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1- Introduction

Southwest Sabzevar basin is one of the most favorable metallogenic areas in Iran for the exploration of
manganese deposits; because this zone hosts a number of manganese deposits that are formed in the Late
Cretaceous volcano-sedimentary sequence (Maghfouri et al., 2019). These deposits can include Cheshmeh-Frezi
manganese deposit (Maghfouri et al., 2017), Benesbourd (Masoudi, 2008), Nudeh (Nasrolahi et al., 2013),
Khavarzamin, Homaei (Nasiri et al., 2010), Cheshmeh-Sefid and Zakeri (Taghizadeh et al., 2015). The southwest
Sabzevar basin formed from two anticlines and a syncline structures parallel to the trend general Sabzevar zone.
The southwest Sabzevar basin is characterized two successive sedimentary sequences: 1) the Lower Late
Cretaceous volcano-sedimentary sequence (LLCVSS), including fine-grained siliciclastic sediments and bimodal
volcanism and pyroclastic rocks, and 2) the Upper Late Cretaceous Sedimentary Dominated Sequence (ULCSS),
formed by pelagic limestone, marly tuff, silty limestone and marl (Fig. 4) (Maghfouri, 2012; Maghfouri et al.,
2016). The Mohammadabad manganese deposit is located in the ULCSS. Based on mineralization and textural
studies, formation and evolution of the manganese deposits are during the diagenesis process.

This paper describes the ore facies, stratigraphic and mineralogy features of the Mohammadabad deposit together
with the relationships between the manganese oxide mineralization and the host rock. Studies have been
completed by mineral elemental mapping and scanning electron microscopy (SEM-EDX) analysis of manganese
mineralization in this deposit.

2- Methodology

In this study, due to studies on volcano-sedimentary sequence in the southwest of Sabzevar, a geological map of
the area and a geological map of Mohammadabad deposit was drawn. 17 thin and thin-polished sections were
studied in the mineralogy laboratory of Tarbiat Modares University for lithology, mineralogy, structure and
texture studies and paragenesis sequence of ores. To identify the amount and type of elements in manganese
oxide minerals, especially pyrolusite mineral as the main known mineral in Mohammadabad deposit and in order
to accurately determine the chemical composition of mineral phases, led us to SEM studies. For this reason, 2
thin-polished sections were selected and examined through SEM in the Applied Research Center of the
Geological Survey of Iran.

3- Results and discussion

In the Mohammadabad deposit manganese mineralization has been formed in stratiform geometry and concordant
with marly tuff-limy tuff host rock. These orebodies occur as bedded and lenticular shapes (Fig. 5C), and their
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texture is controlled by the host strata. Observations indicate that mineralization in this deposit is divided into
three ore facies: massive ore facies, bedded ore facies and stringer zone based on shape, mineralogy, mineral
texture and grade. The most abundant minerals are psilomelane, pyrolusite and manganite. The gangue minerals
are mainly quartz, feldspar and chlorite, which coexist with lithic clasts in the tuff. The structure and texture of
manganese ores are massive, laminae, nodules, disseminated and the replacement of manganese ores in the inner
cells of foraminifera and radiolarite fossils. Based on mineralogical studies, the formation of the Mohammadabad
deposit consists of three main stages, the first stage is related to pre-mineralization stage and the second stage is
related to Mineralization stage or exhalative-diagenesis stage and the third stage is related to weathering and
supergene (Post- mineralization) processes. In the Mohammadabad deposit, in order to accurately determine the
chemical composition of mineral phases, SEM studies were performed, which according to the results, oxygen,
manganese and iron are the main constituents of nodules. Oxygen and manganese have a positive correlation and
the main part of nodules are composed of these elements. Elements such as Si and Fe are both involved in the
formation of manganese nodules and in host rock cement. Carbon and calcium fill the nodule margin and act
mostly as cement. The distribution of elements within manganese nodules and filled cells of fossils in the
Mohammadabad deposit confirms that the crystals are relatively homogeneous and are composed primarily of
manganese and are only partially associated with silica.

