr, and depleted
in high field strength elements (HFSEs) such as Nb and Ta. The middle
Miocene dacitic rocks are geochemically similar to the Eocene-early
Miocene granitoids except for higher contents of Th, U, Pb and Sr and
lower contents of HREE (such as Lu and Yb) and Y.

Sr/Y and La/Yb ratios decrease from the Eocene to middle Miocene.
Most middle Miocene dacitic rocks plot in the adakitic field in the Sr/Y
vs. Y and La/Yb vs. Yb diagrams as defined by Defant and Drummond
(1990) (Fig. 5). In contrast, Eocene-early Miocene granitoids typically
display non adakitic Sr/Y and La/Yb ratios.

Crustal thicknesses were calculated for this study using themodel of
Hu et al. (2017) and are given in Table A.1. To minimize the effect of
fractionation on primary magma compositions, we selected samples
with a range of 55 to 72 wt% SiO2 and MgO values 0.5 to 6 wt%. Also
data were restricted to rocks with Rb/Sr = 0.05–0.2. We rejected data
with average Rb/Sr > 0.35 similar to the ranges used by Hu et al. (2017).

4.2. Sr\\Nd isotopes

The Sr and Nd isotope ratios of Eocene tomiddle Miocene granitoids
and volcanic rocks in the UDMA are listed in Table A.2. The initial ratios
of 87Sr/86Sr(i) in the Eocene-early Miocene granitoids vary from 0.7040
to 0.7070 and their ɛNd(t) vary from −1.8 to +5.5. In contrast, middle
Miocene granitoids and dacitic rocks have 87Sr/86Sr(i) ranging from
0.7040 to 0.7080 and lower ɛNd(t) values from −5.3 to +0.8 (Fig. 6).



Fig. 3.Na2O+ K2O vs SiO2 discrimination diagrams for the classification of plutonic (a) and volcanic (b) rocks from the UDMA (Middlemost, 1984). (c) K2O vs SiO2 diagram showing that
mainly Eocene-middle Miocene rocks plot as calc alkaline to high-k calc alkaline series. (d) Al/(Na + K) vs Al/(Ca + Na + K) diagram showing the samples plot in the Metaluminous
(major) to peraluminous (minor) field.

Table 1
The compositions, ages and data sources of Eocene to middle Miocene intrusive and volcanic rocks in the UDMA.

Locality Number Rock types Age Used data Reference

Saveh 1 Diorite-tonalite-monzodiorite 40 Geochemistry-isotope Nouri et al. (2018)
eastern Saveh 2 Trachyte-Trachybasalt-tephriphonolite 38 Isotope Nouri et al. (2020)
Soheyle-Pakuh 3 Diorite-tonalite-monzodiorite 40 Geochemistry-isotope Sarjoughian et al. (2019)
Khalkhab-Neshveh 4 Granodiorite-monzogabbro 38 Geochemistry-isotope
Haji-Abad 5 Granodiorite-diorite 40 Geochemistry-isotope Kazemi et al. (2019)
Qom 6 Basaltic andesite 40 Isotope Omrani et al. (2008)
Anar 7 Latite 40 Isotope Omrani et al. (2008)
Baft 8 Basaltic andesite 40 Isotope Omrani et al. (2008)
Ardestan 9 Tonalite-diorite-granodiorite-gabbro (minor) 24 Geochemistry-isotope Babazadeh et al. (2017)
Zafarghand 10 Granite-gabbroicdiorite 24 Geochemistry-isotope Sarjoughian et al. (2018a)
west Nain 11 Basaltic andesite-andesite 26 Isotope Yeganehfar et al. (2013)
Nodushan-Yazd 12 Diorite-granodiorite 25 Geochemistry-isotope Shahsavari Alavijeh et al. (2019)
Sarduiyeh 13 Tonalite-granodiorite 28 Geochemistry-isotope Nazarinia et al. (2018)
Kashan 14 Tonalite-granodiorite 19 Geochemistry Honarmand et al. (2014)
west Nain 15 Basaltic andesite-andesite 20 Isotope Yeganehfar et al. (2013)
Marshenan 16 Diorite-granodiorite-gabbroic diorite 20 Isotope Sarjoughian et al. (2018b)
Tafresh 17 Diorite-granodiorite 20 Geochemistry Mirnejad et al. (2019)
Tafresh 18 Diorite-granodiorite 21 Geochemistry Raeisi et al. (2019)
Tafresh 19 Dacite 15 Geochemisrty
west Nain 20 Dacite 15 Geochemistry Ghorbani et al. (2014)
Takht 21 Granodiorite 17 Isotope Haghighi Bardineh et al. (2018)
Isfahan 22 Dacite 15 Geochemistry-isotope Khodami et al. (2009) Khodami (2019)
Darreh Zar 23 Granodiorite 16 Isotope Asadi (2018)
Chah Firouzeh 24 Quartz-diorite 17 Isotope Asadi (2018)
Sarkuh 25 Granodiorite 15 Isotope Asadi (2018)
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Fig. 4. (a) Trace element normalized to primitive mantle and (b) Chondrite normalized REE patterns (Sun and McDonough, 1989) for Eocene to middle Miocene plutonic and volcanic
rocks from the UDMA.

