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1. Introduction

Manganese (Mn) deposits can be formed by various

sedimentary, hydrothermal, hydrogenous, and supergene

ABSTRACT

The Goft and Mohammadabad manganese deposits are located in the southwestern part of Sabzevar,
whitin the Late Cretaceous volcano-sedimentary sequences. This sequence is located inside a 100 km
long folded structure with northeast-southwest trend. Mohammadabad manganese deposit located in
the southeastern edge of the southern anticline in the unit 4 of regional stratigraphic column and Goft
manganese deposit is occurred in the southeastern edge of the northern anticline in the first unit of the
regional stratigraphic column. The host rocks of Goft and Mohammadabad deposits include red tuff
and Marly tuff and limy tuff, respectively. According to geochemical studies, tectonic environment
of manganese deposits in the southwest of Sabzevar is a rifting environment that has been formed
in the Sabzevar back-arc basin. The rocks of the region have a wide range of basalt, rhyolite, dacite,
olivine-basalt, andesite-basalt and trachy-andesite, which formed aligned with pyroclastic sediment
and Late Cretaceous sedimentary units. Dacite rocks are the thickest felsic rock unit in the area. The
values of major oxides, the pattern of rare earth elements (REE), and the changes in trace elements in
spider diagrams indicate the bimodal and tholeiitic nature of the volcanic rocks of the region, which

are deposited in extension environment with a mixed range from basalt to rhyolite.

late Cretaceous volcano-sedimentary sequence in the southwest

of the Sabzevar basin is one of the most favorable metallogenic

processes. Hydrothermal Mn ores formed by the precipitation of
low-temperature hydrothermal solutions at the origin of generally
stratabound to irregular orebodies and veins (Roy, 1992; Nicholson,
1992; Kuleshov, 2011; Maghfouri et al., 2019). In Iran, different
types of Mn and Fe-Mn ore deposits are recognized in different
geological settings, and they range from Precambrian/ Early

Cambrian to Late Miocene/ Pliocene (Maghfouri et al., 2019). The

areas in Iran for the exploration of manganese deposits wich hosts
several Mn deposits (e.g., Cheshmeh-Frezi; Benesbourd; Homaei;
Nudeh; Zeiheri; Goft; Cheshmeh-saefid, Mohammadabad; Danaei
and Zakeri) (Maghfouri et al., 2017; Masoudi, 2008; Maghfouri,
2012; Nasrollahi et al., 2013; Taghizadeh, 2015; Maghfouri et al.,
2015;2016;2018; 2021). Presently, no detailed investigation on the

origin of the Mn mineralization from the Goft and Mohammadabad
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deposit is available. On the basis of field observations and new
major, trace, and rare-earth element (REE) geochemical data, this
paper aims at discussing the geochemistry and chemical nature of
the Goft and Mohammadabad manganese ore host rocks.

Since volcanic manganese deposits are formed in volcano-
sedimentary sequences and the basis of their classification is
the stratigraphy of the host rock sequence, it is obvious that
by determining the composition and chemical nature of the
volcanic rocks of the mineralization host sequence, it is possible
to determine the mineralization type of manganese deposits.
According to the previous studies, it is clear that most researchers
have studied ophiolites in the north of Sabzevar, and few studies
have been done in relation to volcano-sedimentary sequences and
non-ophiolitic magmatism in the southwestern basin of Sabzevar.
Since the Kal-Morgh Valley is the only geological section in the
southwest of Sabzevar basin that has two manganese mineralization
horizons exposed in two different strata units, in this research, an
attempt has been made to investigate the geochemical and chemical
nature of the sequences that host the manganese deposits of Goft
and Mohammadabad, in the Late Cretaceous volcano-sedimentary

sequence southwest of Sabzevar.

