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The Mesozoic ophiolitic mélange of Naein is located to the west of the
Central-East Iranian Microcontinent (CEIM). In this ophiolite, the
mantle peridotites cross cut by greenish, coarse-grained hornblendite
dykes with up to 50 cm width. These dykes cross cut by carbonate veins
with a few millimeters to a few centimeter width. Hornblendite dykes
composed of Cr-spinel, magnesio-hornblende, chlorite, ilmenite,
tremolite, calcite and dolomite.  Hydrothermal  spadaites
(MgSiO2(OH)2-H20) are formed in the late-stage phase. The chemical
compositions of hornblendites indicate that hornblendes are magnesio-
hornblende in composition (with a mean Mg# = 0.93) and chlorites are
penninite and clinochlore, with a mean Mg# of 0.94. The Mg# and Cr#
of Cr-spinels are 0.45 and 0.66, respectively. The presence of abundant
hydrous minerals (hornblende and chlorite) and carbonate veins, as well
as the chemical characteristics of hornblendes and Cr-spinels, indicates
the non-magmatic origin of these dikes and veins, which were formed
by the interactions of seawater-derived fluids with the uppermost mantle
peridotites. The mineralogical and chemical characteristics of
hornblendites demonstrate the mobility of elements such as Mg, Ca, Si,
Al, Na, Cr, Fe, Ti and REE during the circulation of fluids derived from
seawater within the uppermost mantle peridotites. This study suggests
that the percolation of seawater ingression fluids in the uppermost
mantle peridotites, resulted in the formation of hornblende dikes and, in
the late-stage phase, the development of carbonate veins that contain
calcite, dolomite and spadaite.
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EXTENDED ABSTRACT

Introduction

Petrological and geochemical studies indicate that
the influence of seawater affects the mineralogy and
chemistry of the oceanic crust and uppermost mantle
peridotites (Berger et al., 2005; Python et al., 2007,
Akizawa et al., 2011; Akizawa and Arai, 2014;
Torabi et al., 2017). Diopsidite, hornblendite and
hydrothermal chromitite have formed as a result of
reaction between mantle peridotites and penetrating
hydrothermal fluids (Python et al., 2007; Torabi et
al., 2017; Arai et al., 2020). In the Naein ophiolites
mantle peridotites, fractures and cracks within the
uppermost mantle peridotites (Harzburgite and
dunite) (Fig. 3) have been filled with hornblendites
(Torabi et al., 2017). In the last stage, CO2, Mg, Si
and Ca-bearing hydrothermal fluids formed the
carbonate veins, cross-cuting the peridotites and
hornblendites (Fig. 4).

In this research, the formation of the hornblendite
dikes, carbonate veins and the rare mineral spadaite
(Mg0.Si02.2H20), which were formed by
circulating fluids in mantle peridotites of the Nain
ophiolite, will discuss.

Materials and methods

After the field studies, sampling and petrographic
studies, polished thin sections of the selected fresh
samples were wused for point analyses by
electron microprobe. Chemical analyses of mineral
were performed at the Kanazawa University (Japan)
using a wavelength-dispersive electron probe
microanalyzer (EPMA) (JEOL JXA-8800R). The
analyses were conducted at an accelerating voltage
of 15 kV, a probe current of 15 nA (Table 1, 2 and 3)
and counting time of 40 seconds. In addition to the
microprobe, the minerals of the carbonate veins were
investigated by scanning electron microscopy (SEM)
(EDS-RONTEC) at an accelerating voltage of 20 kV
in the Razi Metallurgical Research Center (RMRC)
(Tehran) (Table 4).