Fig. 5. (a) Sr/Y vs Y and (b) La/Yb vs Yb diagrams for Eocene to middle Miocene plutonic and volcanic rocks from the UDMA (Defant and Drummond, 1990). The middle Miocene dacitic
rocks plot in the adakitic field.
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5. Discussion

5.1. The nature of magmatism in the UDMA

Arc-related signatures for the UDMA intrusions and volcanic rocks
include depletion in Nb\\Ta and enrichment in LILE and LREE (Pearce
and Peate, 1995). Moreover, the UDMA granitoids and volcanic rocks
plot in the fields of volcanic arc to syn-collision (Pearce et al., 1984,
Fig. 7a). The contribution of subduction components to the genesis of
UDMA intrusive and volcanic magmas is inferred from their high Th/
Yb ratios (Fig. 7b). The role of continental crustal assimilation on the
UDMA igneous rocks is clear in a Th/Yb vs. SiO2 plot (Fig. 7c). In this di-
agram, the more fractionated samples with higher SiO2 contents are
characterized by higher Th/Yb ratios.

The Sr isotopic compositions of the Eocene to middle Miocene igne-
ous rocks in the UDMA show similar 87Sr/86Sr values (0.7050–0.7070),
while the ɛNd(t) values decrease from Eocene-Oligocene to middleMio-
cene and is lower yet in the middle Miocene granitoids and volcanic
rocks relative to Eocene-early Miocene rocks (Fig. 6). The Eocene-
middle Miocene magmatic rocks plot between depleted mantle and
the well characterized Iranian continental crust whose basement is
Cadomian in age (Fig. 6a). The variation of ɛNd during Eocene tomiddle
Miocenemostly indicates the involvement of an older continental crust
or contamination by subduction-related fluids and/or melt (Haschke
et al., 2010; Peate et al., 2008). Crustal contamination with late Protero-
zoic (Cadomian) crust is indicated by abundant inherited zircons in the
Tertiary igneous rocks of the UDMA (e.g., Babazadeh et al., 2019;
Chaharlang and Ghorbani, 2020; Rabiee et al., 2019).

Sr\\Nd isotopes exhibit a trend consistentwithmixing ofmantle de-
rivedmelts with assimilated crustal material, so commonly determined
in arc settings globally (Ducea et al., 2015). Assuming reasonable end-
member isotopic compositions, we show that granitoids and volcanic
rocks from the UDMA are produced by mixing of mantle melt with
60–70% continental crust, with greater influence of pre-existing crust
in the middle Miocene igneous rocks (Fig. 6a).

5.2. Trace element constraints for crustal thickening

Of particular interest here is the geochemical distinction between
the UDMA middle Miocene adakites (~15 Ma) and the Eocene-early
Miocene (~40–20 Ma) granitoids and volcanics. Samples from the
UDMA show marked increases in Sr/Y and La/Yb from the Eocene and
Fig. 6. ɛNd(t) vs (a) 87Sr/86Sr(i) and (b) age (Ma) for Eocene to middle Miocene plutonic and vo
tinental crust. The middle Miocene dacitic rocks show the lower ɛNd(t). Fields of the MORB, O
according to Moghadam et al. (2015) and Balaghi Einanlou et al. (2014) and NW Iran Cenozoi
into the Miocene (Fig. 8). This indicates that the crust was thickening
during this period. All of the Eocene to early Miocene magmatic rocks
have high Y and HREE and low Sr/Y (< 40) and La/Yb (〈20) ratios, in-
dicating that garnet and other HREE-bearingminerals (e.g., amphibole)
were absent from source rock from the granitoids and volcanic rocks
were derived. Partial melting of basaltic amphibolites at intermediate
pressures may produce melts in equilibrium with residues containing
no garnet. This is consistent with melting of the mantle wedge beneath
a crust of normal thickness (35–40 km) (e.g., Moghadam et al., 2020).
This is also in good agreement with geologic constrains suggesting
Eocene-Oligocene continental extension in the upper plate attributed
to slab rollback (e.g., Babazadeh et al., 2017; Moghadam et al., 2020;
Nouri et al., 2018; Topuz et al., 2019; Verdel et al., 2011). A further evi-
dence for late Oligocene-early Miocene extension comes from the early
Miocene intrusions in the eastern Anatolia and NW Iran formed and ex-
humed in an extensional setting (Moghadam et al., 2016; Topuz et al.,
2019). Eocene-Oligocene crustal thinning in the UDMA could also
have been attributed to lithospheric drips or delamination (e.g., Pang
et al., 2013).