2. Research methodology

In this research, in order to investigate the rock characteristics
of the studied area, a survey was carried out perpendicular to the
layering process in the Late Cretaceous volcano-sedimentary
sequence, and 18 polished thin and thick sections were prepared.
Supplementary investigations were carried out using a FEI/Philips
XL30 scanning electron microscope at Tarbiat Modares University,
Iran. In order to correctly characterize their chemical compositions,
20 samples were selected for major, trace, and rare-earth-eclements
(REE) analysis of volcanic rocks. Rock chips (~400 g) from each
sample were carefully sampled, washed with distilled water at
room temperature, and then dried. They were further crushed and
powdered in tungsten carbide swing mill. Bulk-rock chemical
analysis of major, trace, and REE elements were determined for
20 samples by XRF method and 20 samples by Mass Spectrometry
(ICP-MS) method (at Institute of Geochemistry, Chinese Academy
of Sciences, Guizhou, China), the geochemical characteristics and

nature of igneous rocks of the region have been investigated.

3. Results

Volcanic, sub-volcanic, pyroclastic and sedimentary rocks are
exposed directly in the southwest of Sabzevar (Fig.1.b). Volcanic
and sub-volcanic rocks are exposed in the form of lava and sill
between pyroclastic and sedimentary units and include a wide
range of combinations of rhyolite, trachyandesite, pillow basalts,

porphyry dacite and alkali olivine basalt. The only intrusive

outcropping mass in the region is gabbro, which spreads in the form
of a sill along with the general extension of the region (Fig. 2).
Therefore, the igneous rocks of the region can be divided into three
categories: volcanic-subvolcanic, pyroclastic, and intrusive, and
the geochemistry of volcanic and sub-volcanic rocks is studied

separately (Table 1).

4. Discussions

Today’s geochemical criteria to distinguish ferromanganese
deposits of various origins are well established. Major element
ratios, trace element concentrations and also enrichment effects
have been widely used to assess the origin of manganese deposits
(Shah and Khan, 1999; Nakagawa et al., 2009; Polgari et al., 2012;
Sasmaz et al., 2014). Analytical results of the major and trace
elements of the Goft and Mohammadabad Mn deposit is given
in Table 1. Various diagrams have been used to determine the
magmatic series of rocks in the region. In these diagrams, the rocks
of the region show predominantly tholeiitic nature. Dacite and
rhyolite samples are in the range of calc-alkaline series (Fig. 7. b).
The similarity of the aforementioned evidence between gabbro sill
and volcanic rocks shows that these igneous rocks are of the same
origin, in other words, sub-volcanic mafic rocks are the internal
equivalent of basaltic rocks in the region. According to the bimodal
nature of some rock samples and the location of the samples in
the range of back-arc extensional basins in the binary diagram of
Th/Nb against Ce/Nb from Saunders and Tarney, (1991), it is clear
that the volcano-sedimentary sequence southwest of Sabzevar was
formed in the back-arc extensional basin. The general theory about
magmatism and sedimentation in the Sabzevar area is the creation
of extensional environment and the formation of a back-arc basin
during the Late Cretaceous (Rossetti et al., 2010; Agard et al.,
2011). The pattern of rare earth elements related to volcanic rocks
has a uniform slope with negative anomalies of Rb, Nb, Sr and
Ti. Depletion of HFSE elements such as Nb, Zr and Ti indicates
the production of magma with a low MORB melting degree.
The depletion of Nb and Ti can reflect the presence of minerals
containing Ti (Pearce and Parkinson, 1996) or Ti-Nb (Reagan and
Gill, 1989) in the origin. Also, this depletion indicates the formation
of the aforementioned volcanic rocks near the volcanic arcs (Peter

and Scott, 1999).

5. Conclusion

Goft and Mohammadabad deposits in the southwest of Sabzevar
basin are volcanogenic type deposits (Hashempour, 2021) and these
deposits were formed in connection with the volcanic activities of
the region. Therefore, in this article, an attempt was made to study
the stratigraphic sequence of the host rocks. The host sequence of

manganese mineralization in the southwestern region of Sabzevar
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is composed of sedimentary, pyroclastic, lava and sub-volcanic
intrusive rock units.

