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Abstract: The Eocene-Miocene Mianeh-Hashtroud igneous district in NW Iran 

is part of the Turkish-Caucasus-Iranian collision zone, a key region to 

decipher the assembly and differentiation of Gondwana-derived terranes 

along the Alpine-Himalayan convergence zone. Major inherited tectonic 

structures control in space and time the Mesozoic-Cenozoic transition 

from oceanic subduction to continental collision in the region. The 

geology of the study area is dominated by a polyphase, long-lived 

magmatic activity, spanning from ~45 to ~6 Ma. The igneous products are 

subalkaline to alkaline, with intermediate to acidic compositions and a 

high-K calcalkaline to shoshonitic affinity. Evidence of crustal 

contamination is attested by inherited zircons in the oldest (Eocene-

Oligocene) samples, with ages spanning from Neo-Archean to Paleocene. The 

Sr-Nd isotopic compositions of the Eocene-Oligocene samples plot close to 

the Bulk Silicate Earth estimate, whereas the Miocene samples document 

stronger crustal contamination. The lack of correlation between Nd-Sr 

isotopes and SiO2 supports a scenario of magma differentiation of 

different magma batches rather than crustal contamination. Major oxide 

and Sr-Nd isotopic variation lead us to suggest that magmatism is the 

consequence of re-melting of earlier underplated (Mesozoic-Tertiary) 

magmatic products, controlled by amphibole-dominated fractionation 

processes. Regional scale correlations show long-lived Cenozoic magmatism 

in NW Iran and Caucasus region, where the main porphyry and epithermal 

deposits occur. We propose that the Cenozoic collisional magmatism and 

the associated mineralisation at the junction between NW-Iran and 

Caucasus was controlled by the activity of a major, lithosphere-scale 

inherited boundary, transverse to the convergence zone. In such a 

geodynamic setting, the along-strike segmentation of the lithosphere slab 

generated asthenospheric melts, their upwelling into the metasomatised 

supra-subduction mantle wedge and the potential activation of different 

mantle and crustal sources, with consequent mineral endowment in the 

region. 

 

Response to Reviewers: Roma, March 15 2020 

 

To: Prof. A. Festa , Editor Gondwana Research 

 



Submission of the revised version manuscript entitled "Long-lived, 

Eocene-Miocene stationary magmatism in NW Iran along a transform plate 

boundary” by Ahmad Rabiee, Federico Rossetti, Yoshihiro Asahara, Hossein 

Azizi, Federico Lucci, Michele Lustrino, Reza Nozaem.    

 

Dear Editor, please find attached the revised version of our manuscript 

submitted for possible publication in Gondwana Research.  

 

The three reviewers provided constructive comments and remarks that 

greatly contributed to improve the manuscript. We have carefully followed 

the reviewers’ advice and comments to prepare this revised version. 

Before presenting the detailed responses to the reviewers’ comments, we 

inform that in order to adapt this revised version to the reviewers' 

suggestions, we added new materials to the early submitted typescript. 

These include:  

1. Supplementary materials S1: Table of main characteristics of selected 

porphyry deposits along UDMZ (Iran) and Armenia. 

2. Supplementary materials S3: Details of Zircon U-Pb geochronology 

(zircon characteristics and each analysis). 

3. Supplementary materials S4: Probability density and weighted age plots 

of measured zircons from all collected samples from Mianeh-Hashtroud 

area. 

4. A new Fig. 13a to better support the continues magmatism during the 

Eocene-Miocene time lapse in the study area;  

5. A new 3D petrogenetic model (Fig. 16), where we propose a synthetic 

geodynamic scenario for the Cenozoic evolution of the Turkish-Iranian-

Caucasus collisional boundary and associated magmatism. 

 

Below we provide a point-by-point response to the reviewers' comments and 

illustrate how these major changes are integrated in the revised version. 

In the following, the response are typed in italics. Changes in the 

original text are typed in red to allow tracking the changes. Reference 

to the text pages refers to the uploaded revised Word file. 

 

Reviewer #1:   

One point which could be enhanced in the petrologic model concerns the 

quantification of crustal contamination. Evidence of crustal 

contamination is 'attested by inherited zircons', while Miocene samples 

document a 'stronger crustal contamination' than Oligocene ones. However, 

the amount of crustal contamination has not be quantified using mixing 

curves, which the authors could probably have attempted. Can the authors 

precise that point? 

Authors’ answer: We have modified the interpretation of our data, 

reducing the necessity to invoke any strong crustal contamination. A 

careful check of Sr-Nd isotopic data as well as the overall incompatible 

element content of Miocene samples do not require any substantially 

higher degree of interaction with typical upper crustal rocks. 

Reviewer #1:  Minor comments in the text. 

Authors’ answer: All comments have been fixed. 

 

Reviewer #2 (H. Rezeau) general comments 

H. Rezeau: The authors describe 26 samples, including 12 samples dated 

from 44.32 Ma to 5.93 Ma covering a total magmatic duration of almost 40 

Myr. However, it is not clear how the authors distinguish the undated 

samples between Eocene, Oligocene and Miocene since the whole-rock 

geochemistry overlap significantly, especially for Oligocene and Eocene 

rocks. In addition, the authors claim a continuous magmatism, which I 

would rather interpret as pulsed magmatism. Indeed, when I look at the 



zircon mean age (Fig. 7), there is no obvious continuity/overlapping in 

age from 44 Ma to 5 Ma, but it rather illustrates snapshot of magmatic 

pulses at 44-43 Ma, 40-36 Ma, 30-26 Ma, 22 Ma , 14 Ma and 5 Ma. 

Therefore, I question the co-genetic relationship of these intrusions, 

which is not fully addressed by the authors in the present manuscript. I 

rather understand that they use the similar whole-rock geochemistry to 

propose a similar petrogenetic model for all the rocks emplaced in the 

Mianeh-Hashtroud study area. However, published study in central to NW 

Iran and Lesser Caucasus generally demonstrate the evolution of 

petrogenetic processes through time from the Eocene to Miocene (e.g., 

Castro et al., 2013; Shafiei et al., 2009; Moritz et al., 2016; H. Rezeau 

et al., 2017).  I encourage the author to reconsider this point because 

it will significantly improve the strength of the manuscript. 

Authors’ answer:  

Regarding the undated samples   

We carried out an extensive field work in the studied area, which results 

in the production of the geological map shown in Fig. 3, where the 

different textural and geometrical relationships among intrusive and 

volcanic rocks are reported. We paid attention to conduct a comprehensive 

sampling of all the different magmatic rock types, avoiding repeated 

sampling for geochronology. We are thus confident regarding the relative 

age estimation of undated samples based on the field relationships, cross 

cutting relationships and the correlation on rock texture (from coarse- 

to fine-grained, porphyritic and vitrophyric) within the different 

magmatic groups (intrusive, hypabyssal and volcanic). For example, the 

Eocene intrusive rocks show always a granular texture, while the 

Oligocene rocks are always porphyritic. Regarding Miocene samples, we 

have only three samples, two of which were dated. The two dated samples 

are similar each other and are similar to other neighbouring dykes 

(samples MN05 and MN07). 

Regarding the continuity/overlapping in age from 44 Ma to 5 Ma 

To answer to the reviewer criticism, we re-organised the text of Section 

6, leaving just the necessary info and moving the detailed description of 

the samples to the Supplementary Material S2-S4. The criteria for age 

calculation, including categorisation of the zircon types (autocrysts, 

antecrysts, and xenocrysts/inherited; after Miller et al., 2007) is now 

provided in Appendix A1 and illustrated for the cumulative samples as 

probability density plots and weighted mean ages in Supplementary 

material S4. To better document the continuity of magmatism we prepared a 

new figure (Fig. 13a), where we present the weighted age distribution of 

the dated zircons (autocrysts and antecrysts). Based on the age 

distribution (with 2Ϭ uncertainty) there is a continuous range from ca. 

55 (54.8±2.8 Ma) to at least 12 Ma and the magmatism resumes at ~8 Ma. 

this evidence is consistent with published ages from the Sahand volcano 

(Richards et al., 2006; Sawada et al., 2016; Lechman et al., 2018). 

Regarding the co-genetic relationship of the studied magmatic products 

Despite the presence of inherited zircon crystals with ages as old as 

Proterozoic, the Sr-Nd isotopic ratios of the investigated rocks is 

surprisingly homogeneous. This feature is increasingly interesting 

considering the diffuse chemical alteration of the samples (despite we 

selected only the freshest rocks for whole rock composition) and the wide 

chemical range of compositions (with SiO2 spanning over ~30 wt% 

variation). To sum up, the overall similar mineral paragenesis, the 

common primitive mantle incompatible element-normalized patterns and the 

restricted variability of Sr-Nd isotopic ratios led us to support to a 

co-genetic origin among the different magma batches. 

H. Rezeau: The classification of the rocks investigated in this study is 

a main issue for me. The authors use many different ways to name/classify 



them (i.e., volcanic rocks, intrusions, hypabyssal, country rocks, Eocene 

rocks, Oligocene rocks, Miocene rocks, Late Miocene-Quaternary rocks), 

which make it extremely difficult to follow for the reader. In addition, 

the authors do not differentiate volcanic from plutonic rocks in the 

whole-rock geochemistry results neither in the geochemical plots, which 

is not correct to me. The authors should use the appropriate 

classification scheme for volcanic and intrusive rocks, and name the 

rocks accordingly. They should also distinguish the different type of 

rocks by using two different symbols in the geochemical plots. In the 

text, I suggested a way to name/describe the rocks, which would help the 

reader to follow. I think this is a major issue in the present 

manuscript, which could be easily fixed before resubmission. 

Authors’ answer: We agree with the reviewer about the confusion present 

in the previous version. Following the reviewer's advice, we have 

modified section 5 to have a consistent nomenclature throughout the text. 

The rationale in the petrography section (section 5) has been conceived 

to present the different rock types based on the field evidence that is 

synthesised in the geological map of the area shown in Fig. 3. It is 

worth noting that the studied igneous rocks are emplaced within Eocene 

volcanic country rocks. We would thus maintain the classification 

separating plutonic, hypabyssal and volcanic rock types (see also answer 

to the above point) with respect to the Eocene country rocks. We classify 

the samples based on their ages, since the geochemical fingerprint within 

the same age group is overlapping, irrespective of the rock type (either 

intrusive or volcanic).  

H. Rezeau: The authors present a “Field and Petrographic observations” 

section, however they barely (if not at all) refer to it nor use it in 

the discussion. Petrographic observations provide important information 

about the sequence of mineral crystallization, which inherently depends 

on the melt chemistry from which they crystallize. Therefore, I think it 

is a pity to not take advantage of it. I have provided some detailed 

comment directly in the attached manuscript about it and how the author 

could use some observations in the discussion. If the authors do not use 

it in the discussion, I am questioning the necessity to include a 

petrography section if it is not relevant for the discussion.   

Authors’ answer: The petrographic section is reduced to the essential 

description of the investigated rocks (see the new section 5). We propose 

the involvement of specific mineral phases during a fractional 

crystallization process only qualitatively drafted in the manuscript (due 

to the not perfect preservation state of the Mianeh samples). 

Petrography, coupled with geochemistry and geochronology of the 

investigated rocks and neighbouring Cenozoic magmatism are used to 

constrain the geodynamic environment of formation. Therefore, although we 

agree with the reviewer, the description of the sequence of mineral 

crystallisation is a bit out of the scope of the present manuscript. 

H. Rezeau: Regarding the general geodynamic regional model and its 

implications for the petrogenesis of the investigated magmatic rocks, the 

authors use broad general geodynamic models from the literature with no 

proper evidence to support it from their own data. Even if I am not 

against the proposed scenario, I encourage the authors to be more careful 

in addressing their model as well as discussing alternative models too. 

They should rearrange the discussion and reconsider the way they discuss 

their data with respect to the regional geodynamic evolution. In the 

present version of the manuscript, I do not see compelling evidence from 

the data presented in this study to support the final proposed model. 

Structural field evidence along with geochemical data would be a good 

combination to support the proposed model. 



Authors’ answer: We thank the reviewer of his comment that offer us the 

opportunity to propose a geodynamic reconstruction with a greater detail 

(see new Fig. 16). We also agree that a more focused discussion on the 

geodynamic scenario was necessary. Therefore, we revised the relevant 

discussion on these themes (see the new section 10). We agree that 

structural data would be a good addition to the data set, but, 

unfortunately, the large volcanic cover in the area prevents direct field 

observations on the main deformation structures and feeding zones. 

However, we are confident that after the exhaustive literature review 

presented in section 2 and correlation at regional scale, the 

tectonic/geodynamic scenario to frame the Cenozoic magmatic evolution in 

the region is quite well constrained. In particular, the inherited 

structures (transversal from the collisional boundary) provided long-

lasting weak zones for magma ascent and accumulation from Eocene to 

Miocene. Since these structures are likely inherited from a major 

transform zone (e.g., Barrier and Vrienlink, 2018; Van der Boon et al., 

2018; Rolland et al., 2017), we suggest the presence of slab tearing and 

slab window during the Cenozoic, which provided asthenospheric flow and 

heat able to generate the long-lasting and almost homogeneous magmatism 

during Eocene and Oligocene. During Miocene the collision event and 

thickening changed the geodynamic setting, but the new magma still was 

able to ascent to this weak zone. These ideas are depicted in the 

conceptual geodynamic scenario presented in the new Fig. 16. 

H. Rezeau: The calculated zircon U-Pb mean ages are presented in Fig. 7 

along with the Concordia diagrams generated using Isoplot. For some 

samples, I can see a spread in ages over 2-4 Ma.  The calculation of the 

weighted mean age is not described in the methods, although the notion of 

autocrysts and antecrysts is mentioned is the manuscript. It is very 

important to describe the criteria you have used to include or reject a 

single measurement from the weighted mean age calculation. I know that 

Isoplot can do it automatically for you, but I would advise to use a 

density probability plot to identify one or several sub-population(s) of 

zircons within sample. This will allow you to select on the youngest 

family to calculate the crystallization age, generally assumed to be 

represented by the youngest population. You can include such plots in the 

supplementary material along with zircon CL images for each sample, which 

will avoid any question from the readers regarding the calculation of the 

weighted mean ages used in this study. Furthermore, I also request a plot 

of the weighted mean age with uncertainties (2s) to illustrate the 

continuous magmatism versus pulsed magmatism in the area. If the authors 

agree with my comments, I am sure that it will significantly improve the 

manuscript and help them to clearly address the temporal magmatic history 

of the Mianeh-Hashtrood study area. 

Authors’ answer: We thank the reviewer for his comment that is fully 

pertinent and offer us the possibility to better explain the scientific 

rationale adopted on the U-Pb geochronology. We did not use weighted mean 

age calculation. Since this method does not eliminate some zircon 

antecrysts, which their ages clearly are out of normal distribution in 

histogram plots and the probability of the calculated ages are below 0.1 

in most of the samples (see supplementary Material S4). Instead we chose 

the best concordant results in a continuous range, preferably for 

Concordia age calculation. In particular, zircons results with Pb common 

should be <20% and Th/U >0.1 were used to calculate Concordia age. To 

calculate the Concordia ages for some samples (when available), only 

concordant ages were used. The maximum numbers of datasets in a 

continuous sorted population (excluding outlier values) which were 

acceptable by Isoplot to calculate a Concordia age were considered. In 

the cases where most of ages were discordant (mainly due to Pb common 



>5%) the Terra-Wasserburg method was used which provide more reliable 

ages. For instance, in sample MN76 we eliminated 4 younger and 2 older 

zircons which are clearly out of the main population. for samples MN10 we 

only used 18 zircons to be able to provide a Concordia age while the 

weighted mean average method uses 28 out of 31 dataset but the calculated 

age is less accurate (MSWD=2.6 , probability =0.000).  

Following the Reviewer's advice, we specified the criteria for age 

calculation, including categorisation of the zircon types (autocrysts, 

antecrysts, and xenocrysts/inherited; after Miller et al., 2007) that is 

provided in Appendix A1 and illustrated for the cumulative samples as 

probability density plots and weighted mean ages in Supplementary 

material S4. We also prepared a new figure (Fig. 13a), reporting the 

weighted age distribution of the dated zircons (autocrysts and 

antecrysts) to better document the continuity of magmatism. 

H. Rezeau: In the abstract, at the end of the introduction and in the 

last section of the discussion, the authors mention briefly the notion of 

mineral deposits. I am not quite sure why the authors briefly mention it 

here and there. This is poorly described and also not discussed at all. I 

would either recommend to clearly describe and stress its importance in 

the area and then discuss it, or completely remove it from the 

manuscript. 

Authors’ answer: We thank the reviewer for his comment. Following the 

reviewer's advice, we have expanded the description of the main ore zones 

in the region (see new section 3 and lines 223-265) Moreover, the new 

Fig. 2 now contains the distribution of the main porphyry mineralization. 

A Table is now provided in Supplementary Material S1, showing the 

characteristics of each deposit. Our main scope is not the metallogeny of 

the region but the linkage between the porphyry ore localisation with (i) 

the major tectonic structures, and (ii) the peculiar geodynamic setting 

we propose. In particular, we propose the Eastern Caucasus-Western Iran 

Boundary as a long-lived tectonic structure, which acted as a weak zone 

susceptible to multiple tectonic reactivation, able to focus magmatism as 

a preferred pathway for magma ascent and emplacement and focused 

mineralisation during Eocene-Miocene times.  

H. Rezeau: I don’t see this abrupt transition, I see similar colors 

(yellow, light and dark green) on each side of both fault. …..I am not 

sure what you want to show with the isotherm of the upper mantle, but I 

am not convinced about its relevance here. See also my comment on Fig. 1. 

Authors’ answer:  We have strongly modified Fig. 1, reporting the 

lithospheric thickness variation as reported in the same reference 

(Priestley et al., 2012). However, considering the continuation of 

Mianeh-Ardabil fault toward SW (see also Fig. 2), it is well evident that 

the trace of this fault zone corresponds to a SE-ward transition from 

thin to thick lithosphere in the region. 

Other comments from H.H. Rezeau in the file 

Line 47-51 (76-78): We have modified the sentence, following the 

reviewer’s suggestion. 

Line 88: Do you refer to the Moho depth here? If yes, you should mention 

Shad Manaman et al., 2011 and Fig. 1b. 

Authors’ answer: Here we are referring to lithosphere not to the Moho 

depth. 

Lines 109-114: Fixed with additional materials. We also added relevant 

text in the discussion section and a new Figure. 

Lines 157-164: Fixed. 

Lines 208-210: We have modified the text following the reviewer’s 

suggestion. 

Lines 267-282: Section 4: We have modified the section following the 

reviewer’s suggestion. 



Lines 293-298: The Paragraph was revised, to avoid any confusion 

regarding roc classification. 

Section 5.4. Here again volcanic rocks but you do not provide an age 

information. You should consider if you can merge it with 5.1 under 

volcanic rocks, and then make 2 distinct paragraphs for the Eocene ones 

and this one. Also why not calling the Eocene Group 1 and this one Group 

2, instead of Eocene volcanic country rocks and volcanic rocks. I am sure 

it will help to clarify and avoid unnecessary subdivision. Same for 

Intrusions and hypabyssal, which could be merged under a “intrusive 

rocks” section with two distinct paragraphs, and maybe Group 1 and 2 as 

well based on the age or other features. 

Section 5.2 to 5.4: These sections were modified following the reviewer’s 

suggestion.  

H. Rezeau: I would suggest to rearrange the Figure 4 in order to have the 

Fig.4d as a Fig. 4a, and then modify accordingly. 

Authors’ answer: Following the Reviewer's advice, we have modified the 

Figure. Please see the new version in the revised manuscript.  

H. Rezeau: Section 6. This section is highly repetitive for each section 

with a lot of information …… 

Authors’ answer: We kept the most important features in the section and 

moved details in Supplementary Material S3. 

H. Rezeau: Fig 7a and 7n: Very small and hard to see anything. 

Authors’ answer: Here we put this image to show examples of general 

characteristics of zircon autocrysts, antecrysts and inherited ones in CL 

images in which different categories are shown with distinct colored 

circles. A larger size is available in Supplementary Material S3 

H. Rezeau: You don’t show any CL images here, so why referring to Sup. 

Mat. Here? 

Authors’ answer: We showed two examples in the Fig. 7. However, we moved 

the details of this section to Supplementary materials S2 and S3. 

H. Rezeau: How do you calculate U-Pb ages?  

Authors’ answer: We added additional materials on this regard in the 

Methods and Appendix. Please see also the authors’ answer above in 

general comments. 

H. Rezeau: you do not mention it in the method to explain how you 

calculate the weighted mean age of each sample. …..If you discard some 

antecryst from the calculation, you also should explain how which basis 

you decided to exclude them from the calculation of the weighted mean 

age. 

Authors’ answer: Please see the authors’ answer to the same question 

above in general comments.  

H. Rezeau: What are the evidence for lead loss using LA-ICP-MS technique? 

I am not convinced that we can accurately estimate lead loss using LA-

ICP-MS technique, compared to ID-TIMS technique. 

Authors’ answer: Zircon structure is not so favorable to retain the 

radiogenic Pb. Therefore, Pb losses typically occur along cracks 

generated during dynamic deformation (and crushing). In addition, 

sometimes during the crushing and polishing, environmental Pb goes inside 

the existing fractures. Furthermore, chamber environment has some Pb 

common resulted from shooting to other grains rather than zircon which 

could cause contamination. In general, if the common Pb is above 20% the 

dataset would not be appropriate for the age calculation in the LA-ICPMS 

data. In our calculation, we excluded all datasets with common Pb above 

20%.  

H. Rezeau: late Miocene-QUATERNARY in diagrams. 

Authors’ answer: Fixed. 

H. Rezeau: In figure 12, Nd-Sr data from H. Rezeau et al., 2017 

Authors’ answer: Sorry, Fixed. 



H. Rezeau: Line 440; No igneous rocks can reach SiO2>76-78 wt%....this 

high values must illustrate alteration or magmatic-hydrothermal 

melt/fluid (pegmatitic or something like this). Please check the rock 

with such high value and eventually remove it from the data set. 

Authors’ answer: We agree with the reviewer. Some of the Oligocene-early 

Miocene subvolcanic bodies are affected by secondary silicification. But 

we would prefer to use these data rather than giving away most of these 

samples. We have avoided additional comments on rocks with SiO2 >78 wt% 

and we didn’t use the most silicic samples in the discussion. 

H. Rezeau: In your Figure 13 the histogram use a bin of 5 Ma, which is a 

huge interval considering that magmatic system are generally consider to 

last <0.5 to 1 Ma …. 

Authors’ answer: Figure 13 is devoted to zircon antecrysts and xenocrysts 

to show their distribution but not for a continuous magmatism approach. 

However, the distribution histogram shows some populated clusters which 

we think it is worth to be noted. Following the Reviewr’s Advice we have 

added the weighted mean age distribution (see new Fig. 13) 

H. Rezeau: Lines 513-516; I am not sure this is the right ratio to use to 

show the calc-alkaline and subduction environment….I think that the 

enrichment in incompatible trace element in the spider diagram is a 

better diagnostic, especially if you compare with the average arc crust 

composition from Rudnick and Gao 2003, I imagine that it should fit 

perfectly. You could any of LREE/HREE and MREE/HREE, they will show 

positive values characteristics of subduction zones. The calc-alkaline 

signature is better showed by your TAS diagram. You should not use the 

La/Yb ratio as a proof for subduction-related calc-alkaline magmas…. 

Authors’ answer: We have not written that LREE/HREE fractionation in a 

magma can be used to infer subduction environments. The La/Yb ratio is 

used in literature, coupled with Sr and Sr/Y ratios to infer an 

“adakitic” composition of subduction-related melts instead of a “normal 

calcalkaline” composition. Indeed, adakites are classically interpreted 

in literature as being derived from eclogite partial melting. Eclogites 

are plagioclase-free, garnet-bearing lithologies and if induced to 

partially melt, they produce liquids rich in Sr and poor in Y and Yb 

(hence the high La/Yb and the low Yb as illustrated in Fig. 14b and the 

high Sr/Y and the low Y reported in Fig. 14a). 

We disagree with the reviewer as concerns the possibility to distinguish 

calcalkaline signature on the basis of the TAS diagram. TAS diagram 

cannot be used to distinguish between tholeiitic and calcalkaline 

affinity. 

H. Rezeau: Lines 523; Why not using isotope to discuss crustal 

contamination???...you should… 

Authors’ answer:  Indeed, we infer that crustal contamination happened at 

source depths, i.e., it is not a shallow crustal contamination, but, 

rather, a modification of mantle sources by subduction. This is confirmed 

by the relatively uniform Sr-Nd isotopic ratios, as already explained in 

the previous sections. 

H. Rezeau: Lines 524; I am not convinced by all these classification 

diagram between subduction vs. post-collision environments simply because 

the subduction to collision to post-collision is a continuous process 

involving similar end-members, but their respective involvement (and 

their timing) in the generation of arc-related melt is difficult to 

assess within the evolution of the orogen. Unless you provide clear 

structural evidence for post-collisional environment, I would assume that 

it is difficult to differentiate syn-subduction to post-collisional 

magmatism for I-type igneous rocks. The degree of partial melting of the 

mantle, the involvement of slab-related fluid vs. melt and the degree of 

assimilation of old vs. young rocks will impact the melt chemistry and it 



is difficult to find a systematic as predicted with these “environment 

classification plot”. 

Authors’ answer: We agree, but here we are just reporting the output of 

classical discrimination diagrams for felsic rocks. 

H. Rezeau: Lines 577-582; Actually, there many way to explain the 

enrichment in incompatible element such as variable degree of partial 

melting in the source (Rezeau et al., 2017), remelting of metasomatized 

sub-continental lithospheric mantle (Castro et al., 2013), and so on…I 

think it would be great to propose these different scenario and 

eventually prefer one over the other based on some evidence presented in 

this study. For now, you just propose one way to generate this signature, 

but you do not really show any evidence that support this specific 

scenario. 

H. Rezeau: Lines 583; Do you mean the high concentration of incompatible 

(HFSE, LILE, LREE) trace elements? If yes, be specific. 

Authors’ answer:  We have deeply modified this paragraph following 

reviewer’s request. 

H. Rezeau: Lines 581; what is moderate? With respect to what? 

Authors’ answer: Moderate simply means not flat neither strongly enriched 

such as in Ca-carbonatitic melts. In any case we refer to CI chondrite-

normalized patterns shown in Fig. 11b. 

H. Rezeau: Lines 583-610; by reading this paragraph, I am not sure what 

do you mean by crustal recycling. Do you mean delamination of the crust, 

contamination of the source, which is further remelted to generate the 

Eocene to Miocene magmatism? Or recycling by remelting the lower crust? 

Or recycling by crustal assimilation? You use the evidence of antecryst, 

which seems to favor the crustal assimilation. If I did not understand 

correctly, and if you mean delamination, how the zircon are not fully 

dissolved at higher temperature and pressure in the mantle? These are all 

the question you should clarify by rephrasing this part of the 

discussion. 

Authors’ answer: The reviewer is correct. In its original version, the 

manuscript was not sufficiently clear. In the new version of the 

manuscript, we have tried to clarify our concepts improving the 

readability of the text (see the new section 9). 

H. Rezeau: Lines 607; Is it homogeneous or not? … I am not sure when I 

look at the TAS diagram, and some incompatible trace element. 

Authors’ answer:  The reviewer is right. We meant the relative 

homogeneity of incompatible elements rather than major oxides, strongly 

influenced by fractional crystallization processes, as those shown in 

Fig. 9. 

H. Rezeau: Lines 609; I am not sure about this process to generate large 

volume of felsic magmatism (see Jagoutz and Klein, 2018). In addition, I 

would still expect contaminated geochemical signature. 

Authors’ answer: Jagoutz and Klein deal with the origin of granitoid 

melts distinguishing two main hypotheses, that referring to sedimentary 

partial melting and that referring to prolonged fractional 

crystallization of hydrous basaltic melts, mostly in supra-subduction 

settings. Our model is much more devoted to an igneous origin of the 

intermediate-acid Mianeh-Hashtroud rocks. Indeed, we refer the main 

petrogenetic process to partial melting of a supra-subduction mantle 

wedge. Magma derived therefrom can induce partial melting in underplated 

basaltic hydrous mineral-bearing lower crust. Coupled to this mixed 

mantle and lower crust partial melting is also associated a poorly 

defined process of fractional crystallization associated to variable (but 

generally minor) upper crustal assimilation. The model we propose is 

compatible with the petrogenetic hypothesis favoured by Jagoutz and Klein 

(2018). 



H. Rezeau: Fig. 1 caption; I am not sure how important is this 

information, since there is no specific correlation with the Moho depth 

and so on. To my opinion, I think it adds more confusion than clarity. I 

would prefer if you only show the structure and the Moho depth contours 

(and eventually the Neogene magmatism matching thin crust), because 

that’s the main focus of the paper. 

Authors’ answer: We have modified this figure, reporting the lithospheric 

thickness variation as reported in the same reference (Priestley et al., 

2012). 

 

Reviewer #3 

Reviewer #3: This manuscript presents important results on the nature, 

origin, age and geodynamic setting of an intense magmatism which occurred 

from the Eocene until the end of the Miocene in the NW of the Iranian 

plateau (at the junction of the Alborz, Talesh and Sanandaj-Sirjan). It 

is an important contribution on petrology, geochemistry and the dating of 

volcanic and plutonic rocks in this area. Although I am not a specialist 

in geochemistry or geochronology methods, it appears that the data 

processing is of good quality. Except (perhaps) some of the U/Pb 

geochronology data on zircons which show for some samples very large 

ellipse error (with 2 sigma level)  (Fig. 7). 

Authors’ answer: The reported uncertainties are common for LA-ICPMS 

method. In some plots the datasets have been plotted in a narrower window 

time and hence the ellipses appear to be larger with respect to other 

plots. For further additional details please refer to answers to Dr. 

Rezeau above 

Reviewer #3: Reading this manuscript, it highlights some points mentioned 

but not all highlights proposed by the authors. It becomes clear that the 

history of Cenozoic magmatism in this sector (35 km long and 20 km wide) 

is very well documented, and the study shows a source of magma is mantle 

(Metasomatized) with a fusion of the crustal base of an arc. 

According to the data presented I think that the results deserve be 

published. However, the discussion about the geodynamical setting 

responsible of this long-lived magmatism is not well evidenced. The 

authors propose the hypothesis about the major role of a tectonic control 

of the magmatism along a transform boundary between Eastern Caucasus and 

the Western Iran. Unfortunately, this boundary is not very well 

documented even if the authors consider the change of thickness of the 

lithosphere and the crust in this wide region. The figure 1 b do not show 

a clear boundary beneath the studied region. I think in order to solve 

this problem a wide study of the Cenozoic magmatism must be performed. 

But one more time I consider the results are important and will allow in 

the future to be include in a wide study, a synthesis, about the 

magmatism of the Caucasus and West Iran. 

Authors’ answer: We thank the reviewer for his comments that offer us the 

possibility to re-think and re-organise the discussion section on the 

geodynamic scenario. We thus re-organised the discussion section (see the 

new section 10) added a comprehensive model which could help to better 

finger out our reconstruction (see new Figure 16). 

 Regarding the Aras fault we agree with the reviewer. Albeit it cannot be 

traced in Moho contour map, but it could have been an active transform 

fault during blocks juxtaposing and reorganization which reactivated 

during collision events. However, the fault is consistent with block 

boundaries proposed by Reilinger et al., (2006) which has interrupted 

major structures such as suture lines and likely segmented Talesh-

Arasbaran and Lesser Caucasus zones.  

