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EXTENDED ABSTRACT

Introduction

The main processes involved in the formation of
marine  Mn deposits include hydrothermal,
hydrogenous, diagenetic, and biogenetic - bacterial
(e.g., Zarasvandi et al., 2013a). It is important to note
these processes could act solely, however, in many
cases a combination of these processes is involved in
the formation of marine manganese mineralizations
(Polgaéri et al., 2012; Kim et al., 2023). The main
structural zones hosting the Mn-deposits in Iran
include: (1) Urumieh-Dokhtar volcano-plutonic belt,
(2) Central Iran, (3) Sabzevar zone, (4) Alborz
magmatic belt, and (5) Cretaceous ophiolites
(Maghfouri et al., 2019). Along with some of the
Iran's Mn-deposits, especially those associated with
ophiolitic belts, i.e., the Abadeh Tashk manganese
deposit and the Nasirabad manganese occurrence,
nodular Mn-mineralizations have also been reported
(e.g., Zarasvandi et al., 2013a). However, it should
be noted that this is not a general feature, as no
nodular Mn-mineralization has been reported in the
Sorkhvand manganese deposit, which is related to
the radiolaritic mudstones of the Kermanshah
ophiolite (Zarasvandi et al.,, 2016b). In general,
manganese nodules may have various mineralogical
phases (Kim et al., 2023). Generally, iron and
manganese  oxide/hydroxides  have  various
mineralogical phases, depending on the geochemical
conditions of the sedimentary environment (Kim et
al., 2023). This is due to their sensitivity to the redox
conditions of the sedimentary environment (Ling et
al., 2018). The occurrence of Mn-bearing nodular
structures in the Nasirabad manganese occurrence
was previously reported in Zarasvandi et al. (2013a).
The present study tried to characterize the
mineralogy, micromorphology and the geochemistry
of these nodules using Raman laser spectroscopy,
BSE electron images, EPMA analyses, and WDS
elemental maps.

Geological setting

The Nasirabad manganese occurrence is located to
the southwest of Neyriz city in the Fars Province.
Structurally and lithologically the studied area is
located in the southeastern part of Zagros thrust belt
close to the exposure of Neyriz ophiolite. In this area,
Mn-mineralization occurred as nodular and layered
forms in interlayers with the chert successions of the

Pichakan radiolarite zone. This zone represents the
abyssal facies of Neotethys from the Late Triassic to
Cretaceous (Tangestani et al., 2011). The Neyriz
ophiolite is thrust over the Pichakan radiolarite zone
(Babaie et al., 2001). This zone in the lower parts
contains the Upper Triassic limestone turbidites,
dark marl and serpentinite diapirs (Zarasvandi et al.,
2013a). This changes upward to <5 cm bedded cherty
radiolarites, alternating with up to 5m bedded green
siliceous shale and detrital limestone. To the upper
parts this overlies by a thick (~ 500 m) sequence of
radiolarites. The radiolarites of the upper parts
hosting the Mn-mineralization are younger than
Middle Jurassic (Zarasvandi et al., 2013a).

Materials and methods

In this study, the preparation of thin-polished
sections and all analysis steps were carried out in the
Montanuniversitat Leoben, Austria. In order to
correctly determine the type and paragenesis of
manganese ore minerals, BSE electron images and
EDX spectra of samples were obtained. Also, all
Raman spectra were taken by a Jobin Yvon LabRAM
instrument. An electron probe micro-analyzer
(EPMA) instrument, Jeol JXA 8200 superprobe
model, was used to prepare the elemental maps using
the X-ray wavelength dispersion (WDS) method via
overnight running of instrument.

Results and discussion

The studied nodules represent multi-core structure
dominated by the accumulation of siliceous
microfossils and spheroidal colloform textures. BSE
electron images accompanied by Raman laser
spectroscopy analysis confirmed that in the core
areas, Mn-minerals are fine-grained containing
mostly todorokite [(Na, Ca, K, Ba, Sr)i.x(Mn, Mg,
ADsO12]¢, pyrochroite  [Mn(OH);], pyrolusite
[Mn*0,], and ramsdellite [Mn**0;]. On the
contrary, to the marginal parts, the Mn-minerals are
coarser and consist mainly of pyrolusite, and
ramsdellite. The patterns of major and trace elements
(i.e., Mn, Fe, Mg, Al, Cu, Ni, Co, Sr, Ti, P, Si, V, and
Pb) imply for the depletion of Fe, Pb with Cu, Ni,
and Co, providing insight into the contribution of
distal hydrothermal fluids in the formation of nodular
structures. Additionally, diagenetic replacement of
siliceous microfossil shells with manganese oxide
minerals, especially todorokite, shows the role of
diagenetic pore-fluids in the evolution of nodular
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structures. No sighting of Mn-carbonate ore minerals
(i.e., rhodochrosite) along with the absence of
enrichment patterns in the bio-essential elements
(e.g., iron, arsenic, barium, strontium, cerium and
cobalt) imply for the absence or insignificant role of
biological-microbial processes in the formation of
studied nodules.

