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Carbonatites are among the rare kind of rocks on this planet. These igneous rocks
are included by share of more than 50% carbonate minerals; dolomite, calcite &
ankerite. Specific look in petrography and mineralography studies is needed to
investigate these rocks, especially for silicates and minor phases from macroscopic
as well as to microscopic scales. On the last databases of carbonatites of the world,
Iran is represented empty of carbonatites. While there are many unexplored
carbonatitic outcrops exists in the Bafq Metallogenic Area, (hereafter BMA). BMA
as a significant metallogenic province of Iran, has the largest cluster of riftogenic
Kiruna-type Iron Oxide-Apatite (IOA) deposits in the world, its iron resources are
estimated over 2 bt in 50 aeromagnetic anomalies. The geological story of BMA at
the middle of Posht-e Badam Block (hereafter PBB) is magnificently beautiful. The
BMA recorded the oldest major geological events in Central Iranian Microcontinent
(hereafter CIM). From the early years of field surveys and published geological maps
to recent works which are cited in thousands of papers and dissertations, subvolcanic
mineralized carbonatite intrusions within metamorphic complexes and trondhjemites
of before Middle Cambrian age in the area, mistaken for marble interlayers,
limestone enclaves or just non-important sedimentary carbonate rocks. In spite of the
brief hints that carbonatites are related to the huge (I0OA) mineralization in the area
which is available in the old papers, unfortunately these rocks still remained
invisible, even in the new studies. In here, on the basis of provided field and
petrography evidences as well as to depicted petro-chemical diagrams, the nature of
carbonatites of the area is discussed from different geological aspects. In fact,
carbonatites are the most important riftogenic units in lithological columns of PBB,
specifically in BMA. These naked virgin multiple peaks should get under the detailed
study in the aim for valuable exploration potential of REEs. Moreover, these rocks
provide a magnificent case of geodynamic investigation about the Earth history
which has occurred during the changing season of Proterozoic to Phanerozoic. CIM
is located at the heart of the greatest orogen in the world; The Alp-Himalaya orogenic
belt in between Gondwana & Eurasia Paleo-Supercontinents. During late
Precambrian to Early Cambrian, the study area had suffered by complicated gigantic
orogenic phases. The late units of the phenomena described here unconformably
overlaied by the Middle Cambrian trilobite-bearing Mila Formation. Thereupon, the
unique, and major geological incidents of BMA have occurred right before
Biological Big Bang which is also known as the Cambrian Life Explosion, beneath
the only great ice grip of the planet throughout its entire history.
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EXTENDED ABSTRACT

Introduction

The broadly studied BMA at the middle of PBB, is
the most important sub-zone of CIM. BMA is
encompassing the highly mineralized part of PBB
which its mineral resources is exploiting for decades.
Numbers of world-class mines for multiple types of
Fe-Mn/Fe/Fe-U-Th-Ti-REE/Fe-P/P and  Pb-Zn
deposits are active in the area. The carbonatites of
BMA were emphasized generally in one paper by
Samani (1988). In that country scale work, 3
carbonatite zones are outlined on the map of BMA
but except for field descriptions, he didn’t offer valid
geochemical data. Likely because lack of this
information, still there is not even a single mark of
carbonatites placed in Iran. This is while there are
numerous outcrops of these REE-enriched rocks
exist in BMA.

Except for Samani (1988), on all geological maps
and researches published from the area since the
beginning of surveys in the 70" to recent
publications, the important subvolcanic carbonatites
were mistaken for sedimentary dolomites, minor
marble interlayers of Precambrian metamorphic
complexes and outcrop scale enclaves of limestone
within trondhjemites, (Haghipour et al., 1977;
Ramezani and Tucker, 2003; Rajabi et al., 2014).
Here, carbonatites with their ultrabasics en suites
described to be the riftogenic intrusives within all
pre-Early Cambrian units that acted as the magmatic
source of massive Kiruna-type Fe-P (IOA) deposits.
Along with the interpretation of geodynamic
evolution of arc to rift setting having major 10A
mineralization, the clarity of first-hand evidences
provided for subvolcanic dikes indicate to possibilit
of major carbonatite bodies close to the recent
surface of BMA.

