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Quaternary Qm + Alluvial-proluvial sandy marl, mudstone

M,”“'s : Silty marl, sandstone, conglomerrate, gypsum intercalations

Migcene

E,%6M  Sitty marl, sandstone, congllomerate, Alveolina Nummulite
* limestone, sandy limstone

fl,c.l -
Pe . Flysch type marl and sandstone, conglomerate,limstone

Eocene

sz : Marl, silty marl gravelly sandstone intercalation at the base

Tertiary

sz’s - Marl, sitty marl, calcareous sandstone interclations at lower part

Paleocene

KTt'S'V : Tuff, sandstone, tuffaceous sandstane, andesitic rocks

KZ"It’S - Andesite, green tuff, tuff brecia, tuffaceous sandstone, calcareous sandstone

sz’trﬂ : Andesite, green tuff, tuff bereccia, tuffaceous sandstone

mex' . Light colored marl, limestone intercalation

K L,m Thin bedded globotruncana pelagic limestone, marl,
2 :conglomeratic limestone,calcareous sandstone

Late

s,l
Kz "+ Red calcareous sandstone, conglomeratic limestone

Kzl : Light grey-pink thin bedded Globotruncana pelagic limestone

Kgda : Dasitic andesite, dasite, acidic crystal vitric tuff

Cretaceous

sp,k
K2 B - Spilitic andesite, spilite, keratophyre

K" . Rhyolite, acidic volcanic rocks

K", Ateration of tuffs,volcanic rocks, itestone, shale,
tuffaceous sandeston, pelagic limestone

Early

I,m
K1 : Calpionellites limestone, calcartous shale, tuffs, silty marl

| Trias R TRS + Thick bedded to massive dolomite, silty shale
I |:'j : Dark grey-black dolomitic limestone, dolomite
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Lithology Ore Facies Alteration
F=5] thin- bedded Gloobotruncana pelagic limestone [——] Bedded ore {523 Chloritic- Carbonatization
] Limestone, limestone tuff [l Viassive ore {7 Argillic- Silicification

] Andesite, dasite, andesitic tuff P4 7 Ventsomplex

: e - Stringer zone
- Olive green crystal tuff with intercalation of Fal I? “
thin- bedded limestone i TG
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-Higher oxides and hydroxides

Birnesite (Ca, Na)(Mn ", Mn"*);0" 3H,0 flw, n , w, Sedex
Chalcophanit (Zn, Mn, Fe )Mn;07.3H,0 d,w
Coronadite Pb1_2(Mn+2,Mn+4)8OI6.XHQO d,w
Cryptomelane | (Ba,K);.o(Mn *,Mn " *)s0;6.XH,0 d, s, h/s, w, sp
Groutite a-MnO(OH) sp, d
Hollandite (Ba, K)1_2(Mn+2,Mn+4)8016.XH20 fiw, w,d, m, s
Lithophorite (Al, Li)(Mn™* ,Mn"")0,(OH), d, w, fiw
Manganite v-MnO(OH) m, w, Sedex
Romanechite (Ba,K,Mn+2,C0)2Mn501o-XHQO d, w, f/w, h/s, s
Pyrolusite S-MnO,= Polianite & w, fhw b
Sedex
Ramsdelite MnO, W, Sp
Todorkite (Na, Ca, K) (Mn+2,Mg)Mn+4012.XHzO d, w, f/'w, Sedex, n
-Lower Oxides and hydroxides
Bixbite a-(Mn+3,Fe+3)203 h/v, m
Braunite * Mn ™, Mng 0g(Si04) Sedex, b/v, m, s
h/s, s, sd
Franklinite (Zn,Fe"? Mn"?)(Fe*Mn"),0, m
Galaxite MnAlL,O4 m
Hausmannite Mn;04 M, sp, h/v
Jacobsite MnFe,04 m, h/v
Manganosite Mn;_,O M, sp, h/v
Pyrochroite Mn(OH), M, h/v
Vredenburgite 3Mn304. 2Fe;04 M
-Manganese Carbonates
Kutnahorite (Ca,Mn)(CO3), S