Regarding the figure 1b, please refer to the authors’ answer to the same 

question from H. Rezeau above. 



Reviewer #3:  Comments in the text. 

Reviewer #3: Line 81 and (90-94): make the citation of Sahakyan et al., 

2017 Geochemistry of the Eocene magmatic rocks from the Lesser Caucasus 

area (Armenia): evidence of a subduction geodynamic environment 

Geological Society, London, Special Publications 428 (1), 73-98. This 

publication describes a recent version about the nature origin and 

tectonic setting of the huge Eocene magmatism in the Lesser Caucasus, 

very close from your study area. 

Authors’ answer: Fixed 

Reviewer #3: Also this paper is important and have to be cited: Sugden, 

et al., 2019.  The Thickness of the Mantle Lithosphere and Collision-

Related Volcanism in the Lesser Caucasus, Journal of Petrology 60 (2), 

199-230 

Authors’ answer: We agree and cited this paper in the discussion. 

Reviewer #3:  Line 127: not forget to cite Sosson et al., 2010 (instead 

of only Rolland et al., 2018) which proposed a reconstruction of the 

region (fig 13 of this paper) and placed a transform fault as you place 

it on your figure 1. Also make the citation of Barrier and Vrielynck, 

2008. Rolland et al 2018 have used these two papers for their 

conclusions. The suggestion of Sosson et al (2010) is a hypothesis, and 

still now this is always a hypothesis. The Aras, or Arax fault is visible 

at now but there is no evidence which allow to be sure that it is the 

surface expression of the old transform fault through the Eurasian plate 

before the collision with the Taurides- Anatolides-Soutn Armenian 

microplate during the Paleocene-Early Eocene. 

Authors’ answer: References were fixed. Regarding the Aras fault we agree 

with the reviewer. It could have been an active transform fault 

separating the Zagros subduction from the Pontides, likely re-activated 

during collision events. The fault trace is consistent with block 

boundaries proposed by Reilinger et al., (2006) for the Turkish-Caucasus-

NW Iran collisional boundary 

Reviewer #3: line 136: Sorry again you forget the citation Sosson et al., 

2010. (read it in detail you will see!) 

Authors’ answer: References were fixed. 

Reviewer #3: Which evidence of a lithospheric fault zone (Aras and 

Ardabil-Mianeh-Baneh fault system)? The change of the thickness of the 

lithosphere (figure 1B) is not so sharp, and the faults in surface not 

very long as they should be if they were crossing all the lithosphere of 

Eurasia in this region. 

Reviewer:  The reviewer is rightWe believe that the Mianeh-Ardabil fault 

can be confidently traced toward SW. Please also refer to the authors’ 

answer to the same question from Dr. H. Rezeau above. 

Reviewer #3: Line 512: add as a reference Sahakyan et al., 2017 

Authors’ answer: Fixed 

Reviewer #3: Line 606: I don't understand what do you mean exactly? It 

seems that there a lot of old zircons in the Eocene rocks, so a lot of 

crustal contamination during Eocene. 

Authors’ answer: In order to reconcile the large spread of ages of 

inherited zircons with the relatively homogeneous Sr and Nd isotopic 

ratios, as well as the similar interelemental fractionation, we propose 

that the Mesozoic to Neoarchean inherited zircons occasionally found in 

the Mianeh-Hashtroud rocks were acquired by partial melting of early 

underplated rocks at the base of the Iran block lithosphere. We therefore 

suggest that the inherited zircons originated from crustal wall rocks 

during magma ascent.  

-Line 644: or collision thickening which conduct to the melting of the 

deep crustal base. ...see also the hypotheses proposed by Sosson et al 

(2010) for the Lesser Caucasus. 



Authors’ answer: Yes, we agree. We modified the text as proposed. 

Reviewer #3: Line 662: Rolland 2019 is a review. Again and really I don't 

like to insist, but the main hypothesis based on facts, data, was made 

for the lesser Caucasus by Sosson et al., 2010, and then by all our 

teams. So please don't used the reference Rolland 2019 instead of the 

work of a big team which published before Rolland 2018. It should be 

honest to make the good citations please. I'm very surprised to notice 

that our scientific ethic progressively disappears with the time. The 

citations must be well used. 

Authors’ answer: Sorry, Fixed. 

Reviewer #3: Line 692: Please change Rolland 2017 by Barrier and 

Vrielynck 2008, Sosson et al, 2010. 

Authors’ answer: Fixed.  

 

Hoping in the present form the revised manuscript may fulfil criteria for 

publication in Gondwana Research, 

 

Sincerely, 

Federico Rossetti 

(on behalf of the co-Authors) 

      

 

 

Research Data Related to this Submission 

-------------------------------------------------- 

There are no linked research data sets for this submission. The following 

reason is given: 

Data will be made available on request 
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Roma, March 15 2020 

 

To: Prof. A. Festa , Editor Gondwana Research 

 

Submission of the revised version manuscript entitled "Long-lived, Eocene-Miocene 

stationary magmatism in NW Iran along a transform plate boundary” by Ahmad Rabiee, 

Federico Rossetti, Yoshihiro Asahara, Hossein Azizi, Federico Lucci, Michele Lustrino,
 
Reza 

Nozaem.    

 

Dear Editor, please find attached the revised version of our manuscript submitted for 

possible publication in Gondwana Research.  

 

The three reviewers provided constructive comments and remarks that greatly contributed to 

improve the manuscript. We have carefully followed the reviewers’ advice and comments to 

prepare this revised version. Before presenting the detailed responses to the reviewers’ 

comments, we inform that in order to adapt this revised version to the reviewers' suggestions, 

we added new materials to the early submitted typescript. These include:  

1. Supplementary materials S1: Table of main characteristics of selected porphyry deposits 

along UDMZ (Iran) and Armenia. 

2. Supplementary materials S3: Details of Zircon U-Pb geochronology (zircon characteristics 

and each analysis). 

3. Supplementary materials S4: Probability density and weighted age plots of measured 

zircons from all collected samples from Mianeh-Hashtroud area. 

4. A new Fig. 13a to better support the continues magmatism during the Eocene-Miocene 

time lapse in the study area;  

5. A new 3D petrogenetic model (Fig. 16), where we propose a synthetic geodynamic 

scenario for the Cenozoic evolution of the Turkish-Iranian-Caucasus collisional boundary and 

associated magmatism. 

 

Below we provide a point-by-point response to the reviewers' comments and illustrate how 

these major changes are integrated in the revised version. In the following, the response are 

typed in italics. Changes in the original text are typed in red to allow tracking the changes. 

Reference to the text pages refers to the uploaded revised Word file. 

 

Response to Reviewer #1:   
One point which could be enhanced in the petrologic model concerns the quantification of 

crustal contamination. Evidence of crustal contamination is 'attested by inherited zircons', 

while Miocene samples document a 'stronger crustal contamination' than Oligocene ones. 

However, the amount of crustal contamination has not be quantified using mixing curves, 

which the authors could probably have attempted. Can the authors precise that point? 

Authors’ answer: We have modified the interpretation of our data, reducing the necessity to 

invoke any strong crustal contamination. A careful check of Sr-Nd isotopic data as well as the 

overall incompatible element content of Miocene samples do not require any substantially 

higher degree of interaction with typical upper crustal rocks. 

Reviewer #1:  Minor comments in the text. 

Authors’ answer: All comments have been fixed. 

 

*Detailed Response to Reviewers
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Response to Reviewer #2 (H. Rezeau) general comments 

H. Rezeau: The authors describe 26 samples, including 12 samples dated from 44.32 Ma to 

5.93 Ma covering a total magmatic duration of almost 40 Myr. However, it is not clear how 

the authors distinguish the undated samples between Eocene, Oligocene and Miocene since 

the whole-rock geochemistry overlap significantly, especially for Oligocene and Eocene 

rocks. In addition, the authors claim a continuous magmatism, which I would rather interpret 

as pulsed magmatism. Indeed, when I look at the zircon mean age (Fig. 7), there is no obvious 

continuity/overlapping in age from 44 Ma to 5 Ma, but it rather illustrates snapshot of 

magmatic pulses at 44-43 Ma, 40-36 Ma, 30-26 Ma, 22 Ma , 14 Ma and 5 Ma. Therefore, I 

question the co-genetic relationship of these intrusions, which is not fully addressed by the 

authors in the present manuscript. I rather understand that they use the similar whole-rock 

geochemistry to propose a similar petrogenetic model for all the rocks emplaced in the 

Mianeh-Hashtroud study area. However, published study in central to NW Iran and Lesser 

Caucasus generally demonstrate the evolution of petrogenetic processes through time from 

the Eocene to Miocene (e.g., Castro et al., 2013; Shafiei et al., 2009; Moritz et al., 2016; H. 

Rezeau et al., 2017).  I encourage the author to reconsider this point because it will 

significantly improve the strength of the manuscript. 

Authors’ answer:  

Regarding the undated samples   

We carried out an extensive field work in the studied area, which results in the production of 

the geological map shown in Fig. 3, where the different textural and geometrical relationships 

among intrusive and volcanic rocks are reported. We paid attention to conduct a 

comprehensive sampling of all the different magmatic rock types, avoiding repeated sampling 

for geochronology. We are thus confident regarding the relative age estimation of undated 

samples based on the field relationships, cross cutting relationships and the correlation on 

rock texture (from coarse- to fine-grained, porphyritic and vitrophyric) within the different 

magmatic groups (intrusive, hypabyssal and volcanic). For example, the Eocene intrusive 

rocks show always a granular texture, while the Oligocene rocks are always porphyritic. 

Regarding Miocene samples, we have only three samples, two of which were dated. The two 

dated samples are similar each other and are similar to other neighbouring dykes (samples 

MN05 and MN07). 

Regarding the continuity/overlapping in age from 44 Ma to 5 Ma 

To answer to the reviewer criticism, we re-organised the text of Section 6, leaving just the 

necessary info and moving the detailed description of the samples to the Supplementary 

Material S2-S4. The criteria for age calculation, including categorisation of the zircon types 

(autocrysts, antecrysts, and xenocrysts/inherited; after Miller et al., 2007) is now provided in 

Appendix A1 and illustrated for the cumulative samples as probability density plots and 

weighted mean ages in Supplementary material S4. To better document the continuity of 

magmatism we prepared a new figure (Fig. 13a), where we present the weighted age 

distribution of the dated zircons (autocrysts and antecrysts). Based on the age distribution 

(with 2Ϭ uncertainty) there is a continuous range from ca. 55 (54.8±2.8 Ma) to at least 12 Ma 

and the magmatism resumes at ~8 Ma. this evidence is consistent with published ages from 

the Sahand volcano (Richards et al., 2006; Sawada et al., 2016; Lechman et al., 2018). 

Regarding the co-genetic relationship of the studied magmatic products 

Despite the presence of inherited zircon crystals with ages as old as Proterozoic, the Sr-Nd 

isotopic ratios of the investigated rocks is surprisingly homogeneous. This feature is 
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increasingly interesting considering the diffuse chemical alteration of the samples (despite we 

selected only the freshest rocks for whole rock composition) and the wide chemical range of 

compositions (with SiO2 spanning over ~30 wt% variation). To sum up, the overall similar 

mineral paragenesis, the common primitive mantle incompatible element-normalized patterns 

and the restricted variability of Sr-Nd isotopic ratios led us to support to a co-genetic origin 

among the different magma batches. 

H. Rezeau: The classification of the rocks investigated in this study is a main issue for me. 

The authors use many different ways to name/classify them (i.e., volcanic rocks, 

intrusions, hypabyssal, country rocks, Eocene rocks, Oligocene rocks, Miocene rocks, Late 

Miocene-Quaternary rocks), which make it extremely difficult to follow for the reader. In 

addition, the authors do not differentiate volcanic from plutonic rocks in the whole-rock 

geochemistry results neither in the geochemical plots, which is not correct to me. The authors 

should use the appropriate classification scheme for volcanic and intrusive rocks, and name 

the rocks accordingly. They should also distinguish the different type of rocks by using two 

different symbols in the geochemical plots. In the text, I suggested a way to name/describe the 

rocks, which would help the reader to follow. I think this is a major issue in the present 

manuscript, which could be easily fixed before resubmission. 

Authors’ answer: We agree with the reviewer about the confusion present in the previous 

version. Following the reviewer's advice, we have modified section 5 to have a consistent 

nomenclature throughout the text. The rationale in the petrography section (section 5) has 

been conceived to present the different rock types based on the field evidence that is 

synthesised in the geological map of the area shown in Fig. 3. It is worth noting that the 

studied igneous rocks are emplaced within Eocene volcanic country rocks. We would thus 

maintain the classification separating plutonic, hypabyssal and volcanic rock types (see also 

answer to the above point) with respect to the Eocene country rocks. We classify the samples 

based on their ages, since the geochemical fingerprint within the same age group is 

overlapping, irrespective of the rock type (either intrusive or volcanic).  

H. Rezeau: The authors present a “Field and Petrographic observations” section, however 

they barely (if not at all) refer to it nor use it in the discussion. Petrographic observations 

provide important information about the sequence of mineral crystallization, which inherently 

depends on the melt chemistry from which they crystallize. Therefore, I think it is a pity to not 

take advantage of it. I have provided some detailed comment directly in the attached 

manuscript about it and how the author could use some observations in the discussion. If the 

authors do not use it in the discussion, I am questioning the necessity to include a petrography 

section if it is not relevant for the discussion.   

Authors’ answer: The petrographic section is reduced to the essential description of the 

investigated rocks (see the new section 5). We propose the involvement of specific mineral 

phases during a fractional crystallization process only qualitatively drafted in the manuscript 

(due to the not perfect preservation state of the Mianeh samples). Petrography, coupled with 

geochemistry and geochronology of the investigated rocks and neighbouring Cenozoic 

magmatism are used to constrain the geodynamic environment of formation. Therefore, 

although we agree with the reviewer, the description of the sequence of mineral crystallisation 

is a bit out of the scope of the present manuscript. 

H. Rezeau: Regarding the general geodynamic regional model and its implications for the 

petrogenesis of the investigated magmatic rocks, the authors use broad general geodynamic 
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models from the literature with no proper evidence to support it from their own data. Even if I 

am not against the proposed scenario, I encourage the authors to be more careful in addressing 

their model as well as discussing alternative models too. They should rearrange the discussion 

and reconsider the way they discuss their data with respect to the regional geodynamic 

evolution. In the present version of the manuscript, I do not see compelling evidence from the 

data presented in this study to support the final proposed model. Structural field evidence 

along with geochemical data would be a good combination to support the proposed model. 

Authors’ answer: We thank the reviewer of his comment that offer us the opportunity to 

propose a geodynamic reconstruction with a greater detail (see new Fig. 16). We also agree 

that a more focused discussion on the geodynamic scenario was necessary. Therefore, we 

revised the relevant discussion on these themes (see the new section 10). We agree that 

structural data would be a good addition to the data set, but, unfortunately, the large volcanic 

cover in the area prevents direct field observations on the main deformation structures and 

feeding zones. However, we are confident that after the exhaustive literature review presented 

in section 2 and correlation at regional scale, the tectonic/geodynamic scenario to frame the 

Cenozoic magmatic evolution in the region is quite well constrained. In particular, the 

inherited structures (transversal from the collisional boundary) provided long-lasting weak 

zones for magma ascent and accumulation from Eocene to Miocene. Since these structures 

are likely inherited from a major transform zone (e.g., Barrier and Vrienlink, 2018; Van der 

Boon et al., 2018; Rolland et al., 2017), we suggest the presence of slab tearing and slab 

window during the Cenozoic, which provided asthenospheric flow and heat able to generate 

the long-lasting and almost homogeneous magmatism during Eocene and Oligocene. During 

Miocene the collision event and thickening changed the geodynamic setting, but the new 

magma still was able to ascent to this weak zone. These ideas are depicted in the conceptual 

geodynamic scenario presented in the new Fig. 16. 

H. Rezeau: The calculated zircon U-Pb mean ages are presented in Fig. 7 along with the 

Concordia diagrams generated using Isoplot. For some samples, I can see a spread in ages 

over 2-4 Ma.  The calculation of the weighted mean age is not described in the methods, 

although the notion of autocrysts and antecrysts is mentioned is the manuscript. It is very 

important to describe the criteria you have used to include or reject a single measurement 

from the weighted mean age calculation. I know that Isoplot can do it automatically for you, 

but I would advise to use a density probability plot to identify one or several sub-population(s) 

of zircons within sample. This will allow you to select on the youngest family to calculate the 

crystallization age, generally assumed to be represented by the youngest population. You can 

include such plots in the supplementary material along with zircon CL images for each 

sample, which will avoid any question from the readers regarding the calculation of the 

weighted mean ages used in this study. Furthermore, I also request a plot of the weighted 

mean age with uncertainties (2s) to illustrate the continuous magmatism versus pulsed 

magmatism in the area. If the authors agree with my comments, I am sure that it will 

significantly improve the manuscript and help them to clearly address the temporal magmatic 

history of the Mianeh-Hashtrood study area. 

Authors’ answer: We thank the reviewer for his comment that is fully pertinent and offer us 

the possibility to better explain the scientific rationale adopted on the U-Pb geochronology. 

We did not use weighted mean age calculation. Since this method does not eliminate some 

zircon antecrysts, which their ages clearly are out of normal distribution in histogram plots 

and the probability of the calculated ages are below 0.1 in most of the samples (see 
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supplementary Material S4). Instead we chose the best concordant results in a continuous 

range, preferably for Concordia age calculation. In particular, zircons results with Pb 

common should be <20% and Th/U >0.1 were used to calculate Concordia age. To calculate 

the Concordia ages for some samples (when available), only concordant ages were used. The 

maximum numbers of datasets in a continuous sorted population (excluding outlier values) 

which were acceptable by Isoplot to calculate a Concordia age were considered. In the cases 

where most of ages were discordant (mainly due to Pb common >5%) the Terra-Wasserburg 

method was used which provide more reliable ages. For instance, in sample MN76 we 

eliminated 4 younger and 2 older zircons which are clearly out of the main population. for 

samples MN10 we only used 18 zircons to be able to provide a Concordia age while the 

weighted mean average method uses 28 out of 31 dataset but the calculated age is less 

accurate (MSWD=2.6 , probability =0.000).  

Following the Reviewer's advice, we specified the criteria for age calculation, including 

categorisation of the zircon types (autocrysts, antecrysts, and xenocrysts/inherited; after 

Miller et al., 2007) that is provided in Appendix A1 and illustrated for the cumulative samples 

as probability density plots and weighted mean ages in Supplementary material S4. We also 

prepared a new figure (Fig. 13a), reporting the weighted age distribution of the dated zircons 

(autocrysts and antecrysts) to better document the continuity of magmatism. 

H. Rezeau: In the abstract, at the end of the introduction and in the last section of the 

discussion, the authors mention briefly the notion of mineral deposits. I am not quite sure 

why the authors briefly mention it here and there. This is poorly described and also not 

discussed at all. I would either recommend to clearly describe and stress its importance in the 

area and then discuss it, or completely remove it from the manuscript. 

Authors’ answer: We thank the reviewer for his comment. Following the reviewer's advice, 

we have expanded the description of the main ore zones in the region (see new section 3 and 

lines 223-265) Moreover, the new Fig. 2 now contains the distribution of the main porphyry 

mineralization. A Table is now provided in Supplementary Material S1, showing the 

characteristics of each deposit. Our main scope is not the metallogeny of the region but the 

linkage between the porphyry ore localisation with (i) the major tectonic structures, and (ii) 

the peculiar geodynamic setting we propose. In particular, we propose the Eastern Caucasus-

Western Iran Boundary as a long-lived tectonic structure, which acted as a weak zone 

susceptible to multiple tectonic reactivation, able to focus magmatism as a preferred pathway 

for magma ascent and emplacement and focused mineralisation during Eocene-Miocene 

times.  

H. Rezeau: I don’t see this abrupt transition, I see similar colors (yellow, light and dark 

green) on each side of both fault. …..I am not sure what you want to show with the isotherm 

of the upper mantle, but I am not convinced about its relevance here. See also my comment on 

Fig. 1. 

Authors’ answer:  We have strongly modified Fig. 1, reporting the lithospheric thickness 

variation as reported in the same reference (Priestley et al., 2012). However, considering the 

continuation of Mianeh-Ardabil fault toward SW (see also Fig. 2), it is well evident that the 

trace of this fault zone corresponds to a SE-ward transition from thin to thick lithosphere in 

the region. 

Other comments from H.H. Rezeau in the file 

Line 47-51 (76-78): We have modified the sentence, following the reviewer’s suggestion. 



6 
 

Line 88: Do you refer to the Moho depth here? If yes, you should mention Shad Manaman et 

al., 2011 and Fig. 1b. 

Authors’ answer: Here we are referring to lithosphere not to the Moho depth. 

Lines 109-114: Fixed with additional materials. We also added relevant text in the discussion 

section and a new Figure. 

Lines 157-164: Fixed. 

Lines 208-210: We have modified the text following the reviewer’s suggestion. 

Lines 267-282: Section 4: We have modified the section following the reviewer’s suggestion. 

Lines 293-298: The Paragraph was revised, to avoid any confusion regarding roc 

classification. 

Section 5.4. Here again volcanic rocks but you do not provide an age information. You should 

consider if you can merge it with 5.1 under volcanic rocks, and then make 2 distinct 

paragraphs for the Eocene ones and this one. Also why not calling the Eocene Group 1 and 

this one Group 2, instead of Eocene volcanic country rocks and volcanic rocks. I am sure it 

will help to clarify and avoid unnecessary subdivision. Same for Intrusions and hypabyssal, 

which could be merged under a “intrusive rocks” section with two distinct paragraphs, and 

maybe Group 1 and 2 as well based on the age or other features. 

Section 5.2 to 5.4: These sections were modified following the reviewer’s suggestion.  

H. Rezeau: I would suggest to rearrange the Figure 4 in order to have the Fig.4d as a Fig. 4a, 

and then modify accordingly. 

Authors’ answer: Following the Reviewer's advice, we have modified the Figure. Please see 

the new version in the revised manuscript.  

H. Rezeau: Section 6. This section is highly repetitive for each section with a lot of 

information …… 

Authors’ answer: We kept the most important features in the section and moved details in 

Supplementary Material S3. 

H. Rezeau: Fig 7a and 7n: Very small and hard to see anything. 

Authors’ answer: Here we put this image to show examples of general characteristics of 

zircon autocrysts, antecrysts and inherited ones in CL images in which different categories 

are shown with distinct colored circles. A larger size is available in Supplementary Material 

S3 

H. Rezeau: You don’t show any CL images here, so why referring to Sup. Mat. Here? 

Authors’ answer: We showed two examples in the Fig. 7. However, we moved the details of 

this section to Supplementary materials S2 and S3. 

H. Rezeau: How do you calculate U-Pb ages?  

Authors’ answer: We added additional materials on this regard in the Methods and 

Appendix. Please see also the authors’ answer above in general comments. 

H. Rezeau: you do not mention it in the method to explain how you calculate the weighted 

mean age of each sample. …..If you discard some antecryst from the calculation, you also 
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should explain how which basis you decided to exclude them from the calculation of the 

weighted mean age. 

Authors’ answer: Please see the authors’ answer to the same question above in general 

comments.  

H. Rezeau: What are the evidence for lead loss using LA-ICP-MS technique? I am not 

convinced that we can accurately estimate lead loss using LA-ICP-MS technique, compared to 

ID-TIMS technique. 

Authors’ answer: Zircon structure is not so favorable to retain the radiogenic Pb. Therefore, 

Pb losses typically occur along cracks generated during dynamic deformation (and crushing). 

In addition, sometimes during the crushing and polishing, environmental Pb goes inside the 

existing fractures. Furthermore, chamber environment has some Pb common resulted from 

shooting to other grains rather than zircon which could cause contamination. In general, if 

the common Pb is above 20% the dataset would not be appropriate for the age calculation in 

the LA-ICPMS data. In our calculation, we excluded all datasets with common Pb above 20%.  

H. Rezeau: late Miocene-QUATERNARY in diagrams. 

Authors’ answer: Fixed. 

H. Rezeau: In figure 12, Nd-Sr data from H. Rezeau et al., 2017 

Authors’ answer: Sorry, Fixed. 

H. Rezeau: Line 440; No igneous rocks can reach SiO2>76-78 wt%....this high values must 

illustrate alteration or magmatic-hydrothermal melt/fluid (pegmatitic or something like this). 

Please check the rock with such high value and eventually remove it from the data set. 

Authors’ answer: We agree with the reviewer. Some of the Oligocene-early Miocene 

subvolcanic bodies are affected by secondary silicification. But we would prefer to use these 

data rather than giving away most of these samples. We have avoided additional comments on 

rocks with SiO2 >78 wt% and we didn’t use the most silicic samples in the discussion. 

H. Rezeau: In your Figure 13 the histogram use a bin of 5 Ma, which is a huge interval 

considering that magmatic system are generally consider to last <0.5 to 1 Ma …. 

Authors’ answer: Figure 13 is devoted to zircon antecrysts and xenocrysts to show their 

distribution but not for a continuous magmatism approach. However, the distribution 

histogram shows some populated clusters which we think it is worth to be noted. Following 

the Reviewr’s Advice we have added the weighted mean age distribution (see new Fig. 13) 

H. Rezeau: Lines 513-516; I am not sure this is the right ratio to use to show the calc-alkaline 

and subduction environment….I think that the enrichment in incompatible trace element in the 

spider diagram is a better diagnostic, especially if you compare with the average arc crust 

composition from Rudnick and Gao 2003, I imagine that it should fit perfectly. You could any 

of LREE/HREE and MREE/HREE, they will show positive values characteristics of 

subduction zones. The calc-alkaline signature is better showed by your TAS diagram. You 

should not use the La/Yb ratio as a proof for subduction-related calc-alkaline magmas…. 

Authors’ answer: We have not written that LREE/HREE fractionation in a magma can be 

used to infer subduction environments. The La/Yb ratio is used in literature, coupled with Sr 

and Sr/Y ratios to infer an “adakitic” composition of subduction-related melts instead of a 

“normal calcalkaline” composition. Indeed, adakites are classically interpreted in literature 

as being derived from eclogite partial melting. Eclogites are plagioclase-free, garnet-bearing 

lithologies and if induced to partially melt, they produce liquids rich in Sr and poor in Y and 
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Yb (hence the high La/Yb and the low Yb as illustrated in Fig. 14b and the high Sr/Y and the 

low Y reported in Fig. 14a). 

We disagree with the reviewer as concerns the possibility to distinguish calcalkaline signature 

on the basis of the TAS diagram. TAS diagram cannot be used to distinguish between tholeiitic 

and calcalkaline affinity. 

H. Rezeau: Lines 523; Why not using isotope to discuss crustal contamination???...you 

should… 

Authors’ answer:  Indeed, we infer that crustal contamination happened at source depths, 

i.e., it is not a shallow crustal contamination, but, rather, a modification of mantle sources by 

subduction. This is confirmed by the relatively uniform Sr-Nd isotopic ratios, as already 

explained in the previous sections. 

H. Rezeau: Lines 524; I am not convinced by all these classification diagram between 

subduction vs. post-collision environments simply because the subduction to collision to post-

collision is a continuous process involving similar end-members, but their respective 

involvement (and their timing) in the generation of arc-related melt is difficult to assess within 

the evolution of the orogen. Unless you provide clear structural evidence for post-collisional 

environment, I would assume that it is difficult to differentiate syn-subduction to post-

collisional magmatism for I-type igneous rocks. The degree of partial melting of the mantle, 

the involvement of slab-related fluid vs. melt and the degree of assimilation of old vs. young 

rocks will impact the melt chemistry and it is difficult to find a systematic as predicted with 

these “environment classification plot”. 

Authors’ answer: We agree, but here we are just reporting the output of classical 

discrimination diagrams for felsic rocks. 

H. Rezeau: Lines 577-582; Actually, there many way to explain the enrichment in 

incompatible element such as variable degree of partial melting in the source (Rezeau et al., 

2017), remelting of metasomatized sub-continental lithospheric mantle (Castro et al., 2013), 

and so on…I think it would be great to propose these different scenario and eventually prefer 

one over the other based on some evidence presented in this study. For now, you just propose 

one way to generate this signature, but you do not really show any evidence that support this 

specific scenario. 

H. Rezeau: Lines 583; Do you mean the high concentration of incompatible (HFSE, LILE, 

LREE) trace elements? If yes, be specific. 

Authors’ answer:  We have deeply modified this paragraph following reviewer’s request. 

H. Rezeau: Lines 581; what is moderate? With respect to what? 

Authors’ answer: Moderate simply means not flat neither strongly enriched such as in Ca-

carbonatitic melts. In any case we refer to CI chondrite-normalized patterns shown in Fig. 

11b. 

H. Rezeau: Lines 583-610; by reading this paragraph, I am not sure what do you mean by 

crustal recycling. Do you mean delamination of the crust, contamination of the source, which 

is further remelted to generate the Eocene to Miocene magmatism? Or recycling by remelting 

the lower crust? Or recycling by crustal assimilation? You use the evidence of antecryst, 

which seems to favor the crustal assimilation. If I did not understand correctly, and if you 

mean delamination, how the zircon are not fully dissolved at higher temperature and pressure 

in the mantle? These are all the question you should clarify by rephrasing this part of the 

discussion. 
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Authors’ answer: The reviewer is correct. In its original version, the manuscript was not 

sufficiently clear. In the new version of the manuscript, we have tried to clarify our concepts 

improving the readability of the text (see the new section 9). 

H. Rezeau: Lines 607; Is it homogeneous or not? … I am not sure when I look at the TAS 

diagram, and some incompatible trace element. 

Authors’ answer:  The reviewer is right. We meant the relative homogeneity of incompatible 

elements rather than major oxides, strongly influenced by fractional crystallization processes, 

as those shown in Fig. 9. 

H. Rezeau: Lines 609; I am not sure about this process to generate large volume of felsic 

magmatism (see Jagoutz and Klein, 2018). In addition, I would still expect contaminated 

geochemical signature. 

Authors’ answer: Jagoutz and Klein deal with the origin of granitoid melts distinguishing two 

main hypotheses, that referring to sedimentary partial melting and that referring to prolonged 

fractional crystallization of hydrous basaltic melts, mostly in supra-subduction settings. Our 

model is much more devoted to an igneous origin of the intermediate-acid Mianeh-Hashtroud 

rocks. Indeed, we refer the main petrogenetic process to partial melting of a supra-subduction 

mantle wedge. Magma derived therefrom can induce partial melting in underplated basaltic 

hydrous mineral-bearing lower crust. Coupled to this mixed mantle and lower crust partial 

melting is also associated a poorly defined process of fractional crystallization associated to 

variable (but generally minor) upper crustal assimilation. The model we propose is 

compatible with the petrogenetic hypothesis favoured by Jagoutz and Klein (2018). 

H. Rezeau: Fig. 1 caption; I am not sure how important is this information, since there is no 

specific correlation with the Moho depth and so on. To my opinion, I think it adds more 

confusion than clarity. I would prefer if you only show the structure and the Moho depth 

contours (and eventually the Neogene magmatism matching thin crust), because that’s the 

main focus of the paper. 

Authors’ answer: We have modified this figure, reporting the lithospheric thickness variation 

as reported in the same reference (Priestley et al., 2012). 