Conclusion

This study deals with the micromorphology, in situ
mineralogy, and the distribution pattern of major and
trace elements in the Mn-nodules of Nasirabad
manganese occurrence, Neyriz, Fars Province. The
analysis of the presented data implies that distal
hydrothermal fluids accompanied with diagenetic
pore-fluids were involved in the formation of multi-

core nodular structures. Compared with modern Mn-
bearing nodules, the studied nodules have no Fe-Mn-
bearing hydroxide minerals (i.e., vernadite)
highlighting the role of diagenetic fluids.
Additionally, the ubiquitous occurrence of stable and
unstable polymorphs of Mn oxides (i.e., pyrolusite
and ramsdellite, respectively) is attributed to the
local changes in the crystallization conditions during
the slow growth rate of Mn-nodules.
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Fig. 3. A: Thin — polished section representing the vertical section of Mn-nodule Nasirabad manganese occurrence.
Numbers refer to the focus points of Raman laser spectroscopy analysis, and B: BSE electron image showing the
accumulation of siliceous microfossils as the nucleus of manganese nodule. The image is related to part 1 in Figure A.
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Fig. 4. Raman spectrum obtained from the Mn-bearing ore minerals in the areas of siliceous microfossils accumulation
in the nodular sample of Nasirabad manganese occurrence. A: Todorokite, B: Ramsdellite, C: Pyrochroite, and D:

Pyrolusite.

23 3 oo 1Al 5MNO2 o sn s o 5ol 5 0 el
Dmd Lok laga 5 Cal 5500 il ) O gy Jilie
(Fong et al., 1994) c_.| (FEOOH) =5 £ 5 (AIOOH)
J=lie 5o Lal ton g Sl Coysn b S 5gls ym camed 5o

Sl ge b Olejen Slsl 3l HILLL o) 5n by bl

2354 Sddaly 5 a5l g Olejon sl o s )3
53 (MNO2) 55t ST S il s o bl (gla_isny

(a8 ) Al 45T el o gk A shls s

Ol sl 5 (Curetti et al., 2021) sy 5 Cdnal

Olse 4y pomen w3y iy ¢ 58 Dl lew b Sy gl

DOI: 10.22067/econg.2025.1133

\al

Yooyl AV oo 90 NP F (ool wug:.a)


https://doi.org/10.22067/econg.2025.1133

e 135K S s OS5 ol uolie (ST, 6 Sy cmliddu 5 (it SIS OLSar 5 ol

Curettl et ))}L? .124__“,_34 Lgl"" Q‘x.::{; J:JJ a Lﬁ)\ﬁ )‘ ég.x_ le.bu.;:u B eJ"._’_} Q(Q:JA_M.A‘)) )‘J._\..L.\:.La.j (C«.&)}S}Ji) )‘J._\_.L.\:.
.(al., 2021 -V A le & 50 b eslalanns ol g 4 Ll g e glail>

P i S5 Y 5 a4 Sdialy oS o5 pde

1200 6000
A Ramsdellite 1B Quartz
1000 A 5000 -
800 4 4000 :
z Z
3 g
g oo £ 3000 A
£ £
400 1 2000
200 - 1000
0 - ! - c . - 0 .
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
Raman shift (cm)-1 Raman shift (cm)-1
. - & T . Z rd . . . . . . £y
By Ciialy A il el ez ia A-Y S 53 o LT a5 sl (S S wgal Y ide gla o bl 4 bg e Ol b 0
5

Fig. 5. Raman spectrum related to the analytical points belonging to section 2 of nodular sample from the Nasirabad
manganese occurrence shown in Figure 3A. A: Ramsdellite, and B: Quartz
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Fig. 6. BSE electron microscope image showing circular colloform texture in the Nodular sample of Nasirabad manganese
occurrence; manganese ore-minerals are fine-grained in the areas of colloform texture, but they are coarser-grained

towards the marginal parts.
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Fig. 7. Raman spectrum related to the areas of circular colloform texture in the nodular sample of Nasirabad manganese
occurrence shown in Figure 6; A: Pyrochroite and B: Ramsdellite.
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Table 1. Average of EPMA results (wt. %) from the core parts (dominated by the accumulation of siliceous microfossils)

and marginal parts of Mn nodule in the Nasirabad manganese occurrence
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Fig. 8 A: Box plot showing the concentration of Mn and other major and trace elements in the B: Outer and C: Central

parts of nodular sample from the Nasirabad manganese occurrence

DOI: 10.22067/econg.2025.1133

Yo

Yooyl AV oo 90 NP F (ool wug:.a)


https://doi.org/10.22067/econg.2025.1133

e 135K S s OS5 ol uolie (ST, 6 Sy cmliddu 5 (it SIS

ALer 5 oo,

(D-4 &)