Ad




Manganosiderite | (Mn,Fe )CO; S

Rhodochrosite MnCO; s, m, h/v
-Manganese Silicates

Bementite” Mn;SigO;5(OH)y S

oy Hydrous silicate of Mn and Fe of
Neotocite . S
uncertain formula

Rhodonite MnSiO; m

Spessartite Mnj;Al,(SiOy)s m
-Manganese Sulphides

Alabandite MnS h/v

Hauerite MnS, h/v

-Manganese Borates, Arsenates and Phosphates

Jimboite Mn;(Bos), p, h/v
Roeddingite (Mn, Fe)3(PO,4).3H,0 p, h/v
Wiserite Mn4B,07,.H,0 p, h/v
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Sample 7-33 7-36 7-37 7-38 7-39 Z7-75 7-76 | Z-77
La (ppm) 1.6 8.3 7.1 8.3 7.3 9.3 10.7 10.1
Ce (ppm) 3.39 19.92 17.83 19.70 18.36 | 21.75 | 26.70 | 24.98
Pr (ppm) 0.5 3.0 2.6 2.9 2.8 3.1 3.6 34
Nd (ppm) 2.4 13.9 11.5 14.9 15.7 15.0 17.8 15.9
Sm (ppm) 0.7 4.7 3.5 4.0 5.7 3.7 5.0 4.6
Eu (ppm) 0.2 1.4 1.0 1.4 1.9 1.0 1.3 1.2
Gd (ppm) 1.1 5.2 4.5 5.1 8.4 53 5.6 5.7
Tb (ppm) 0.2 0.9 0.8 0.9 1.4 1.0 1.2 1.2
Dy (ppm) 1.2 6.3 4.9 5.9 9.0 7.1 6.7 6.8
Ho (ppm) 0.4 1.3 1.2 1.3 2.0 1.5 1.5 1.6
Er (ppm) 1.0 4.5 3.7 4.2 5.5 4.6 4.8 4.9
Tm (ppm) 0.2 0.7 0.6 0.6 0.8 0.7 0.9 0.8
Yb (ppm) 1.1 4.9 3.6 4.4 53 4.9 4.9 4.5
Lu (ppm) 0.1 0.7 0.6 0.7 0.8 0.8 0.8 0.7
Hf (ppm) 0.39 3.66 3.34 4.06 3.98 4.11 5.42 4.84
Ta (ppm) <0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.2
Th (ppm) 0.2 1.7 1.5 1.9 1.7 1.6 2.1 2.1
Cs (ppm) <0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
Rb (ppm) 1.7 11.5 18.3 9.9 9.0 8.2 14.7 17.8
Ba (ppm) 461 175 405 208 193 198 253 245
U (ppm) <0.1 0.7 0.5 0.6 0.7 0.5 0.7 0.9
Nb (ppm) 0.34 241 2.19 2.66 2.52 2.59 2.97 2.96
K (%) 0.16 2.26 2.66 1.69 0.99 1.01 1.37 2.24
Pb (ppm) 1.17 2.81 342 3.61 3.73 1.92 2.03 2.48
Sr (ppm) 63 148 90 175 176 150 96 90
P (ppm) 0.002 0.029 0.025 0.032 | 0.081 | 0.022 | 0.019 | 0.020
Zr (ppm) 13.3 126.4 112.8 142.6 131.2 | 129.1 165.6 | 163.0
Ti (%) 0.021 0.248 0.219 0.281 0.342 | 0.155 | 0.176 | 0.173
Y (ppm) 11.9 34.4 27.7 34.2 51.6 42.0 40.8 40.3
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Mo/ — Zr/Ti plot (modified by Pearce 1996)
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AL AIl= Within- Plate alkaline basalts
AlI,C= Within-Plate tholeiite
B=Mid-ocean ridge basalt

C,D=Volcanic arc basalt
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Sample | 41 43 44 45 48 57 80 82 83 84