Sr/Y remained relatively constant (i.e., ~15) from the Eocene to the
Oligocene, corresponding to an average crustal thickness of ~35 km.
Starting in the early Miocene, Sr/Y increased ~20 and continued to in-
crease into the middle Miocene, reaching a maximum in the middle
Miocene, corresponding to a crustal thickness of more than 50 km
(Fig. 8a).We eliminated the extremely high Sr/Y> 60 data fromour cal-
culations because theymay represent slabmelts or other processes that
are not indicative of the crustal filter put forward by the global compila-
tion papers of Chiaradia (2015), Profeta et al. (2015), Chapman et al.
(2015) or Hu et al. (2017).

Although the La/Yb ratio is less sensitive to differences in crustal
thickness in the range of 25–45 km, it can clearly show when crustal
thickness exceeds about 50 km (DePaolo et al., 2019). In the plot of
La/Yb versus magmatic ages (Chung et al., 2009), the La/Yb ratios of
the Eocene-Miocene granitoids and volcanic rocks do increase, corre-
sponding to a thickening of the crust (Fig. 8b). Thus, a direct implication
from trace elemental constraints is that crustal thickening occurred in
the UDMA during Miocene, when it thickened to >50 km. Increasing
crustal thickness raises the pressure during magma fractionation at
the Moho and hence changes the stability of mineral phases
(Chapman et al., 2015; Profeta et al., 2015). This gradual thickening
was probably a consequence of long term subduction followed by con-
tinental collision.
lcanic rocks from the UDMA. The samples plot between depleted mantle and Iranian con-
IB and IAB from Vervoort et al. (1999). The composition of Cadomian continental crust is
c magmatism Moghadam et al. (2018).



Fig. 7. (a) Tectonic discrimination diagram (Pearce, 1984). (b) Th/Yb vs Ta/Yb and (c) Th/yb vs SiO2 diagrams for the Eocene to middle Miocene rocks from the UDMA to track the AFC
processes during the genesis of these rocks.

Fig. 8. Crustal thickness of the UDMAduring Eocene tomiddleMiocene calculation by (a) Sr/Y ratios, (b) La/Yb ratios, (c) NCI ((ɛNd - ɛNd (r))/(ɛNd (a)- ɛNd (r))), (d) Crustal thickness based
on the whole rock ɛNd.
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5.3. Nd Isotope constrains on crustal thickness

Sr\\Nd isotopes have been used to quantify interactions between
continental crustal and various mantle reservoirs (Kistler and
Peterman, 1973, DePaolo, 1981 and countless papers after). Crustal ma-
terials typically contain higher 87Sr/86Sr relative to the mantle. The ɛNd
value of continental crust is negative and decreases with increasing
crustal assimilation (DePaolo et al., 1992; Peate et al., 2008). Most of
the samples from the UDMA fall within a range of initial ɛNd of −5 to
+5. Intermediate values of ɛNd for igneous rocks of the UDMA are
here interpreted to be the result of interaction between juvenile
mantle-derived melts (ɛNd ~ +8) and less radiogenic Cadomian conti-
nental crust of Iran (average ɛNd ~ −6).

Correlations betweenNd isotope compositions and crustal thickness
have been previously identified in areaswhere the upper plate is signif-
icantly older than the subducted, lower plate (e.g., Alexander et al.,
2019; DePaolo et al., 2019; Scott et al., 2018).We use here the Neodym-
ium Crustal Index (NCI) of DePaolo et al. (1992) to quantify the effect of
crustal assimilation. An assumption of this model is the involvement of
Fig. 9. Average crustal thickness over the time vs North Latitude. Average crustal thickness is c
periods. (a) Eocene, (b) Oligocene, (c) early Miocene, (d) middle Miocene and (e) present tim
preexisting continental crust material (with low ɛNd) in the generation
of magmas. This model also assumes that the ɛNd of mantle magma
sources is relatively constant in arc settings, with values typical of the
depleted mantle (DePaolo et al., 2019), which is now really constrained
by data (xenoliths, basalts, etc.) in this application.