4- Conclusions

Geological evidence and the location of manganese mineralization in the sedimentary-volcanic sequence and
sedimentary host rock (marly tuff-limy tuff), as well as the structure and texture of the ores, all indicate the
formation of Mohammadabad manganese deposit during exhalative processes and syngenetic deposition.
Elemental maps showing the distribution of major elements in different generations of manganese ores indicate
that oxygen, manganese, and iron are the constituents of the nodules in the deposit.
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Fig. 1. 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).
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Fig. 8. (a) General view of the massive and semi-massive mineralization within the marly tuff- limy tuff host rock
(view to the NW), (b-c) Hand specimens of massive manganese mineralization in the Mohammadabad deposit, and
(d-e) Microscopic photographs of radiolarite fossils in the Mohammadabad deposit, where the inner cells of the
fossils have been filled by pyrolusite I mineral. Abbreviation; Pyl: Pyrolusite, Mng: Manganite, Ps: Psilomelane.
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Fig. 10. (a) View of chlorite alteration that completely destroys the original texture of the host rock (northwest
view), (b) Outcrop of argillic alteration in the mineralized horizon of Mohammadabad deposit, which has caused
the host rock to turn white (view to the north), and (c) Hand specimen iron oxides and a chert lens is formed

concordant with together.
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pyrolusite |1 in Mohammadabad deposit with nodule texture replaced by manganite. Abbreviation; Pyl: pyrolusite,
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ARPA



Y

Y oo,led Y oy50 VFeN linls adpian )8 (owlid (e )

Foraminifera fossil g

~21smm__ Reflected light: ppl ~21mm__ Reflected light: ppl

Y

0.50 mm Transmitted light: xpl ~0.50mm_ Transmitted light: ppl

(55503 5en 135 (D) el o piial b o il olS y5bo &2 4 sbleome JLdlS' 5 90 ok (Dlaghonny 51 (29Kg Socn 5 (@) VY S5
Ol CilBie b a8 oblaesme JLuils 90 s 59y rm 5l (095ms,Sun mguas (C) cobloamme [JLuslS [0 58 Jud Cujolgpm g Hoghoms LslS |
o 3 ool 0 oS5 g0 uud Dlaghens b ol o 45 (slosgs <l b sblaazme [LuslS pgd Jus Cajolsrm 3l gr95wg San pgeai () el ons
85 5| 55wy Sn pgas (F) 5 09 ca canlie saypdslS JSi L a5 ol apnST 5| (058 Sen g (B) ol 00 (il Coiliie salomgts
Pyl: pyrolusite, Mng: manganite, Ps: psilomelane, Chb: g lasl oo . Jgl Jus g 90 Jos oS Slio,S 51 JSiiie sloaxS
Carbonate
Fig. 12. (a) Microscopic photograph of psilomelane Il in the Mohammadabad deposit, which has completely
replaced in the Foraminifera fossil, (b) Microscopic photograph of psilomelane Il and pyrolusite 1l minerals in the
Mohammadabad deposit, (c) Microscopic photograph of pyrolusite 11 of Mohammadabad deposit, which is
replaced by manganite, (d) Microscopic photograph of pyrolusite Il of Mohammadabad deposit with massive
texture formed with psilomelane Il and then replaced by manganite, (e) Microscopic photograph of iron oxide as
seen in the form of chloroform texture, and (f) Microscopic photograph of carbonate Il and | vein-veinlets in the
Mohammadabad deposit. Abbreviation; Pyl: Pyrolusite, Mng: Manganite, Ps: Psilomelane, Ch: Carbonate.