SiO, | 76.06 | 78.93 | 22.79 | 76.78 | 2.44 | 7.83 | 3.51 | 39.6 | 5.26 | 88.11

ALQO; 0 0.56 | 0.18 0 0.63 | 206 | 05 | 3.76 | 0.84 | 0.22

Fe;O3 | 223 | 7.71 | 3.82 | 2.48 | 1047 | 1.35 | 1.84 | 6.12 | 1.02 | 3.73

Na,O 0 0 0 0 7.36 0 2.63 0 0.93 0

K,0 0 0 0.43 0 1.18 | 0.7 | 1.53 | 1.68 | 0.41 | 0.09

MgO 0 0 0 0 144 | 0.7 | 1.24 | 0.89 | 0.7 0

CaO | 454 | 0.85 [ 1821 | 539 | 2.7 | 0.62 | 455 |22.17| 22.6 | 0.99

MnO | 8.64 | 7.08 |36.26 | 7.79 | 50.98 | 58.76 | 55.91 | 5.74 | 35.52 | 4.9

P,0s5 0.63 | 0.13 0 0.07 0 0.87 | 0.25 | 0.84 | 0.08

SrO 023 | 0.08 | 048 | 0.16 | 1.63 | 0.95 | 2.18 0 0.44 | 0.07

BaO 146 | 0.61 | 0.61 | 0.61 | 1.17 | 13.51| 2.15 | 0.46 | 2.06 | 0.39

SOs 0.19 0 0 0 0.72 0 0.21 | 0.38 0 0

As;03 0 0.11 0 0 0 0 0 0 0 0

Cl 0 0 0 0 53 | 0.68 | 2.76 0 0.21 0

L.OJI | 6.66 | 346 | 16.1 | 6.8 |2291|12.84|20.12|18.96 | 29.18 | 1.43
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Sample 41 43 44 45 48 57 80 82 83 84
Mn (ppm) | >10000 | >10000 | >10000 | >10000 | >10000 | >10000 | >10000 | >10000 | >10000 | >10000
Fe (%) 1.86 5.81 2.22 1.73 1.12 1.02 1.03 4.37 0.99 2.96
As (ppm) 251.6 5279 | 517.1 | 2304 | 3540 | 2812 149.0 39.8 2283 23.2
Sr (ppm) 2214 668 3213 1149 | >10000 | 7970 | >10000 611 5057 601
Ca (%) 2.94 0.60 8.13 3.52 1.34 0.46 231 14.69 13.10 0.70
P (%) 0.003 0213 | 0.041 | 0006 | 0029 | 0.018 0.284 0.110 0.393 0.025
Mg (%) 0.06 0.07 0.16 0.10 0.89 0.38 0.59 0.52 0.47 0.07
Ba(ppm) | >10000 | 7919 | >10000 | 4747 | >10000 | >10000 | >10000 4379 >10000 3079
Al (%) 0.12 0.23 0.10 0.06 0.22 0.58 0.18 1.87 0.49 0.08
Na (%) 0.096 0.109 | 0.155 | 0.085 1,520 | 0.555 1.440 0.321 0.748 0.057
K (%) 0.07 0.07 0.27 0.07 0.99 0.60 1.29 1.34 0.40 0.06
S (%) 0.05 <0.04 | <0.04 | <0.04 0.09 0.06 0.09 0.10 0.06 <0.04
Ti (%) 0.003 0.007 | 0.005 | 0.001 0.012 | 0.029 0.010 0.077 0.035 0.003
Co (ppm) 40.1 7.8 49.1 15.2 3.8 125.0 35.9 12.5 29.4 32
Cr (ppm) 295 649 47 270 13 53 55 26 40 751
Cu(ppm) | 27669 | 32872 | 57279 | 9476 | 53.58 | 36890 | 68.06 260.05 103.07 15.25
Mo (ppm) | 2447 39.64 | 4376 | 2295 | 240.09 | 17582 | 218.20 5.82 79.32 13.36
Ni (ppm) 15.4 50.5 56.1 18.0 137.7 58.0 177.8 213.6 85.3 26.4
Pb (ppm) 351 47998 | 530 1.61 1046 | 126.84 3.25 75.87 40.33 6.16
Rb (ppm) 1.3 2.0 1.7 0.9 5.4 9.3 5.2 39.5 3.9 1.5
V (ppm) 59 121 82 24 145 181 262 60 142 42
Zn (ppm) 20.9 85.8 104.2 31.2 2363 | 108.3 309.2 138.4 155.3 41.4
Zr (ppm) 1.5 5.6 2.3 0.7 6.6 9.4 7.6 37.0 12.9 1.6
Th (ppm) <0.1 0.2 0.1 <0.1 0.3 0.6 0.1 2.3 0.2 <0.1
U (ppm) 0.7 0.9 1.0 0.3 0.6 0.6 1.1 0.6 1.2 0.4
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Si