 

Reviewer #3 

Reviewer #3: This manuscript presents important results on the nature, origin, age and 

geodynamic setting of an intense magmatism which occurred from the Eocene until the end of 

the Miocene in the NW of the Iranian plateau (at the junction of the Alborz, Talesh and 

Sanandaj-Sirjan). It is an important contribution on petrology, geochemistry and the dating of 

volcanic and plutonic rocks in this area. Although I am not a specialist in geochemistry or 

geochronology methods, it appears that the data processing is of good quality. Except 

(perhaps) some of the U/Pb geochronology data on zircons which show for some samples very 

large ellipse error (with 2 sigma level)  (Fig. 7). 

Authors’ answer: The reported uncertainties are common for LA-ICPMS method. In some 

plots the datasets have been plotted in a narrower window time and hence the ellipses appear 

to be larger with respect to other plots. For further additional details please refer to answers 

to Dr. Rezeau above 

Reviewer #3: Reading this manuscript, it highlights some points mentioned but not all 

highlights proposed by the authors. It becomes clear that the history of Cenozoic magmatism 
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in this sector (35 km long and 20 km wide) is very well documented, and the study shows a 

source of magma is mantle (Metasomatized) with a fusion of the crustal base of an arc. 

According to the data presented I think that the results deserve be published. However, the 

discussion about the geodynamical setting responsible of this long-lived magmatism is not 

well evidenced. The authors propose the hypothesis about the major role of a tectonic control 

of the magmatism along a transform boundary between Eastern Caucasus and the Western 

Iran. Unfortunately, this boundary is not very well documented even if the authors consider 

the change of thickness of the lithosphere and the crust in this wide region. The figure 1 b do 

not show a clear boundary beneath the studied region. I think in order to solve this problem a 

wide study of the Cenozoic magmatism must be performed. But one more time I consider the 

results are important and will allow in the future to be include in a wide study, a synthesis, 

about the magmatism of the Caucasus and West Iran. 

Authors’ answer: We thank the reviewer for his comments that offer us the possibility to re-

think and re-organise the discussion section on the geodynamic scenario. We thus re-

organised the discussion section (see the new section 10) added a comprehensive model which 

could help to better finger out our reconstruction (see new Figure 16). 

 Regarding the Aras fault we agree with the reviewer. Albeit it cannot be traced in Moho 

contour map, but it could have been an active transform fault during blocks juxtaposing and 

reorganization which reactivated during collision events. However, the fault is consistent with 

block boundaries proposed by Reilinger et al., (2006) which has interrupted major structures 

such as suture lines and likely segmented Talesh-Arasbaran and Lesser Caucasus zones.  

Regarding the figure 1b, please refer to the authors’ answer to the same question from H. 

Rezeau above. 

Reviewer #3:  Comments in the text. 

Reviewer #3: Line 81 and (90-94): make the citation of Sahakyan et al., 2017 Geochemistry 

of the Eocene magmatic rocks from the Lesser Caucasus area (Armenia): evidence of a 

subduction geodynamic environment Geological Society, London, Special Publications 428 

(1), 73-98. This publication describes a recent version about the nature origin and tectonic 

setting of the huge Eocene magmatism in the Lesser Caucasus, very close from your study 

area. 

Authors’ answer: Fixed 

Reviewer #3: Also this paper is important and have to be cited: Sugden, et al., 2019.  The 

Thickness of the Mantle Lithosphere and Collision-Related Volcanism in the Lesser 

Caucasus, Journal of Petrology 60 (2), 199-230 

Authors’ answer: We agree and cited this paper in the discussion. 

Reviewer #3:  Line 127: not forget to cite Sosson et al., 2010 (instead of only Rolland et al., 

2018) which proposed a reconstruction of the region (fig 13 of this paper) and placed a 

transform fault as you place it on your figure 1. Also make the citation of Barrier and 

Vrielynck, 2008. Rolland et al 2018 have used these two papers for their conclusions. The 

suggestion of Sosson et al (2010) is a hypothesis, and still now this is always a hypothesis. 

The Aras, or Arax fault is visible at now but there is no evidence which allow to be sure that it 

is the surface expression of the old transform fault through the Eurasian plate before the 

collision with the Taurides- Anatolides-Soutn Armenian microplate during the Paleocene-

Early Eocene. 

Authors’ answer: References were fixed. Regarding the Aras fault we agree with the 

reviewer. It could have been an active transform fault separating the Zagros subduction from 

the Pontides, likely re-activated during collision events. The fault trace is consistent with 
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block boundaries proposed by Reilinger et al., (2006) for the Turkish-Caucasus-NW Iran 

collisional boundary 

Reviewer #3: line 136: Sorry again you forget the citation Sosson et al., 2010. (read it in 

detail you will see!) 

Authors’ answer: References were fixed. 

Reviewer #3: Which evidence of a lithospheric fault zone (Aras and Ardabil-Mianeh-Baneh 

fault system)? The change of the thickness of the lithosphere (figure 1B) is not so sharp, and 

the faults in surface not very long as they should be if they were crossing all the lithosphere of 

Eurasia in this region. 

Reviewer:  The reviewer is rightWe believe that the Mianeh-Ardabil fault can be confidently 

traced toward SW. Please also refer to the authors’ answer to the same question from Dr. H. 

Rezeau above. 

Reviewer #3: Line 512: add as a reference Sahakyan et al., 2017 

Authors’ answer: Fixed 

Reviewer #3: Line 606: I don't understand what do you mean exactly? It seems that there a 

lot of old zircons in the Eocene rocks, so a lot of crustal contamination during Eocene. 

Authors’ answer: In order to reconcile the large spread of ages of inherited zircons with the 

relatively homogeneous Sr and Nd isotopic ratios, as well as the similar interelemental 

fractionation, we propose that the Mesozoic to Neoarchean inherited zircons occasionally 

found in the Mianeh-Hashtroud rocks were acquired by partial melting of early underplated 

rocks at the base of the Iran block lithosphere. We therefore suggest that the inherited zircons 

originated from crustal wall rocks during magma ascent.  

-Line 644: or collision thickening which conduct to the melting of the deep crustal base. ...see 

also the hypotheses proposed by Sosson et al (2010) for the Lesser Caucasus. 

Authors’ answer: Yes, we agree. We modified the text as proposed. 

Reviewer #3: Line 662: Rolland 2019 is a review. Again and really I don't like to insist, but 

the main hypothesis based on facts, data, was made for the lesser Caucasus by Sosson et al., 

2010, and then by all our teams. So please don't used the reference Rolland 2019 instead of 

the work of a big team which published before Rolland 2018. It should be honest to make the 

good citations please. I'm very surprised to notice that our scientific ethic progressively 

disappears with the time. The citations must be well used. 

Authors’ answer: Sorry, Fixed. 

Reviewer #3: Line 692: Please change Rolland 2017 by Barrier and Vrielynck 2008, Sosson 

et al, 2010. 

Authors’ answer: Fixed.  

 

Hoping in the present form the revised manuscript may fulfil criteria for publication in 

Gondwana Research, 

 

Sincerely, 

Federico Rossetti 
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 (on behalf of the co-Authors) 

     



*Graphical Abstract



Highlights 

- A long-lived (ca. 40 Myr) stationary history of Cenozoic magmatism is 

documented 

- Metasomatized mantle lithosphere sources, lower arc crust foundering and 

melting 

- Collisional magmatism controlled by major lithosphere-scale tectonic 

boundaries  

-Tectonic reactivation controls the pattern and longevity of the Cenozoic 

magmatism 
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Abstract  16 

The Eocene-Miocene Mianeh-Hashtroud igneous district in NW Iran is part of the Turkish–17 

Caucasus–Iranian collision zone, a key region to decipher the assembly and differentiation 18 

of Gondwana-derived terranes along the Alpine-Himalayan convergence zone. Major 19 

inherited tectonic structures control in space and time the Mesozoic-Cenozoic transition from 20 

oceanic subduction to continental collision in the region. The geology of the study area is 21 

dominated by a polyphase, long-lived magmatic activity, spanning from ~45 to ~6 Ma. The 22 

igneous products are subalkaline to alkaline, with intermediate to acidic compositions and a 23 

high-K calcalkaline to shoshonitic affinity. Evidence of crustal contamination is attested by 24 

inherited zircons in the oldest (Eocene-Oligocene) samples, with ages spanning from Neo-25 

Archean to Paleocene. The Sr-Nd isotopic compositions of the Eocene-Oligocene samples 26 

plot close to the Bulk Silicate Earth estimate, whereas the Miocene samples document 27 

stronger crustal contamination. The lack of correlation between Nd-Sr isotopes and SiO2 28 

supports a scenario of magma differentiation of different magma batches rather than crustal 29 

contamination. Major oxide and Sr-Nd isotopic variation lead us to suggest that magmatism 30 

is the consequence of re-melting of earlier underplated (Mesozoic-Tertiary) magmatic 31 

products, controlled by amphibole-dominated fractionation processes. Regional scale 32 

correlations show long-lived Cenozoic magmatism in NW Iran and Caucasus region, where 33 

the main porphyry and epithermal deposits occur. We propose that the Cenozoic collisional 34 

magmatism and the associated mineralisation at the junction between NW-Iran and 35 

Caucasus was controlled by the activity of a major, lithosphere-scale inherited boundary, 36 

transverse to the convergence zone. In such a geodynamic setting, the along-strike 37 

segmentation of the lithosphere slab generated asthenospheric melts, their upwelling into 38 

the metasomatised supra-subduction mantle wedge and the potential activation of different 39 

mantle and crustal sources, with consequent mineral endowment in the region. 40 

  41 
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1. Introduction 42 

Convergent margins are the regions where the bulk of the continental crust forms and 43 

differentiates, assisted by magma production during oceanic subduction, continental collision 44 

and post-collisional tectonics (Harris et al., 1986; Stern, 2002; 2003; Tatsumi and Kogiso, 45 

2003; 2005; DeCelles et al., 2009; Jagoutz and Klein, 2018). A progressive transition in 46 

space and time of the geochemical characteristics of magmatism in collisional settings, from 47 

calcalkaline/potassic/ultrapotassic (arc-type) to sodic alkaline (OIB-type) is commonly 48 

observed (e.g., Lustrino and Wilson, 2007). This documents the progressive involvement of 49 

sub-lithospheric mantle in magma genesis after the vanishing of subduction-related 50 

modifications (e.g., Lustrino et al., 2011; Di Giuseppe et al., 2017). This transition is 51 

enhanced in collisional zones, where difficulty of the buoyant continental lithosphere to be 52 

subducted is commonly associated with crustal thickening, and eventually to crustal and 53 

lithosphere delamination (Bird, 1979; Jull and Kelemen, 2001; Lustrino, 2005; Hacker et al., 54 

2015), slab tearing (Faccenna et al., 2005; Rosenbaum et al., 2008; Prelević et al., 2015), 55 

slab break-off (von Blanckenburg and Davies, 1995). Scenarios which are prone to 56 

convective erosion of the sub-continental mantle (Houseman et al., 1981; Platt and England, 57 

1994), decompressional melting (e.g. Allen et al., 2013a) or small-scale lithospheric keel 58 

instabilities (e.g. Kaislaniemi et al., 2014).  59 

All of these processes may result in complex mantle-crust interaction, with the generation of 60 

compositionally different magma batches (Duggen et al., 2005; Allen et al., 2013a; van 61 

Hunen and Miller, 2015; Di Giuseppe et al., 2017; Kimura, 2017; Rezeau et al., 2018; 62 

Agostini et al., 2019). Tracing the spatial and temporal distribution of syn- to post-collisional 63 

magmatism can thus provide important information on the geodynamic evolution of 64 

convergent plate boundaries and, ultimately, on the spatio-temporal evolution of collisional 65 

systems. 66 

The Alpine-Himalayan Belt, extending from the Western Mediterranean through Middle East 67 

to Indochina, is a natural laboratory to study the magmatic response to a continuously 68 
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evolving geodynamic collisional process (Prelević and Seghedi, 2013). Indeed, it records a 69 

prolonged history of Mesozoic-Cenozoic accretionary tectonics and continental assembly 70 

along the southern margin of Eurasia, accompanied by diffuse syn- to post-collisional 71 

magmatism (e.g., Pearce et al., 1990; Keskin, 2003; Köksal et al., 2004; Guo et al., 2006; 72 

Şengör et al., 2008; Dilek and Altunkaynak, 2009; Dargahi et al., 2010; Agard et al., 2011; 73 

Lustrino et al., 2011; Prelević et al., 2013; Richards, 2015; Schleiffarth et al., 2015; Di 74 

Giuseppe et al., 2017; Sahakyan et al., 2017; Sugden et al., 2019). 75 

The Cenozoic Turkish–Caucasus–Iranian collision zone (Fig. 1a) is part of this vast 76 

collisional belt (McKenzie, 1972; Allen et al., 2004; Reilinger et al., 2006). This region 77 

experienced complex and diachronous collisions involving the Arabia, Eurasia and Anatolia 78 

plates, started from Eocene-Oligocene (Allen and Armstrong, 2008; Okay et al., 2010; 79 

Ballato et al., 2011; Mouthereau et al., 2012; Madanipour et al., 2013; McQuarrie and van 80 

Hinsbergen, 2013; François et al., 2014; Cavazza et al., 2015, 2019; Cowgill et al., 2016; 81 

Vincent et al., 2016; Tadayon et al., 2018). The spatio-temporal distribution of collisional 82 

magmatism shows punctuated (in space and time) magma production with distinct 83 

geochemical characteristics (Berberian and Berberian, 1981; Pearce et al., 1990; Alavi, 84 

1994; Vincent et al., 2005; Keskin et al., 2006; Omrani et al., 2008; Dilek et al., 2010; Verdel 85 

et al., 2011; Allen et al., 2013b; Chiu et al., 2013; Neill et al., 2013; Pang et al., 2013a; Neill 86 

et al., 2015; Schleiffarth et al., 2015; Shafaii Moghadam et al., 2015; Moritz et al., 2016b; 87 

Pang et al., 2016; Di Giuseppe et al., 2018; Lechmann et al., 2018). 88 

Seismic tomography models have documented a variable but in general thin (<50-90 km) 89 

lithosphere (with the almost complete absence of the rigid lithospheric mantle) across 90 

eastern Anatolia and NW Iran with respect to the Zagros convergence zones (Fig. 1b; 91 

Priestley et al., 2012; Delph et al., 2017). The areas with thinner lithosphere and, in 92 

particular, the transition from thin to thick lithosphere, correspond to the regions with diffuse 93 

late Miocene-Quaternary collisional magmatism (Fig. 1a,b; Kheirkhah et al., 2009; Allen et 94 

al., 2013b; Chiu et al., 2013; Kheirkhah et al., 2013; Schleiffarth et al., 2015; Moghadam et 95 

al., 2016a; Di Giuseppe et al., 2017; Lechmann et al., 2018). Slab break-off, tearing and 96 
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fragmentation, assisted by lithospheric mantle delamination, account for the Neogene-97 

Quaternary transition from dominantly calcalkaline to mildly sodic alkaline magmatism (e.g., 98 

Faccenna et al., 2007; Göğüş and Pysklywec, 2008; Agard et al., 2011; van Hunen and 99 

Allen, 2011; Mouthereau et al., 2012; Allen et al., 2013b; Schildgen et al., 2014; Neill et al., 100 

2015; Delph et al., 2017; Lechmann et al., 2018; Agostini et al., 2019). Furthermore, the 101 

presence of one of the major metallogenic region along the Alpine-Himalayan Belt (Richards, 102 

2015) renders the Turkish-Caucasus-Iranian collision zone a suitable region to improve our 103 

understanding of the tectonic/geodynamic control on magmatism and associated 104 

mineralisation across collisional zones. 105 

In this manuscript, we present whole-rock major and trace element data, U-Pb zircon 106 

geochronology and Sr-Nd isotope systematic for the Cenozoic Mianeh-Hashtroud magmatic 107 

district located in NW Iran, at the junction between the Cenozoic Urumieh–Dokhtar 108 

Magmatic Arc (UDMA), the Alborz-Talesh and the Zangezur–Ordubad magmatic districts 109 

(Figs. 1a and 2). The Mianeh-Hashtroud magmatic district (Study area; Figs. 2-3) hosts the 110 

unique Oligocene porphyry Mo-only ore deposit (Siah-Kamar) of the Iran region (Nabatian et 111 

al., 2017; Rabiee et al., 2019; Simmonds et al., 2019). The Mo-ore forming magmatism 112 

shows a metaluminous, high-K calcalkaline to shoshonitic geochemical fingerprint (Khaleghi 113 

et al., 2013; Nabatian et al., 2017), but the age and petrological information regarding the 114 

Mianeh-Hashtroud magmatic district is still lacking. The integration of the new data with 115 

those available from the neighbouring magmatic districts allowed us to shed light into the 116 

geodynamic scenario controlling the Cenozoic collisional magmatism and the associated 117 

porphyry mineralisation in the region. 118 

 119 

2. Geodynamic and tectonic evolution  120 

The study area is located within the Turkish-Caucasus-Iranian collision zone (Fig. 1a), a 121 

complex tectonic zone made up of a mosaic of continental and obducted oceanic blocks 122 

(e.g., Barrier et al., 2018). It results from a long-lasting history of NE-directed oceanic 123 
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subduction  (Paleo- and Neo-Tethys realms), continent-continent collision, as well as intra- 124 

and inter-plate deformation during the convergence and subsequent collision of the Arabian 125 

plate towards the Eurasian margin (e.g., Stocklin, 1968; McKenzie, 1972; Dewey et al., 126 

1973; Berberian and King, 1981; Stampfli and Borel, 2002; Allen et al., 2004; Copley and 127 

Jackson, 2006; Okay et al., 2006; Reilinger et al., 2006; Sosson et al., 2010; Agard et al., 128 

2011; McQuarrie and van Hinsbergen, 2013; Rolland, 2017; Barrier et al., 2018).In 129 

particular, during the Cretaceous, two subduction systems developed along the Turkish side 130 

to bound the Anatolide-Tauride block, forming the northern Izmir-Ankara-Erzincan suture 131 

zone in Anatolia, which can be traced to the east in the Sevan-Akera suture zone (Armenia), 132 

and the Bitlis-Pütürge suture zone to the south (Rolland et al., 2012). To the east, on the 133 

Iranian side, a single long-lived NE-directed subduction system was instead active along the 134 

Zagros convergence zone during Mesozoic until Paleogene (e.g., Agard et al., 2011; Fig. 135 

1a). The Anatolian subduction systems were connected to the Zagros subduction zone 136 

through a major transform plate boundary, the Eastern Caucasus-Western Iran Boundary 137 

(Sosson et al., 2010; Rolland, 2017; Barrier et al., 2018; Rolland et al., 2020), with surface 138 

expression along the Aras Fault (Jackson and McKenzie, 1984; van der Boon et al., 2018; 139 

Fig. 1b). This major transform boundary is likely inherited from the late Palaeozoic-early 140 

Mesozoic fragmentation of the northern Gondwana Supercontinent, which produced, 141 

segmented and then recycled the Neotethyan oceanic lithosphere along the Zagros 142 

convergence zone since early Jurassic (Stampfli and Borel, 2002; Barrier et al., 2018). The 143 

Aras Fault operated as major transform boundary since Eocene, separating the Eastern 144 

Pontides-Caucasus domain from the Talesh-Alborz-Central Iran assembly (Meijers et al., 145 

2017; van der Boon et al., 2018). 146 

The age of Arabia-Eurasia continental collision is still debated, with estimates ranging from 147 

Eocene-Oligocene (McQuarrie et al., 2003; Allen and Armstrong, 2008; Agard et al., 2011; 148 

Ballato et al., 2011; Mouthereau et al., 2012; Rolland et al., 2012; Madanipour et al., 2013; 149 

McQuarrie and van Hinsbergen, 2013; Tadayon et al., 2017; Koshnaw et al., 2018; Tadayon 150 
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et al., 2018) to Miocene (Guest et al., 2006; Okay et al., 2010; Cavazza et al., 2018). A 151 

major episode of basin inversion and rock exhumation, recorded along the Caucasus-152 

Talesh-Alborz during the Eocene-Oligocene boundary, is related to the final closure of the 153 

Neotethys oceanic corridor in the Caucasus (e.g., Barrier et al., 2018). This major 154 

compressional stage marked the transition from back-arc extension to collisional tectonics in 155 

the region (Vincent et al., 2007; Mouthereau et al., 2012; Madanipour et al., 2013; François 156 

et al., 2014; Cowgill et al., 2016; Vincent et al., 2016; Rolland, 2017; van der Boon et al., 157 

2018). A further major episode of intracontinental shortening and regional exhumation 158 

occurred during early-middle Miocene as documented along the Bitlis–Zagros collisional 159 

zone, the Talesh-Alborz and Caucasus regions (Axen et al., 2001; Hessami et al., 2001; 160 

Allen et al., 2004; Guest et al., 2006; Mouthereau et al., 2007; Ballato et al., 2008; Morley et 161 

al., 2009; Gavillot et al., 2010; Homke et al., 2010; Khadivi et al., 2010; Okay et al., 2010; 162 

Sosson et al., 2010; Ballato et al., 2011; Madanipour et al., 2013; François et al., 2014; 163 

Cavazza et al., 2018). This latter episode is also referred to the transition from a soft (mostly 164 

involving ocean-continent transition margins) to a hard (mature, continent-continent) stage of 165 

collision (Ballato et al., 2008; Cowgill et al., 2016). The early-middle Miocene also 166 

corresponds to a period of transition from marine to continental sedimentation in the Iranian 167 

plateau (Morley et al., 2009) and a major change in the magmatic activity in the region, from 168 

dominantly calcalkaline to K-alkaline in composition (Chiu et al., 2013).  169 

The present-day tectonic setting of the region is considered as a consequence of the recent 170 

(<5 Ma) regional tectonic reorganisation (Allen et al., 2004; Copley and Jackson, 2006). 171 

Active deformation is largely accommodated through shortening to the north (Great 172 

Caucasus) and the south (Zagros) of the Turkish-Iranian Plateau, together with the westward 173 

escape of the Anatolia plate, accommodated by the dextral North Anatolian and sinistral 174 

East Anatolian Fault systems (Jackson and McKenzie, 1988; Jackson et al., 1995; Allen et 175 

al., 2004; Talebian and Jackson, 2004; Vernant et al., 2004; Avagyan et al., 2005; Reilinger 176 

et al., 2006; Avagyan et al., 2010; Walpersdorf et al., 2014; Tsereteli et al., 2016). 177 
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Active tectonics across the Turkish-Caucasus-Iranian Plateau is dominantly accommodated 178 

by WNW-ESE dextral shearing along the Chaldoran and Tabriz fault systems (Fig. 1a; 179 

Berberian and Arshadi, 1976; Jackson, 1992; Copley and Jackson, 2006; Djamour et al., 180 

2011; Moradi et al., 2011; Moradi et al., 2016; Su et al., 2017). The GPS-derived tectonic 181 

boundaries within the collision zone identified four major tectonic blocks delimited by major 182 

seismically active zones (Reilinger et al., 2006; Fig. 1a): Anatolia, Caucasus (including 183 

Lesser Caucasus-Armenia and Talesh-Arasbaran zones), Alborz and Central Iran (including 184 

the Sanandaj-Sirjan Mesozoic and the Urumieh-Dokhtar Cenozoic magmatic zones). These 185 

four major blocks are bounded by the remnants of major ophiolite sutures, diachronoulsy 186 

structured during the Paleotethyan and Neotethyan closures (Fig 1a; Hässig et al., 2013; 187 

Barrier et al., 2018; Naumenko-Dèzes et al., 2020). This evidence supports the fundamental 188 

role of structural inheritance in controlling the present tectonic setting and the overall 189 

collisional evolution of the entire region. 190 

An abrupt transition in the lithospheric structure and thickness is observed across the Aras 191 

Fault and the southward and sub-parallel Mianeh-Ardabil fault zone (Priestley et al., 2012; 192 

Fig. 1b), where the study area is located (Fig. 1b). Finally, seismic models of the crustal 193 

structure in the region show an abrupt change in the Moho depth across the Tabriz Fault, 194 

sharply deepening from ~33 to ~55 km to the NE in a ~50 km NE-SW transect (Taghizadeh-195 

Farahmand et al., 2010; Shad Manaman et al., 2011; Fig. 1b). 196 

 197 

3. Cenozoic magmatism and mineralisation 198 

The geology of the Turkish-Caucasus-Iranian collision zone is dominated by diffuse 199 

exposure of Cenozoic igneous rocks, mostly occurring along the north-western segment of 200 

the UDMA (Takab and Mianeh-Hashtroud districts), Alborz, Lesser Caucasus-Arasbaran-201 

Talesh (CAT), and the Naqadeh-Sonqor-Azna (NSA) magmatic zones (Fig. 2). Major 202 

magmatic episodes are distributed across the collisional zones during the Eocene-Oligocene 203 

and from middle Miocene to Quaternary. The geochemical signature of the collisional 204 
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magmatism is characterized by a typical but diachronic progression from calcalkaline, 205 

shoshonite (Eocene-Oligocene) and adakitic, to dominantly high-K alkaline and minor sodic 206 

alkaline magmatism  (Miocene-Quaternary; e.g., Vincent et al., 2005; Omrani et al., 2008; 207 

Azizi and Moinevaziri, 2009; Aghazadeh et al., 2010; Verdel et al., 2011; Allen et al., 2013b; 208 

Castro et al., 2013; Chiu et al., 2013; Neill et al., 2013; Pang et al., 2013a; Neill et al., 2015; 209 

Moghadam et al., 2016b; Moritz et al., 2016b; Pang et al., 2016; Rezeau et al., 2017; 210 

Lechmann et al., 2018; 2018; Schleiffarth et al., 2018; Shafaii Moghadam et al., 2018). A 211 

dominant contribution of a metasomatised sub-continental lithospheric mantle is commonly 212 

postulated as the main source for the Neogene-Quaternary magmatism in the region 213 

(Kheirkhah et al., 2009; Allen et al., 2013b; Chiu et al., 2013; Kheirkhah et al., 2013; Pang et 214 

al., 2013a; Sahakyan et al., 2017; Lechmann et al., 2018; Shafaii Moghadam et al., 2018). 215 

The Cenozoic magmatism is mainly distributed to form roughly parallel linear arrays 216 

running NW-SE along the NSA (to the south), the UDMA, and the Alborz-CAT (to the north) 217 

magmatic zones (Fig. 2).  218 

Within the NSA magmatic zone, Eocene (~52-34 Ma) tholeiitic to calcalkaline and high-K 219 

calcalkaline to shoshonite, dominantly intrusive, magmatic suites are reported (Azizi and 220 

Moinevaziri, 2009; Mazhari et al., 2009a; Mazhari et al., 2009b; Mazhari et al., 2010; Azizi et 221 

al., 2011; Bea et al., 2011; Mahmoudi et al., 2011; Mazhari et al., 2012; Whitechurch et al., 222 

2013; Ao et al., 2016; Chiu et al., 2017; Nouri et al., 2017; Azizi et al., 2018a; Zhang et al., 223 

2018). Azizi and Moinevaziri (2009) interpreted these igneous rocks as resulting from mantle 224 

sources modified during the Paleogene oceanic subduction along an active intra-oceanic arc 225 

system during the final closure stage of the Neotethys.  226 

In the north-western UDMA, the Takab zone records a long-lived (Eocene to Miocene) 227 

magmatism, ranging from calcalkaline to K-alkaline compositions (Daliran et al., 2013; 228 

Heidari et al., 2015; Moghadam et al., 2016a; Shafaii Moghadam et al., 2017; Honarmand et 229 

al., 2018). The Takab region hosts important epithermal Miocene Au-Cu-Zn mineralisation 230 

systems [Zarshuran, Anguran and Touzlar deposits; e.g.; Mehrabi et al. (1999); Gilg et al. 231 

(2006); Daliran (2007); Heidari et al. (2015); Fig. 2 and Supplementary Material S1].  The 232 
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large Miocene-Quaternary Sahand (~8-0.17 Ma) and Sabalan (~4.5-0.15 Ma) and the 233 

smaller Saray (~11 Ma) composite volcanoes (Pang et al., 2013b; Ghalamghash et al., 234 

2016; Lechmann et al., 2018; Ghalamghash et al., 2019; Lustrino et al., 2019b) are the most 235 

prominent volcanic structures in the region (Fig. 2), with the Saray volcano marking the first 236 

stage of post-collisional magmatism in the Arabia-Eurasia collisional zone (Pang et al., 237 

2013b; Moghadam et al., 2014). The volcanic activity starts with emplacement of high-K 238 

basalts to plagioleucitites at Saray (Eslamieh peninsula), followed by trachyandesites to 239 

dacites of the two large Sahand and Sabalan, with a variable potassic to high-K calcalkaline 240 

and adakitic geochemical signatures. The origin of the igneous activity is referred either to 241 

mantle melting triggered by slab roll-back and slab break-off shortly after continental collision 242 

(Ghalamghash et al., 2016; 2019) or to lithospheric small scale convection in post-243 

subduction environments (Kaislaniemi et al., 2014).Significantly, the lithosphere structure in 244 

the region is characterized by low velocity zones down to upper mantle depths, assumed as 245 

the source region of Neogene-Quaternary magmatism of NW Iran (Bavali et al., 2016).  246 

In the Alborz-CAT zone, calcalkaline to alkaline magmatism is documented during the 247 

Eocene-Oligocene and is attributed to tapping of a metasomatized mantle source during 248 

lithosphere extension in a back-arc setting (Aghazadeh et al., 2011; Castro et al., 2013; 249 

Nabatian et al., 2014; Nabatian et al., 2016; Ashrafi et al., 2018; Eskandari et al., 2020).  The 250 

Oligocene and early Miocene magmatism are more scattered. In particular, igneous rocks 251 

largely crop out within the Alborz-CAT zone, and are mostly aligned along, or confined 252 

within, the transverse Aras and Mianeh-Ardabil faults (Fig. 2).  253 

The Arasbaran magmatic zone (part of the Alborz-CAT magmatic zone) hosts notable 254 

porphyry deposits, mainly associated with Oligocene-Miocene monzonitic and monzodioritic 255 

intrusive bodies and showing a concentration and ore enhancement toward the Aras Fault 256 

(Fig. 2). The Sungun, Haft Cheshmeh Cu-Mo and the Masjed-Daghi Cu-Au deposits are the 257 

most important ones, with molybdenite Re-Os ages of 21 Ma, 27 Ma and 20 Ma, respectively 258 

(Aghazadeh et al., 2015). A prolonged and stationary magmatism (mostly with geochemical 259 
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affinities ranging from calcalkaline to shoshonitic and adakitic) is instead documented in the 260 

Lesser Caucasus, where the Meghri-Ordubad composite pluton records ~30 Myr-long 261 

activity (Eocene-Miocene; Chiu et al., 2013; Moritz et al., 2016b; Rezeau et al., 2016; 2017; 262 

Fig. 2; 2018). The Zangezur-Ordubad region in the Lesser Caucasus host two stages of 263 

porphyry Cu-Mo deposits, including the ~49-44 Ma (Agarak, Hanqasar, Aygedzor and 264 

Dastakert), and the 27-26 Ma (e.g., Kadjaran) deposits (Moritz et al., 2016a). The prolonged 265 

mantle-derived magmatism has been considered as a prerequisite to form fertile magmatic-266 

hydrothermal systems and a key requirement for the formation of economically important 267 

porphyry Cu-Mo deposits (Rezeau et al., 2016; 2017). Similarly to the Arasbaran zone, the 268 

frequency of occurrence of the porphyry systems increases toward the Aras Fault. 269 