On the concept of carbonatite anatomic scheme, it is
discussed how subvolcanic dikes in BMA may
constitute uppermost level of magmatic chambers
that could be connected to huge coarse grain
intrusives as a high potential target for strategic REE
resources.

Materials and methods

After presenting lithological evidence obtained from
field surveys and petrography studies, geochemical
analysis data are given for 5 selected crystalline
samples. Plotting discriminative diagrams and REE

normalization to chondrite has confirmed carbonatite
genesis.

In trust to geochemical data and Zircon U-Pb
geochronological ages given for granitoids of BMA
available in the most cited paper of Ramezani and
Tucker (2003), several petrological diagrams are
discussed which are not presented in the original
research. Achieved results have beautifully defined
consecutive rapid change of the continental margin
subduction system to a mature continental rift setting
with carbonatite magmatism and massive 10A
metallogenesis during the Early Cambrian at the
Gondwana margin.

Results

In this research via interpretation of petrology and
geochronology, it is debated how younger tholeiitic
trondhjemites formed due to the metasomatic
melting of continental crust by ascending and
localization of carbonatite-ultrabasic plumes.
Overlapping to a zone of continental arc magmatism,
the extreme riftogenic phase with its 10A
mineralization happened short after the localization
of arc-type granite and granodiorites. In such an
environment, the thermal gradient in the basement
should have overheated dramatically that led to
originating of metasomatitic trondhjemites.

All published scenarios for the BMA are re-
evaluated to assemble this theorey. The hypothesis of
drastic change from subduction-related continental
arc granitoid system to a back-arc basin that
progressively evolved to a continental rift with fertile
carbonatites which occurred from 533 to 529-525 Ma
in Early Cambrian, is reasonably accountable for the
area which seems to be a unique example of a
tectono-magmatic phenomenon in the world.
Therefore, the presence of barren arc-type granitoids
and mineralized carbonatite suites having major Fe-
P deposits only across 50 km width, could be
explained not only as a world-class untouched
potential zone for REE prospecting, but also as an
outstanding opportunity to study the geodynamic
evolution of the planet Earth.

Discussion and conclusion

After all, it could be said that before the current
study, Carbonatites of BMA not only yet remained
unexplored, but have not even been introduced
scientifically. Counting on the described facts, it is
claimed that a new era of geological surveys and
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exploration with the aim for REES needs to begin in
Central Iran which also has a world-class unknown
potential of these critical mineral resources.

In a 600km arcuate structural trend across PBB,
numerous carbonatite suites already pointed within
the geo-units of older than Middle-Cambrian. By
reading geological maps matching to airborn
geophysical data and RS studies, (ASTER and
Geoeye images blended with DEM data), a database
of prioritized prospects is provided in GIS-3D
format.

By a little search on the web about the market status
of REEs and the economical conflicts between China
as the 90% holder of the world's carbonatitic reserves
(Bayan Obo) with the United States as the main
consumer of REESs in high-tech industries, and in the
other hand, regarding to huge prices of REEs which
in some cases reach to thousands of US$ per Kg, the
importance of classified carbonatites of BMA
becomes reveal more.