Al

Fe
Mn
Mg
Ca
Na

Ti

Ba
Co
Cr
Cu
Mo
Ni

Pb
Sb
Sr

Zn
Zr

Si
1

Al
-0.142

1

Fe
0.599

0.339
1

Mn
-0.944

-0.137
-0.695

Mg
-0.806
0.339
-0.399
0.705

1

Ca
-0.215

0.674
0.08

-0.099
0.193

Na
-0.805

-0.02
-0.534
0.819
0.905
-0.083

-0.649
0.604
-0.157
0.506
0.841

0.307
0.719

Ti
-0.285
0.977
0.207
-0.003
0.424
0.736
0.077
0.619

1

Ba
-0.431

0.077
-0.364
0.52
0.113
-0.258
0.116
0.92
0.139
1

Co
-0.419

0.021
-0.425

0.503
-0.018
-0.142
0.016
0.31
0.078
0.937
1

Cr
0.813

-0.363
0.576
-0.677
-0.687
-0.483
-0.566
-0.652
-0.451
-0.298
-0.391
1

Cu
-0.028

0.121
0.268

-0.012
-0.341
0.158
-0.429
-0.18
0.074
0.319
0.504
-0.176
1

Mo
-0.794

-0.173
-0.581
0.901
0.774
-0.361
0.916
0.57
-0.089
0.426
0.311
-0.501
-0.246
1

Ni
-0.556
0.671
0.031

0.361
0.787
0.446
0.634
0.964
0.681
-0.1
-0.156
-0.563
-0.174
0.413
1

Pb
0.257

0.074
0.738

-0.245
-0.254
-0.215
-0.246
-0.21
0.025
0.09
-0.4
0.447
0.304
-0.137
-0.101

Sb
-0.783

0.07
-0.454
0.737
0.45
0.27
0.544
0.371
0.25
0.419
-0.418
-0.482
-0.061
0.512
0.341
-0.059
1

Sr
-0.733

-0.188
-0.565

0.824
0.758
-0.275
0.947
0.652
-0.121
0.17
0.121
-0.491
-0.347
0.933
0.53
-0.267
0.488

-0.764
-0.071
-0.375
0.834
0.59
-0.197
0.787
0.557
0.028
0.44
0.389
-0.415
-0.93
0.84
0.466
0.106
0.766
0.836

Zn
-0.803

0.131
-0.331
0.761
0.854
0.83
0.93
0.821
0.209
0.036
-0.019
-0.569
-0.272
0.803
0.791
-0.136
0.616
0.896
0.827
1

Zr
-0.228

0.984
0.309

-0.061
0.438
0.711
0.104
0.682
0.979
0.003
-0.056
-0.404
0.41
-0.095
0.766
0.064
0.168
0.078
0.03
0.27
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Abstract:

The Zakeri manganese deposit is located 95 km southwest of Sabzevar, in Sabzevar
structural-sedimentary subzone, and occurred within upper part of the late Cretaceous
volcano-sedimentary sequence. This sequence hosts two mineralized horizons, the
lower horizon has red tuff host rock, and the upper horizon is hosted by calcareous tuff
and limestone. The Zakeri manganese ore deposit is situated in the upper horizon.

At the Zakeri manganese deposit, based on structure, texture, mineralogy and the
relationship between ore with the host rocks; four ore facies can be recognized: vein-
veinlets (stringer), brecciated, massive and bedded. The massive facies has the highest
thickness and grade, and is minable. Based on electron probe micro analysis (EPMA),
X-ray diffraction (XRD) and mineralogical studies, the deposit contains pyrolusite,
psylomelane, hollandite, manganite, todorokite, rodochrosite and braunite ore minerals;
and gangue minerals include calcite, chlorite, clay minerals and quartz. Dominant
alterations at Zakeri manganese ore deposit include chloritic-carbonatic, argillic and
silicic alterations. Argillic and silicic alterations are found mainly at the vein-veinlet and
brecciated facies, enveloped by chloritic-carbonatic alteration. The ore textures at this
deposit mainly include massive, banded, brecciated, disseminated, open-space filling,
and replacement. The study of fossil remains at the microscopic sections shows that the
deposit has been formed in a deep and calm environment. Igneous rocks in the region
mainly have tholeiitic nature and have dacitic, andesitic and andesite-basaltic
compositions, deposited at a back- arc settings.

High ratios of Mn/Fe, La/Ce, U/Th, and Si/Al; low ratios of Co/Zn; and low content of
Trace metals, particularly Co, Cu and Ni; low contents of rare earth elements (REE)
(especially Ce and Eu), and high values of SiO,, Mn and Fe in the ores, are evidences of
manganese deposition from hydrothermal-exhalative fluids within a submarine
environment. On the other hand, the role of hydrogenic processes in formation of this
deposit has been insignificant The REE pattern of the studied ores shows a
hydrothermal-exhalative origin and oxidized depositional marine environment for the
deposit. The Zakeri deposit, based on its comparison with different type of volcano-
sedimentary manganes deposits, shows the most similarities to the Cuban- type
deposits, in many characteristics such as geometry, host and associated rock- types,
textures and structures, mineralogy, alteration and geochemistry.

Key words: Manganese, Volcano-sedimentary, Cuban type, Upper Cretaceous, Zakeri,
southwest Sabzevar.
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