 270 

4. Materials and methods 271 

The research strategy combines field investigations with laboratory (petrographic, 272 

geochemical and geochronological) studies aimed at describing the spatio-temporal and 273 

petrological evolution of the Cenozoic magmatic activity within the Mianeh-Hashtroud 274 

magmatic complex (Figs. 1a and 2).  Fieldwork was based on the 1:250,000 cartography 275 

(Amidi et al., 1987; Khodabandeh et al., 1999), with the scope to map and refine the 276 

distribution of the main magmatic rock types (Fig. 3). Classification of the different magmatic 277 

rocks in plutonic, hypabyssal and volcanic types follows Le Maitre et al. (2005). An extensive 278 

sampling of representative lithologies has been then carried out and investigated though 279 

whole-rock geochemistry [X-ray fluorescence (XRF) and inductively coupled plasma mass 280 

spectrometry (ICPMS) methods], Sr-Nd isotope systematics and laser ablation inductively 281 

coupled plasma mass spectrometry (LA-ICP-MS) zircon U-Pb geochronology. The studied 282 

samples are listed in Table 1, where their location, age, petrography and geochemical 283 

characteristics are reported in detail. The analytical protocols are described in Appendix A1.  284 
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The collected data are then compared with the geochronological and geochemical data 285 

available from the neighbouring regions, in order to build up a regional synthesis and 286 

propose a corresponding geodynamic interpretation.  287 

 288 

5. Field data and petrography 289 

The revised geological map of the study area is shown in Fig. 3 that includes the new 290 

geochronological data presented in this study (see below). The stratigraphy of the area is 291 

dominated by a wide exposure of Eocene volcanic rocks (hereafter referred as country 292 

rocks), unconformably covered by discontinuous Miocene volcanic and volcano-sedimentary 293 

successions and by continental deposits of the Miocene Upper Red Fm. (Amidi et al., 1987; 294 

Khodabandeh et al., 1999; Ballato et al., 2017). Pliocene-Quaternary continental 295 

sedimentary successions are dominant in the western and eastern sectors of the area (Fig. 296 

3).  297 

The Eocene volcanic country rocks are intruded by a polyphase (Eocene, Oligocene 298 

to early Miocene) magmatic suite made up of intrusive (plutonic and hypabyssal) bodies. 299 

The main plutonic bodies, usually showing granular texture, crop out to the northwest and 300 

centre of the study area, defining a NW-SE-oriented magmatic belt (Figs. 3 and 4a). The 301 

Oligocene magmatism is responsible for the Mo endowment in the Siah-Kamar porphyry 302 

deposit (Fig. 3; Nabatian et al., 2014; Rabiee et al., 2019; Simmonds et al., 2019). The Mo 303 

deposit is associated with diffuse rock alteration, grading from an inner sodic-potassic to an 304 

outer propylitic zone formed in the 33-28 Ma time lapse (Rabiee et al., 2019).To the 305 

southeast (from Khatoon-Abad to Siah-Kamar), an array of abundant E-W to NE-SW striking 306 

microgranular and porphyritic felsic stocks, and dykes intrude the Eocene country rocks 307 

(Figs. 3 and 5).  308 

A description of the rocks samples, textural types and mineral paragenesis is reported 309 

below. 310 

 311 
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5.1 Eocene volcanic country rocks 312 

The Eocene volcanic country rocks (samples MN04, MN33, MN37, MN38) are made up of a 313 

thick pile of alternating lava flows and pyroclastic beds, variably affected by secondary 314 

hydrothermal propylitic alteration (Fig. 4a and 4b-d). Lava flows are intermediate to acid in 315 

composition, ranging from basaltic trachyandesite to trachyte (Table 1). They are porphyritic 316 

(phenocryst load up to 20 vol%) with hypohyaline textures and fluidal to trachytic fabrics (Fig. 317 

6a). They show a mineral assemblage with phenocrysts dominated by plagioclase together 318 

with amphibole and minor clinopyroxene (commonly altered), in a matrix of plagioclase, 319 

alkali feldspar, ± amphibole, clinopyroxene and Fe-Ti oxides, plus minor accessory phases 320 

such as apatite and zircon, and glass (Fig. 6a). 321 

5.2. Plutonic rocks 322 

Intrusive rocks (samples MN09, MN10A, MN10B, MN10C, MN12, MN67 and MN74; Fig. 4a 323 

and 4e-h) are characterized by equigranular to porphyritic holocrystalline hypidiomorphic 324 

textures (Fig. 6b-e). Mineral assemblages are typical of metaluminous rocks with 325 

plagioclase, alkali feldspar, quartz, amphibole (usually altered), biotite, and minor 326 

clinopyroxene (altered). Plagioclase occurs either as coarse-grained crystals (Fig. 6b) or as 327 

phenocrysts (Fig. 6e). Based on the modal abundance of minerals (Middlemost, 1994), 328 

these intrusive rocks span from monzodiorite to monzonite, syenite and granite (Table 1). 329 

Granitoid rocks (samples MN10A; Fig. 6d) host monzonitic enclaves (samples MN10B-C) 330 

with porphyritic holocrystalline textures and comparable mineral assemblage (plagioclase, 331 

alkali feldspar, quartz, biotite, amphibole and clinopyroxene). Accessory minerals are made 332 

of apatite, zircon and Fe-Ti oxides. 333 

5.3. Hypabyssal rocks  334 

Hypabyssal rocks consist of stocks and dykes (samples MN02A, MN02B, MN03, MN45, 335 

MN65 and MN76; Fig. 5a). They show typical porphyritic holocrystalline, hypidiomorphic to 336 

autoallotriomorphic textures and microcrystalline matrix. (Fig. 5b-c). These subvolcanic rocks 337 

span from mafic to felsic compositions and, show a metaluminous assemblage similar to that 338 
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of intrusive rocks made up of quartz, alkali feldspar, plagioclase, biotite, amphibole, with 339 

minor clinopyroxene (Fig. 6f-g-h). Accessory minerals include apatite, zircon and Fe-Ti 340 

oxides. These hypabyssal rocks span from monzonite to syenite and granite in composition 341 

(Table 1). 342 

5.4. Volcanic rocks  343 

Volcanic rocks (samples MN05, MN07, MN19, MN20, MN35, MN39, MN43, MN44, and 344 

MN73) include glass bearing magmatic rocks. This rock group comprises porphyritic to 345 

vitrophyric types, with hypohyaline to holohyaline groundmass (Fig. 5a,d-h). Phenocrysts 346 

(20-40 % vol.) are subhedral to euhedral plagioclase, alkali feldspars, quartz, biotite, 347 

amphibole (seldom altered) and rare, commonly altered, clinopyroxene (Fig. 6i). Rock 348 

composition varies from andesite to rhyolite (Table1). 349 

 350 

6. Zircon U-Pb geochronology 351 

The zircon U-Pb geochronological study was carried out on twelve samples (Table 1 and 352 

Fig. 7). Zircons were investigated through backscattered electron and cathodoluminescence 353 

(CL) imaging (see Supplementary Material S2), and then analysed through LA-ICP-MS. 354 

Analytical results are reported in Table 2, whereas the detailed description for each sample 355 

analysis is provided in Supplementary Material S3. In general, the Th/U values are in the 356 

range of 0.09-2.79, compatible with an igneous origin (e.g., Rubatto, 2002; Kirkland et al., 357 

2015). Evidence of Pb loss is seen in some zircons resulting in discordant ages but most of 358 

the results from oscillatory growth zones show concordant ages. The criteria for age 359 

calculation, including categorisation of the zircon types (autocrysts, antecrysts, and 360 

xenocrysts/inherited; Miller et al., 2007) is provided in Appendix A1 and illustrated as 361 

probability density plots and weighted mean ages in Supplementary material S4. 362 

Below, the basic features of the analysed samples are reported, grouping the results into 363 

four age groups: (1) two samples from the Eocene country rocks [MN33 (43.4 ± 2.6 Ma) and 364 

MN38 (38.4 ± 1.0 Ma)], collected at the bottom and at the top of the exposed volcanic 365 
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succession in the Siah-Kamar area (Fig. 3); (2) three samples from the Eocene intrusive 366 

bodies exposed in the central [Khatoonabad; samples MN09 (44.32 ± 0.58 Ma), MN67 367 

(40.69 ± 0.88 Ma) and MN10 (36.75 ± 0.62 Ma)] and north-western corner [Dizaj; samples 368 

MN45 (30.21 ± 0.41 Ma) and MN76 (28.23 ± 0.88 Ma)] of the study area; (3) four samples 369 

from the Oligocene-early Miocene hypabyssal/subvolcanic bodies [samples MN05 (22.6 ± 370 

0.41 Ma), MN39 (28.18 ± 0.80 Ma), MN43 (26.97 ± 0.35 Ma) and MN44 (26.19 ± 0.54 Ma)] 371 

from the central and western sectors of the study area (Khatoonabad and Ebak), and (4) one 372 

sample (MN35) from the late Miocene volcanic rocks (Ebak area; 5.93 ± 0.24 Ma Fig. 3).  373 

The Eocene volcanic country rocks possess remarkable number of inherited zircons. 374 

Inherited zircons are commonly broken, fractured and sub-rounded often showing metamict 375 

and complex zoning textures. Sample MN33 show 27 inherited zircons out of a total of 39 376 

measured zircons, which show apparent 206Pb/238U ages spanning from Middle Jurassic (167 377 

± 5 Ma) to Paleo-Proterozoic (2208 ± 49 Ma). Sample MN38 contains inherited zircons 378 

showing apparent 206Pb/238U ages spanning from Paleocene (63 ± 5 Ma) to Neoarchean 379 

(2737 ± 77 Ma; Table 2). A few inherited zircons are also seen in sample MN67 (40.69 ± 380 

0.88 Ma) from a syenite body. They show 206Pb/238U ages spanning from Upper Cretaceous 381 

(~67 Ma) to Upper Jurassic (~148 Ma; Table 2).  382 

 383 

7. Geochemistry  384 

The major and trace element compositions of the twenty-six samples analysed in this study 385 

are presented in Table 3. The mass loss of ignition (LOI) is mostly below 3 wt%, apart from 386 

four samples (LOI = 4-6 wt%) and one sample with LOI = 10.5 wt%. Collectively, the studied 387 

samples mostly plot in the alkaline (trachyandesite and trachyte) and the rhyolite fields of the 388 

TAS diagram (Fig. 8a), with just a few samples falling in the andesite and dacite fields. In the 389 

K2O vs. SiO2 diagram (Peccerillo and Taylor, 1976), the samples are mostly distributed in 390 

the high-K calcalkaline and shoshonitic fields (Fig. 8b). To avoid possible bias caused by 391 

post-emplacement fluid-rock interaction during hydrothermal alteration, the classification 392 
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schemes based on immobile trace elements (Winchester and Floyd, 1977; Hastie et al., 393 

2007) are adopted in this study. In the SiO2 vs. Nb/Y classification proposed by Winchester 394 

and Floyd (1977; Fig. 8c), the samples mostly confirm their alkaline nature, with a few of 395 

them straddling the subalkaline to alkaline division line, and only two falling in a true alkaline 396 

field. In the Th vs. Co classification diagram (Hastie et al., 2007; Fig. 8d) the samples mostly 397 

plot in the high-K and shoshonite (HK-SHO) series fields. 398 

None of the investigated rocks shows primitive character (MgO<4 wt%) and all can be 399 

interpreted as derivative liquids. Anyway, some general comments on the possible mantle 400 

sources can be inferred focusing on the least differentiated compositions (samples with <57 401 

wt% SiO2; 1.6-4.0 wt% MgO). In the following, the description of the geochemical 402 

characteristics of the analysed rocks is presented, grouping them into the respective age 403 

group. 404 

 405 

7.1. Eocene rocks 406 

Eocene rocks (n = 11) show intermediate to acid compositions (SiO2 = 54.27-75.22 wt%), 407 

with moderate Al2O3 (12.52-18.83 wt%), low MgO (0.07-3.97 wt%) and Mg# 408 

(Mg/[Mg+Fetot]*100) in the 5-62 range. These samples also show low TiO2 (<1 wt%), coupled 409 

with a wide range of CaO (0.43-8.36 wt%), K2O (2.06-7.78 wt%) and Na2O (2.92-8.99 wt%; 410 

Table 3). Harker diagrams for major elements show negative correlation with SiO2 for Al2O3, 411 

Fe2O3tot, MgO, Mg#, P2O5 and TiO2, and CaO, whereas Na2O, with the exception of an 412 

outlier at ~9 wt% remains nearly constant at ~3-4 wt% within the ~54-75 wt% SiO2 range 413 

(Fig. 9). Trace elements show no appreciable trends with SiO2 for many of large ion 414 

lithophile elements (LILE) and high field strength elements (HFSE). Negative correlation with 415 

SiO2 are observed for Y, V, Eu, Sr, and Dy/Yb, whereas Nb shows a rough correlation with 416 

the same parameter. A selection of the key trace elements vs. SiO2 is reported in Fig. 10. 417 

Primitive Mantle (PM) normalized (after Lyubetskaya and Korenaga, 2007) patterns of the 418 

Eocene samples show several spikes and troughs, with marked enrichments of LILE (such 419 

as Ba, Cs, Rb, Th, U, K) and distinctive Pb positive spikes. Some HFSE (Nb, Ta and Ti) 420 
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define clear troughs, whereas others (Zr and Hf) show no anomaly compared to 421 

neighbouring REE with similar incompatibility (Sm and Eu). Phosphorous shows the largest 422 

variability, with slightly positive to negative anomalies (Fig. 11a). Middle (MREE) to Heavy 423 

(HREE) lanthanides show no appreciable fractionation, with an overall flat pattern and an 424 

average (Dy/Lu)N ratio of ~1.2. This is associated to a mildly fractionated Light 425 

(LREE)/HREE ratio [(La/Lu)N ~10.9] and a limited Eu negative anomaly [(Eu/Eu*) ~0.79]. 426 

Overall, the least differentiated Eocene rocks (those with SiO2 <57 wt%) show a relatively 427 

uniform character, resembling closely the present-day average global subducting sediment 428 

(GloSS; Plank, 2014; Fig. 8). The most evolved compositions (SiO2 >58 wt%) show more 429 

spiky patterns, with deeper troughs and higher peaks, mostly related to fractionation apatite, 430 

zircon and Fe-Ti oxides. 431 

 432 

7.2. Oligocene rocks 433 

Oligocene rocks (n = 13) nearly completely overlap the Eocene rocks in Harker diagrams 434 

with negative correlations for Al2O3, Fe2O3tot, MgO, TiO2, P2O5 and CaO, whereas no clearly 435 

correlation is observed for Na2O and K2O contents (Fig. 9). Oligocene rocks show 436 

intermediate to acid compositions (SiO2 = 54.9-82.2 wt%), with the highest SiO2 contents 437 

likely representing the effect of silicification. Rock compositions with SiO2 >78 wt% are no 438 

longer discussed in the text, because silicification is usually associated with alkali mobility 439 

(e.g., Lustrino et al., 2010). The main characteristics are variable Al2O3 content (ranging from 440 

10.2 to 22.7 wt%), low MgO (0.1-3.5 wt%), low TiO2 (<1 wt%) and CaO (0.1-7.8 wt%), with 441 

K2O generally higher than Na2O (Table 3). 442 

Analogously, trace elements show a negative correlation for Y, Yb and Eu content and the 443 

Dy/Yb, whereas Nb and Th correlates with SiO2 (Fig. 10). The least differentiated Oligocene 444 

rocks (SiO2 <57 wt%) are characterized by PM-normalized patterns qualitatively 445 

indistinguishable from those of the Eocene rocks. The LREE/HREE [average (La/Lu)N ~20.9] 446 

and MREE/HREE values [average (Dy/Lu)N ~1.4] are slightly higher than the Eocene 447 

samples, whereas no substantial Eu anomaly is recorded (Eu/Eu* ~1.01). The most evolved 448 
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samples (SiO2 >57 wt%) show more spiky patterns and deep negative Eu anomaly (Eu/Eu* 449 

~0.74). 450 

 451 

7.3. Miocene rocks 452 

Miocene rocks (n = 3) show intermediate to acid compositions (SiO2 = 56.5-78 wt%), with 453 

moderate Al2O3 (10.6-17 wt%), low MgO (0.1-2 wt%) and Mg# (23-39), low TiO2 (<1 wt%), 454 

CaO in the 0.1-3.8 wt% range, and K2O generally higher than Na2O. The strongly evolved 455 

composition found in one early Miocene sample (MN05; SiO2 = ~78 wt%) is characterized by 456 

strongly fractionated patterns with deep troughs at P and Ti and with Eu/Eu* = 0.32. The 457 

youngest, late Miocene shoshonite (MN35) shows intermediate SiO2 (~56.5 wt%), low MgO 458 

(~2 wt%) and high K2O/Na2O (~4.6) (Table 3). For what regards major and trace elements, 459 

these rocks plot along the same trend shown by the Eocene and Oligocene samples in 460 

Harker diagrams (Figs. 9 and 10). PM- and CI chondrite-normalized patterns do not show 461 

any peculiarity, closely resembling the GloSS composition (Fig. 11). 462 

 463 

8. Sr-Nd isotopic ratios  464 

Eighteen selected samples have been analysed for Sr and Nd isotopic ratios. The measured 465 

and initial 87Sr/86Sr and 143Nd/144Nd isotopic ratios, as well as epsilon values for Mianeh-466 

Hashtroud igneous rocks are reported in Table 4. In the ɛNd(t) vs. 87Sr/86Sr(t) isotopic diagram 467 

(Fig. 12), most of the Cenozoic igneous rocks analysed in this study plot not far away from 468 

BSE and ChUR estimates, with a relatively limited range of 87Sr/86Sr(t) (0.70413-0.70524) 469 

and 143Nd/144Nd(t) (0.51267-0.51274), the latter corresponding to ɛNd(t) from -1.56 to +3.47. 470 

The Eocene and Oligocene rocks overlap almost completely, whereas the Miocene samples 471 

show more radiogenic 87Sr/86Sr(t) (0.70588-0.70646), but ɛNd(t) mostly within the lower end 472 

range of the older samples (−1.56 to +0.32; Fig. 12). The Nd model ages (TDM), as 473 

calculated based on the method of Keto and Jacobsen (1987), span from 0.61 to 0.96 Ga 474 

(Table 4). 475 

 476 
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9. Discussion 477 

9.1. A long-lived stationary magmatism 478 

The new U-Pb zircon ages presented in this study document a protracted magmatic activity 479 

from Eocene (~44 Ma) to late Miocene (~6 Ma). Based on the weighted age distribution of 480 

the all measured zircon autocrysts and antecrysts (Miller et al., 2007), a continuous range 481 

from ~55 (54.8 ± 2.8 Ma) to ~12 Ma emerges, with a possible magmatic lull at ~12-8 Ma 482 

(Fig. 13a), which is consistent with the onset of the eruptive magmatism in nearby Sahand 483 

volcano (Richards et al., 2006; Sawada et al., 2016; Lechmann et al., 2018). Zircons 484 

possessing ages older than this continuous range are considered as inherited ones (see 485 

Appendix A1 and Supplementary Material S4). This evidence suggests the incorporation of 486 

zircon antecrysts during successive magmatic injections and growth of newly formed zircons 487 

(autocrysts sensu Miller et al., 2007), in a scenario of a long-lived and incremental growth of 488 

the Mianeh-Hashtroud magmatic complex during the Eocene-Miocene times.  489 

The dated samples contain abundant inherited zircons populations. Irrespective of the 490 

obtained apparent 206Pb/238U ages, the Th/U values of the inherited zircons (n = 142) range 491 

from 0.1 to 2.7. These values, together with their textural characteristics (oscillatory to sector 492 

zoning; Supplementary Material S2) are consistent with a magmatic origin (e.g., Corfu et al., 493 

2003; Kirkland et al., 2015). Both zircon antecrysts and inherited zircons show a major 494 

frequency distribution in Cenozoic with respect to pre-Cenozoic times (Fig. 13b-c). The pre-495 

Cenozoic inherited zircons are mainly observed in the Eocene and Oligocene rocks, typically 496 

showing a remarkable spread of apparent 206Pb/238U ages, from Paleocene (~66-56 Ma) to 497 

Neoarchean (~2.6-2.7 Ga; Fig. 13b; Table 2). In particular, the age distribution histogram for 498 

inherited zircons in Eocene rocks clusters at ~260-140 Ma (Triassic-Jurassic), ~550-420 Ma 499 

(Cambrian-Silurian), and ~1000-700 Ma (early Neoproterozoic), but Proterozoic (up to 2500 500 

Ma) and Neoarchean (2800-2500 Ma) ages are also reported (Fig. 13b). These age span is 501 

compatible with ages reported for the Iran basement rocks (Mazhari et al., 2009a; Chiu et 502 
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al., 2013; Nutman et al., 2014; Ao et al., 2016; Lechmann et al., 2018; Shakerardakani et al., 503 

2019).  504 

A similar scenario of prolonged and stationary incremental growth of a magmatic 505 

complex (in terms of both longevity and age of magma production) is documented in the 506 

Cenozoic Zangezur-Ordubad magmatic district of Lesser Caucasus (Moritz et al., 2016b; 507 

Rezeau et al., 2016; 2017; 2018; Fig. 2). Interestingly, the Zangezur-Ordubad in the Lesser 508 

Caucasus, Arasbaran, Takab and the Mianeh-Hashtroud magmatic districts of NW Iran are 509 

all located along the transverse tectonic structures of Aras and Ardabil-Mianeh-Baneh fault 510 

systems that segment the continental lithosphere of the Iranian plateau (Fig. 2). 511 

 512 

9.2. Petrological model 513 

Irrespective of the age and magmatic facies, the PM-normalized patterns of the Mianeh-514 

Hashtroud rocks closely resemble present-day subducting sediments (GloSS; Plank, 2014), 515 

average continental crust composition (Rudnick and Gao 2003) and igneous rocks emplaced 516 

above active subduction systems (Fig. 11a). The geochemical fingerprints of magmas 517 

generated in subduction zones consist in variable LILE enrichment, whose most peculiar 518 

features are the positive anomalies at K and Pb together with the HFSE depletion with 519 

respect to their neighbouring elements. This likely results from the ability of metasomatic 520 

fluids to fractionate elements with different compatibilities in subducted slab-derived 521 

components (e.g., Pearce, 1983; Tatsumi et al., 1986; Tatsumi et al., 1991; Hawkesworth et 522 

al., 1997; Elburg et al., 2002; Kessel et al., 2005; Kimura, 2017; Sahakyan et al., 2017; 523 

Lustrino et al., 2019a; Zheng, 2019). The overall incompatible element fractionation reported 524 

in Fig. 11 clearly evidences the subduction-related compositions of the investigated rocks. 525 

Taking into consideration the poor Sr enrichment and the relatively high Y and Yb content 526 

(coupled with relatively low Sr/Y and La/Yb), the majority of Mianeh-Hashtroud rocks plot 527 

within the calcalkaline arc field, supporting a dominant subduction fingerprint of the Mianeh-528 

Hashtroud magmatic suite (Figs. 14a-b). 529 
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The enrichment in incompatible trace elements (such as Ba Cs, Th, La, Nd) are significantly 530 

higher than those of calcalkaline arc magmas, but comparable with those of continental arc 531 

shoshonites (see inset in Fig. 10b). When the least differentiated compositions (SiO2 <57 532 

wt%) are taken into account, the low Ce/Pb (~1.5-6.0) and Nb/U (~2.6-8.9) and the 533 

extremely high (Th/Nb)N ratios (up to ~12.9) are all consistent with crustal contamination or 534 

subduction-related metasomatism (Pearce, 2008). In the Th/Yb vs. Nb/Yb diagram (Fig.14c), 535 

the same samples plot far from the oceanic mantle array, pointing towards high Th/Yb ratios, 536 

close to average crustal values (4.0-7.0; average value 5.3; Rudnick and Gao, 2003) at 537 

moderate Nb/Yb (5.3-17.7; Fig. 14c). In the Rb vs. Nb+Y discrimination diagram (Fig.14c) for 538 

granitic rocks, the most evolved Mianeh-Hashtroud rocks (SiO2>57 wt%) fall within the 539 

volcanic arc granite field, in the transition zone assumed as representative of post-collisional 540 

environments (Fig. 14d). 541 

Most of the studied samples show highly evolved compositions, with low MgO contents, Mg# 542 

(0.62–0.35) and Cr contents (all but two samples <200 ppm; Table 3), far away from the 543 

primitive melt composition expected for melts in equilibrium with the mantle (Kimura, 2017; 544 

Schmidt and Jagoutz, 2017; Zheng, 2019). These compositional characteristics suggest that 545 

the studied magmatic products experienced significant fractionation after mantle anatexis 546 

(e.g., Ulmer et al., 2018). The occurrence of amphibole in the basic products and the 547 

negative correlation with differentiation of major oxides, including Al2O3, FeOt, MgO, CaO, 548 

TiO2, and P2O5, and trace elements such as V, and Y are indeed compatible with amphibole 549 

fractionation (Fig. 9). The negative correlation of Dy/Yb with SiO2 (e.g.,  Klein et al., 1997; 550 

Davidson et al., 2007) and of Dy/Dy* [DyN/(LaN
4/13xYbN

9/13)] vs. Dy/Yb (Davidson et al., 2013) 551 

is further compatible with a role of amphibole in the fractionating assemblage (Fig. 10). 552 

The negative correlation of Eu with differentiation (Fig. 10) also suggests a significant role of 553 

plagioclase fractionation mainly in the most evolved compositions. Due to the higher 554 

partitioning coefficient of middle REE (MREE) with respect to LREE and HREE in amphibole 555 

(Davidson et al., 2007), fractional crystallization of amphibole from parental mafic magmas 556 

can explain the strongly fractionated REE and the flat HREE patterns of the Mianeh-557 
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Hashtroud magmatic products. In this scenario, the slightly high Sr/Y and (La/Yb)N of a 558 

subset of samples, falling in the adakitic field (Moyen, 2009; Figs. 14a,b), can be thus related 559 

to amphibole fractionation during magmatic differentiation (e.g., Macpherson et al., 2006; Li 560 

et al., 2009; Moyen, 2009; Dessimoz et al., 2012; Rossetti et al., 2014; Moghadam et al., 561 

2016b), rather than the result of partial melting of the eclogitised subducted oceanic crust. 562 

The Sr and Nd isotopic compositions (Fig. 12) indicate depleted (or not strongly enriched) 563 

mantle sources for the Eocene-Oligocene rocks of the Mianeh-Hashtroud area. On the other 564 

hand, the Miocene hypabyssal and volcanic rocks document a stronger crustal component in 565 

their genesis. This shift towards a more enriched mantle source with decreasing age is in 566 

line with the isotopic signature of the Neogene-Quaternary magmatic products of NW Iran 567 

Azerbaijan (Lechmann et al., 2018; Fig. 12). The lack of clear correlation between Sr and Nd 568 

isotopes vs. SiO2 (Fig. 15) supports a scenario of magmatic differentiation with limited 569 

assimilation of radiogenic crustal rocks (i.e., old basement) as the main petrogenetic 570 

process. Similar Sr-Nd isotope ratios and magmatic differentiation series dominated by 571 

fractional crystallization and limited crustal assimilation are reported from the Mesozoic and 572 

Cenozoic Zangezur–Ordubad magmatic district (Mederer et al., 2013; Moritz et al., 2016b; 573 

Fig. 12), which could be interpreted with a similar scenario and therefore extended to the 574 

Lesser Caucasus region too. This is in line with the studies in Lesser Caucasus by Sugden 575 

et al. (2019). 576 

On the other hand, the occurrence of abundant inherited zircons in Eocene magmatic 577 

products points to crustal contamination during the melt differentiation and the emplacement 578 

in the crust. On this regard, it is worth nothing that the relatively young Nd model ages (0.61 579 

to 0.91 Ga) indicate that the Mianeh-Hashtroud magmatic products originated from juvenile 580 

crustal rocks. This hypothesis is corroborated by the compelling evidence of extensive 581 

magmatic underplating during Mesozoic-Cenozoic times in Central Iran in the upper-plate of 582 

the Neotethyan subduction (e.g., Berberian and King, 1981; Omrani et al., 2008; Azizi and 583 

Moinevaziri, 2009; Agard et al., 2011; Verdel et al., 2011; Richards, 2015). It is worth noting 584 

that the Sr-Nd isotopic compositions of the Mianeh-Hashtroud igneous rocks overlap those 585 
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reported for the Jurassic-Cretaceous igneous rocks from the neighbouring Sanandaj-Sirjan 586 

zone (ɛNd(t): +2 to +6; Azizi and Asahara, 2013; Azizi et al., 2018b; Fig. 12). We therefore 587 

propose that voluminous mafic underplating of arc magmas during the Mesozoic and its 588 

successive re-melting was the dominant process leading to the generation of the Cenozoic 589 

magmatism in NW Iran (e.g., Chung et al., 2009; Pe-Piper et al., 2009; Jiang et al., 2014). 590 

On this regard, melting of LILE- and LREE-enriched and HFSE-depleted lower crustal mafic 591 

amphibolite could have contributed to impart the distinctive trace-element characteristics of 592 

the Cenozoic igneous rocks of Mianeh-Hashtroud (Fig. 11a), including the moderate 593 

fractionation of the REE and the flat HREE pattern (e.g., Pe-Piper et al., 2009; Jiang et al., 594 

2014; Fig. 11b). 595 

Crustal foundering and melting have been also proposed as viable mechanism for the 596 

genesis of the Quaternary adakite-like magmatism in Iran (Pang et al., 2016) and for the 597 

Miocene-Quaternary magmatism in NW Iran (Lechmann et al., 2018). It is worth noting that 598 

the Sr-Nd isotope systematics of the Cenozoic magmatism in NW Iran largely overlaps in 599 

space and time, confirming extensive crustal recycling as a viable source of magmatism in 600 

the region. 601 

This reconstruction is also compatible with the dominant enriched sources of the Miocene-602 

Quaternary magmatism documented in the Azerbaijan region of NW Iran (Lechmann et al., 603 

2018), which confirm crustal-contaminated heterogeneous magmatic sources through time 604 

(Allen et al., 2013b; Lechmann et al., 2018). This hypothesis is also compatible with the 605 

scenarios proposed for the collisional to post-collisional Cenozoic high-K calcalkaline and 606 

shoshonitic magmatism documented along the entire Alpine-Himalayan convergence zone, 607 

such as in the Tibet (Xu et al., 2002; Hou et al., 2004; Wang et al., 2006; Chung et al., 2009; 608 

Jiang et al., 2014; Yang et al., 2016), Turkey (Delph et al., 2017) and Mediterranean area 609 

(Duggen et al., 2005), as well as the California Arc (Saleeby et al., 2003; Ducea, 2011). 610 