Late Cretaceous plutonic and volcanic igneous rocks in the
southwest of Sabzevar include a collection of trachyandesite,
dacite, rhyolite, gabbro, andesite and basalt rocks, which are
seen in the Late Cretaceous sedimentary sequence. Volcanic and
sub- volcanic rocks of this sequence have a bimodal nature and are
mainly composed of mafic volcanic rocks (about 35 to 40%), which
are accompanied by small amounts of dacite and rhyolite (about 15

to 20%). Therefore, according to the studies, the host sequence and

181

volcanic rocks along with manganese deposits in the southwestern
region of Sabzevar can be considered bimodal mafic. So that in
the geochemical diagram, the volcanic rocks of the region have a
mixed spectrum from basalt to rhyolite and are of tholeiitic type,
which indicates the bimodal nature of the igneous rocks of the
southwest Sabzevar region. The magmatic studies and the nature
of sub-volcanic gabbro sill of the region are completely consistent
with the volcanic rocks, which studies showed that the volcanic
and sub-volcanic rocks are of the same origin and were formed in a

back-arc to arc extensional environment.
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Figure 1. a) Distribution map of manganese deposits according to the age of host rocks within the main tectonic zones of Iran (modified after

Aghanabati, 2004; Maghfouri et al., 2019). b) Geological map of the southwestern region of Sabzevar and the distribution of different types manganese

and copper mineralization in the region (modified from Maghfouri et al., 2019).

1: Garab; 2-3: Kalateh-Lala; 4: Cheshmeh-Frezi; 5: Benesbourd; 6: Cheshmeh-Frezi; 7: Gostaresh Khavar Zamein; 8-9: Nudeh; 10: Homaei;

11: Zei- heri; 12: Chun; 13: Mohammadabad; 14: Goft; 15: Staj; 16: Cah-Setareh; 17: Nakhlak; 18: Gha- tarbouneh; 19: Garmab-e-paein;

20: Asbkoshan; 21: Salamroud; 22: Izadpanah; 23: Karami; 24: Cheshmeh-saefid; 25-26: Zakeri; 27: Danaei and 28: Doulatabad.
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Figure 2. The general stratigraphic column of the late Cretaceous units in the southwestern region of the

Sabzevar, and the position of different types of copper and manganese mineralization (Maghfouri, 2012). The

lithological composition of the four units has a range of composition from mafic to felsic igneous rocks.
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Figure 3. a) The outcrop of rhyolitic dome in late Cretaceous volcanic-sedimentary sequence. b) The outcrop view of prismatic

dacites exposed inside the Kal-Morgh River. ¢) General view of pillow basalts, which have been altered between pillows. This

rock is seen in the unit 1 of a stratigraphic column. d) Microscopic photographs of pillow basalts that have chloritized (Chl)

plagioclase (Plg) in microcrystalline to glassy context. e) Microscopic photographs of the rhyolite unit where the coarse crystal

mineral of alkali feldspar (Afs) and quartz (Qz) are placed in a glassy matrix of fine crystal quartz. f) Microscopic photographs of

the dacite unit where pyroxene minerals have been altered and parts of it have been replaced by chlorite (Chl).
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Figure 4. a) A view of rock units of trachyandesite, gabbro sill and agglomerate and lapilli tuff with interbedded of thin layered tuff that are exposed

in the northwest of Nudeh village. b) A closer view of trachyandesite unit seen in a prismatic state. ¢) A hand specimen of the amygdaloidal unit,

where the cavities are filled by calcite and quartz. d) Microscopic photographs of trachyandesite unit where plagioclase (Plg) and quartz (Qtz)

phenocrysts are placed in microcrystalline context.
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Figure 5. The outcrop of thin pyroclastic units of unit 2 of the Late Cretaceous volcano-

sedimentary sequence in the southwest of Sabzevar Basin.
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Table 1. Major, minor and rare elements of XRF and ICP-MS analysis of Late Cretaceous rocks in southwest Sabzevar basin.