Discussion

Hornblendite formation

The petrographic, mineralogical and chemical
specifications of the hornblendites indicate their non-
magmatic origin (Torabi et al., 2017). These samples
composed of primitive hydrous phases (such as Mg-
hornblende and chlorite). Some of the primary Mg-

hornblendes, have changed to tremolite due to
retrograde metamorphism. These minerals indicate
the penetration of hydrothermal fluids in the
uppermost mantle section (Python et al., 2007,
Torabi et al., 2017). The fluid composition is
enriched in Cr, Mg, Fe, Si, Al, Ca, Na and HREE as
a result of reacions with peridotites. The circulation
of fluids through the fractures and veins of mantle
peridotites has led to the formation of hornblendites
(Torabi et al., 2017). In the hornblendites, the higher
content of MgO contrasted to CaO reveals a
considerable activity of Mg in circulation of
hydrothermal fluids (Torabi et al., 2017).

Carbonate veins formation

After the formation of hornblendites in the upper
mantle peridotites, carbonate veins were formed in
the last stage. The presence of carbonate veins in
peridotites reveals that these veins formed under the
influence of circulating hydrothermal fluids at lower
temperatures. These fluids are enriched in elements
such as Mg, Ca, Si, CO; and H2O. The carbonate
veins are composed of calcite, dolomite, and
spadaite. These carbonate wveins cross-cut the
hornblendites and peridotites.

The presence of dolomite and calcite in carbonate
veins, and hornblende (Ca-rich mineral) in
hornblendite dykes, shows in the study area, the
fluids have passed through Ca -rich rocks (limestone,
gabbros) before reaching the uppermost mantle,
resulting in the enrichment of the fluids in Ca and
CO,.  These mineralogical and  chemical
specifications possibly confirm seawater origin for
the fluids.

Spadaite Formation

The occurrences of magnesium silicate spadaite
(MgSiO2(OH),-H,0), along with calcite and
dolomite, developed under the influence of fluid-
rock interaction, serpentinization of olivine and
orthopyroxene, and subsequent dissolution of
serpentine by CO»-bearing hydrothermal fluids. This
hydrous magnesium silicate forms under basic
conditions, at low temperatures and in the last stage.
The Mg and Si-bearing hydrothermal fluids play an
important role in the formation of spadaite. The
formation of carbonate minerals (calcite and
dolomite) in the uppermost mantle peridotites
indicates a high fugacity of CO; in hydrothermal
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fluids. The kind of new minerals seem to be
influenced by ion activities in hydrothermal fluids
(Birsoy, 2002), and as well as indirectly by pH.

Mobility of Elements

Seawater-derived fluids pass through the entire
oceanic crust and extend to the uppermost mantle.
The hornblendites in the Naein ophiolite were
formed by a reaction between seawater ingression
fluids and peridotites (harzburgite and dunite) at
temperatures ranging from 700-850°C.

The mineralogy and chemical characteristics of
hornblendite dykes suggest that the circulation of
hydrothermal fluids at high-temperatures helps the
mobility of Cr, Mg, Ti, Fe, Ca, Si, Al, Na, and REEs
(Torabi et al., 2017). The presence of hydrothermal
chromite and ilmenite within the hornblendite dykes
show mobility of Cr, Fe and Ti, in hydrothermal
conditions during the circulation of high temperature
silicate-rich fluids through mantle peridotites. The
formation of hornblendites dykes (Torabi et al.,
2017), diopsidites (Python et al., 2007; Akizawa et
al., 2011; Akizawa and Arai, 2014) and
hydrothermal chromitites (Arai et al., 2020), under
The influence of metasomatic process, indicates that
the activity of seawater ingression fluids alters
the initial concentration of Ca, Mg, Cr and Si from
the lower crust to the uppermost mantle section
(Akizawa et al., 2011).

Hydrothermal  fluids change the chemical
composition of minerals, lead to the decomposition
of olivine and the formation of serpentine, modify
the chemical composition of chromites and form
chlorite and secondary chromites.