To conclude, the characteristic incompatible element content, the interelemental 611 

fractionation in primitive mantle-normalized diagrams, the Sr-Nd isotopic ratios, as well as 612 

the Proterozoic- to Mesozoic-age inherited magmatic zircon of the Mianeh-Hashtroud rocks 613 
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indicate derivation from mantle sources that strongly interacted with crustal lithologies. A 614 

derivation from a mantle source that suffered contamination of heterogeneous subducted 615 

components would have resulted in much more variable trace element ratios as well as 616 

wider Sr-Nd isotopic ratio spreading. On the other hand, much of the variations observed in 617 

the Mianeh-Hashtroud rocks are compatible with fractional crystallization processes, with 618 

limited crustal interaction/assimilation. 619 

To sum up, in order to reconcile the large spread of ages of inherited zircons with the 620 

relatively homogeneous Sr and Nd isotopic ratios, as well as the similar interelemental 621 

fractionation, we propose that the Mesozoic to Neoarchean inherited zircons occasionally 622 

found in the Mianeh-Hashtroud rocks were acquired by partial melting of early underplated 623 

rocks at the base of the Iran block lithosphere. 624 

 625 

10. Geodynamic synthesis 626 

The geodynamic framework of the Cenozoic Mianeh-Hashtroud magmatism should be 627 

referred to the specific tectonic setting recorded in the Turkish-Caucasus-Iranian collision 628 

zone during the Eocene-Miocene time lapse (Fig. 16). In particular, we refer to the transition 629 

from the Neotethyan oceanic subduction along the Zagros convergence zone to the 630 

continental collision along the Caucasus-Talesh-Alborz zone (Vincent et al., 2005; 2007; 631 

Barrier and Vrielynck, 2008; Sosson et al., 2010; Mouthereau et al., 2012; Madanipour et al., 632 

2013; François et al., 2014; Cowgill et al., 2016; FVincent et al., 2016; Rolland, 2017; Barrier 633 

et al., 2018; van der Boon et al., 2018). This along-strike change in the geodynamic regime 634 

was accommodated by a former transform plate boundary, the Eastern Caucasus-Western 635 

Iran Boundary (Barrier and Vrielynck, 2008; Sosson et al., 2010; Rolland, 2017; Barrier et 636 

al., 2018; van der Boon et al., 2018), that originally linked the Anatolian subduction systems 637 

with the Zagros subduction zone through a major transform plate boundary (Fig. 16a). 638 

The waning stage of the Neotethyan oceanic subduction was associated with volcanic flare-639 

up in the upper-plate domain (Central Iran) during the Eocene, from ~55 to 35 Ma (Verdel et 640 

al., 2011). This phase is coeval with the transition from an advancing (Cretaceous-641 
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Paleocene) to a retreating plate margin along the Zagros convergence zone (e.g., Agard et 642 

al., 2011; Verdel et al., 2011; Moghadam et al., 2016b; Tadayon et al., 2018). Slab hinge 643 

retreat and the associated decompression melting of a passively upwelling subduction 644 

component-modified asthenosphere were coupled with lithospheric thinning during the 645 

transition from compression to back-arc extension in the overriding plate (Verdel et al., 2011; 646 

Castro et al., 2013; Moghadam et al., 2016b). Such circumstances resulted in enhanced 647 

melting of the subduction-modified mantle wedge (Prelević et al., 2008; Avanzinelli et al., 648 

2009; Tommasini et al., 2011; Allen et al., 2013b; Di Giuseppe et al., 2018), causing 649 

voluminous mafic magma production. Under this geodynamic regime, lateral flow of fertile 650 

sub-lithospheric mantle is enhanced in slab windows along the transform boundary toward 651 

the mantle wedge region (Faccenna et al., 2005; Rosenbaum et al., 2008; van Hunen and 652 

Miller, 2015). The upwelling asthenosphere and the associated melts provided the required 653 

thermal conditions for lower crustal melting (mostly at the expenses of the Mesozoic 654 

Neotethyan arc root) and continuous addition of mantle-derived melts to the crust (Fig. 16b). 655 

From the late Eocene-Oligocene, the overriding plate experienced renewed shortening 656 

causing by the onset of continental collision in the upper plate of the Zagros convergence 657 

zone. This new tectonic setting induced shortening and incremental crustal thickening in the 658 

upper-plate domain, preconditioning to lithospheric keel foundering and delamination from 659 

Oligocene-Miocene onward (Fig. 16c). The continuous passive upwelling of asthenosphere 660 

material through the slab windows along the transform boundary caused the transition to the 661 

dominantly alkaline, magmatism during the Neogene-Quaternary (Allen et al., 2013b; Chiu et 662 

al., 2013; Kaislaniemi et al., 2014; Pang et al., 2014; 2016; Lechmann et al., 2018). The thin 663 

lithosphere across the north of this major boundary continues to the Anatolia region (Delph 664 

et al., 2017), supporting a scenario of over-thickened lithosphere delamination during the 665 

continental collision and the thermal erosion of the lower crust induced by the passive 666 

asthenosphere upwelling (Fig. 16d). 667 

It is worth nothing that the zone of long-lived stationary magmatism and associated porphyry 668 

mineralisation (i.e. the Lesser Caucasus and the Mianeh-Hashtroud areas), are located in 669 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/upwelling-water
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/asthenosphere
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the region where an abrupt change of the lithosphere structure and thickness of Moho 670 

depths occurs (Fig. 1b and Fig. 2). In particular, the northward thinning of the lithosphere 671 

from ~240 to ~100 km (Priestley et al., 2012), broadly corresponds to a set of orogeny-672 

orthogonal, regional NE-SW strike-slip fault systems (Aras Fault to the north and Mianeh-673 

Ardabil Fault to the south). These systems segment the continuity of the regional NW-SE-674 

striking regional tectonic lineament (Figs. 1 and 2). More importantly, this sharp lithosphere 675 

discontinuity is localized along the former transform plate boundary, the Eastern Caucasus-676 

Western Iran Boundary (Barrier and Vrielynck, 2008; Sosson et al., 2010; Rolland, 2017; 677 

Barrier et al., 2018; van der Boon et al., 2018), that originally linked the Anatolian subduction 678 

systems with the Zagros subduction zone through a major transform plate boundary. 679 

Therefore, this sharp and prominent lithospheric discontinuity is supposed to be localized 680 

along a pre-existing, lithosphere-scale tectonic boundary that have kinematically 681 

accommodated the differential deformation transmitted by the adjacent subduction systems 682 

to the overriding plates during Mesozoic and Paleogene times.  683 

The occurrence of long-lived magmatic zones and associated ore deposits along the paleo-684 

tectonic boundary separating the Zagros systems from the Caucasus collisional zone may 685 

have significant implications for the localisation of the ore deposits in the region. It is in fact 686 

suggested that Mianeh-Ardabil and Aras faults localised along this inherited structural zone 687 

and have acted as conduits for prolonged magma ascent to the chamber. In this scenario, 688 

the intersection of major orogen-parallel and orogen-orthogonal fault systems provided the 689 

favourite locations for development of long-lived magma chambers and consequent ore 690 

endowment (e. g., Richards, 2000; Chernicoff et al., 2002) 691 

To sum up, we propose that the long-lived Cenozoic stationary igneous activity of the Lesser 692 

Caucasus and Mianeh-Hashtroud districts was dominantly localized along a major inherited 693 

lithosphere-scale transform boundary along the Eastern Caucasus-Western Iran Boundary. 694 

In such a geodynamic setting, segmentation of the Neotethyan oceanic slab generated 695 

asthenospheric melt upwelling into the metasomatised supra-subduction mantle wedge with 696 

the potential to activate different mantle and crustal sources. This process is able to 697 
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generate heterogeneous magmatism (Prelević et al., 2013; Kaislaniemi et al., 2014) such as 698 

that distributed along the Caucasus-Iranian collision zone (Allen et al., 2013b; Moritz et al., 699 

2016b; Lechmann et al., 2018). The Eastern Caucasus-Western Iran Boundary is thus 700 

considered as a long-lived structure, which acted as a weak zone susceptible to multiple 701 

tectonic reactivation, able to focus magmatism as a preferred pathway for magma ascent 702 

and emplacement and focused mineralisation. 703 

 704 

11. Conclusions 705 

The results of the present study can be synthesised as follows: 706 

1) A long-lived (>20 Myr) history of igneous activity occurred in the Mianeh-Hashtroud area, 707 

from ~45 to 22 Ma, which culminated with Mo porphyry mineralization at ~33-28 in the Siah-708 

Kamar deposit (Rabiee et al., 2019; Simmonds et al., 2019). The igneous activity resumed 709 

during latest Miocene (~6 Ma), with emplacement of lava flows. 710 

2) The whole-rock chemistry of the Cenozoic igneous products of the Mianeh-Hashtroud 711 

district is characterized by evolved mildly potassic alkaline terms, with shoshonitic serial 712 

affinity, mostly with shoshonite to trachyte and rhyolite (plus the plutonic equivalents) 713 

compositions. The incompatible element budget of these samples resembles the 714 

composition of magmas emplaced above present-day subduction settings, with overall intra-715 

elemental fractionation patters very close to the global subducting sediments (GloSS) and 716 

average upper crustal estimates. The variation of major oxides and trace elements with silica 717 

is qualitatively compatible with a process involving amphibole and plagioclase fractionation. 718 

3) The initial Sr-Nd isotopic ratios of the Eocene-Oligocene volcanic and plutonic rocks show 719 

relatively narrow variation, not far from the BSE and ChUR estimates. The Miocene 720 

hypabyssal and the late Miocene volcanic rocks of the area shows more radiogenic 87Sr/86Sr 721 

(0.7058-0.7059 and 0.7064, respectively) and relatively low 143Nd/144Nd (0.51260-0.51263 722 

and 0.512550, respectively). 723 
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4) The results of the present study indicate that collisional-stage magmatism originated from 724 

subduction-modified metasomatized mantle lithosphere, in a geodynamic environment 725 

dominated by a major transform boundary and flow of fertile mantle material along the slab 726 

windows. 727 

5) The Cenozoic stationary, long-lived magmatism and associated mineralisation within the 728 

Turkish-Caucasus-Iranian collision zone was structurally controlled by the reactivation of the 729 

orogen-orthogonal Eastern Caucasus-Western Iran transform boundary. 730 
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APPENDIX A1: Analytical techniques  740 

XRF and ICP-MS  741 

Major elements were measured using the conventional X-ray fluorescence (XRF) 742 

technique with a Rigaku ZSX Primus II. Glass beads for the XRF analysis were prepared as 743 

follows: 0.50 g of the sample powder was mixed with 5.0 g of lithium tetraborate, and the 744 

mixture was melted at 1200 °C for 12–17 min with a high-frequency bead sampler (Rigaku 745 

Co. Japan). The loss on ignition (LOI) of the sample was measured from the sample powder 746 

weight in a quartz glass beaker in the oven at 950 °C for 5 h. 747 

Regarding inductively coupled plasma mass spectrometry (ICP-MS) analysis, powdered 748 

samples were prepared in a two stage decomposition method using HF+HClO4 at high 749 
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pressure-temperature condition. About 0.1 g of powdered samples were dissolved in a 750 

covered Teflon beaker using 2 ml HF (38%) and 0.5–1 ml HClO4 (70%) at 120–140 °C on a 751 

hotplate until the powder was dissolved. The dissolved samples were dried at 150 °C on the 752 

hotplate with infrared lamps. The dried samples were dissolved in 10 ml of 6 M and the 2.4 753 

M HCl and moved to a PE centrifuge tube. After centrifuging the sample solution, the 754 

supernatant was moved to the PTFE beaker, and the residue was moved into a small sealed 755 

PTFE vessel. After drying the wet residue on a hotplate, 0.5-0.7 ml of HF (38%) and 0.5 ml 756 

of HClO4 (70%) were added. The small sealed PTFE vessel was set in an outer PTFE 757 

vessel, and the outer vessel was inserted into a stainless steel jacket. The steel-jacketed 758 

PTFE bomb was kept in an oven at 180 °C for 2–3 days to completely dissolve the residual 759 

minerals. The second decomposed fraction was dried on a hotplate and dissolved in 6 M 760 

and the 2.4 M HCl. This solution was mixed with the supernatant in the PTFE beaker and 761 

weighted. The solution was divided into two aliquots at a ratio of 1:9. The first aliquot (10%: 762 

Fraction A) was used for the ICP-MS analysis for trace and REEs and the second (90%: 763 

Fraction B) was used for the column chemistry to extract Sr and Nd for natural Sr–Nd 764 

isotopes. The Fraction A dried on hotplate with IR lamp and then was dissolved in 15 ml 2M 765 

HNO3. About 5-10 was used to measure Hf and Ta and the rest of the sample was diluted 10 766 

times more to measure other trace and REE. The concentrations of trace elements, 767 

including REEs, were analyzed using ICP-MS device (Agilent 7700x). 768 

Fraction B was loaded to a calibrated cation exchange column (AG50W-X8, 200–400 769 

mesh) using HCl eluent (2.4 and 6 M) to separate Sr. Fraction B2 was then loaded in 770 

another specialized calibrated cation exchange column using HIBA eluent (0.2- 0.4 M) to 771 

separate Nd.  772 

 773 

Sr-Nd isotope 774 

To extract Sr and Nd from the samples, routine cation exchange column chemistry methods 775 

were followed. Fraction B from the dissolved samples (above section) was loaded to a 776 
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calibrated cation exchange column (AG50W-X8, 200–400 mesh) using HCl eluent (2.4 and 6 777 

M) to collect Sr and REE fraction. The REE fraction then loaded in another specialized 778 

calibrated cation exchange column using HIBA (hydroxyiso butyric acid) eluent (0.2- 0.4 M) 779 

to separate Nd fraction. Sr and Nd bearing fractions were dried inside a specially equipped 780 

drier and then dissolved in roughly calculated amount of pure water and appropriate amount 781 

of dissolved. Sr and Nd samples (~0.1-0.2 g) then were loaded on Ta single and Re triple 782 

filaments with 2 M H3PO4, respectively. NBS987 and JNdi-1 (Tanaka et al., 2000) were 783 

adopted as standards for natural Sr and Nd isotope ratios, respectively. The isotope ratios of 784 

Sr and Nd were then measured using a VG Sector 54-30 and GVI IsoProbe Thermal 785 

ionization mass spectrometers (TIMS) at Nagoya University. The mass fractionations were 786 

corrected for measured Nd and Sr isotope ratios based on 143Nd/144Nd = 0.7219 and 787 

87Sr/86Sr = 0.1194, respectively. Averages and 1SE for isotope ratio standards, were 788 

143Nd/144Nd = 0.512115 ± 0.000080 (n = 4), and 87Sr/86Sr = 0.7102527 ± 0.0000095 (n = 4). 789 

Moreover two standard samples of JG-1a (granite) and JA-1 (andesite; (Imai et al., 1995) 790 

were used which the result show the analytical errors below 5% for most of the elements and 791 

less than 10% for the rest. 792 

Zircon U-Pb Geochronology  793 

The zircon U-Pb geochronology study was carried out at the Department of Earth and 794 

Environmental Sciences of Nagoya University. Twelve samples were selected for zircon 795 

grains separation. About 5 kg (more than 10 kg for volcanic rock samples) for each sample 796 

were collected, crushed and the heavy mineral fraction were recovered. Except to 797 

monzonitic subvolcanic samples, sufficient zircon grains were available in the case of 798 

intrusive and subvolcanic samples but only few zircon grains were found in volcanic samples 799 

in which some of them were useless due to the small grain size (<30 µm) or to the strongly 800 

fractured crystal structure. Petrographic investigation was devoted to identify the possible 801 

presence of inclusions inside zircon grains. Cathodoluminescence (CL) and Back Scatter 802 

Electron (BSE) imaging were used first to gather information on the grain texture and internal 803 
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growth and/or alteration zoning. Zircon grains with intense fracturing and inclusions were 804 

avoided. The zircon grains were analyzed by laser ablation inductively coupled plasma mass 805 

spectrometry LA-ICP-MS (Agilent 7700XICPMS machine connected with NWR213 (Electro 806 

Scientific Industries) laser ablation system (Kouchi et al., 2015). A standard glass (NIST 807 

SRM 610) and two zircon standards, named 91500 (1059 Ma, Wiedenbeck et al., 1995) and 808 

OD-3 (33.1 Ma, Iwano et al., 2013)  were used. Blanks, the zircon standards, and the 809 

standard glass were measured at the beginning and ending of each measurement cycle. 810 

Eight points were measured in each cycle. The ISOPLOT V4.15 software (Ludwig, 2011) 811 

was utilized to calculate the Concordia, statistics and to prepare the age plots. Correction for 812 

the common Pb was performed using 204Pb intensity (Cox and Wilton, 2006) and value of 813 

common Pb was assumed by Stacey and Kramers (1975) model. The results with common 814 

Pb values above 20% and Th/U <0.1 were eliminated from calculations. Preferably, 815 

Concordia age was calculated for a maximum number of concordant results in a continuous 816 

range. Where some results from main population yielded discordant ages, then a Terra-817 

Wasserburg method was used. 818 

The continuous distributed ages (with 2 uncertainty) of measured zircons which lie in an 819 

almost normally distributed population are considered as zircons autocrysts from which the 820 

age of the sample is calculated (Supplementary Material S4). Zircons possessing ages 821 

between sample’s age and the oldest Eocene igneous rock are considered as antecrysts. 822 

Zircons which show older ages with a significant gap from the oldest sample are xenocrysts 823 

or inherited ones (Miller et al., 2007; also see Supplementary Material S4). 824 
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Fig. 1. (a) Simplified tectonic map of NW Iran, Arabia, Caucasus and Anatolia, also showing the 1568 

distribution of Iran Eocene-Oligocene and Neogene-Quaternary igneous rocks and the main ophiolitic 1569 

mélange outcrops (modified after Hubner, 1969), (micro-) plate boundaries (modified after Reilinger et 1570 

al., 2006), suture zones and fault distribution (modified after Richards, 2015). (b) The background 1571 

colours show the surface wave tomographic model at 125 km depth of upper mantle (Priestley et al., 1572 

2012). A significant change in the lithosphere structure is observed across the Mianeh-Ardabil fault. 1573 

The contours are the Moho depth across the Iranian plateau (redrawn after Shad Manaman et al., 1574 

2011) showing an abrupt change in the Moho depth across the Tabriz Fault, thickening to the NE. 1575 

Significant changes are also observed along Mianeh-Ardabil Fault. Abbreviations: F., Fault; ZOMZ, 1576 

Zangezur-Ordubad volcano-plutonic zone; SbV, Sabalan Volcano; ShV, Sahand Volcano. 1577 

 1578 

Fig. 2. Simplified geological map showing the magmatic zones of NW Iran (modified from Hubner, 1579 

1969) and southern Armenia (including the Zangezur-Ordubad volcano-plutonic zone (ZOMZ) and the 1580 

Meghri-Ordubad pluton (MOP) assemblage; Moritz et al., 2016). The black rectangle indicates the 1581 

study area. See the Supplementary Material S1 for detail characteristics of each deposit. 1582 

 1583 

Fig. 3. Simplified geological map of the Mianeh-Hashtroud area (modified after Amidi et al., 1987). 1584 

The analysed samples together with their U-Pb zircon ages (Ma ± 2 error) are also shown. Ages of 1585 

samples #01, 03, 19 and 31 are from Rabiee et al. (2019). 1586 

 1587 

Fig. 4. (a) Satellite image (Google Earth) of the central sector of the study area, showing the 1588 

distribution of the Eocene and Miocene intrusions and samples locations. (b) Eocene volcanic country 1589 

rocks. (c) Strongly plagioclase-phyric and (c) pyroxene-phyric structure of Eocene volcanic country 1590 

rocks. (e-h) Hand specimens of the studied Eocene intrusive rocks. (e) Biotite-bearing monzonite. (f) 1591 

Syenite mainly containing k-feldspar (pinkish) and plagioclase. (g) A close-up view of quartz 1592 

monzonite body showing a miarolithic cavity in the contact zone with the monzonite body. (h) A close-1593 

up view of the microgranular granite body with minor weathered biotite grains. The sampling sites of 1594 

the investigated rocks are reported in Figure 3. 1595 

 1596 

Fig. 5. (a) Panorama view from east of the area (Ebak-SiahKamar) showing the outcrops of Eocene 1597 
country rocks intruded by the Oligocene subvolcanic bodies. (b) and (c) close views showing granular 1598 
and porphyritic textures from two Oligocene monzonite bodies. (d to f) Hand specimens from the 1599 
Oligocene volcanic rocks showing a porphyritic hypohyaline texture. (g) and (h) altered rhyolitic 1600 
porphyry dike. The sampling sites of the investigated rocks are reported in Figure 3. Kfs = Alkali 1601 
feldspar; Bt = Biotite; Pl = Plagioclase; Qz = Quartz. 1602 

 1603 
Fig. 6. Microphotographs of representative magmatic rocks from Mianeh-Hashtroud area. The sample 1604 
ID is shown on each picture. (a) MN04 Eocene country rock: trachyte showing plagioclase 1605 
phenocrysts in a groundmass mad of plagioclase microliths; (b) MN09 Eocene monzodiorite showing 1606 
equigranular-holocrystalline texture made of plagioclase, amphibole and magnetite; (c) MN12 Eocene 1607 
quartz monzonite with equigranular-holocrystalline texture showing plagioclase, alkali feldspar, quartz 1608 
and biotite as major crystals; (d) MN10A Eocene granite characterised by porphyritic-holocrystalline 1609 
texture with microgranular groundmass made up of alkali feldspar, quartz and biotite; (e) MN10C 1610 
Eocene monzonite enclave in the granite (MN10A) showing porphyritic-holocrystalline texture and 1611 
plagioclase, alkali feldspar, amphibole ± clinopyroxene as major crystals; (f) MN45 Oligocene 1612 
monzonite with equigranular-holocrystalline texture with plagioclase alkali feldspar, amphibole and 1613 
biotite as major crystals; (g) MN65 Oligocene monzonite, hypabyssal porphyritic-holocrystalline 1614 
texture containing clinopyroxene and plagioclase phenocrysts (h) MN76 Oligocene hypabyssal 1615 
granite, porphyritic-holocrystalline texture with microgranular groundmass made up of alkali feldspar, 1616 
quartz and biotite; (i) MN19 Oligocene dacite dome showing a vitrophyric texture, with glassy 1617 
groundmass containing sub-rounded, resorbed and fractured quartz abd okaguickase phenocrysts 1618 
and minor biotite and amphibole. All images are in crossed-polarised light. 1619 
 1620 

Fig. 7. U-Pb Concordia diagrams and probability age distribution plot as obtained from the cumulative 1621 
206

Pb/
238

U age data from the zircon grains recovered from the studied magmatic rock samples. See 1622 
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also Table 2 for the corresponding analytical results and the Supplementary Material S2 for the 1623 

complete textural characteristics of the analysed zircon grains. 1624 

 1625 

Fig. 8. (a) Total alkali vs. silica (TAS) diagram (Le Maitre et al. 2005) for the Cenozoic igneous rocks 1626 

of the Mianeh-Hashtroud district. The volcanic rock name have been used also for the plutonic and 1627 

the hypabyssal samples. (b) K2O vs. SiO2 diagram (Peccerillo and Taylor, 1976). HK-CA: high-K 1628 

calcalkaline; MK-CA: medium-K calcalkaline, LK, low-K. (c) SiO2 vs. Nb/Y diagram (Winchester and 1629 

Floyd, 1977). A: andesites; AB: Alkali basalts; B: Basalts; BA: Basaltic andesites; BSN, NEP: 1630 

Basanite, Nephelinite; BTA: Basaltic trachyandesite; COM, PAN: Commendite, Pantellerite; PH: 1631 

phonolite; R: Rhyolite; R, D: Rhyolite, Dacite; T: Trachyte; TA: Trachy-andesite (d) Th vs. Co diagram 1632 

(Hastie et al., 2007). B: Basalts; BA/A: Basaltic andesites, Andesites; D/R: Dacite, Rhyolite; CA: 1633 

Calcalkaline; IAT: Island Arc Tholeiite; H-K: high-K; SHO: Shoshonite. Data from this study are 1634 

compared with those available from the neighbouring regions. 1635 

 1636 

Fig. 9. Harker diagrams for selected major oxides (in wt%) using SiO2 as differentiation index. 1637 

 1638 

Fig. 10. Harker diagrams for selected trace elements (in ppm) using SiO2 as differentiation index. Grt 1639 

= garnet; Amp = amphibole. 1640 

 1641 

Fig. 11. (a) Primitive mantle-normalized (after Lyubetskaya and Korenaga, 2007) incompatible 1642 

element diagram for the Cenozoic Mianeh-Hashtroud igneous rocks. The inset shows the plot for the 1643 

least differentiated compositions (SiO2 <57 wt%) compared with patterns for oceanic island basalts 1644 

(OIB; after Sun and McDonough, 1989), continental arc calcalkaline and shoshonite magmatism 1645 

(Cascade arc), island arc magmatism (Izu-Bonin-Marianna (IBM) arc), the Emeishan large igneous 1646 

province (ELIP) and average continental crust (Rudnick and Gao, 2003). (b) Chondrite-normalised 1647 

(after Sun and McDonough, 1989) REE diagram for the Cenozoic Mianeh-Hashtroud igneous rocks. 1648 

The inset shows the same diagram for the least differentiated compositions (SiO2 <57 wt%) as in (a). 1649 

Data sources: GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/).  1650 

 1651 

Fig. 12. εNd(t) vs. (
87

Sr/
86

Sr)t diagram of the Mianeh-Hashtroud district igneous rocks. The data are 1652 

compared with those of Mesozoic and Cenozoic Lesser Caucasus igneous rocks (Mederer et al., 1653 

2013 and Moritz et al., 2016, respectively), Quaternary volcanic rocks (NW Iran; Allen et al., 2013), 1654 

Neogene-Quaternary Azerbaijan volcanic rocks (NW Iran; Lechman et al., 2018), and Jurassic-1655 

Cretaceous igneous rocks of the northern Sanandaj Sirjan Zone (Azizi and Asahara, 2013; Azizi et al. 1656 

2018). BSE = Bulk Silicate Earth; ChUR = Chondritic Uniform Reservoir. 1657 

   1658 

Fig. 13. (a) Weighted age distribution of all measured zircon autocrysts and antecrysts from Mianeh-1659 

Hashtroud area (including four samples mentioned in Fig. 3 caption from Rabiee et al., 2019); (b and 1660 

c) Relative age frequency distribution for zircons antecrysts and xenocrysts (inherited) recovered from 1661 

the studied samples. 1662 

 1663 

Fig. 14. (a) Sr/Y vs. Y and (b) (La/Yb)N vs YbN diagrams for the Cenozoic Mianeh-Hashtroud igneous 1664 

rocks together with literature analyses of NW Iran Cenozoic igneous rocks. These rocks plot almost 1665 

completely in the “normal” calcalkaline arcs field as defined by Defant and Drummond (1990). (c) 1666 

Th/Yb vs. Nb/Yb diagram (Pearce (2008) for the least differentiated (SiO2 <57 wt%) Mianeh-1667 

Hashtroud rocks. Data sources for Izu Bonin Mariana (IBM), Emeishan Large Igneous Province 1668 

(ELIP), Ocean Island Basalts (OIB) and Cascade continental arc are from GEOROC 1669 

(http://georoc.mpch-mainz.gwdg.de/georoc); (d) Rb vs. (Y+Nb) diagram (Pearce et al. (1984) for the 1670 

most differentiated (SiO2 >57 wt%) rocks showing the fields of ocean ridge (ORG), volcanic arc 1671 

(VAG), syn-collisional (syn-COLG), and within-plate (WPG) granitic rocks. 1672 

 1673 
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 48 

Fig. 15. (a) (
87

Sr/
86

Sr)t vs. SiO2 and (b) εNd(t) vs. SiO2 diagrams of Mianeh-Hashtroud Cenozoic 1674 

igneous rocks. No correlation between Sr and Nd isotopic ratios is observed with the degree of 1675 

evolution of the melts. 1676 

 1677 

Fig. 16. Geodynamic reconstruction of the Turkish–Caucasus–Iranian collisional zone of Tethyan belt 1678 

(after Barrier et al. (2018). (a), (c) Paleogeographic scenarios.  (b), (d) Geodynamic scenarios (not to 1679 

scale; location of structures is only indicative). All abbreviations and tectonic domain names are after 1680 

Barrier et al. (2018): AbM: Alborz Margins (and Talesh); ABV: Artvin-Bolnisi Volcanic Arc; ArB: 1681 

Arasbaran Belt; Ark: Arkevan Formation; CAC: Central Anatolian Complex; CIP: Central Iranian 1682 

Platform; EBB: Eastern Black-Sea Basin; EHT: Esfahan-Hamadan Trough; GCB: Greater Caucasus 1683 

Basin; GKF: Great Kevir fault; HeV: Helete Volcanic arc; ION: Izmir-Ankara-Ercinjan Ophiolite 1684 

Nappes; KDP: Kopeh Dagh Platform; KON: Khoy ophiolite nappe; LCR: Lesser Caucasus range 1685 

(including Zangezur-Ordubad volcano-plutonic zone;ZOMZ); LuB: Lut Block; LuP: Lut Platform; MeM: 1686 

Menderes massif; MsO: Mesogea Ocean; MZT: Main Zagros thrust; PAM: Peri-Arabian massif; PMA: 1687 

Pontides Magmatic Arc; PoR: Pontides range; RNO: Remnant Neo-Tethys Ocean; SaT: Sanandaj 1688 

Trough; SCB: South-Caspianbasin; SFB: Srednogorie Fold-Belt; SrB: Sirjan block; SSB: Sanandaj-1689 

Sirjan block; SsB: Sistan Basin; SzB: Sabzevar Basin; SzM: Sabzevar Massif; TaP: Taurus platform; 1690 

UDMA: Urumieh-Dokhtar Magmatic Arc; WBB: Western Black-Sea Basin; ZDF: Zagros deformation 1691 

front.  1692 
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 2 

Abstract  16 

The Eocene-Miocene Mianeh-Hashtroud igneous district in NW Iran is part of the Turkish–17 

Caucasus–Iranian collision zone, a key region to decipher the assembly and differentiation 18 

of Gondwana-derived terranes along the Alpine-Himalayan convergence zone. Major 19 

inherited tectonic structures control in space and time the Mesozoic-Cenozoic transition from 20 

oceanic subduction to continental collision in the region. The geology of the study area is 21 

dominated by a polyphase, long-lived magmatic activity, spanning from ~45 to ~6 Ma. The 22 

igneous products are subalkaline to alkaline, with intermediate to acidic compositions and a 23 

high-K calcalkaline to shoshonitic affinity. Evidence of crustal contamination is attested by 24 

inherited zircons in the oldest (Eocene-Oligocene) samples, with ages spanning from Neo-25 

Archean to Paleocene. The Sr-Nd isotopic compositions of the Eocene-Oligocene samples 26 

plot close to the Bulk Silicate Earth estimate, whereas the Miocene samples document 27 

stronger crustal contamination. The lack of correlation between Nd-Sr isotopes and SiO2 28 

supports a scenario of magma differentiation of different magma batches rather than crustal 29 

contamination. Major oxide and Sr-Nd isotopic variation lead us to suggest that magmatism 30 

is the consequence of re-melting of earlier underplated (Mesozoic-Tertiary) magmatic 31 

products, controlled by amphibole-dominated fractionation processes. Regional scale 32 

correlations show long-lived Cenozoic magmatism in NW Iran and Caucasus region, where 33 

the main porphyry and epithermal deposits occur. We propose that the Cenozoic collisional 34 

magmatism and the associated mineralisation at the junction between NW-Iran and 35 