4



Y o)Lo.:J AY 0)30 s\f‘\ ul—HM)lJ

N/

o SO S ey T Y,

Ore minerals/Rock-

g — or Sub-stage | Sub-stage || Sub-stage IlI or
‘orming minerals i ; ive-stri Late di ti
g Sedimentarion (Badded ore facies) (Masg\;gcéiglsr;ger ( vaeien- '\?{gﬁ&%lc Supergene

Pre-mineralization

Ore-mineralization or Exhalative-diagenesis

Post-mineralization

Radiolarite

Foraminifera
Chert

—_—

Lithic fragments

Detrital fragments

Clay minerals

Pyrolusite |

Psilomelane |

Laminae

Bedded,nodule,
disseminated

Bedded,nodule,
disseminated

Replacement, vein-veinlet
——

Calcite |

Pyrolusite I

Psilomelane I
Calcite Il
Pyrolusite IlI
Chlorite

Manganite
Iron oxide/hydroxide

Massive, .
replacement in fossil

Massive

Vein-veinlet

Vein-veinlet

Replacement, vein-veinlet

Replacement, vein-veinlet

Replacement, vein-veinlet|

blaee 3355 HLuils o Ll @ bgyye b g cilo g la SIS daails’ Sassll Jlg g JuSKias Jolpe - VY S
Fig. 13. Stages of formation and paragenetic sequence of ores, minerals and related structure and texture in the

Mohammadabad manganese deposit.

JlS o g saims Sis olgs 51 al o 5:50s ooyheanST e
“J9398 09,0 robe @is (V0 5 VT (slaJst) widly oo aslllas 350
S o 0B obTtoms JLdlS (sladud oy Sl 5 3500 clo
5wl LS 5500 5l Lulol 5 atied (,Sad L b iy S a5
Wgd oo (Blrod pdiw bawg o> b Lais
SO Jud 35500 gladilS yo polie (SuiSly 9 20598

LS St l5alS s eyl LE sltsy o a5 silan
asls Jol Jws 2halS plaie cov o Jeogs 28l L oblowesw
s ol sy g 0ad pll SEM clalllas ool s 55 00
& wad e LS 1) (patie Ny, pele @i (VF S olialS
5 43l Cote (Sion (NF JS2) piSie s (MF JS2) (5051
S8 ol Sl 00l St pobie cnl Sl Jgog (el i
2 e 5 S Jpog S5y g0 e (VY JSi) (el 5 @)F
Grolie e g (ST Bl 2B Ghpee S lesw
21 Jsos adle @VF US8) el 5 (AVF JS0) ()5 (gzmen
S oo o Glosms Oj0 4 fiin g Wiled S

Yy-

Minerals ) b S gmie aidi § SEM ol
(Elemental Mapping
Sl p e sly polie (Sos 5 I 5yt @9
Cox and ) cusl pge sl b )Luils sl anits § jloKanils
Singer, 1986; Pirajno, 1992; Sillitoe, 1997; Large et
oekaie onl slp.@l., 2009, 2013; Kouhestani et al., 2012
NEPYYPY. VORPY-L\ R V1IH{ By WO R PPN CE S OE R LG R
b izmen 3 SEM) i) 59 58U 0sSns Sie 5 (EPMA)
&'y (LA-ICP-MS) 5 Lol Chs - Ldly o> e
San Shen and Yang, ) cwl sas eolitul LW yolie &9
2004; Chouinard et al., 2005; Velasquez et al., 2014;
<l (Kouhestani et al., 2018; Shahbazi et al., 2019
e & pSie ST Sl )3 S9zge polic g5 g jlade 353
S e eas aslis S el Glae 4 Cojelym S8
b (bl slajls (s paie oS 5 388 Gt 3 late 4 bldese
@9 (S sk 4 el gt SEM clalllas ploxil (sgm 4 1,
odds ools lis jaseine S5, L G o awa b g ails jo yaic jo



Y O)Lo.:) AY 0)50 s\f’\ ul.......ulJ

N/

o SO S ey T Y,

| =T~ |
100pm

f 1()0” ! C 0(1

O Kal

T Map Sum Spectrum

o
i

i

230pzvo0

m aanm

100pm Fe Lal 2

| e r-r~ee—

100pm Mn Lal_2

S35 38 Se poai @) oSy o el oy SIS (Elemental mapping) (s paie (Fossly; 4t )0 (s pate (Ko 5 555 -1 TS
LCa C jolie (Kan SusSly g anlp oS g paie iy 4d (D) wbloeme JLils & bgyye Jgl s 53550 9l Jgo95 5 SEM-EDX) g,
ol 1y ol SIS S 5 g (85, (SAS]p (omiw i o g 455 00 00lo Lt jloges (C) il oo azine ] o FE& 3 O Mn Si Al