Few of the investigations planned to follow the study
are listed below:

1. Providing stable (O, C, S) and all important
radiogenic isotope data; for example, the 87Sr/%Sr
and “¥Nd/*Nd ratios are essential to discuss the

origin and evolution of carbothermal genesis, and in
deeper view to study of upper mantle composition,
(Mitchell, 2005). The role of subducted crustal
materials in the origin of carbonatite melts can be
investigated by boron isotopes, (Hulett et al., 2016)
2. Selecting the best situations and methods to
determine isotopic ages for Carbonatites; Chemical
U-Pb dating of primary prismatic apatite in
carbonatites is one possible procedure. Sometimes
carbonatites show large enough variations in Pb
isotope ratios that yield decent isochrons using the
207pp/206ph method, (Tykot 1993)

3. Compare results with other occurrences in the Alp-
Himalaya organic belt; Turkey for example, and to
other provinces of the world, especially with Kiruna
in Sweden, Fen in Norway and Aley Carbonatites,
Canada

4. Revise geological maps and determine the event
of carbonatite magmatism on the litho-stratigraphic
column of BMA by all updated databases

5. Incorporating carbonatite-ultrabasic phases in a
detailed geodynamic model that generates such deep
riftogenic suites with respect to calk-alkaline arc
magmatism in a close time-space
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Fig. 2. A: the ocher outcrops with max 25m thickness are carbonatites intruded as dike and sills into the granitic gneiss
of Bone-Shurow metamorphic Complex in the NE of Tashk mountain, looking South, B: Fe-Oxides veins (Hematite-
Specularite) with transitional margins segregated from the magma in addition to flow banding structure of the dike (red
arrow), represents the igneous carbonatite genesis, and C: large euhedral crystals of specularite formed as the veinlet with

the pink albite minerals at the margin (red arrow) that cut through the crystalline dolomitic matrix, confirms the
carbonatite, (for Plagioclase in thinsection photomicrographs see Fig. 4-B).
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Fig. 3. close up images of studied carbonatites from NE of Tashk mountain, A: scattered magnetite patches (up to 3 cm)
and large abundant weathered phlogopite minerals are visible at the surface of the carbonatite dike, B: calcite veinlets
within the exsolved magnetite phase are a direct witness of the igneous nature of mineralization and the carbonatitic
origin, phlogopites are also shown by red arrow, C: the aggregate of tremolite as the common calcic amphibole in
carbonatites is visible at the surface of dike, the tip of hammer as scale, and D: phlogopite, amphibole and apatite crystals
up to 1 cm are forming more than 50% of the matrix, the contact of late penomatolic calcite veinlet with mineralization

of metallic phases is shown. This sample is SK-1, the only calciocarbonatite which has strong REE mineralization, (also
refer to Table 1, Fig. 4, Fig. 9 and Fig. 11).
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Fig. 4. thin section photomicrographs of the studied carbonatites at NE of Tashk mountain, all images are captured in
XPL. The scale bar is equal to 500 um for A, and 250 um for others. A: scattered fine phlogopites as inclusions in the
opaque minerals and the crystalline calcite-dolomite groundmass about 7%, show carbonatite source of intrusive, B:
clinopyroxene minerals (agerine? the red arrows) up to 35% and albite minerals in the matrix with 7-10% rate (the blue
arrows), seemingly crystalized concurrent to dolomitic matrix, C: plan section of euhedral prismatic dark blue apatite next
to the opaque phase introducing syngenetic mineralization in such a dilute carbonatite magma, and D: opacitic rims of
large phlogopite beside apatites with 20 % share in calcite matrix confirm the magmatic source of rock as a carbonatite.

This is the SK-1 sample that has the lowest MgO% and is the only calcite carbonatite in the analysis data, (Table 1).
Abbreviations after Whitney and Evans (2010) (Ap: Apatite, Cpx: Clinopyroxene, Phl: phlogopite).
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Table 1. Chemical composition of the 5 selected crystalline subvolcanic carbonatite of BMA, using XRF method for
major oxides and ICP-MS for trace elements and REES, (Analyzed in ZarAzma Lab)