Caucasus was controlled by the activity of a major, lithosphere-scale inherited boundary, 36 

transverse to the convergence zone. In such a geodynamic setting, the along-strike 37 

segmentation of the lithosphere slab generated asthenospheric melts, their upwelling into 38 

the metasomatised supra-subduction mantle wedge and the potential activation of different 39 

mantle and crustal sources, with consequent mineral endowment in the region. 40 

  41 
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1. Introduction 42 

Convergent margins are the regions where the bulk of the continental crust forms and 43 

differentiates, assisted by magma production during oceanic subduction, continental collision 44 

and post-collisional tectonics (Harris et al., 1986; Stern, 2002; 2003; Tatsumi and Kogiso, 45 

2003; 2005; DeCelles et al., 2009; Jagoutz and Klein, 2018). A progressive transition in 46 

space and time of the geochemical characteristics of magmatism in collisional settings, from 47 

calcalkaline/potassic/ultrapotassic (arc-type) to sodic alkaline (OIB-type) is commonly 48 

observed (e.g., Lustrino and Wilson, 2007). This documents the progressive involvement of 49 

sub-lithospheric mantle in magma genesis after the vanishing of subduction-related 50 

modifications (e.g., Lustrino et al., 2011; Di Giuseppe et al., 2017). This transition is 51 

enhanced in collisional zones, where difficulty of the buoyant continental lithosphere to be 52 

subducted is commonly associated with crustal thickening, and eventually to crustal and 53 

lithosphere delamination (Bird, 1979; Jull and Kelemen, 2001; Lustrino, 2005; Hacker et al., 54 

2015), slab tearing (Faccenna et al., 2005; Rosenbaum et al., 2008; Prelević et al., 2015), 55 

slab break-off (von Blanckenburg and Davies, 1995). Scenarios which are prone to 56 

convective erosion of the sub-continental mantle (Houseman et al., 1981; Platt and England, 57 

1994), decompressional melting (e.g. Allen et al., 2013a) or small-scale lithospheric keel 58 

instabilities (e.g. Kaislaniemi et al., 2014).  59 

All of these processes may result in complex mantle-crust interaction, with the generation of 60 

compositionally different magma batches (Duggen et al., 2005; Allen et al., 2013a; van 61 

Hunen and Miller, 2015; Di Giuseppe et al., 2017; Kimura, 2017; Rezeau et al., 2018; 62 

Agostini et al., 2019). Tracing the spatial and temporal distribution of syn- to post-collisional 63 

magmatism can thus provide important information on the geodynamic evolution of 64 

convergent plate boundaries and, ultimately, on the spatio-temporal evolution of collisional 65 

systems. 66 

The Alpine-Himalayan Belt, extending from the Western Mediterranean through Middle East 67 

to Indochina, is a natural laboratory to study the magmatic response to a continuously 68 
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evolving geodynamic collisional process (Prelević and Seghedi, 2013). Indeed, it records a 69 

prolonged history of Mesozoic-Cenozoic accretionary tectonics and continental assembly 70 

along the southern margin of Eurasia, accompanied by diffuse syn- to post-collisional 71 

magmatism (e.g., Pearce et al., 1990; Keskin, 2003; Köksal et al., 2004; Guo et al., 2006; 72 

Şengör et al., 2008; Dilek and Altunkaynak, 2009; Dargahi et al., 2010; Agard et al., 2011; 73 

Lustrino et al., 2011; Prelević et al., 2013; Richards, 2015; Schleiffarth et al., 2015; Di 74 

Giuseppe et al., 2017; Sahakyan et al., 2017; Sugden et al., 2019). 75 

The Cenozoic Turkish–Caucasus–Iranian collision zone (Fig. 1a) is part of this vast 76 

collisional belt (McKenzie, 1972; Allen et al., 2004; Reilinger et al., 2006). This region 77 

experienced complex and diachronous collisions involving the Arabia, Eurasia and Anatolia 78 

plates, started from Eocene-Oligocene (Allen and Armstrong, 2008; Okay et al., 2010; 79 

Ballato et al., 2011; Mouthereau et al., 2012; Madanipour et al., 2013; McQuarrie and van 80 

Hinsbergen, 2013; François et al., 2014; Cavazza et al., 2015, 2019; Cowgill et al., 2016; 81 

Vincent et al., 2016; Tadayon et al., 2018). The spatio-temporal distribution of collisional 82 

magmatism shows punctuated (in space and time) magma production with distinct 83 

geochemical characteristics (Berberian and Berberian, 1981; Pearce et al., 1990; Alavi, 84 

1994; Vincent et al., 2005; Keskin et al., 2006; Omrani et al., 2008; Dilek et al., 2010; Verdel 85 

et al., 2011; Allen et al., 2013b; Chiu et al., 2013; Neill et al., 2013; Pang et al., 2013a; Neill 86 

et al., 2015; Schleiffarth et al., 2015; Shafaii Moghadam et al., 2015; Moritz et al., 2016b; 87 

Pang et al., 2016; Di Giuseppe et al., 2018; Lechmann et al., 2018). 88 

Seismic tomography models have documented a variable but in general thin (<50-90 km) 89 

lithosphere (with the almost complete absence of the rigid lithospheric mantle) across 90 

eastern Anatolia and NW Iran with respect to the Zagros convergence zones (Fig. 1b; 91 

Priestley et al., 2012; Delph et al., 2017). The areas with thinner lithosphere and, in 92 

particular, the transition from thin to thick lithosphere, correspond to the regions with diffuse 93 

late Miocene-Quaternary collisional magmatism (Fig. 1a,b; Kheirkhah et al., 2009; Allen et 94 

al., 2013b; Chiu et al., 2013; Kheirkhah et al., 2013; Schleiffarth et al., 2015; Moghadam et 95 

al., 2016a; Di Giuseppe et al., 2017; Lechmann et al., 2018). Slab break-off, tearing and 96 
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 5 

fragmentation, assisted by lithospheric mantle delamination, account for the Neogene-97 

Quaternary transition from dominantly calcalkaline to mildly sodic alkaline magmatism (e.g., 98 

Faccenna et al., 2007; Göğüş and Pysklywec, 2008; Agard et al., 2011; van Hunen and 99 

Allen, 2011; Mouthereau et al., 2012; Allen et al., 2013b; Schildgen et al., 2014; Neill et al., 100 

2015; Delph et al., 2017; Lechmann et al., 2018; Agostini et al., 2019). Furthermore, the 101 

presence of one of the major metallogenic region along the Alpine-Himalayan Belt (Richards, 102 

2015) renders the Turkish-Caucasus-Iranian collision zone a suitable region to improve our 103 

understanding of the tectonic/geodynamic control on magmatism and associated 104 

mineralisation across collisional zones. 105 

In this manuscript, we present whole-rock major and trace element data, U-Pb zircon 106 

geochronology and Sr-Nd isotope systematic for the Cenozoic Mianeh-Hashtroud magmatic 107 

district located in NW Iran, at the junction between the Cenozoic Urumieh–Dokhtar 108 

Magmatic Arc (UDMA), the Alborz-Talesh and the Zangezur–Ordubad magmatic districts 109 

(Figs. 1a and 2). The Mianeh-Hashtroud magmatic district (Study area; Figs. 2-3) hosts the 110 

unique Oligocene porphyry Mo-only ore deposit (Siah-Kamar) of the Iran region (Nabatian et 111 

al., 2017; Rabiee et al., 2019; Simmonds et al., 2019). The Mo-ore forming magmatism 112 

shows a metaluminous, high-K calcalkaline to shoshonitic geochemical fingerprint (Khaleghi 113 

et al., 2013; Nabatian et al., 2017), but the age and petrological information regarding the 114 

Mianeh-Hashtroud magmatic district is still lacking. The integration of the new data with 115 

those available from the neighbouring magmatic districts allowed us to shed light into the 116 

geodynamic scenario controlling the Cenozoic collisional magmatism and the associated 117 

porphyry mineralisation in the region. 118 

 119 

2. Geodynamic and tectonic evolution  120 

The study area is located within the Turkish-Caucasus-Iranian collision zone (Fig. 1a), a 121 

complex tectonic zone made up of a mosaic of continental and obducted oceanic blocks 122 

(e.g., Barrier et al., 2018). It results from a long-lasting history of NE-directed oceanic 123 
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subduction  (Paleo- and Neo-Tethys realms), continent-continent collision, as well as intra- 124 

and inter-plate deformation during the convergence and subsequent collision of the Arabian 125 

plate towards the Eurasian margin (e.g., Stocklin, 1968; McKenzie, 1972; Dewey et al., 126 

1973; Berberian and King, 1981; Stampfli and Borel, 2002; Allen et al., 2004; Copley and 127 

Jackson, 2006; Okay et al., 2006; Reilinger et al., 2006; Sosson et al., 2010; Agard et al., 128 

2011; McQuarrie and van Hinsbergen, 2013; Rolland, 2017; Barrier et al., 2018).In 129 

particular, during the Cretaceous, two subduction systems developed along the Turkish side 130 

to bound the Anatolide-Tauride block, forming the northern Izmir-Ankara-Erzincan suture 131 

zone in Anatolia, which can be traced to the east in the Sevan-Akera suture zone (Armenia), 132 

and the Bitlis-Pütürge suture zone to the south (Rolland et al., 2012). To the east, on the 133 

Iranian side, a single long-lived NE-directed subduction system was instead active along the 134 

Zagros convergence zone during Mesozoic until Paleogene (e.g., Agard et al., 2011; Fig. 135 

1a). The Anatolian subduction systems were connected to the Zagros subduction zone 136 

through a major transform plate boundary, the Eastern Caucasus-Western Iran Boundary 137 

(Sosson et al., 2010; Rolland, 2017; Barrier et al., 2018; Rolland et al., 2020), with surface 138 

expression along the Aras Fault (Jackson and McKenzie, 1984; van der Boon et al., 2018; 139 

Fig. 1b). This major transform boundary is likely inherited from the late Palaeozoic-early 140 

Mesozoic fragmentation of the northern Gondwana Supercontinent, which produced, 141 

segmented and then recycled the Neotethyan oceanic lithosphere along the Zagros 142 

convergence zone since early Jurassic (Stampfli and Borel, 2002; Barrier et al., 2018). The 143 

Aras Fault operated as major transform boundary since Eocene, separating the Eastern 144 

Pontides-Caucasus domain from the Talesh-Alborz-Central Iran assembly (Meijers et al., 145 

2017; van der Boon et al., 2018). 146 

The age of Arabia-Eurasia continental collision is still debated, with estimates ranging from 147 

Eocene-Oligocene (McQuarrie et al., 2003; Allen and Armstrong, 2008; Agard et al., 2011; 148 

Ballato et al., 2011; Mouthereau et al., 2012; Rolland et al., 2012; Madanipour et al., 2013; 149 

McQuarrie and van Hinsbergen, 2013; Tadayon et al., 2017; Koshnaw et al., 2018; Tadayon 150 
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et al., 2018) to Miocene (Guest et al., 2006; Okay et al., 2010; Cavazza et al., 2018). A 151 

major episode of basin inversion and rock exhumation, recorded along the Caucasus-152 

Talesh-Alborz during the Eocene-Oligocene boundary, is related to the final closure of the 153 

Neotethys oceanic corridor in the Caucasus (e.g., Barrier et al., 2018). This major 154 

compressional stage marked the transition from back-arc extension to collisional tectonics in 155 

the region (Vincent et al., 2007; Mouthereau et al., 2012; Madanipour et al., 2013; François 156 

et al., 2014; Cowgill et al., 2016; Vincent et al., 2016; Rolland, 2017; van der Boon et al., 157 

2018). A further major episode of intracontinental shortening and regional exhumation 158 

occurred during early-middle Miocene as documented along the Bitlis–Zagros collisional 159 

zone, the Talesh-Alborz and Caucasus regions (Axen et al., 2001; Hessami et al., 2001; 160 

Allen et al., 2004; Guest et al., 2006; Mouthereau et al., 2007; Ballato et al., 2008; Morley et 161 

al., 2009; Gavillot et al., 2010; Homke et al., 2010; Khadivi et al., 2010; Okay et al., 2010; 162 

Sosson et al., 2010; Ballato et al., 2011; Madanipour et al., 2013; François et al., 2014; 163 

Cavazza et al., 2018). This latter episode is also referred to the transition from a soft (mostly 164 

involving ocean-continent transition margins) to a hard (mature, continent-continent) stage of 165 

collision (Ballato et al., 2008; Cowgill et al., 2016). The early-middle Miocene also 166 

corresponds to a period of transition from marine to continental sedimentation in the Iranian 167 

plateau (Morley et al., 2009) and a major change in the magmatic activity in the region, from 168 

dominantly calcalkaline to K-alkaline in composition (Chiu et al., 2013).  169 

The present-day tectonic setting of the region is considered as a consequence of the recent 170 

(<5 Ma) regional tectonic reorganisation (Allen et al., 2004; Copley and Jackson, 2006). 171 

Active deformation is largely accommodated through shortening to the north (Great 172 

Caucasus) and the south (Zagros) of the Turkish-Iranian Plateau, together with the westward 173 

escape of the Anatolia plate, accommodated by the dextral North Anatolian and sinistral 174 

East Anatolian Fault systems (Jackson and McKenzie, 1988; Jackson et al., 1995; Allen et 175 

al., 2004; Talebian and Jackson, 2004; Vernant et al., 2004; Avagyan et al., 2005; Reilinger 176 

et al., 2006; Avagyan et al., 2010; Walpersdorf et al., 2014; Tsereteli et al., 2016). 177 
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Active tectonics across the Turkish-Caucasus-Iranian Plateau is dominantly accommodated 178 

by WNW-ESE dextral shearing along the Chaldoran and Tabriz fault systems (Fig. 1a; 179 

Berberian and Arshadi, 1976; Jackson, 1992; Copley and Jackson, 2006; Djamour et al., 180 

2011; Moradi et al., 2011; Moradi et al., 2016; Su et al., 2017). The GPS-derived tectonic 181 

boundaries within the collision zone identified four major tectonic blocks delimited by major 182 

seismically active zones (Reilinger et al., 2006; Fig. 1a): Anatolia, Caucasus (including 183 

Lesser Caucasus-Armenia and Talesh-Arasbaran zones), Alborz and Central Iran (including 184 

the Sanandaj-Sirjan Mesozoic and the Urumieh-Dokhtar Cenozoic magmatic zones). These 185 

four major blocks are bounded by the remnants of major ophiolite sutures, diachronoulsy 186 

structured during the Paleotethyan and Neotethyan closures (Fig 1a; Hässig et al., 2013; 187 

Barrier et al., 2018; Naumenko-Dèzes et al., 2020). This evidence supports the fundamental 188 

role of structural inheritance in controlling the present tectonic setting and the overall 189 

collisional evolution of the entire region. 190 

An abrupt transition in the lithospheric structure and thickness is observed across the Aras 191 

Fault and the southward and sub-parallel Mianeh-Ardabil fault zone (Priestley et al., 2012; 192 

Fig. 1b), where the study area is located (Fig. 1b). Finally, seismic models of the crustal 193 

structure in the region show an abrupt change in the Moho depth across the Tabriz Fault, 194 

sharply deepening from ~33 to ~55 km to the NE in a ~50 km NE-SW transect (Taghizadeh-195 

Farahmand et al., 2010; Shad Manaman et al., 2011; Fig. 1b). 196 

 197 

3. Cenozoic magmatism and mineralisation 198 

The geology of the Turkish-Caucasus-Iranian collision zone is dominated by diffuse 199 

exposure of Cenozoic igneous rocks, mostly occurring along the north-western segment of 200 

the UDMA (Takab and Mianeh-Hashtroud districts), Alborz, Lesser Caucasus-Arasbaran-201 

Talesh (CAT), and the Naqadeh-Sonqor-Azna (NSA) magmatic zones (Fig. 2). Major 202 

magmatic episodes are distributed across the collisional zones during the Eocene-Oligocene 203 

and from middle Miocene to Quaternary. The geochemical signature of the collisional 204 
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magmatism is characterized by a typical but diachronic progression from calcalkaline, 205 

shoshonite (Eocene-Oligocene) and adakitic, to dominantly high-K alkaline and minor sodic 206 

alkaline magmatism  (Miocene-Quaternary; e.g., Vincent et al., 2005; Omrani et al., 2008; 207 

Azizi and Moinevaziri, 2009; Aghazadeh et al., 2010; Verdel et al., 2011; Allen et al., 2013b; 208 

Castro et al., 2013; Chiu et al., 2013; Neill et al., 2013; Pang et al., 2013a; Neill et al., 2015; 209 

Moghadam et al., 2016b; Moritz et al., 2016b; Pang et al., 2016; Rezeau et al., 2017; 210 

Lechmann et al., 2018; 2018; Schleiffarth et al., 2018; Shafaii Moghadam et al., 2018). A 211 

dominant contribution of a metasomatised sub-continental lithospheric mantle is commonly 212 

postulated as the main source for the Neogene-Quaternary magmatism in the region 213 

(Kheirkhah et al., 2009; Allen et al., 2013b; Chiu et al., 2013; Kheirkhah et al., 2013; Pang et 214 

al., 2013a; Sahakyan et al., 2017; Lechmann et al., 2018; Shafaii Moghadam et al., 2018). 215 

The Cenozoic magmatism is mainly distributed to form roughly parallel linear arrays 216 

running NW-SE along the NSA (to the south), the UDMA, and the Alborz-CAT (to the north) 217 

magmatic zones (Fig. 2).  218 

Within the NSA magmatic zone, Eocene (~52-34 Ma) tholeiitic to calcalkaline and high-K 219 

calcalkaline to shoshonite, dominantly intrusive, magmatic suites are reported (Azizi and 220 

Moinevaziri, 2009; Mazhari et al., 2009a; Mazhari et al., 2009b; Mazhari et al., 2010; Azizi et 221 

al., 2011; Bea et al., 2011; Mahmoudi et al., 2011; Mazhari et al., 2012; Whitechurch et al., 222 

2013; Ao et al., 2016; Chiu et al., 2017; Nouri et al., 2017; Azizi et al., 2018a; Zhang et al., 223 

2018). Azizi and Moinevaziri (2009) interpreted these igneous rocks as resulting from mantle 224 

sources modified during the Paleogene oceanic subduction along an active intra-oceanic arc 225 

system during the final closure stage of the Neotethys.  226 

In the north-western UDMA, the Takab zone records a long-lived (Eocene to Miocene) 227 

magmatism, ranging from calcalkaline to K-alkaline compositions (Daliran et al., 2013; 228 

Heidari et al., 2015; Moghadam et al., 2016a; Shafaii Moghadam et al., 2017; Honarmand et 229 

al., 2018). The Takab region hosts important epithermal Miocene Au-Cu-Zn mineralisation 230 

systems [Zarshuran, Anguran and Touzlar deposits; e.g.; Mehrabi et al. (1999); Gilg et al. 231 

(2006); Daliran (2007); Heidari et al. (2015); Fig. 2 and Supplementary Material S1].  The 232 
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large Miocene-Quaternary Sahand (~8-0.17 Ma) and Sabalan (~4.5-0.15 Ma) and the 233 

smaller Saray (~11 Ma) composite volcanoes (Pang et al., 2013b; Ghalamghash et al., 234 

2016; Lechmann et al., 2018; Ghalamghash et al., 2019; Lustrino et al., 2019b) are the most 235 

prominent volcanic structures in the region (Fig. 2), with the Saray volcano marking the first 236 

stage of post-collisional magmatism in the Arabia-Eurasia collisional zone (Pang et al., 237 

2013b; Moghadam et al., 2014). The volcanic activity starts with emplacement of high-K 238 

basalts to plagioleucitites at Saray (Eslamieh peninsula), followed by trachyandesites to 239 

dacites of the two large Sahand and Sabalan, with a variable potassic to high-K calcalkaline 240 

and adakitic geochemical signatures. The origin of the igneous activity is referred either to 241 

mantle melting triggered by slab roll-back and slab break-off shortly after continental collision 242 

(Ghalamghash et al., 2016; 2019) or to lithospheric small scale convection in post-243 

subduction environments (Kaislaniemi et al., 2014).Significantly, the lithosphere structure in 244 

the region is characterized by low velocity zones down to upper mantle depths, assumed as 245 

the source region of Neogene-Quaternary magmatism of NW Iran (Bavali et al., 2016).  246 

In the Alborz-CAT zone, calcalkaline to alkaline magmatism is documented during the 247 

Eocene-Oligocene and is attributed to tapping of a metasomatized mantle source during 248 

lithosphere extension in a back-arc setting (Aghazadeh et al., 2011; Castro et al., 2013; 249 

Nabatian et al., 2014; Nabatian et al., 2016; Ashrafi et al., 2018; Eskandari et al., 2020).  The 250 

Oligocene and early Miocene magmatism are more scattered. In particular, igneous rocks 251 

largely crop out within the Alborz-CAT zone, and are mostly aligned along, or confined 252 

within, the transverse Aras and Mianeh-Ardabil faults (Fig. 2).  253 

The Arasbaran magmatic zone (part of the Alborz-CAT magmatic zone) hosts notable 254 

porphyry deposits, mainly associated with Oligocene-Miocene monzonitic and monzodioritic 255 

intrusive bodies and showing a concentration and ore enhancement toward the Aras Fault 256 

(Fig. 2). The Sungun, Haft Cheshmeh Cu-Mo and the Masjed-Daghi Cu-Au deposits are the 257 

most important ones, with molybdenite Re-Os ages of 21 Ma, 27 Ma and 20 Ma, respectively 258 

(Aghazadeh et al., 2015). A prolonged and stationary magmatism (mostly with geochemical 259 
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affinities ranging from calcalkaline to shoshonitic and adakitic) is instead documented in the 260 

Lesser Caucasus, where the Meghri-Ordubad composite pluton records ~30 Myr-long 261 

activity (Eocene-Miocene; Chiu et al., 2013; Moritz et al., 2016b; Rezeau et al., 2016; 2017; 262 

Fig. 2; 2018). The Zangezur-Ordubad region in the Lesser Caucasus host two stages of 263 

porphyry Cu-Mo deposits, including the ~49-44 Ma (Agarak, Hanqasar, Aygedzor and 264 

Dastakert), and the 27-26 Ma (e.g., Kadjaran) deposits (Moritz et al., 2016a). The prolonged 265 

mantle-derived magmatism has been considered as a prerequisite to form fertile magmatic-266 

hydrothermal systems and a key requirement for the formation of economically important 267 

porphyry Cu-Mo deposits (Rezeau et al., 2016; 2017). Similarly to the Arasbaran zone, the 268 

frequency of occurrence of the porphyry systems increases toward the Aras Fault. 269 

 270 

4. Materials and methods 271 

The research strategy combines field investigations with laboratory (petrographic, 272 

geochemical and geochronological) studies aimed at describing the spatio-temporal and 273 

petrological evolution of the Cenozoic magmatic activity within the Mianeh-Hashtroud 274 

magmatic complex (Figs. 1a and 2).  Fieldwork was based on the 1:250,000 cartography 275 

(Amidi et al., 1987; Khodabandeh et al., 1999), with the scope to map and refine the 276 

distribution of the main magmatic rock types (Fig. 3). Classification of the different magmatic 277 

rocks in plutonic, hypabyssal and volcanic types follows Le Maitre et al. (2005). An extensive 278 

sampling of representative lithologies has been then carried out and investigated though 279 

whole-rock geochemistry [X-ray fluorescence (XRF) and inductively coupled plasma mass 280 

spectrometry (ICPMS) methods], Sr-Nd isotope systematics and laser ablation inductively 281 

coupled plasma mass spectrometry (LA-ICP-MS) zircon U-Pb geochronology. The studied 282 

samples are listed in Table 1, where their location, age, petrography and geochemical 283 

characteristics are reported in detail. The analytical protocols are described in Appendix A1.  284 
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The collected data are then compared with the geochronological and geochemical data 285 

available from the neighbouring regions, in order to build up a regional synthesis and 286 

propose a corresponding geodynamic interpretation.  287 

 288 

5. Field data and petrography 289 

The revised geological map of the study area is shown in Fig. 3 that includes the new 290 

geochronological data presented in this study (see below). The stratigraphy of the area is 291 

dominated by a wide exposure of Eocene volcanic rocks (hereafter referred as country 292 

rocks), unconformably covered by discontinuous Miocene volcanic and volcano-sedimentary 293 

successions and by continental deposits of the Miocene Upper Red Fm. (Amidi et al., 1987; 294 

Khodabandeh et al., 1999; Ballato et al., 2017). Pliocene-Quaternary continental 295 

sedimentary successions are dominant in the western and eastern sectors of the area (Fig. 296 

3).  297 

The Eocene volcanic country rocks are intruded by a polyphase (Eocene, Oligocene 298 

to early Miocene) magmatic suite made up of intrusive (plutonic and hypabyssal) bodies. 299 

The main plutonic bodies, usually showing granular texture, crop out to the northwest and 300 

centre of the study area, defining a NW-SE-oriented magmatic belt (Figs. 3 and 4a). The 301 

Oligocene magmatism is responsible for the Mo endowment in the Siah-Kamar porphyry 302 

deposit (Fig. 3; Nabatian et al., 2014; Rabiee et al., 2019; Simmonds et al., 2019). The Mo 303 

deposit is associated with diffuse rock alteration, grading from an inner sodic-potassic to an 304 

outer propylitic zone formed in the 33-28 Ma time lapse (Rabiee et al., 2019).To the 305 

southeast (from Khatoon-Abad to Siah-Kamar), an array of abundant E-W to NE-SW striking 306 

microgranular and porphyritic felsic stocks, and dykes intrude the Eocene country rocks 307 

(Figs. 3 and 5).  308 

A description of the rocks samples, textural types and mineral paragenesis is reported 309 

below. 310 

 311 
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5.1 Eocene volcanic country rocks 312 

The Eocene volcanic country rocks (samples MN04, MN33, MN37, MN38) are made up of a 313 

thick pile of alternating lava flows and pyroclastic beds, variably affected by secondary 314 

hydrothermal propylitic alteration (Fig. 4a and 4b-d). Lava flows are intermediate to acid in 315 

composition, ranging from basaltic trachyandesite to trachyte (Table 1). They are porphyritic 316 

(phenocryst load up to 20 vol%) with hypohyaline textures and fluidal to trachytic fabrics (Fig. 317 

6a). They show a mineral assemblage with phenocrysts dominated by plagioclase together 318 

with amphibole and minor clinopyroxene (commonly altered), in a matrix of plagioclase, 319 

alkali feldspar, ± amphibole, clinopyroxene and Fe-Ti oxides, plus minor accessory phases 320 

such as apatite and zircon, and glass (Fig. 6a). 321 

5.2. Plutonic rocks 322 

Intrusive rocks (samples MN09, MN10A, MN10B, MN10C, MN12, MN67 and MN74; Fig. 4a 323 

and 4e-h) are characterized by equigranular to porphyritic holocrystalline hypidiomorphic 324 

textures (Fig. 6b-e). Mineral assemblages are typical of metaluminous rocks with 325 

plagioclase, alkali feldspar, quartz, amphibole (usually altered), biotite, and minor 326 

clinopyroxene (altered). Plagioclase occurs either as coarse-grained crystals (Fig. 6b) or as 327 

phenocrysts (Fig. 6e). Based on the modal abundance of minerals (Middlemost, 1994), 328 

these intrusive rocks span from monzodiorite to monzonite, syenite and granite (Table 1). 329 

Granitoid rocks (samples MN10A; Fig. 6d) host monzonitic enclaves (samples MN10B-C) 330 

with porphyritic holocrystalline textures and comparable mineral assemblage (plagioclase, 331 

alkali feldspar, quartz, biotite, amphibole and clinopyroxene). Accessory minerals are made 332 

of apatite, zircon and Fe-Ti oxides. 333 

5.3. Hypabyssal rocks  334 

Hypabyssal rocks consist of stocks and dykes (samples MN02A, MN02B, MN03, MN45, 335 

MN65 and MN76; Fig. 5a). They show typical porphyritic holocrystalline, hypidiomorphic to 336 

autoallotriomorphic textures and microcrystalline matrix. (Fig. 5b-c). These subvolcanic rocks 337 

span from mafic to felsic compositions and, show a metaluminous assemblage similar to that 338 
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of intrusive rocks made up of quartz, alkali feldspar, plagioclase, biotite, amphibole, with 339 

minor clinopyroxene (Fig. 6f-g-h). Accessory minerals include apatite, zircon and Fe-Ti 340 

oxides. These hypabyssal rocks span from monzonite to syenite and granite in composition 341 

(Table 1). 342 

5.4. Volcanic rocks  343 

Volcanic rocks (samples MN05, MN07, MN19, MN20, MN35, MN39, MN43, MN44, and 344 

MN73) include glass bearing magmatic rocks. This rock group comprises porphyritic to 345 

vitrophyric types, with hypohyaline to holohyaline groundmass (Fig. 5a,d-h). Phenocrysts 346 

(20-40 % vol.) are subhedral to euhedral plagioclase, alkali feldspars, quartz, biotite, 347 

amphibole (seldom altered) and rare, commonly altered, clinopyroxene (Fig. 6i). Rock 348 

composition varies from andesite to rhyolite (Table1). 349 

 350 

6. Zircon U-Pb geochronology 351 

The zircon U-Pb geochronological study was carried out on twelve samples (Table 1 and 352 

Fig. 7). Zircons were investigated through backscattered electron and cathodoluminescence 353 

(CL) imaging (see Supplementary Material S2), and then analysed through LA-ICP-MS. 354 

Analytical results are reported in Table 2, whereas the detailed description for each sample 355 

analysis is provided in Supplementary Material S3. In general, the Th/U values are in the 356 

range of 0.09-2.79, compatible with an igneous origin (e.g., Rubatto, 2002; Kirkland et al., 357 

2015). Evidence of Pb loss is seen in some zircons resulting in discordant ages but most of 358 

the results from oscillatory growth zones show concordant ages. The criteria for age 359 

calculation, including categorisation of the zircon types (autocrysts, antecrysts, and 360 

xenocrysts/inherited; Miller et al., 2007) is provided in Appendix A1 and illustrated as 361 

probability density plots and weighted mean ages in Supplementary material S4. 362 

Below, the basic features of the analysed samples are reported, grouping the results into 363 

four age groups: (1) two samples from the Eocene country rocks [MN33 (43.4 ± 2.6 Ma) and 364 

MN38 (38.4 ± 1.0 Ma)], collected at the bottom and at the top of the exposed volcanic 365 
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succession in the Siah-Kamar area (Fig. 3); (2) three samples from the Eocene intrusive 366 

bodies exposed in the central [Khatoonabad; samples MN09 (44.32 ± 0.58 Ma), MN67 367 

(40.69 ± 0.88 Ma) and MN10 (36.75 ± 0.62 Ma)] and north-western corner [Dizaj; samples 368 

MN45 (30.21 ± 0.41 Ma) and MN76 (28.23 ± 0.88 Ma)] of the study area; (3) four samples 369 

from the Oligocene-early Miocene hypabyssal/subvolcanic bodies [samples MN05 (22.6 ± 370 

0.41 Ma), MN39 (28.18 ± 0.80 Ma), MN43 (26.97 ± 0.35 Ma) and MN44 (26.19 ± 0.54 Ma)] 371 

from the central and western sectors of the study area (Khatoonabad and Ebak), and (4) one 372 

sample (MN35) from the late Miocene volcanic rocks (Ebak area; 5.93 ± 0.24 Ma Fig. 3).  373 

The Eocene volcanic country rocks possess remarkable number of inherited zircons. 374 

Inherited zircons are commonly broken, fractured and sub-rounded often showing metamict 375 

and complex zoning textures. Sample MN33 show 27 inherited zircons out of a total of 39 376 

measured zircons, which show apparent 206Pb/238U ages spanning from Middle Jurassic (167 377 