S o S o SR (S e I e ol
Soler (E-4 [S8) Sl odalive b (glabals &y om0 g5
Sl fed s Sn o Joms 53 (ol bt LA IS s
R gl b8 ) b e s Ol il
b b il sy o i 4 (B JS00) 58 ST
25 S s 4 g Ll sl 58 slaed S
(sl s on 5 4 ¢ (5l Jomd s Sn s 3 el
sy oo 53 Ll e JalS L bl (ol s 550
&yl o3l JolS Sy o 4 il () s o s SCeo
3 e ) el (IS JSGS o S laS ol L
sdalia i b6 S b o S8 S ma by 5 O
N SK A H G F-1 K8 558

ST s 58 sl 4 Loy o (s 2 3550 (S8 5 (Gl o
IS o ol I s () ) i 55,0 s o
Zarasvandi ) o, 8es 5 g smly) Liags o3 el Kow
03130t cadate ol 3K oS £ 4, , (et al., 20132
o) o T o (e S bl gnl st
e PPMAVE S5L0) YU )l 23l (V0/F sMIN/Fe
HREE « «wi LREE Sz & (ppme /oy - Kike) ol
ColZn s oSils 5 ooz i Sla b 5T ol on
Lo 5193 ol 8 OVl Jol (i Vs Kaa o4 /YA)
crmen 5 a8 § LS (6l 5L e 58 els
COPBPPh aslis ol s osdhe ols Lls 2K laay
SI0/0 VY 5 4 :Sle) 2%PE/2Ph 5 27Ph/%Ph
stasolis oUT e adbte 38506 lacSa £ 5 (1)
S5l S i o Sl 555 (S b b sl
ool (65057 305 L 51 U ys OT Yoz s 556 Lo 51

3 s« (Rezaei, 2012; Zarasvandi et al., 2013b)

S isu s —olie O s anls js ol Soles (Jl- Cpl L
33 T Sl atals (s Ol gie 4 . Cul (Gl bl 5 (65 e
et D) St 655 e Gla R 4 Sl (Sl i
Ll 4(C 5 B-A JS&) 358 g0 0> 55 il el (G515 )3 altis
S SHIES o Sla i 03 Dl ks dls e e 6l

(C 3B-A S0) cl (slaciil gla i
53 58 Y5 4505 & BSE 5 S0 0 8y S 58
WDS (s paie baidl puomer .Sl ol jadeii A Jﬁ.»
Ti Sr Co Ni Cu Al Mg Fe Mn _sle 4 by
Wl ol s eals N G B-4 IS ,5Pb 5V Si P
i i by o G313 o i o) (i tin S Ol
(e Gl Jed s S s Joma 3 (B4 JS) o
S (g 0 5 o ocal e (8 Bl D o g
035 5 iy 55 03 Sl 505 K55 bl o Sn o)l 25
e A S5 L s b s S 0k, S s 55 aa lie 5 Lol
Snsopl (B Ka) Col 55K S slie otiasOlE 55
ol 53 s bl (B IS i s M5 e
s 8 S glise sl lale 05,8 s 3K glad ST
SPVVE 6oty Sy SN il — sl )
=5 Gl L (Rezaei, 2012) GRir A3 08 &S 5,955
SatenST 023 5 i O 5 on Ol (583 7l 4 325
Il 5 g g U o 5 S s gy 53 0k il 5K
Wl S5y 935 5 ZSs S 5w S1ls 4 ol 5 s
-4 JSK) el Sl g (5 ST Slal 3 AT e O
S 0lly g S Sy 42 i L g s s ] S (C
(2z28) AT ST slals 4z 5 JG sty pe ST
23 s e QLS (6 i LD vy p sl O e f5 Sl
G113 o2 e b (6o ey Sin o (lain 3L
o eslgs Jowe 3 ol ol bl s S s b
35 n ooksd &Gy ol 55 ke a3 Ul o5 S
b 5o Jomeb s S 03l 23 53 g in S i 8 Kb oS

DOI: 10.22067/econg.2025.1133

\td

Yooyl AV oo 90 NP F (ool u“”uw")


https://doi.org/10.22067/econg.2025.1133

e 135K S s OS5 ol uolie (ST, 6 Sy cmliddu 5 (it SIS OLas 5 ols,

Yl ROy, 1992) 45" 5 55 UT 5 OkwsSy 53 Oliw 55 23T a8 el s plw js dSh ol s aibe
28 6l 5L 3 e 5K Jeol oS el Olgie 4 o S adbate i cdit s oUss Gees Slac sy Lol a5
lo s 5lels b SLS" (Zarasvandi et al., 2016b) olzils S5 5

‘H Ni .G Cu F Al'EMgDFeCMnB ,sle s by s WDS g,z slaaiis s BSE iy oS0 Sy S s A & S

) 4».-\}‘:5;4;'@.;!}5 6‘;3.3\{T_,:¢J}2§;a:|~\5-)§h_}?45}53)épb N,V:MSiLPKTiJSr:lCo
Fig. 9. A: BSE electron microscope image and WDS elemental maps of B: Mn, C: Fe, D: Mg, E: Al, F: Cu, G: Ni, H: Co,
I: Sr, J: Ti, K: P, L: Si, M: V, and N: Pb in the modular sample of Nasirabad manganese occurrence. Refer to the text for
details.
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