The hydrothermal chromites of the hornblendites
(Cr# 0.56 and Mg# 0.62) are chemically intermediate
between to chromite found in the surrounding
harzburgite (Cr# 0.56 and Mg# 0.62) and dunite (Cr#
0.79 and Mg# 0.41) (Fig. 6E and F), indicating
dissolution of primitive chromite grains present in
nearby peridotites and their reprecipitation in cracks
and fractures during the formation of hornblendite
dyke. Altered chromite grains in the hornblendites
(Cr# 0.86 and Mg# 0.21) and peridotites (Cr# 0.91
and Mg# 0.17) suggest that hydrothermal fluids have
leached Cr-spinel from the host rock and
hornblendites (Fig. 6E and F).

Conclusions

The mineralogical and chemical properties of the
Naein mantle hornblendites and their associated
carbonate veins indicate a non-magmatic origin,
suggesting that they have a hydrothermal nature. The
circulation of seawater-derived fluids through the
uppermost mantle peridotites will cause to the
mobility of Cr, Ti, Fe, and REE. The hydrotermal
spadaite formed by H,O, CO, Mg, Ca and Si-bearing
hydrothermal fluids, in the last stage phase that
developed in a low-temperature environment under
basic conditions. Calcite, dolomite and spadaite are
minerals of the carbonate veins.
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Fig. 2. Field photographs and photomicrographs of the mantle peridotites of Nain Ophiolite. A and B: Field photographs
of harzburgite and dunite in Nain Ophiolite, C and D: Microscopic photomicrographs of spinle, orthopyroxene and
crushed and serpentinized olivine with mesh texture of the peridotites from Naein ophiolite. (XPL). A: view to the North
and B: view to the Northeast. Abbrevations after Warr (2021) (Spl: Spinel, Opx: Orthopyroxene, Ol: Olivine).
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Fig. 3. A and B: Field photographs of hornblendites in the mantle peridotites of Nain Ophiolite, C and D: Microscopic
photomicrographs of hornblendite dykes and the crosscutting carbonate veins. (XPL). Abbrevations after Warr (2021)

(Hbl: Hornblend, Chl: Chlorite, Dol: Dolomite).
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Fig. 4. A and B: Field photographs of the Carbonate veins in the mantle peridotites of Nain Ophiolite, C and D:
Photomicrographs of the Carbonate veins composed of Calcite, Dolomite and Spadaite. The dolomites have a gel-texture
in Nain Ophiolite (XPL). Abbrevations after Warr (2021) (Cal: Calcite, Dol: Dolomite, Spa: Spadaite).
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Table 1. Electron microprobe analyses (wt.%) and calculated structural formula of the minerals in the uppermost mantle
peridotites of the Naein ophiolite

Sample C84 C84 C79 C81 Ccs81 Ccs81 C84 C84 C84 C84 C84 C84
Mineral ol ol Opx  Opx Cpx Cpx Spl Spl Chl Chl Trm Trm
Point 11 16 84 100 101 102 20 21 30 37 10 14
SiO2 4046 40.88 57.80 54.07 5191 4840 0.08 001 39.78 3405 59.10 58.92
TiO2 000 000 002 005 013 011 029 032 003 002 0.00 0.00
Al2O3 000 000 045 482 595 555 467 515 709 1190 049 041
Cr20s 0.00 000 027 0.73 1.15 1.08 5467 5374 129 360 015 0.09
FeO* 886 752 544 583 365 370 3542 36.05 293 277 098 246
MnO 0.13 018 017 012 0.10 011 072 071 003 003 004 010
MgO 50.08 50.98 34.93 32.07 19.10 1870 298 314 36.28 3434 2418 24388
CaO 000 000 081 214 1773 1913 000 000 003 0.00 1300 11.11
Na20 002 000 000 001 0.26 026 000 007 000 000 010 013
K20 000 001 0.00 000 0.00 000 000 000 000 000 0.00 0.01
NiO 016 025 008 009 0.04 003 004 007 014 014 0.00 0.00
Total 99.89 99.82 99.97 99.93 100.03 97.07 98.87 99.26 87.46 86.71 97.89 98.02