Nd isotope results and NCI calculations for Eocene to middle Mio-
cene granitoids and volcanic rocks from the UDMA are reported in
Table A.2. The NCI for these samples ranges from ~0.1 to 1 (increasing
from Eocene to middle Miocene, Fig. 8c), implying variable degrees of
assimilation (Fig. 8c) but increasing as a function of time. Crustal thick-
ness beneath the UDMA range from 35 km to 50 km (Table A.2):In the
Eocene-Oligocene it was thin, ~35 Km. In themiddleMiocene it reached
a thickness of ~50 km (Fig. 8d).

5.4. Mechanisms for crustal thickening

The trace element geochemistry and Nd isotopic data compiled
here, suggest that the crust had thickened through time in the UDMA
(Figs. 9, 10). La and Th contents gradually increase along with the
alculated by using trace element ratios and whole rock ɛNd in the UDMA at different time
e.



Fig. 10. Schematic diagram showing changing of crustal thickness over the time. (a) normal or thinner continental crustal thickness during Eocene-Oligocene (~35 km). (b) crustal
thickening (~50 km) during middle Miocene likely due to the emplacement of magma as well as shortening (for further explanation please see the text).

9R. Chaharlang et al. / Lithos 374–375 (2020) 105723
decreasing Nd isotopic compositions in the middle Miocene (Fig. 11).
Collisional belt rocks have higher Th and La relative to rocks from sub-
duction arcs. One possible explanation for higher Th and La in rocks
from a collisional belt, is that monazite saturation and dissolution
during partial melting of the lower crust in collisional belts provides
the excess Th and La (Hu et al., 2017).

The initial age of the Arabia-Eurasia collision at this location is unre-
solved. Proposed times for the Arabia-Eurasia collision vary from 35 to
Fig. 11. Relationship whole rock La (ppm) (a), and Th (ppm) (b) vs SiO2 (wt%) of data subsets in
Th contents in the middle Miocene rocks.
5 Ma (e.g., Agard et al., 2011; Berberian and Berberian, 1981;
Koshnaw et al., 2018; McQuarrie and van Hinsbergen, 2013; Pirouz
et al., 2017; Zhang et al., 2017). However, most recent arguments sug-
gest initial collision in late Oligocene, ca. 27 Ma (e.g., Koshnaw et al.,
2018; Pirouz et al., 2017). If these recent results are correct, the crustal
thickening identified here commenced after the initial collision.

Apatite (U- Th)/He cooling ages of ~20 Ma from the Saghand region
of central Iran suggest an early Miocene period of north-south
continental collisional belts and subduction related-arcs, reflecting uniformly high La and
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shortening related to collision (Verdel et al., 2007). Approximately
200 km of shortening occurred across the Zagros and SaSZ since the
onset of the collision of Eurasia-Arabia plates (Pirouz et al. (2017), of
which 135 km contributed to crustal thickening of the Arabian margin
and 65 km contributed to the thickening of the Eurasian margin.
These results strongly suggest crustal thickening due to tectonic short-
ening after the collision initiation.

However, magmatic underplatingmay also contribute to the crustal
thickening in subduction to collisional orogens (e.g., Chung et al., 2009;
Ji et al., 2012; Sheffels, 1990; Zhu et al., 2017). Considering that the con-
tinental crustal thickness during subduction was 35 km, and using the
exposed area for magmatic rocks, the magma production rates
were ~ 200 ± 50 km3/Myr/km during the 50–35 Ma magmatic flare-
up, 15 ± 5 km3/Myr/km for the 35–20 Ma and 30 ± 5 km3/Myr/km
for the 15–10Ma episode (Moghadamet al., 2020). The slow and steady
rate of northward subduction of Neo-Tethys oceanic plate with strongly
variable rates of magma production implies magma production rates
are not correlated to convergence rates (McQuarrie et al., 2003). The
amount of magma addition distributed over the 35 km width of the
belt could produce ~0.2 km of thickening per million years. Using
these values for thickening rates during Eocene (40Ma) to middle Mio-
cene (15 Ma), the continental crust beneath the UDMA could have
thickened by ~5 km due to magma intrusion.

6. Conclusions

Sr/Y and La/Yb ratios as well as Nd isotopic ratios for Eocene tomid-
dle Miocene igneous rocks of the UDMA reveal the following informa-
tion regarding temporal variations in the crustal thickening during the
Tertiary:

(1) The crust had normal thickness (~35 km)during formation of the
Eocene to Oligocene magmatic rocks in the UDMA.

(2) Crustal thickening began during the earlyMiocene (~ 40 km) and
culminated in the middle Miocene (~50 km).

(3) Crustal thickening was primarily (2/3) due to shortening but
magmatic thickening also contributed an estimated 1/3 of the
total.
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