Sample SK-1 SK-2 SK-3 SK-4 SK-5
XRF Results; Major Oxides (%0)
SiO; 1.7 1.25 0.84 1.23 1.11
TiO, 0.078 0.073 0.05 0.055 0.459
AlO3 0.91 0.55 0.03 0.05 3.96
Fe203 0.54 2.48 2.61 3.25 90.86
MnO 0.113 0.203 0.23 0.212 0.158
MgO 0.45 12.61 12.46 11.68 2.19
CaO 35.27 29.11 39.12 39.63 1
Na.0O 0.01 0.01 0.01 0.17 0.01
K20 0.03 0.04 0.06 0.04 0.4
P20s 0.842 2.091 4.571 4.397 0.065
LOI 28.56 27.55 39.24 38.43 0.21
Total 80.823 86.007 99.95 99.814 101.04
ICP-MS Results; Selected Minor Elements & REES (ppm)
Ba 2540 4488 1579 482 2825
Ce >1% 1944 1852 1547 2103
Dy 19.7 15.49 22.37 18.69 28.35
Er 10.91 6.23 8.67 6.72 10.64
Eu 38.9 23.58 27.32 23.8 34.28
Gd 175 61.03 72.61 64.57 89.49
La 8156 1013 872 712 948
Lu 0.39 0.32 0.51 0.34 0.61
Nb 36.3 30.9 90 64.6 182
Nd 2661 787 893 777 1049
Pr 974 228 238 202 278
Sc 24.7 26.2 18.5 17.3 25.7
Sr 1872 2957 3453 2791 3456
Ta 0.78 0.26 2.36 1.57 3.58
Th 8.96 4.7 6.24 5.51 7.92
Tm 0.34 0.39 0.57 0.45 0.79
\Y 18 35 49 61 123
Y 31.1 38.8 53.6 41.2 67.8
Yb 2.3 2.1 3.1 2.3 4.1
>REE >2.54 % 4151 4065 3419 4648
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Fig. 5. hand specimen photos of Early-Cambrian arc-type granite and tholeiitic trondhjemites. A: mineral assemblage of
pinkish granite composed of quartz, biotite and Feldspars (orthoclase-plagioclase with equal 35 to 40% share) point to
the High-K calk-alkaline magnetite series for the arc type granite, B: leucocratic composition without any ferromagnesian
minerals, confirms different genesis for trondhjemites, blue circles are red albites, and C: dissolving red albite minerals
with malgashitic texture in the felsic matrix of quartz and feldspars is such a discriminative key factor that points to
metasomatite type of intrusion. Trondhjemites should have absolute different source. In the following, based on
petrological evidence it is debated how younger trondhjemites could be originated by extensive metasomatism and partial
melting of lower continental basement due to extreme heat flow of ascending riftogenic carbonatite magmas. Granitic
gniesses of the Boneh-Shurow metamorphic complex may be considered as the most likely protolith.
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Fig. 6. geochmical plot for naming intrusive rocks based on P-Q ratios used for granitoids of the BMA (Debon and Le
Fort, 1983). data from Ramezani and Tucker (2003). the abbreviations used on the chart are as follows; to: Tonalite. gd:
Granodiorite, ad: Adamlite; this name is representative of a granite that contains Quartz, Biotite and/or Hornblende and

an equal proportion of Oligoclase-Alkali-feldspare, (See Fig. 5-A). Trondhjemites are plotted within the tonalite range
which is consistent with their sodic plagioclase-rich composition. Out of range position of G1 as the oldest ssmaple (529

ma) with highset Na,O (8.47%) may represent its immature metasomatic source. For other abbreviations and more