Oxygen# 4 4 6 6 6 6 32 32 28 28 23 23
Si 099 100 199 187 1.87 1.79 0.02 0.00 7.41 6.49 7.95 7.76
Ti 000 000 0.00 000 0.00 0.00 0.06 0.07 0.00 0.00 0.00 0.00
Al 0.00 000 002 020 025 0.24 1.63 1.78 1.56 2.67 0.08 0.06

Cr 0.00 000 001 0.02 0.03 0.03 1276 1249 0.19 054 0.02 0.01
Fe?* 018 015 016 013 011 0.12 6.79 6.75 0.17 035 0.00 0.00
Fe3* 0.00 000 0.00 0.04 0.00 0.00 1.82 1.97 0.28 009 011 0.27
Mn 000 000 001 000 0.00 0.00 0.18 0.18 0.00 0.01 0.01 0.01
Mg 183 185 179 1.66 1.03 1.03 131 137 1008 975 485 489
Ca 0.00 000 003 008 0.68 0.76 0.00 0.00 0.01 0.00 1.87 1.57
Na 0.00 000 000 000 0.02 0.02 0.00 0.04 0.00 0.00 0.08 0.03
K 0.00 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 000 001 0.00 000 0.00 0.00 0.01 0.02 0.00 0.02 0.00  0.00
Sum 3.01 301 400 400 4.00 400 2472 2481 1971 1990 1490 14.60

Mg# 091 092 092 093 090 0.90 0.16 0.17 0.98 0.97 1.00 1.00

Cr# S — — 089 08 — @ —  —
Fe# 0.09 0.08 — — — — — — 0.02 0.04 — —
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Table 2. Electron microprobe analyses (wt.%) and calculated structural formula of the minerals in the hornblendites of
the Naein ophiolite

Sample C128 B783 B783 C82 Cl128 C128 (C82 C82 B783 B783 (C82 (C82
Mineral HBL HBL HBL HBL Spl Spl Chl chl Trm Trm IIm IIm
Point 67 131 132 133 58 59 138 140 141 142 130 131
SiO2 49.23 4994 4954 4896 0.00 0.00 3024 30.72 5948 58.61 0.03 0.02
TiO2 011 012 013 0.15 0.25 020 009 012 004 001 5424 54.08
AlO3 957 832 817 963 2717 2661 1981 1847 015 0.54 0.02  0.00
Cr203 084 140 114 143 3981 3925 133 100 008 011 010  0.05
FeO* 303 276 283 294 1855 2069 6.29 469 212 216 40.27 4057
MnO 0.05 0.06 003 0.03 0.22 031 003 005 004 0.00 354 30.37
MgO 20.31 2111 2162 2018 1412 1264 2895 30.85 2363 23.05 179 178
CaO 12.02 1210 1171 1215 0.00 000 001 001 1324 1330 0.01 0.00
Na20 219 190 174 216 0.00 000 000 002 002 015 0.02 001
K20 0.07 005 005 0.07 0.00 000 000 000 001 0.00 0.00 0.00
NiO 0.08 0.09 007 0.09 0.12 011 000 020 000 0.00 0.06  0.04
Total 9750 97.83 97.03 97.79 100.20 99.82 86.96 86.12 98.72 97.82 100.10 99.93

Oxygen# 23 23 23 23 32 32 28 28 23 23 3 3
Si 680 686 680 6.76 0.00 0.00 581 5092 7.99 7.98 0.00 0.00
Ti 001 0.01 001 0.02 0.04 004 001 0.02 0.00 0.00 1.01 1.01
Al 156 135 132 157 7.65 761 448 419 0.02 0.09 0.00 0.00