± 5 Ma) to Paleo-Proterozoic (2208 ± 49 Ma). Sample MN38 contains inherited zircons 378 

showing apparent 206Pb/238U ages spanning from Paleocene (63 ± 5 Ma) to Neoarchean 379 

(2737 ± 77 Ma; Table 2). A few inherited zircons are also seen in sample MN67 (40.69 ± 380 

0.88 Ma) from a syenite body. They show 206Pb/238U ages spanning from Upper Cretaceous 381 

(~67 Ma) to Upper Jurassic (~148 Ma; Table 2).  382 

 383 

7. Geochemistry  384 

The major and trace element compositions of the twenty-six samples analysed in this study 385 

are presented in Table 3. The mass loss of ignition (LOI) is mostly below 3 wt%, apart from 386 

four samples (LOI = 4-6 wt%) and one sample with LOI = 10.5 wt%. Collectively, the studied 387 

samples mostly plot in the alkaline (trachyandesite and trachyte) and the rhyolite fields of the 388 

TAS diagram (Fig. 8a), with just a few samples falling in the andesite and dacite fields. In the 389 

K2O vs. SiO2 diagram (Peccerillo and Taylor, 1976), the samples are mostly distributed in 390 

the high-K calcalkaline and shoshonitic fields (Fig. 8b). To avoid possible bias caused by 391 

post-emplacement fluid-rock interaction during hydrothermal alteration, the classification 392 
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schemes based on immobile trace elements (Winchester and Floyd, 1977; Hastie et al., 393 

2007) are adopted in this study. In the SiO2 vs. Nb/Y classification proposed by Winchester 394 

and Floyd (1977; Fig. 8c), the samples mostly confirm their alkaline nature, with a few of 395 

them straddling the subalkaline to alkaline division line, and only two falling in a true alkaline 396 

field. In the Th vs. Co classification diagram (Hastie et al., 2007; Fig. 8d) the samples mostly 397 

plot in the high-K and shoshonite (HK-SHO) series fields. 398 

None of the investigated rocks shows primitive character (MgO<4 wt%) and all can be 399 

interpreted as derivative liquids. Anyway, some general comments on the possible mantle 400 

sources can be inferred focusing on the least differentiated compositions (samples with <57 401 

wt% SiO2; 1.6-4.0 wt% MgO). In the following, the description of the geochemical 402 

characteristics of the analysed rocks is presented, grouping them into the respective age 403 

group. 404 

 405 

7.1. Eocene rocks 406 

Eocene rocks (n = 11) show intermediate to acid compositions (SiO2 = 54.27-75.22 wt%), 407 

with moderate Al2O3 (12.52-18.83 wt%), low MgO (0.07-3.97 wt%) and Mg# 408 

(Mg/[Mg+Fetot]*100) in the 5-62 range. These samples also show low TiO2 (<1 wt%), coupled 409 

with a wide range of CaO (0.43-8.36 wt%), K2O (2.06-7.78 wt%) and Na2O (2.92-8.99 wt%; 410 

Table 3). Harker diagrams for major elements show negative correlation with SiO2 for Al2O3, 411 

Fe2O3tot, MgO, Mg#, P2O5 and TiO2, and CaO, whereas Na2O, with the exception of an 412 

outlier at ~9 wt% remains nearly constant at ~3-4 wt% within the ~54-75 wt% SiO2 range 413 

(Fig. 9). Trace elements show no appreciable trends with SiO2 for many of large ion 414 

lithophile elements (LILE) and high field strength elements (HFSE). Negative correlation with 415 

SiO2 are observed for Y, V, Eu, Sr, and Dy/Yb, whereas Nb shows a rough correlation with 416 

the same parameter. A selection of the key trace elements vs. SiO2 is reported in Fig. 10. 417 

Primitive Mantle (PM) normalized (after Lyubetskaya and Korenaga, 2007) patterns of the 418 

Eocene samples show several spikes and troughs, with marked enrichments of LILE (such 419 

as Ba, Cs, Rb, Th, U, K) and distinctive Pb positive spikes. Some HFSE (Nb, Ta and Ti) 420 
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define clear troughs, whereas others (Zr and Hf) show no anomaly compared to 421 

neighbouring REE with similar incompatibility (Sm and Eu). Phosphorous shows the largest 422 

variability, with slightly positive to negative anomalies (Fig. 11a). Middle (MREE) to Heavy 423 

(HREE) lanthanides show no appreciable fractionation, with an overall flat pattern and an 424 

average (Dy/Lu)N ratio of ~1.2. This is associated to a mildly fractionated Light 425 

(LREE)/HREE ratio [(La/Lu)N ~10.9] and a limited Eu negative anomaly [(Eu/Eu*) ~0.79]. 426 

Overall, the least differentiated Eocene rocks (those with SiO2 <57 wt%) show a relatively 427 

uniform character, resembling closely the present-day average global subducting sediment 428 

(GloSS; Plank, 2014; Fig. 8). The most evolved compositions (SiO2 >58 wt%) show more 429 

spiky patterns, with deeper troughs and higher peaks, mostly related to fractionation apatite, 430 

zircon and Fe-Ti oxides. 431 

 432 

7.2. Oligocene rocks 433 

Oligocene rocks (n = 13) nearly completely overlap the Eocene rocks in Harker diagrams 434 

with negative correlations for Al2O3, Fe2O3tot, MgO, TiO2, P2O5 and CaO, whereas no clearly 435 

correlation is observed for Na2O and K2O contents (Fig. 9). Oligocene rocks show 436 

intermediate to acid compositions (SiO2 = 54.9-82.2 wt%), with the highest SiO2 contents 437 

likely representing the effect of silicification. Rock compositions with SiO2 >78 wt% are no 438 

longer discussed in the text, because silicification is usually associated with alkali mobility 439 

(e.g., Lustrino et al., 2010). The main characteristics are variable Al2O3 content (ranging from 440 

10.2 to 22.7 wt%), low MgO (0.1-3.5 wt%), low TiO2 (<1 wt%) and CaO (0.1-7.8 wt%), with 441 

K2O generally higher than Na2O (Table 3). 442 

Analogously, trace elements show a negative correlation for Y, Yb and Eu content and the 443 

Dy/Yb, whereas Nb and Th correlates with SiO2 (Fig. 10). The least differentiated Oligocene 444 

rocks (SiO2 <57 wt%) are characterized by PM-normalized patterns qualitatively 445 

indistinguishable from those of the Eocene rocks. The LREE/HREE [average (La/Lu)N ~20.9] 446 

and MREE/HREE values [average (Dy/Lu)N ~1.4] are slightly higher than the Eocene 447 

samples, whereas no substantial Eu anomaly is recorded (Eu/Eu* ~1.01). The most evolved 448 
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samples (SiO2 >57 wt%) show more spiky patterns and deep negative Eu anomaly (Eu/Eu* 449 

~0.74). 450 

 451 

7.3. Miocene rocks 452 

Miocene rocks (n = 3) show intermediate to acid compositions (SiO2 = 56.5-78 wt%), with 453 

moderate Al2O3 (10.6-17 wt%), low MgO (0.1-2 wt%) and Mg# (23-39), low TiO2 (<1 wt%), 454 

CaO in the 0.1-3.8 wt% range, and K2O generally higher than Na2O. The strongly evolved 455 

composition found in one early Miocene sample (MN05; SiO2 = ~78 wt%) is characterized by 456 

strongly fractionated patterns with deep troughs at P and Ti and with Eu/Eu* = 0.32. The 457 

youngest, late Miocene shoshonite (MN35) shows intermediate SiO2 (~56.5 wt%), low MgO 458 

(~2 wt%) and high K2O/Na2O (~4.6) (Table 3). For what regards major and trace elements, 459 

these rocks plot along the same trend shown by the Eocene and Oligocene samples in 460 

Harker diagrams (Figs. 9 and 10). PM- and CI chondrite-normalized patterns do not show 461 

any peculiarity, closely resembling the GloSS composition (Fig. 11). 462 

 463 

8. Sr-Nd isotopic ratios  464 

Eighteen selected samples have been analysed for Sr and Nd isotopic ratios. The measured 465 

and initial 87Sr/86Sr and 143Nd/144Nd isotopic ratios, as well as epsilon values for Mianeh-466 

Hashtroud igneous rocks are reported in Table 4. In the ɛNd(t) vs. 87Sr/86Sr(t) isotopic diagram 467 

(Fig. 12), most of the Cenozoic igneous rocks analysed in this study plot not far away from 468 

BSE and ChUR estimates, with a relatively limited range of 87Sr/86Sr(t) (0.70413-0.70524) 469 

and 143Nd/144Nd(t) (0.51267-0.51274), the latter corresponding to ɛNd(t) from -1.56 to +3.47. 470 

The Eocene and Oligocene rocks overlap almost completely, whereas the Miocene samples 471 

show more radiogenic 87Sr/86Sr(t) (0.70588-0.70646), but ɛNd(t) mostly within the lower end 472 

range of the older samples (−1.56 to +0.32; Fig. 12). The Nd model ages (TDM), as 473 

calculated based on the method of Keto and Jacobsen (1987), span from 0.61 to 0.96 Ga 474 

(Table 4). 475 

 476 
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9. Discussion 477 

9.1. A long-lived stationary magmatism 478 

The new U-Pb zircon ages presented in this study document a protracted magmatic activity 479 

from Eocene (~44 Ma) to late Miocene (~6 Ma). Based on the weighted age distribution of 480 

the all measured zircon autocrysts and antecrysts (Miller et al., 2007), a continuous range 481 

from ~55 (54.8 ± 2.8 Ma) to ~12 Ma emerges, with a possible magmatic lull at ~12-8 Ma 482 

(Fig. 13a), which is consistent with the onset of the eruptive magmatism in nearby Sahand 483 

volcano (Richards et al., 2006; Sawada et al., 2016; Lechmann et al., 2018). Zircons 484 

possessing ages older than this continuous range are considered as inherited ones (see 485 

Appendix A1 and Supplementary Material S4). This evidence suggests the incorporation of 486 

zircon antecrysts during successive magmatic injections and growth of newly formed zircons 487 

(autocrysts sensu Miller et al., 2007), in a scenario of a long-lived and incremental growth of 488 

the Mianeh-Hashtroud magmatic complex during the Eocene-Miocene times.  489 

The dated samples contain abundant inherited zircons populations. Irrespective of the 490 

obtained apparent 206Pb/238U ages, the Th/U values of the inherited zircons (n = 142) range 491 

from 0.1 to 2.7. These values, together with their textural characteristics (oscillatory to sector 492 

zoning; Supplementary Material S2) are consistent with a magmatic origin (e.g., Corfu et al., 493 

2003; Kirkland et al., 2015). Both zircon antecrysts and inherited zircons show a major 494 

frequency distribution in Cenozoic with respect to pre-Cenozoic times (Fig. 13b-c). The pre-495 

Cenozoic inherited zircons are mainly observed in the Eocene and Oligocene rocks, typically 496 

showing a remarkable spread of apparent 206Pb/238U ages, from Paleocene (~66-56 Ma) to 497 

Neoarchean (~2.6-2.7 Ga; Fig. 13b; Table 2). In particular, the age distribution histogram for 498 

inherited zircons in Eocene rocks clusters at ~260-140 Ma (Triassic-Jurassic), ~550-420 Ma 499 

(Cambrian-Silurian), and ~1000-700 Ma (early Neoproterozoic), but Proterozoic (up to 2500 500 

Ma) and Neoarchean (2800-2500 Ma) ages are also reported (Fig. 13b). These age span is 501 

compatible with ages reported for the Iran basement rocks (Mazhari et al., 2009a; Chiu et 502 
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al., 2013; Nutman et al., 2014; Ao et al., 2016; Lechmann et al., 2018; Shakerardakani et al., 503 

2019).  504 

A similar scenario of prolonged and stationary incremental growth of a magmatic 505 

complex (in terms of both longevity and age of magma production) is documented in the 506 

Cenozoic Zangezur-Ordubad magmatic district of Lesser Caucasus (Moritz et al., 2016b; 507 

Rezeau et al., 2016; 2017; 2018; Fig. 2). Interestingly, the Zangezur-Ordubad in the Lesser 508 

Caucasus, Arasbaran, Takab and the Mianeh-Hashtroud magmatic districts of NW Iran are 509 

all located along the transverse tectonic structures of Aras and Ardabil-Mianeh-Baneh fault 510 

systems that segment the continental lithosphere of the Iranian plateau (Fig. 2). 511 

 512 

9.2. Petrological model 513 

Irrespective of the age and magmatic facies, the PM-normalized patterns of the Mianeh-514 

Hashtroud rocks closely resemble present-day subducting sediments (GloSS; Plank, 2014), 515 

average continental crust composition (Rudnick and Gao 2003) and igneous rocks emplaced 516 

above active subduction systems (Fig. 11a). The geochemical fingerprints of magmas 517 

generated in subduction zones consist in variable LILE enrichment, whose most peculiar 518 

features are the positive anomalies at K and Pb together with the HFSE depletion with 519 

respect to their neighbouring elements. This likely results from the ability of metasomatic 520 

fluids to fractionate elements with different compatibilities in subducted slab-derived 521 

components (e.g., Pearce, 1983; Tatsumi et al., 1986; Tatsumi et al., 1991; Hawkesworth et 522 

al., 1997; Elburg et al., 2002; Kessel et al., 2005; Kimura, 2017; Sahakyan et al., 2017; 523 

Lustrino et al., 2019a; Zheng, 2019). The overall incompatible element fractionation reported 524 

in Fig. 11 clearly evidences the subduction-related compositions of the investigated rocks. 525 

Taking into consideration the poor Sr enrichment and the relatively high Y and Yb content 526 

(coupled with relatively low Sr/Y and La/Yb), the majority of Mianeh-Hashtroud rocks plot 527 

within the calcalkaline arc field, supporting a dominant subduction fingerprint of the Mianeh-528 

Hashtroud magmatic suite (Figs. 14a-b). 529 
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The enrichment in incompatible trace elements (such as Ba Cs, Th, La, Nd) are significantly 530 

higher than those of calcalkaline arc magmas, but comparable with those of continental arc 531 

shoshonites (see inset in Fig. 10b). When the least differentiated compositions (SiO2 <57 532 

wt%) are taken into account, the low Ce/Pb (~1.5-6.0) and Nb/U (~2.6-8.9) and the 533 

extremely high (Th/Nb)N ratios (up to ~12.9) are all consistent with crustal contamination or 534 

subduction-related metasomatism (Pearce, 2008). In the Th/Yb vs. Nb/Yb diagram (Fig.14c), 535 

the same samples plot far from the oceanic mantle array, pointing towards high Th/Yb ratios, 536 

close to average crustal values (4.0-7.0; average value 5.3; Rudnick and Gao, 2003) at 537 

moderate Nb/Yb (5.3-17.7; Fig. 14c). In the Rb vs. Nb+Y discrimination diagram (Fig.14c) for 538 

granitic rocks, the most evolved Mianeh-Hashtroud rocks (SiO2>57 wt%) fall within the 539 

volcanic arc granite field, in the transition zone assumed as representative of post-collisional 540 

environments (Fig. 14d). 541 

Most of the studied samples show highly evolved compositions, with low MgO contents, Mg# 542 

(0.62–0.35) and Cr contents (all but two samples <200 ppm; Table 3), far away from the 543 

primitive melt composition expected for melts in equilibrium with the mantle (Kimura, 2017; 544 

Schmidt and Jagoutz, 2017; Zheng, 2019). These compositional characteristics suggest that 545 

the studied magmatic products experienced significant fractionation after mantle anatexis 546 

(e.g., Ulmer et al., 2018). The occurrence of amphibole in the basic products and the 547 

negative correlation with differentiation of major oxides, including Al2O3, FeOt, MgO, CaO, 548 

TiO2, and P2O5, and trace elements such as V, and Y are indeed compatible with amphibole 549 

fractionation (Fig. 9). The negative correlation of Dy/Yb with SiO2 (e.g.,  Klein et al., 1997; 550 

Davidson et al., 2007) and of Dy/Dy* [DyN/(LaN
4/13xYbN

9/13)] vs. Dy/Yb (Davidson et al., 2013) 551 

is further compatible with a role of amphibole in the fractionating assemblage (Fig. 10). 552 

The negative correlation of Eu with differentiation (Fig. 10) also suggests a significant role of 553 

plagioclase fractionation mainly in the most evolved compositions. Due to the higher 554 

partitioning coefficient of middle REE (MREE) with respect to LREE and HREE in amphibole 555 

(Davidson et al., 2007), fractional crystallization of amphibole from parental mafic magmas 556 

can explain the strongly fractionated REE and the flat HREE patterns of the Mianeh-557 
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Hashtroud magmatic products. In this scenario, the slightly high Sr/Y and (La/Yb)N of a 558 

subset of samples, falling in the adakitic field (Moyen, 2009; Figs. 14a,b), can be thus related 559 

to amphibole fractionation during magmatic differentiation (e.g., Macpherson et al., 2006; Li 560 

et al., 2009; Moyen, 2009; Dessimoz et al., 2012; Rossetti et al., 2014; Moghadam et al., 561 

2016b), rather than the result of partial melting of the eclogitised subducted oceanic crust. 562 

The Sr and Nd isotopic compositions (Fig. 12) indicate depleted (or not strongly enriched) 563 

mantle sources for the Eocene-Oligocene rocks of the Mianeh-Hashtroud area. On the other 564 

hand, the Miocene hypabyssal and volcanic rocks document a stronger crustal component in 565 

their genesis. This shift towards a more enriched mantle source with decreasing age is in 566 

line with the isotopic signature of the Neogene-Quaternary magmatic products of NW Iran 567 

Azerbaijan (Lechmann et al., 2018; Fig. 12). The lack of clear correlation between Sr and Nd 568 

isotopes vs. SiO2 (Fig. 15) supports a scenario of magmatic differentiation with limited 569 

assimilation of radiogenic crustal rocks (i.e., old basement) as the main petrogenetic 570 

process. Similar Sr-Nd isotope ratios and magmatic differentiation series dominated by 571 

fractional crystallization and limited crustal assimilation are reported from the Mesozoic and 572 

Cenozoic Zangezur–Ordubad magmatic district (Mederer et al., 2013; Moritz et al., 2016b; 573 

Fig. 12), which could be interpreted with a similar scenario and therefore extended to the 574 

Lesser Caucasus region too. This is in line with the studies in Lesser Caucasus by Sugden 575 

et al. (2019). 576 

On the other hand, the occurrence of abundant inherited zircons in Eocene magmatic 577 

products points to crustal contamination during the melt differentiation and the emplacement 578 

in the crust. On this regard, it is worth nothing that the relatively young Nd model ages (0.61 579 

to 0.91 Ga) indicate that the Mianeh-Hashtroud magmatic products originated from juvenile 580 

crustal rocks. This hypothesis is corroborated by the compelling evidence of extensive 581 

magmatic underplating during Mesozoic-Cenozoic times in Central Iran in the upper-plate of 582 

the Neotethyan subduction (e.g., Berberian and King, 1981; Omrani et al., 2008; Azizi and 583 

Moinevaziri, 2009; Agard et al., 2011; Verdel et al., 2011; Richards, 2015). It is worth noting 584 

that the Sr-Nd isotopic compositions of the Mianeh-Hashtroud igneous rocks overlap those 585 
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reported for the Jurassic-Cretaceous igneous rocks from the neighbouring Sanandaj-Sirjan 586 

zone (ɛNd(t): +2 to +6; Azizi and Asahara, 2013; Azizi et al., 2018b; Fig. 12). We therefore 587 

propose that voluminous mafic underplating of arc magmas during the Mesozoic and its 588 

successive re-melting was the dominant process leading to the generation of the Cenozoic 589 

magmatism in NW Iran (e.g., Chung et al., 2009; Pe-Piper et al., 2009; Jiang et al., 2014). 590 

On this regard, melting of LILE- and LREE-enriched and HFSE-depleted lower crustal mafic 591 

amphibolite could have contributed to impart the distinctive trace-element characteristics of 592 

the Cenozoic igneous rocks of Mianeh-Hashtroud (Fig. 11a), including the moderate 593 

fractionation of the REE and the flat HREE pattern (e.g., Pe-Piper et al., 2009; Jiang et al., 594 

2014; Fig. 11b). 595 

Crustal foundering and melting have been also proposed as viable mechanism for the 596 

genesis of the Quaternary adakite-like magmatism in Iran (Pang et al., 2016) and for the 597 

Miocene-Quaternary magmatism in NW Iran (Lechmann et al., 2018). It is worth noting that 598 

the Sr-Nd isotope systematics of the Cenozoic magmatism in NW Iran largely overlaps in 599 

space and time, confirming extensive crustal recycling as a viable source of magmatism in 600 

the region. 601 

This reconstruction is also compatible with the dominant enriched sources of the Miocene-602 

Quaternary magmatism documented in the Azerbaijan region of NW Iran (Lechmann et al., 603 

2018), which confirm crustal-contaminated heterogeneous magmatic sources through time 604 

(Allen et al., 2013b; Lechmann et al., 2018). This hypothesis is also compatible with the 605 

scenarios proposed for the collisional to post-collisional Cenozoic high-K calcalkaline and 606 

shoshonitic magmatism documented along the entire Alpine-Himalayan convergence zone, 607 

such as in the Tibet (Xu et al., 2002; Hou et al., 2004; Wang et al., 2006; Chung et al., 2009; 608 

Jiang et al., 2014; Yang et al., 2016), Turkey (Delph et al., 2017) and Mediterranean area 609 

(Duggen et al., 2005), as well as the California Arc (Saleeby et al., 2003; Ducea, 2011). 610 

To conclude, the characteristic incompatible element content, the interelemental 611 

fractionation in primitive mantle-normalized diagrams, the Sr-Nd isotopic ratios, as well as 612 

the Proterozoic- to Mesozoic-age inherited magmatic zircon of the Mianeh-Hashtroud rocks 613 
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indicate derivation from mantle sources that strongly interacted with crustal lithologies. A 614 

derivation from a mantle source that suffered contamination of heterogeneous subducted 615 

components would have resulted in much more variable trace element ratios as well as 616 

wider Sr-Nd isotopic ratio spreading. On the other hand, much of the variations observed in 617 

the Mianeh-Hashtroud rocks are compatible with fractional crystallization processes, with 618 

limited crustal interaction/assimilation. 619 

To sum up, in order to reconcile the large spread of ages of inherited zircons with the 620 

relatively homogeneous Sr and Nd isotopic ratios, as well as the similar interelemental 621 

fractionation, we propose that the Mesozoic to Neoarchean inherited zircons occasionally 622 

found in the Mianeh-Hashtroud rocks were acquired by partial melting of early underplated 623 

rocks at the base of the Iran block lithosphere. 624 

 625 

10. Geodynamic synthesis 626 

The geodynamic framework of the Cenozoic Mianeh-Hashtroud magmatism should be 627 

referred to the specific tectonic setting recorded in the Turkish-Caucasus-Iranian collision 628 

zone during the Eocene-Miocene time lapse (Fig. 16). In particular, we refer to the transition 629 

from the Neotethyan oceanic subduction along the Zagros convergence zone to the 630 

continental collision along the Caucasus-Talesh-Alborz zone (Vincent et al., 2005; 2007; 631 

Barrier and Vrielynck, 2008; Sosson et al., 2010; Mouthereau et al., 2012; Madanipour et al., 632 

2013; François et al., 2014; Cowgill et al., 2016; FVincent et al., 2016; Rolland, 2017; Barrier 633 

et al., 2018; van der Boon et al., 2018). This along-strike change in the geodynamic regime 634 

was accommodated by a former transform plate boundary, the Eastern Caucasus-Western 635 

Iran Boundary (Barrier and Vrielynck, 2008; Sosson et al., 2010; Rolland, 2017; Barrier et 636 

al., 2018; van der Boon et al., 2018), that originally linked the Anatolian subduction systems 637 

with the Zagros subduction zone through a major transform plate boundary (Fig. 16a). 638 

The waning stage of the Neotethyan oceanic subduction was associated with volcanic flare-639 

up in the upper-plate domain (Central Iran) during the Eocene, from ~55 to 35 Ma (Verdel et 640 

al., 2011). This phase is coeval with the transition from an advancing (Cretaceous-641 
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Paleocene) to a retreating plate margin along the Zagros convergence zone (e.g., Agard et 642 

al., 2011; Verdel et al., 2011; Moghadam et al., 2016b; Tadayon et al., 2018). Slab hinge 643 

retreat and the associated decompression melting of a passively upwelling subduction 644 

component-modified asthenosphere were coupled with lithospheric thinning during the 645 

transition from compression to back-arc extension in the overriding plate (Verdel et al., 2011; 646 

Castro et al., 2013; Moghadam et al., 2016b). Such circumstances resulted in enhanced 647 

melting of the subduction-modified mantle wedge (Prelević et al., 2008; Avanzinelli et al., 648 

2009; Tommasini et al., 2011; Allen et al., 2013b; Di Giuseppe et al., 2018), causing 649 

voluminous mafic magma production. Under this geodynamic regime, lateral flow of fertile 650 

sub-lithospheric mantle is enhanced in slab windows along the transform boundary toward 651 

the mantle wedge region (Faccenna et al., 2005; Rosenbaum et al., 2008; van Hunen and 652 

Miller, 2015). The upwelling asthenosphere and the associated melts provided the required 653 

thermal conditions for lower crustal melting (mostly at the expenses of the Mesozoic 654 

Neotethyan arc root) and continuous addition of mantle-derived melts to the crust (Fig. 16b). 655 

From the late Eocene-Oligocene, the overriding plate experienced renewed shortening 656 

causing by the onset of continental collision in the upper plate of the Zagros convergence 657 

zone. This new tectonic setting induced shortening and incremental crustal thickening in the 658 

upper-plate domain, preconditioning to lithospheric keel foundering and delamination from 659 

Oligocene-Miocene onward (Fig. 16c). The continuous passive upwelling of asthenosphere 660 

material through the slab windows along the transform boundary caused the transition to the 661 

dominantly alkaline, magmatism during the Neogene-Quaternary (Allen et al., 2013b; Chiu et 662 

al., 2013; Kaislaniemi et al., 2014; Pang et al., 2014; 2016; Lechmann et al., 2018). The thin 663 

lithosphere across the north of this major boundary continues to the Anatolia region (Delph 664 

et al., 2017), supporting a scenario of over-thickened lithosphere delamination during the 665 

continental collision and the thermal erosion of the lower crust induced by the passive 666 

asthenosphere upwelling (Fig. 16d). 667 

It is worth nothing that the zone of long-lived stationary magmatism and associated porphyry 668 

mineralisation (i.e. the Lesser Caucasus and the Mianeh-Hashtroud areas), are located in 669 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/upwelling-water
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/asthenosphere
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the region where an abrupt change of the lithosphere structure and thickness of Moho 670 

depths occurs (Fig. 1b and Fig. 2). In particular, the northward thinning of the lithosphere 671 

from ~240 to ~100 km (Priestley et al., 2012), broadly corresponds to a set of orogeny-672 

orthogonal, regional NE-SW strike-slip fault systems (Aras Fault to the north and Mianeh-673 

Ardabil Fault to the south). These systems segment the continuity of the regional NW-SE-674 

striking regional tectonic lineament (Figs. 1 and 2). More importantly, this sharp lithosphere 675 

discontinuity is localized along the former transform plate boundary, the Eastern Caucasus-676 

Western Iran Boundary (Barrier and Vrielynck, 2008; Sosson et al., 2010; Rolland, 2017; 677 

Barrier et al., 2018; van der Boon et al., 2018), that originally linked the Anatolian subduction 678 

systems with the Zagros subduction zone through a major transform plate boundary. 679 

Therefore, this sharp and prominent lithospheric discontinuity is supposed to be localized 680 

along a pre-existing, lithosphere-scale tectonic boundary that have kinematically 681 

accommodated the differential deformation transmitted by the adjacent subduction systems 682 

to the overriding plates during Mesozoic and Paleogene times.  683 

The occurrence of long-lived magmatic zones and associated ore deposits along the paleo-684 

tectonic boundary separating the Zagros systems from the Caucasus collisional zone may 685 

have significant implications for the localisation of the ore deposits in the region. It is in fact 686 

suggested that Mianeh-Ardabil and Aras faults localised along this inherited structural zone 687 

and have acted as conduits for prolonged magma ascent to the chamber. In this scenario, 688 

the intersection of major orogen-parallel and orogen-orthogonal fault systems provided the 689 

favourite locations for development of long-lived magma chambers and consequent ore 690 

endowment (e. g., Richards, 2000; Chernicoff et al., 2002) 691 

To sum up, we propose that the long-lived Cenozoic stationary igneous activity of the Lesser 692 

Caucasus and Mianeh-Hashtroud districts was dominantly localized along a major inherited 693 

lithosphere-scale transform boundary along the Eastern Caucasus-Western Iran Boundary. 694 

In such a geodynamic setting, segmentation of the Neotethyan oceanic slab generated 695 

asthenospheric melt upwelling into the metasomatised supra-subduction mantle wedge with 696 

the potential to activate different mantle and crustal sources. This process is able to 697 
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generate heterogeneous magmatism (Prelević et al., 2013; Kaislaniemi et al., 2014) such as 698 

that distributed along the Caucasus-Iranian collision zone (Allen et al., 2013b; Moritz et al., 699 

2016b; Lechmann et al., 2018). The Eastern Caucasus-Western Iran Boundary is thus 700 

considered as a long-lived structure, which acted as a weak zone susceptible to multiple 701 

tectonic reactivation, able to focus magmatism as a preferred pathway for magma ascent 702 

and emplacement and focused mineralisation. 703 

 704 

11. Conclusions 705 

The results of the present study can be synthesised as follows: 706 

1) A long-lived (>20 Myr) history of igneous activity occurred in the Mianeh-Hashtroud area, 707 

from ~45 to 22 Ma, which culminated with Mo porphyry mineralization at ~33-28 in the Siah-708 

Kamar deposit (Rabiee et al., 2019; Simmonds et al., 2019). The igneous activity resumed 709 

during latest Miocene (~6 Ma), with emplacement of lava flows. 710 

2) The whole-rock chemistry of the Cenozoic igneous products of the Mianeh-Hashtroud 711 

district is characterized by evolved mildly potassic alkaline terms, with shoshonitic serial 712 

affinity, mostly with shoshonite to trachyte and rhyolite (plus the plutonic equivalents) 713 

compositions. The incompatible element budget of these samples resembles the 714 

composition of magmas emplaced above present-day subduction settings, with overall intra-715 

elemental fractionation patters very close to the global subducting sediments (GloSS) and 716 

average upper crustal estimates. The variation of major oxides and trace elements with silica 717 

is qualitatively compatible with a process involving amphibole and plagioclase fractionation. 718 

3) The initial Sr-Nd isotopic ratios of the Eocene-Oligocene volcanic and plutonic rocks show 719 

relatively narrow variation, not far from the BSE and ChUR estimates. The Miocene 720 

hypabyssal and the late Miocene volcanic rocks of the area shows more radiogenic 87Sr/86Sr 721 

(0.7058-0.7059 and 0.7064, respectively) and relatively low 143Nd/144Nd (0.51260-0.51263 722 

and 0.512550, respectively). 723 
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4) The results of the present study indicate that collisional-stage magmatism originated from 724 

subduction-modified metasomatized mantle lithosphere, in a geodynamic environment 725 

dominated by a major transform boundary and flow of fertile mantle material along the slab 726 

windows. 727 

5) The Cenozoic stationary, long-lived magmatism and associated mineralisation within the 728 