descriptions refer to the Mannual. Symbols are repeated in the following diagrams.
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Si0, — K,O plot, (Peceerillo and Taylor, 1976) ﬂ Geotectonic classification, (Schandl and Gorton, 2002)
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Fig. 7. petrological diagrams for granitoids of BMA based on Ramezani and Tucker (2003). A: On the alkalinity chart
(Peccerillo and Taylor, 1976), the tholeiitic composition of trondhjemites vs. High-K calk-alkaline series of granites and
granodiorites reveals a strong signature of different magma genesis, B: continental margin and within plate geotectonic
setting for generations of granites and granodiorite to trondhjemites are characterized on this diagram respectively
(Schandl and Gorton, 2002), C: on the AFM plot the composition of granites to granodiorites move to the F corner while
trondhjemites with lowest Fe and Mg content are enriched in Na that represent their crustal source (Irvine and Baragar,
1971), and D: on this diagram, the younger trondhjemites are differentiated as the post-collisional phase rather than arc
type granite (adamlite) and granodiorites (Mller et al., 1992). Therefore, successive arc and rift geodynamic settings get
accountable for these entangled intrusive rocks.
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Early Cambrian granitoids of BMA normalized to REE chondrite, (Boynton, 1984)
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Fig. 8. Chondrite-normalized diagram (Boynton, 1984), for Late Precambrian to Early Cambrian granitoids of BMA.
Data from Ramezani and Tucker (2003). The 5 elements that are not plotted are not given in Table 2 of that paper.
Available ages (Ma) are mentioned for some samples that are determined by U-Pb zircon dating. Despite relatively close
ages for granites and granodiorites (533 Ma), it is clear that the younger trondhjemites (529-525 Ma) showing
considerably dissimilar normalization REE pattern which represents them as a separate phase originated from absolutely
different magma genesis. The gray field shows the range of geochemical data for 9 samples from Zarigan trondhjemite
that were analyzed in ALS Chemex, Canada (Golkaram et al., 2011). These strong dissimilarity, in the following of
pervious plots confirms separate sources.
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Fig. 9. A: an intrusion of subvolcanic carbonatite system with max thickness of about 20 meters injected at a 45° structural
opening system in the white outcrops of trondhjemites in the Dozakh-Darreh area, the G38 sample location in Ramezani
and Tucker (2003), looking North, and B: in the matrix of the sample broken of the dike, the coarse grain crystalline
matrix of the carbonatite is obvious. The large primary calcite veins and phenocrysts with rhombohedral cleavage in

centimeters size (red arrows) are visible in the purple dolomitic matrix. Presence of phlogopite, (blue arrow), fine grain
apatite and metallic phases showing common mineral paragenesis of carbonatites.
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Fig. 10. A: ferrocarbonatite dike intruded in fenite metasomatism halo, (Samani, 1988). Description and classification of
fenite metasomatic halos that enveloped these dikes is regarded for a separate paper, B: the exact location of the previous
picture in slightly different angle in the Dozakh Darreh are, view to NE, is photograpded and studied by the author in
2012. The carbonatite dike with 0.5 to 7 meters width, having fenite halo intruded in mafic suites is approved, and C:
specularite veinlets in the fine grain dolomitic matrix represent the carbonatite origin. Because lack of detailed attention,
these dikes on this location from the ZamanAbad map, were mistaken to be part of the dolomitic layers of the Precambrian
Rizu-Deso volcano-sedimentary series of the rift basin (Babakhani et al., 1999).
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Fig. 11. Geochemical analysis result of carbonatite samples from NE of Tashk mountaion are plotted on the basic
diagrams in use to distinguishing and classification of carbonatites (Simandl and Paradis, 2018), A: bi-variate
discriminative plot of Sr + Ba as the main elements substitute for Ca, against Y REE + Y known to have mantle source,
recommended as a criterion for distinguishing carbonatites from other carbonate rocks. All the studied samples
meaningfully drop in the carbonatite domain, and B: by plotting values of major oxides based on wt.%, from the XRF
data on the carbonatite classification diagram according to UGS, it is obvious that 4 of the studied samples fall in
Magnesiocarbonatite domain, and only the SK-1 sample represent Calciocarbonatites composition, (see Fig. 3-D and Fig.
4-D). REE normalization spider plot of these carbonatite dikes is presented in Fig. 12.
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Carbonatites normalized to REE chondrite, (Boynton, 1984)
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Fig. 12. the chondrite normalized REE pattern of the studied dikes in NE of Task mountain illustrates strong similarity
with the standard composition of Dolomite Carbonatites, (Representative compositions from Wooley and Kempe 1989).
The SK-1 sample has calciocarbonatite composition, separated by strong anomalies of LREEs.
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Fig. 13. A: this sample is taken from another porphyry calciocarbonatite dike in the center of BMA. Calcite, blue fluor-
apatite and amphibole phenocrysts are scattered in the cryptocrystalline matrix. Primary metallic ore minerals are shown
by the blue arrow. With YREE enrichment over 3.6%, the grade of this sample places at 10" on the chart of 16 key
carbonatites of the world (Elliott et al., 2018), and B: all studied carbonatite outcrops in the BMA so far, have subvolcanic
structure. BMA erosion level has depicted by study of rock type associations and alteration assemblages. On the last
model of carbonatite intrusions (Simandl and Paradis, 2018), the late dikes constitute the uppermost level of a magmatic
chamber which could be connected to the huge plutons, something like giganic Bayan Obo mine in the North of China.