Rocks Si0, | ALO, | Fe,0, | MgO | CaO | Na,0 | K,O | MnO | PO, TiO, L.OI Zr Zn Yb Y
%) | (%) | (%) | (%) | (%) | (%) | (%) (%) (%) (%) (ppm) | (ppm) | (ppm) | (ppm)
Rhyolite 7341 | 1327 | 227 | 091 | 111 | 629 | 12 | 006 | 007 | 029 | 157 | 7455 | 569 | 323 | 23.42
Trachyandesite | 57.69 | 1231 | 10.93 | 434 | 3.10 | 593 | 12 | 004 | 011 | 049 | 425 | 1024 | 5547 | 3.05 | 24.24
Spillite 549 | 1415 | 17 | 676 | 558 | 365 | 037 | 012 | 015 | 053 | 077 | 52.07 | 1086 | 3.05 | 28.55
Kerathophyre
Dacite 67.56 | 14.84 | 358 | 1.8 | 254 | 499 | 097 | 0.6 | 007 | 036 | 227 | 89.11 | 8220 | 434 | 35.70
Andesite 5726 | 1425 | 7.99 | 2.82 | 29 | 503 | 036 | 241 | 020 | 085 | 549 | 6335 | 5330 | 2.59 | 22.73
Trachyandesite | 51.65 | 1579 | 11.69 | 536 | 7.08 | 488 | 038 | 026 | 013 | 080 | 0.64 | 323 | 23.06 | 370 | 29.49
Gabbro (Nudeh) | 49.15 | 15.88 | 13.92 | 431 | 941 | 234 | 082 | 021 | 0.17 | 1.08 | 3.13 | 2931 | 1078 | 1.82 | 1647
Hornblende -\ 5 o1 1706 | 87 | 228 | 603 | 358 | 127 | 0.2 | 013 | 036 | 332 | 57.63 | 6559 | 1.32 | 1018
andesibsalt
Andesite 5524 | 11.08 | 13.97 | 2.9 | 096 | 3.11 | 1.09 | 012 | 011 | 065 | 1024 | 1355 | 41.17 | 4.90 | 37064
Gabbro 5047 | 158 | 1321 | 3.99 | 596 | 354 | 126 | 0.6 | 023 | 082 | 3.76 | 5230 | 91.06 | 3.01 | 25.65
(Kalmorgh)
Gabbro 5261 | 1503 | 1175 | 403 | 659 | 346 | 176 | 018 | 010 | 0.78 | 3.82 | 36.77 | 58.17 | 2.05 | 17.15
(Kalmorgh)
Rocks Tm Tl (p?rln) Tb Ta Sr Sn Sm Sc Sb Rh Rb Pr Pb Ni
(ppm) | (ppm) (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
Rhyolite 047 | 006 | 074 | 055 | 0.14 | 4572 | 028 | 241 | 1321 | 036 - 739 | 1.60 | 3.95 | 3.63
Trachyandesite | 045 | 0.12 | 2.64 | 07 | 0.19 | 1645 | - 370 | 11.08 | 0.16 - 2727 | 347 | 121 | 168
Spillite 046 | 003 | 041 | 066 | 007 | 2216 | - 2.55 | 22.08 | 0.33 - 205 | 152 | 361 | 1.97
Kerathophyre
Dacite 064 | 003 | 08 | 087 | 011 | 1659 | 0.03 | 3.63 | 18.14 | 0.14 | 002 | 368 | 337 | 27 | 1.93
Andesite 037 | 02 | 141 | 058 | 007 | 46.86 | - 271 | 2408 | 043 ; 088 | 213 | 1.05 | 3.66
Trachyandesite | 0.52 | 0.01 | 1.52 | 0.68 | 0.08 | 8873 | - 315 | 19.09 | 072 | 0.02 | 101 | 233 | 1.99 | 599
Gabbro (Nudeh) | 0.27 | 007 | 0.63 | 042 | 007 | 3447 | 002 | 1.79 | 3847 | 1.05 - | 1200 | 123 | 487 | 17.80
Hornblende | o | 03 | 561 | 028 | 011 | 2746 | - 169 | 1586 | 02 - 12019 | 224 | 252 | 528
andesibsalt
Andesite 0.69 | 004 | 1.61 | 094 | 0.15 | 63.12 | 0.05 | 390 | 834 | 025 | 003 | 23.05 | 287 | 137 | 574
Gabbro 045 | 007 | 128 | 063 | 008 | 2862 | - 317 | 2931 | 1.0 - 1848 | 2.57 | 438 | 2.85