Aps o lid 138 g9l Jgogs ;0 1, MN 3 O LCa Fe Si C ,olie Sussly, a5 (TEM/BSE) (s paie ;95 slaasis (i) 5 sas o
Fig. 14. Elemental distribution and correlation in the elemental mapping of one generation pyrolusite mineral, (a) A
SEM/BSE image showing nodule texture of sub-stage | in the Mohammadabad deposit, (b) An elemental map
showing the homogenous distribution of C, Ca, Al, Si, Mn, O and Fe, (c) The graph shown on the right represent

energy-dispersive spectroscopy analysis presenting the mineral composition, and (d-i) A TEM/BSE elemental maps
showing the distribution of C (d), Si (), Fe (f), Ca (g), O (h) and Mn (i) in the Mn-bearing nodule.

s (M0 US2) 5enst (N0 JS2) 538 polie @l & axg
5 amdls jgax Jewd 3l slajise 0 (N0 JS2) pgsmdiw
5 @ro &) )5 polie (blie 1o aimo o lis ot (Suen
Lsgy 5 45,5 )15 Jond agy )5 JaS 5 5 (G0 JS2) el
JS5) ool i dadiges plo asles ilesls LS5 1, ol (Sal
la iy plad o 5 anilas ools Sig, (@)D S parinesll 5 (1O

RU PRV TR

ARA

99 Juwd 35550 Gladils’ o yolie (SuS1y 9 0598
a5 535 sLslS 5l anws T 55550 o154l gan Jus 4 4z b
ol co Vol 9 el d sllwd (I3l Sl 3l o
Sz gyl 5laed e sl SlalS pes Jud Gleie cos wilonds
It ooyl ledend o srate @iy 5 SSIn o
Sledand A3 lise o 3Kw olals 4 SEM wldlas
20 a5 ab ools Lplais! sbloese [Luils jo o Vaol, g il 8
L.(VO JSKE) ol aalgs osls oY Slazl & LQfI BLINS VRS



Y O)Lo.:) AY 0)50 s\f’\ ul.......ulJ

N/

o SO S ey T Y,

T soum ' CKal2 T sopm ' Al Kal sopm 'Felal 2 " soum

' CaKal ™ sopm ' O Kal sopm ' Mnlal 2 sopm ' Si Kal

S9SN gy e gl @) 98 s S jolgm S (Elemental mapping) s pae Saisly, aiss 0 s pate  Siwed § 2595 - V0SS
5 anlp a5 Gpaie gy adi (0) wol oad uiils g0 s 5Ke abewga o] (A3l Sl a5 il d s 51 (SEM-EDX) i,
SaiSly i dinb g g dujos oad 0ols (jLis loges (€) cenl oud asine ] o FE 3 O M Ca Si C Al jobe (Son SusSly
»1,Si3Mn O CaFe Al C ,ole Sussly, a5 (TEM/BSE) ¢ paic g5 sloaiss (0-]) 5 aas o lid 1) cwlis SIS cuS 5 5 65,0

A3 oo i 5Ke 5ol J9o95
Fig. 15. Elemental distribution and correlation in the elemental mapping of two generation pyrolusite mineral, (a) A
SEM/BSE image showing foraminifera fossil that has been largely replaced by manganese in the sub-stage Il, (b)
An elemental map showing the homogenous distribution of Al, C, Si, Ca, Mn, O and Fe, (c) The graph shown on

the right represent energy-dispersive spectroscopy analyses presenting the mineral composition, and (d-j) A
TEM/BSE elemental map showing the distribution of C (d), Al (e), Fe (), Ca (@), O (h), Mn (i) and Si (j) in the
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