These kind of intrusives may have immense potential of REEs and other minor elemensts resources, such as Nb, near to
the surface of BMA.
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Fig. 14. The general tectono-magmatic model of alkaline-carbonatite magma generation and metasomatism in rifts

(Winter, 2001).
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Fig. 15. A: the dark green unit in the front is a big pluton of alkali syenodiorite studied at Tashk mountain, view to NE,
B: this photo shows the fresh surface of a melano-nephelinite apatitite from Dozakh-Darreh area. In a ratio of more than
50%, the white minerals are co-growth of nepheline and apatite with a lenght to 10cm in the pyroxene and plagioclase
crystalline texture. These maga-crysts formed pegmatoidal flow-banding feature in a dilute magma (see also Fig. 2-B).
With up to 24% P,0s, this is such a very rare kind of P-rich alkali-mafic rock that only can be seen in within plate rifts,
and C: this is a fresh pyroxenite sample from north of Chadormalu Fe deposit. This rock which is composed of ortho-
pyroxene (75%) and phlogopite (25%) confirms the riftogenic ultrabasic magmatism in BMA with high pressure of
orthomagmatic fluids captured in mg-mica. The study of these alkali-mafic and ultrabasic suites is regarded for a separate
paper.
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Fig. 16. on the geodynamic model above, the association of the arc and back-arc environments illustrated for BMA during
the Early Cambrian (Rajabi et al., 2014). They concentrated on the SEDEX-type Pb-Zn mineralization in the Koushk
deposit. Unfortunately, these researchers not only didn’t consider the existence of Carbonatite and Ultrabasic rocks that
indicate to a mature intracontinental rifting in the area, but also wrongly depicted IOA mineralizations genetically related
to trondhjemites as a common part of arc-type magmatism. Apparently, they didn’t fully appreciated the given field
observation and geochemical data of granitoids in the study of Ramezani and Tucker (2003). ECVSS is: Early Cambrian
Volcano-Sedimentary Series.
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. Trondhjemite

. Iron Oxide-Apatite (I0A); Kiruna type Fe-P deposits
. REE; Rare Earth Elements

. Proterozoic to Phanerozoic

. Infracambrain

. Esfordi

. Boneh-Shurow Metamorphic Complex

. Flow banding

. Magnetic susceptibility

. nondescript feldspare

. spider plot of REEs normalized to Chondrite
. concave-up

. overgrowth in inherited zircon

. Ankerite; FeCO3

. http://lwww.Zarazma.com

. LREE; Light Rare Earth Elements
. Beforsite

. Sovite

. Super critical magmatic fluids

. Bayan Obo

. Early Cambrian Volcano-Sedimentary Series; ECVSS

. Koushk Pb-Zn SEDEX type deposit
. Narigan Fe-Mn SEDEX type

. protolith

. trench suction

. Tectonic relaxation, slab roll-back
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