Turkish-Caucasus-Iranian collision zone was structurally controlled by the reactivation of the 729 

orogen-orthogonal Eastern Caucasus-Western Iran transform boundary. 730 
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APPENDIX A1: Analytical techniques  740 

XRF and ICP-MS  741 

Major elements were measured using the conventional X-ray fluorescence (XRF) 742 

technique with a Rigaku ZSX Primus II. Glass beads for the XRF analysis were prepared as 743 

follows: 0.50 g of the sample powder was mixed with 5.0 g of lithium tetraborate, and the 744 

mixture was melted at 1200 °C for 12–17 min with a high-frequency bead sampler (Rigaku 745 

Co. Japan). The loss on ignition (LOI) of the sample was measured from the sample powder 746 

weight in a quartz glass beaker in the oven at 950 °C for 5 h. 747 

Regarding inductively coupled plasma mass spectrometry (ICP-MS) analysis, powdered 748 

samples were prepared in a two stage decomposition method using HF+HClO4 at high 749 
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pressure-temperature condition. About 0.1 g of powdered samples were dissolved in a 750 

covered Teflon beaker using 2 ml HF (38%) and 0.5–1 ml HClO4 (70%) at 120–140 °C on a 751 

hotplate until the powder was dissolved. The dissolved samples were dried at 150 °C on the 752 

hotplate with infrared lamps. The dried samples were dissolved in 10 ml of 6 M and the 2.4 753 

M HCl and moved to a PE centrifuge tube. After centrifuging the sample solution, the 754 

supernatant was moved to the PTFE beaker, and the residue was moved into a small sealed 755 

PTFE vessel. After drying the wet residue on a hotplate, 0.5-0.7 ml of HF (38%) and 0.5 ml 756 

of HClO4 (70%) were added. The small sealed PTFE vessel was set in an outer PTFE 757 

vessel, and the outer vessel was inserted into a stainless steel jacket. The steel-jacketed 758 

PTFE bomb was kept in an oven at 180 °C for 2–3 days to completely dissolve the residual 759 

minerals. The second decomposed fraction was dried on a hotplate and dissolved in 6 M 760 

and the 2.4 M HCl. This solution was mixed with the supernatant in the PTFE beaker and 761 

weighted. The solution was divided into two aliquots at a ratio of 1:9. The first aliquot (10%: 762 

Fraction A) was used for the ICP-MS analysis for trace and REEs and the second (90%: 763 

Fraction B) was used for the column chemistry to extract Sr and Nd for natural Sr–Nd 764 

isotopes. The Fraction A dried on hotplate with IR lamp and then was dissolved in 15 ml 2M 765 

HNO3. About 5-10 was used to measure Hf and Ta and the rest of the sample was diluted 10 766 

times more to measure other trace and REE. The concentrations of trace elements, 767 

including REEs, were analyzed using ICP-MS device (Agilent 7700x). 768 

Fraction B was loaded to a calibrated cation exchange column (AG50W-X8, 200–400 769 

mesh) using HCl eluent (2.4 and 6 M) to separate Sr. Fraction B2 was then loaded in 770 

another specialized calibrated cation exchange column using HIBA eluent (0.2- 0.4 M) to 771 

separate Nd.  772 

 773 

Sr-Nd isotope 774 

To extract Sr and Nd from the samples, routine cation exchange column chemistry methods 775 

were followed. Fraction B from the dissolved samples (above section) was loaded to a 776 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 30 

calibrated cation exchange column (AG50W-X8, 200–400 mesh) using HCl eluent (2.4 and 6 777 

M) to collect Sr and REE fraction. The REE fraction then loaded in another specialized 778 

calibrated cation exchange column using HIBA (hydroxyiso butyric acid) eluent (0.2- 0.4 M) 779 

to separate Nd fraction. Sr and Nd bearing fractions were dried inside a specially equipped 780 

drier and then dissolved in roughly calculated amount of pure water and appropriate amount 781 

of dissolved. Sr and Nd samples (~0.1-0.2 g) then were loaded on Ta single and Re triple 782 

filaments with 2 M H3PO4, respectively. NBS987 and JNdi-1 (Tanaka et al., 2000) were 783 

adopted as standards for natural Sr and Nd isotope ratios, respectively. The isotope ratios of 784 

Sr and Nd were then measured using a VG Sector 54-30 and GVI IsoProbe Thermal 785 

ionization mass spectrometers (TIMS) at Nagoya University. The mass fractionations were 786 

corrected for measured Nd and Sr isotope ratios based on 143Nd/144Nd = 0.7219 and 787 

87Sr/86Sr = 0.1194, respectively. Averages and 1SE for isotope ratio standards, were 788 

143Nd/144Nd = 0.512115 ± 0.000080 (n = 4), and 87Sr/86Sr = 0.7102527 ± 0.0000095 (n = 4). 789 

Moreover two standard samples of JG-1a (granite) and JA-1 (andesite; (Imai et al., 1995) 790 

were used which the result show the analytical errors below 5% for most of the elements and 791 

less than 10% for the rest. 792 

Zircon U-Pb Geochronology  793 

The zircon U-Pb geochronology study was carried out at the Department of Earth and 794 

Environmental Sciences of Nagoya University. Twelve samples were selected for zircon 795 

grains separation. About 5 kg (more than 10 kg for volcanic rock samples) for each sample 796 

were collected, crushed and the heavy mineral fraction were recovered. Except to 797 

monzonitic subvolcanic samples, sufficient zircon grains were available in the case of 798 

intrusive and subvolcanic samples but only few zircon grains were found in volcanic samples 799 

in which some of them were useless due to the small grain size (<30 µm) or to the strongly 800 

fractured crystal structure. Petrographic investigation was devoted to identify the possible 801 

presence of inclusions inside zircon grains. Cathodoluminescence (CL) and Back Scatter 802 

Electron (BSE) imaging were used first to gather information on the grain texture and internal 803 
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growth and/or alteration zoning. Zircon grains with intense fracturing and inclusions were 804 

avoided. The zircon grains were analyzed by laser ablation inductively coupled plasma mass 805 

spectrometry LA-ICP-MS (Agilent 7700XICPMS machine connected with NWR213 (Electro 806 

Scientific Industries) laser ablation system (Kouchi et al., 2015). A standard glass (NIST 807 

SRM 610) and two zircon standards, named 91500 (1059 Ma, Wiedenbeck et al., 1995) and 808 

OD-3 (33.1 Ma, Iwano et al., 2013)  were used. Blanks, the zircon standards, and the 809 

standard glass were measured at the beginning and ending of each measurement cycle. 810 

Eight points were measured in each cycle. The ISOPLOT V4.15 software (Ludwig, 2011) 811 

was utilized to calculate the Concordia, statistics and to prepare the age plots. Correction for 812 

the common Pb was performed using 204Pb intensity (Cox and Wilton, 2006) and value of 813 

common Pb was assumed by Stacey and Kramers (1975) model. The results with common 814 

Pb values above 20% and Th/U <0.1 were eliminated from calculations. Preferably, 815 

Concordia age was calculated for a maximum number of concordant results in a continuous 816 

range. Where some results from main population yielded discordant ages, then a Terra-817 

Wasserburg method was used. 818 

The continuous distributed ages (with 2 uncertainty) of measured zircons which lie in an 819 

almost normally distributed population are considered as zircons autocrysts from which the 820 

age of the sample is calculated (Supplementary Material S4). Zircons possessing ages 821 

between sample’s age and the oldest Eocene igneous rock are considered as antecrysts. 822 

Zircons which show older ages with a significant gap from the oldest sample are xenocrysts 823 

or inherited ones (Miller et al., 2007; also see Supplementary Material S4). 824 
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Fig. 1. (a) Simplified tectonic map of NW Iran, Arabia, Caucasus and Anatolia, also showing the 1568 

distribution of Iran Eocene-Oligocene and Neogene-Quaternary igneous rocks and the main ophiolitic 1569 

mélange outcrops (modified after Hubner, 1969), (micro-) plate boundaries (modified after Reilinger et 1570 

al., 2006), suture zones and fault distribution (modified after Richards, 2015). (b) The background 1571 

colours show the surface wave tomographic model at 125 km depth of upper mantle (Priestley et al., 1572 

2012). A significant change in the lithosphere structure is observed across the Mianeh-Ardabil fault. 1573 

The contours are the Moho depth across the Iranian plateau (redrawn after Shad Manaman et al., 1574 

2011) showing an abrupt change in the Moho depth across the Tabriz Fault, thickening to the NE. 1575 

Significant changes are also observed along Mianeh-Ardabil Fault. Abbreviations: F., Fault; ZOMZ, 1576 

Zangezur-Ordubad volcano-plutonic zone; SbV, Sabalan Volcano; ShV, Sahand Volcano. 1577 

 1578 

Fig. 2. Simplified geological map showing the magmatic zones of NW Iran (modified from Hubner, 1579 

1969) and southern Armenia (including the Zangezur-Ordubad volcano-plutonic zone (ZOMZ) and the 1580 

Meghri-Ordubad pluton (MOP) assemblage; Moritz et al., 2016). The black rectangle indicates the 1581 

study area. See the Supplementary Material S1 for detail characteristics of each deposit. 1582 

 1583 

Fig. 3. Simplified geological map of the Mianeh-Hashtroud area (modified after Amidi et al., 1987). 1584 

The analysed samples together with their U-Pb zircon ages (Ma ± 2 error) are also shown. Ages of 1585 

samples #01, 03, 19 and 31 are from Rabiee et al. (2019). 1586 

 1587 

Fig. 4. (a) Satellite image (Google Earth) of the central sector of the study area, showing the 1588 

distribution of the Eocene and Miocene intrusions and samples locations. (b) Eocene volcanic country 1589 

rocks. (c) Strongly plagioclase-phyric and (c) pyroxene-phyric structure of Eocene volcanic country 1590 

rocks. (e-h) Hand specimens of the studied Eocene intrusive rocks. (e) Biotite-bearing monzonite. (f) 1591 

Syenite mainly containing k-feldspar (pinkish) and plagioclase. (g) A close-up view of quartz 1592 

monzonite body showing a miarolithic cavity in the contact zone with the monzonite body. (h) A close-1593 

up view of the microgranular granite body with minor weathered biotite grains. The sampling sites of 1594 

the investigated rocks are reported in Figure 3. 1595 

 1596 

Fig. 5. (a) Panorama view from east of the area (Ebak-SiahKamar) showing the outcrops of Eocene 1597 
country rocks intruded by the Oligocene subvolcanic bodies. (b) and (c) close views showing granular 1598 
and porphyritic textures from two Oligocene monzonite bodies. (d to f) Hand specimens from the 1599 
Oligocene volcanic rocks showing a porphyritic hypohyaline texture. (g) and (h) altered rhyolitic 1600 
porphyry dike. The sampling sites of the investigated rocks are reported in Figure 3. Kfs = Alkali 1601 
feldspar; Bt = Biotite; Pl = Plagioclase; Qz = Quartz. 1602 

 1603 
Fig. 6. Microphotographs of representative magmatic rocks from Mianeh-Hashtroud area. The sample 1604 
ID is shown on each picture. (a) MN04 Eocene country rock: trachyte showing plagioclase 1605 
phenocrysts in a groundmass mad of plagioclase microliths; (b) MN09 Eocene monzodiorite showing 1606 
equigranular-holocrystalline texture made of plagioclase, amphibole and magnetite; (c) MN12 Eocene 1607 
quartz monzonite with equigranular-holocrystalline texture showing plagioclase, alkali feldspar, quartz 1608 
and biotite as major crystals; (d) MN10A Eocene granite characterised by porphyritic-holocrystalline 1609 
texture with microgranular groundmass made up of alkali feldspar, quartz and biotite; (e) MN10C 1610 
Eocene monzonite enclave in the granite (MN10A) showing porphyritic-holocrystalline texture and 1611 
plagioclase, alkali feldspar, amphibole ± clinopyroxene as major crystals; (f) MN45 Oligocene 1612 
monzonite with equigranular-holocrystalline texture with plagioclase alkali feldspar, amphibole and 1613 
biotite as major crystals; (g) MN65 Oligocene monzonite, hypabyssal porphyritic-holocrystalline 1614 
texture containing clinopyroxene and plagioclase phenocrysts (h) MN76 Oligocene hypabyssal 1615 
granite, porphyritic-holocrystalline texture with microgranular groundmass made up of alkali feldspar, 1616 
quartz and biotite; (i) MN19 Oligocene dacite dome showing a vitrophyric texture, with glassy 1617 
groundmass containing sub-rounded, resorbed and fractured quartz abd okaguickase phenocrysts 1618 
and minor biotite and amphibole. All images are in crossed-polarised light. 1619 
 1620 

Fig. 7. U-Pb Concordia diagrams and probability age distribution plot as obtained from the cumulative 1621 
206

Pb/
238

U age data from the zircon grains recovered from the studied magmatic rock samples. See 1622 
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also Table 2 for the corresponding analytical results and the Supplementary Material S2 for the 1623 

complete textural characteristics of the analysed zircon grains. 1624 

 1625 

Fig. 8. (a) Total alkali vs. silica (TAS) diagram (Le Maitre et al. 2005) for the Cenozoic igneous rocks 1626 

of the Mianeh-Hashtroud district. The volcanic rock name have been used also for the plutonic and 1627 

the hypabyssal samples. (b) K2O vs. SiO2 diagram (Peccerillo and Taylor, 1976). HK-CA: high-K 1628 

calcalkaline; MK-CA: medium-K calcalkaline, LK, low-K. (c) SiO2 vs. Nb/Y diagram (Winchester and 1629 

Floyd, 1977). A: andesites; AB: Alkali basalts; B: Basalts; BA: Basaltic andesites; BSN, NEP: 1630 

Basanite, Nephelinite; BTA: Basaltic trachyandesite; COM, PAN: Commendite, Pantellerite; PH: 1631 

phonolite; R: Rhyolite; R, D: Rhyolite, Dacite; T: Trachyte; TA: Trachy-andesite (d) Th vs. Co diagram 1632 

(Hastie et al., 2007). B: Basalts; BA/A: Basaltic andesites, Andesites; D/R: Dacite, Rhyolite; CA: 1633 

Calcalkaline; IAT: Island Arc Tholeiite; H-K: high-K; SHO: Shoshonite. Data from this study are 1634 

compared with those available from the neighbouring regions. 1635 

 1636 

Fig. 9. Harker diagrams for selected major oxides (in wt%) using SiO2 as differentiation index. 1637 

 1638 

Fig. 10. Harker diagrams for selected trace elements (in ppm) using SiO2 as differentiation index. Grt 1639 

= garnet; Amp = amphibole. 1640 

 1641 

Fig. 11. (a) Primitive mantle-normalized (after Lyubetskaya and Korenaga, 2007) incompatible 1642 

element diagram for the Cenozoic Mianeh-Hashtroud igneous rocks. The inset shows the plot for the 1643 

least differentiated compositions (SiO2 <57 wt%) compared with patterns for oceanic island basalts 1644 

(OIB; after Sun and McDonough, 1989), continental arc calcalkaline and shoshonite magmatism 1645 

(Cascade arc), island arc magmatism (Izu-Bonin-Marianna (IBM) arc), the Emeishan large igneous 1646 

province (ELIP) and average continental crust (Rudnick and Gao, 2003). (b) Chondrite-normalised 1647 

(after Sun and McDonough, 1989) REE diagram for the Cenozoic Mianeh-Hashtroud igneous rocks. 1648 

The inset shows the same diagram for the least differentiated compositions (SiO2 <57 wt%) as in (a). 1649 

Data sources: GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/).  1650 

 1651 

Fig. 12. εNd(t) vs. (
87

Sr/
86

Sr)t diagram of the Mianeh-Hashtroud district igneous rocks. The data are 1652 

compared with those of Mesozoic and Cenozoic Lesser Caucasus igneous rocks (Mederer et al., 1653 

2013 and Moritz et al., 2016, respectively), Quaternary volcanic rocks (NW Iran; Allen et al., 2013), 1654 

Neogene-Quaternary Azerbaijan volcanic rocks (NW Iran; Lechman et al., 2018), and Jurassic-1655 

Cretaceous igneous rocks of the northern Sanandaj Sirjan Zone (Azizi and Asahara, 2013; Azizi et al. 1656 

2018). BSE = Bulk Silicate Earth; ChUR = Chondritic Uniform Reservoir. 1657 

   1658 

Fig. 13. (a) Weighted age distribution of all measured zircon autocrysts and antecrysts from Mianeh-1659 

Hashtroud area (including four samples mentioned in Fig. 3 caption from Rabiee et al., 2019); (b and 1660 

c) Relative age frequency distribution for zircons antecrysts and xenocrysts (inherited) recovered from 1661 

the studied samples. 1662 

 1663 

Fig. 14. (a) Sr/Y vs. Y and (b) (La/Yb)N vs YbN diagrams for the Cenozoic Mianeh-Hashtroud igneous 1664 

rocks together with literature analyses of NW Iran Cenozoic igneous rocks. These rocks plot almost 1665 

completely in the “normal” calcalkaline arcs field as defined by Defant and Drummond (1990). (c) 1666 

Th/Yb vs. Nb/Yb diagram (Pearce (2008) for the least differentiated (SiO2 <57 wt%) Mianeh-1667 

Hashtroud rocks. Data sources for Izu Bonin Mariana (IBM), Emeishan Large Igneous Province 1668 

(ELIP), Ocean Island Basalts (OIB) and Cascade continental arc are from GEOROC 1669 

(http://georoc.mpch-mainz.gwdg.de/georoc); (d) Rb vs. (Y+Nb) diagram (Pearce et al. (1984) for the 1670 

most differentiated (SiO2 >57 wt%) rocks showing the fields of ocean ridge (ORG), volcanic arc 1671 

(VAG), syn-collisional (syn-COLG), and within-plate (WPG) granitic rocks. 1672 

 1673 
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Fig. 15. (a) (
87

Sr/
86

Sr)t vs. SiO2 and (b) εNd(t) vs. SiO2 diagrams of Mianeh-Hashtroud Cenozoic 1674 

igneous rocks. No correlation between Sr and Nd isotopic ratios is observed with the degree of 1675 

evolution of the melts. 1676 

 1677 

Fig. 16. Geodynamic reconstruction of the Turkish–Caucasus–Iranian collisional zone of Tethyan belt 1678 

(after Barrier et al. (2018). (a), (c) Paleogeographic scenarios.  (b), (d) Geodynamic scenarios (not to 1679 

scale; location of structures is only indicative). All abbreviations and tectonic domain names are after 1680 

Barrier et al. (2018): AbM: Alborz Margins (and Talesh); ABV: Artvin-Bolnisi Volcanic Arc; ArB: 1681 

Arasbaran Belt; Ark: Arkevan Formation; CAC: Central Anatolian Complex; CIP: Central Iranian 1682 

Platform; EBB: Eastern Black-Sea Basin; EHT: Esfahan-Hamadan Trough; GCB: Greater Caucasus 1683 

Basin; GKF: Great Kevir fault; HeV: Helete Volcanic arc; ION: Izmir-Ankara-Ercinjan Ophiolite 1684 

Nappes; KDP: Kopeh Dagh Platform; KON: Khoy ophiolite nappe; LCR: Lesser Caucasus range 1685 

(including Zangezur-Ordubad volcano-plutonic zone;ZOMZ); LuB: Lut Block; LuP: Lut Platform; MeM: 1686 

Menderes massif; MsO: Mesogea Ocean; MZT: Main Zagros thrust; PAM: Peri-Arabian massif; PMA: 1687 

Pontides Magmatic Arc; PoR: Pontides range; RNO: Remnant Neo-Tethys Ocean; SaT: Sanandaj 1688 

Trough; SCB: South-Caspianbasin; SFB: Srednogorie Fold-Belt; SrB: Sirjan block; SSB: Sanandaj-1689 

Sirjan block; SsB: Sistan Basin; SzB: Sabzevar Basin; SzM: Sabzevar Massif; TaP: Taurus platform; 1690 

UDMA: Urumieh-Dokhtar Magmatic Arc; WBB: Western Black-Sea Basin; ZDF: Zagros deformation 1691 

front.  1692 
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Table 1- Petrographic description of the studied samples from the Mianheh-Hashtroud, with location and ages

Easting Northing

MN04 47.59476 37.403774 Eocene Trachyte Porphyritic-hypohyaline Phenocrysts: Pl; Matrix: Pl microliths, glass 

Accessory Minerals:  Oxides, Ap, Zrn

MN33 47.59948 37.401769 Eocene (43.4±2.6 Ma) Trachyte Porphyritic-hypohyaline Phenocrysts: Pl; Matrix: Pl microliths, glass

Accessory Minerals: Oxides, Ap, Zrn

MN37 47.34281 37.428071 Eocene Trachy-andesite Porphyritic-hypohyaline 

(aphanitic matrix)

Phenocrysts: Pl, Amp (mostly altered); 

Matrix: Pl, Kfs, Amp(mostly altered), glass

Accessory Minerals: Oxides, Ap, Zrn.

MN38 47.59796 37.415256 Eocene (38.8±1.1 Ma) Basaltic trachy-andesite Porphyritic-hypohyaline 

(aphanitic matrix)

Phenocrysts: Amp, Qz, Pl; Matrix: Pl, Cpx, Amp, glass

Accessory Minerals: Oxides, Ap, Zrn

MN09 47.37515 37.410123 Eocene (44.32±0.58 Ma) Monzodiorite Equigranular-holocrystalline Pl, Kfs, Qz, Amp

Accessory Minerals: Ap, Zrn

MN10A 47.41352 37.426864 Eocene  (36.75±0.62 Ma) Granite Porphyritic-holocrystalline Kfs, Qz, Ms, Bt (mostly altered)

Accessory Minerals: Ap, ZrnMN10B 47.41352 37.426864 Eocene (?) Monzonite

(Enclave in MN10A)

Porphyritic-holocrystalline Pl, Qz, Kfs, Bt, Amp (mostly altered)

Accessory Minerals: Oxides, Ap, Zrn

MN10C 47.41352 37.426864 Eocene (?) Monzonite

(Enclave in MN10A)

Porphyritic-holocrystalline Pl, Kfs, Amp ± Cpx (mostly altered)  

Accessory Minerals: Oxides, Ap, Zrn

MN12 47.39964 37.400148 Eocene Quartz monzonite Equigranular-holocrystalline Pl, Kfs, Qz, Bt 

Accessory Minerals: Ap, Zrn.

MN67 47.40255 37.393276 Eocene (40.69±0.88) Syenite Porphyritic-holocrystalline Pl, Kfs, Qz, Amp (mostly altered)

Accessory Minerals: Ap, Zrn.

MN74 47.36233 37.392176 Eocene Syenite Porphyritic-holocrystalline Pl, Kfs, Qz, Amp (mostly altered) 

Accessory Minerals: Oxides, Ap, Zrn.

MN02A 47.59636 37.399305 Oligocene Syenite Porphyritic-holocrystalline

(aphanitic matrix)

Qz, Kfs, Pl, Bt, oxides 

MN02B 47.59476 37.403774 Oligocene (32±1.30 

Ma
(***)

)

Monzonite Porphyritic-holocrystalline

(aphanitic matrix)

Qz, Kfs, Pl, Bt, oxides 

MN03 47.59476 37.403774 Oligocene Syenite Porphyritic-holocrystalline

(aphanitic matrix)

Qz, Kfs, Pl, Bt, oxides 

MN45 47.20277 37.527598 Oligocene (30.21±0.41) Monzonite Equigranular-holocrystalline Pl, Kfs, Amp, Bt

Accessory Minerals: Ap, Zrn

MN65 47.58964 37.406518 Oligocene Monzonite Porphyritic-holocrystalline Pl, Kfs, Amp, Cpx, Oxides

MN76 47.17682 37.52972 Oligocene (28.40±0.86) Granite Porphyritic-holocrystalline 

(phaneritic matrix)

Pl, Kfs, Qz, Bt, Ms

Accessory Minerals: Ap, Zrn

MN05 47.35096 37.42990 Early Miocene 

(22.6±0.41)

Rhyolite Porphyritic-hypohyaline Phenocrysts: Pl , Kfs, Qz ; Matrix: Qz, Kfs, glass 

Accessory Minerals: Ap, Zrn

MN07 47.34468 37.428935 Early Miocene Trachyte Porphyritic-hypohyaline Phenocrysts: Pl; Matrix: Pl, Oxides, glass

Accessory Minerals: Ap, Zrn

MN19 47.59745 37.41297 Oligocene 

(28.52±0.55
(***)

)

Dacite Vitrophyric Phenocrysts: Pl, Bt, Amp, Qz; Matrix: glass

Accessory Minerals: Oxides, Ap, Zrn

MN20 47.62194 37.441021 Oligocene Rhyolite Porphyritic-hypohyaline Phenocrysts: Kfs, Qz; Matrix: Kfs, Qz, glass

Accessory Minerals: Oxides, Ap, Zrn.

MN35 47.58807 37.39960 Late Miocene (5.94±0.24) Trachy-andesite Porphyritic-hypohyaline Phenocrysts: Pl, Amp, Cpx (mostly altered); Matrix: Pl, Kfs, 

glass 

Accessory Minerals: Oxides, Ap, Zrn

MN39 47.55393 37.405466 Oligocene (28.18±0.8) Dacite Vitrophyric Phenocrysts: Pl, Qz, Bt, Amp (mostly altered); Matrix: glass 

Accessory Minerals: Oxides, Ap, Zrn.

MN43 47.55949 37.420241 Oligocene (26.97±0.35) Andesite Porphyritic-hypohyaline Phenocrysts: Qz, Cpx, Bt ; Matrix: Pl, Kfs, Cpx, glass 

Accessory Minerals: Ap, Zrn.

MN44 47.57207 37.401251 Oligocene (26.19±0.54) Rhyolite Vitrophyric Phenocrysts: Pl, Qz,Bt; Matrix:  glass

Accessory Minerals: Oxides, Ap, Zrn.

MN73 47.50650 37.383772 Oligocene Rhyolite Porphyritic-hypohyaline Phenocrysts: Pl, Kfs, Qz; Matrix: Kfs, Pl, Qz, glass 

Accessory Minerals: Oxides, Ap, Zrn.
(*)

When reported, U-Pb zircon ages (this study); 
(**)

For the intrusive rocks the nomenclature is after Middlemost (1994); 
(***)

 after Rabiee et al., (2019)

Country  Rocks

Intrusive Rocks

Hypabyssal/Subvolcanic Rocks

Volcanic Rocks

Texture MineralogySample
Coordinates

Age
(*)

Rock Type (TAS)
(**)
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Table 4: Nd-Sr isotope composition of magmatic rock samples from the Mianeh-Hashtroud magmatic district (*)  

Rocktypes Sample 
87Rb/ 
86Sr 

87Sr/ 86Sr(m) ±1SE 87Sr/ 86Sr(i) 
147Sm/ 
144Nd 

143Nd/ 
144Nd(m) 

±1SE 
143Nd/ 

144Nd(i) 
εNd(t) 

T (DM1) 

(Ma) 

T (DM2) 

(Ma) 
Ƒ(Sm/Nd) 

Standard 

(Andesite) 
JA-1  0.703547 0.000006  0.177 0.512094 0.000005      

Standard 

(Granite) 
JG-1a  0.710981 0.000006  0.133 0.512391 0.000004      

E
o

ce
n

e 

co
u

n
tr

y
  

ro
ck

s 

MN04 1.562 0.705726 0.000006 0.70477 0.111 0.512693 0.000014 0.512662 1.54 725 775.21 -0.4357 

MN33 1.443 0.705885 0.000007 0.70504 0.109 0.512675 0.000004 0.512646 1.18 732 799.76 -0.4474 

MN37 0.520 0.705095 0.000006 0.70476 0.113 0.512713 0.000004 0.512680 1.94 715 747.67 -0.4241 

MN38 0.201 0.704236 0.000007 0.70412 0.108 0.512793 0.000005 0.512766 3.47 553 609.07 -0.4527 

In
tr

u
si

v
e 

ro
ck

s 

MN09 0.558 0.70556 0.000006 0.70521 0.121 0.512613 0.000004 0.512578 -0.06 938 912.76 -0.3864 

MN10A 4.256 0.706931 0.000006 0.70469 0.101 0.512656 0.000005 0.512632 0.81 699 819.66 -0.4891 

MN10B 1.235 0.70548 0.000006 0.70483 0.113 0.512749 0.000024 0.512722 2.56 651 681.36 -0.4241 

MN10C 0.943 0.705326 0.000006 0.70483 0.114 0.512708 0.000004 0.512680 1.76 717 746.99 -0.4214 

H
y

p
ab

y
ss

al
/ 

S
u

b
v

o
lc

an
ic

 

ro
ck

s 

MN02A 0.738 0.705229 0.000006 0.70489 0.106 0.512687 0.000007 0.512665 1.33 685 769.39 -0.4628 

MN02B 0.775 0.705266 0.000006 0.70491 0.110 0.512747 0.000008 0.512724 2.48 626 676.62 -0.4418 

MN03 0.386 0.705027 0.000006 0.70485 0.111 0.512692 0.000005 0.512669 1.40 715 764.93 -0.4355 

MN45 0.332 0.704725 0.000006 0.70458 0.101 0.51276 0.000004 0.512740 2.75 556 648.49 -0.4858 

V
o

lc
an

ic
 r

o
ck

s MN05 5.972 0.707747 0.000006 0.70588 0.091 0.512639 0.000005 0.512626 0.32 654 829.70 -0.5357 

MN07 1.219 0.706147 0.000006 0.70577 0.118 0.512618 0.000005 0.512601 -0.17 876 874.88 -0.3993 

MN35 2.651 0.706683 0.000006 0.70646 0.116 0.512555 0.000004 0.512550 -1.56 940 955.13 -0.4077 

MN39 0.077 0.705113 0.000007 0.70508 0.100 0.512715 0.000005 0.512697 1.85 606 717.52 -0.4934 

MN43 2.340 0.706136 0.000007 0.70524 0.100 0.512714 0.000004 0.512696 1.82 610 718.54 -0.4908 

MN44 1.407 0.705172 0.000006 0.70465 0.097 0.512725 0.000004 0.512709 2.03 577 698.51 -0.5068 

(*)The natural Nd and Sr isotope ratios were normalized based on 143Nd/144Nd = 0.7219 and 
87

Sr/
86

Sr = 0.1194. The CHUR (Chondritic Uniform Reservoir) values, 147Sm/144Nd = 0.1967 and 
143Nd/144Nd  = 0.512638, were used to calculate the ε0 (DePaolo and Wasserburg, 1976). ƒ(Sm/Nd) =[(147Sm/144Ndsample)/ 

147Sm/144NdCHUR]-1 and ƒ(Rb/Sr) = =[(87Rb/86Srsample)/ 
87Rb/86SrCHUR]-1.  

TDM2 =(TDM1 -(TDM1-t)[(ƒcc-ƒs)/(ƒcc-ƒDM)], where ƒcc, ƒs and ƒDM are the ƒSm/Nd values of the continental crust, the samples and depleted mantle, respectively, and t is the formation age of the 

rock; in this calculation ƒcc = −0.4, ƒDM = 0.086426. TDM1 =1/ʎ ln[(143Nd/144Nd)sample-0.51315]/ 147Sm/144Nd)sample -0.2137] + 1. Detail information regarding standard samples are available in 

https://gbank.gsj.jp/geostandards/gsj1maine.html. 
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