(Kalmorgh)
Gabbro 029 | 006 | 028 | 040 | 005 | 2763 | 0.02 | 149 | 3632 | 02 - | 1422 | 087 | 193 | 12588
(Kalmorgh)
; Hf
Rocks Lu Li La In Ho ) Ge Gd Ga Eu Er Dy Cu Cs Cr
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
Rhyolite 045 | 1112 | 436 | 003 | 09 | 265 | 1.6 | 080 | 1021 | 069 | 2.67 | 419 | 894 | 005 | 89
Trachyandesite | 043 | 9.80 | 1195 | 0.05 | 1.03 | 3.17 | 093 | 397 | 943 | 1.09 | 277 | 483 | 84.13 | 034 | 13.16
Spillite 042 | 1857 | 430 | 006 | 102 | 188 | 1.72 | 333 | 762 | 077 | 291 | 484 | 3326 | 0.02 | 3430
Kerathophyre
Dacite 059 | 544 | 623 | 009 | 129 | 3.19 | 147 | 431 | 1434 | 1.19 | 391 | 625 | 6472 | 0.07 | 871
Andesite 036 | 670 | 658 | 005 | 0.81 | 2.08 | 065 | 3.03 | 985 | 085 | 232 | 402 | 368.1 | 005 | 4.88
Trachyandesite | 0.50 | 7.05 | 6.94 | 0.09 | 1.06 | 3.02 | 133 | 37 | 1128 | 077 | 3.18 | 502 | 176.1 | 0.02 | 8.78
Gabbro (Nudeh) | 025 | 922 | 351 | 005 | 065 | 1.1 | 143 | 226 | 1475 | 07 | 171 | 296 | 2207 | 025 | 27.02
Hornblende | o1 57 | 1048 | 003 | 030 | 171 | 138 | 196 | 1457 | 062 | 11 | 183 | 3615 | 0.69 | 1411
andesibsalt
Andesite 0.66 | 12.96 | 882 | 0.06 | 148 | 473 | 136 | 468 | 1071 | 083 | 436 | 7.08 | 1070 | 0.05 | 2031
Gabbro 042 | 622 | 761 | 006 | 096 | 1.98 | 1.49 | 3.64 | 1489 | 099 | 2.68 | 448 | 3267 | 0.42 | 16.58
(Kalmorgh)
Gabbro 027 | 7.17 | 2.10 | 005 | 061 | 125 | 174 | 205 | 1391 | 057 | 179 | 292 | 154 | 0.15 | 12.73
(Kalmorgh)
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Figure 9. a) The location of volcanic samples and gabbro sill of southwest Sabzevar region in the Y-Zr/4-2Nb ternary diagram from Meschede (1986). b)

The position of volcanic samples and gabbro sill of southwest Sabzevar region in the binary diagram of Zr vs. Zr/Y from Pearce (1979). ¢, d, e) Ternary

diagrams Zr/117-Th-Nb/16, Hf/3-Th-Nb/16, Hf/3-Th-Ta from Wood (1980). All samples fall within the range of island arc tholeiitic basalts (IAT) and

calc-alkaline basalts (CAB).
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legend as in Figure 6).
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Figure 11. Trend of elements in Harker diagrams of volcanic samples and gabbro sills.
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b) Minor and trace elements chart in the volcanic rocks of southwest Sabzevar sequence normalized to primary mantle (Sun and McDonough,

1989).
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to chondrite (Nakamura, 1974).
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