Cr 009 015 012 0.16 7.52 752 020 015 0.01 0.01 0.00 0.00
Fe¥* 03 030 033 034 0.72 076 016 0.09 0.16 0.02 0.00 0.00
Fe?* 0.00 0.00 0.00 0.00 2.98 343 085 066 0.08 0.22 083 084
Mn 001 0.01 0.00 0.00 0.04 006 001 001 001 0.00 0.07 0.07
Mg 418 432 442 416 5.03 457 830 885 473 4.68 0.07 0.07
Ca 178 178 172 180 0.00 000 000 000 191 1.94 0.00 0.00
Na 059 051 046 0.58 0.00 0.00 000 001 0.01 0.04 0.00 0.00
K 0.01 0.01 0.01 o0.01 0.00 0.00 000 000 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.02 0.02 000 000 0.00 0.00 0.00 0.00
total 1538 1530 1519 1539 2401 24.02 19.82 1990 1491 1498 198 1.99

Mg# 092 094 093 092 0.63 057 091 093 098 0.95 0.07  0.07
Cr# 0.06 010 0.09 0.09 0.50 0.50 — — — — — —
Fe# — — — — — — 0.09  0.07 — — 093  0.93
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Fig. 5. A, B and C: Classification diagrams of amphiboles in the Naein ophiolite peridotites and hornblendite dykes
(Leake et al., 1997), D: Chlorite classification diagram (Hey, 1954), E and F: Chemical diagrams of Cr-spinels in
peridotites and hornblendites, G and H: Mg/Ca versus Mg, and Mg versus Ca diagram in dolomites of the study area
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Table 3. Electron microprobe analyses (wt.%) and calculated structural formula of the minerals in the carbonate veins of
the Naein ophiolite mantle peridotites.

Sample C89 C89 C89 B783 B783 B783 B783 C89 C89
Mineral Dol Dol Dol Dol Dol Cal Cal Spa Spa
Point 70 73 74 147 148 144 149 71 72

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 44.37 41.03
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Al203 0.02 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
FeO* 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

MgO 21.04 21.09 20.16 19.50 19.48 3.86 4.55 30.55 28.46
CaO 32.38 3347 35.44 31.25 3171 52.79 50.57 0.36 0.30
Na20 0.02 0.00 0.03 0.03 0.02 0.13 0.04 0.03 0.03
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.02
NiO 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01

Total 53.46 54.57 55.63 50.80 51.23 56.80 55.18 75.37 69.86

Oxygent 1 1 1 1 1 1 1 3 3

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.99

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.47 0.47 0.44 0.46 0.46 0.09 0.11 1.01 1.02

Ca 0.53 0.53 0.56 0.54 0.54 0.91 0.89 0.01 0.01

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.01 2.02
Mg/Ca 0.90 0.88 0.79 0.87 0.85 — — — —
Mg/(Mg+Ca)  0.48 0.47 0.44 0.47 0.46 0.09 0.11 — —
Si02/MgO — — — — — — — 1.45 1.44
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Fig. 6. Backscattered-electron (BSE) images of the carbonate veins in mantle peridotites of the Naein ophiolite
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Table 4. SEM analyses data of spadaite in carbonate veins of the Naein ophiolite uppermost mantle peridotites.

Sample C89 C89 C89 C89 C89 C89 C89 C89 C89
Analysis 1 2 3 4 5 6 7 8 9
Mineral Spa Spa Spa Spa Spa Spa Spa Spa Spa
SiO2 38.23 32.19 39.60 33.88 31.29 30.54 31.59 33.90 3114
MgO 32.99 32.11 34.57 34.27 33.57 33.44 31.24 31.57 32.07
CaO 0.24 0.29 0.99 0.41 0.27 0.08 0.24 0.25 0.36
Total 71.46 64.60 75.16 68.59 65.11 64.07 63.07 65.76 63.58
Oxygen# 3 3 3 3 3 3 3 3 3
Si 0.91 0.86 0.90 0.85 0.83 0.83 0.88 0.88 0.85
Mg 1.17 1.28 1.17 1.29 1.33 1.35 1.27 1.23 1.30
Ca 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01
total 2.09 2.14 2.10 2.15 2.17 2.18 2.14 212 2.15
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Fig. 7. A, B, C and D: Chemical variation diagrams of MgO (wt.%) versus CaO (wt.%) in chlorites, hornblendes,
chromites and carbonate from hornblendites of the Naein ophiolite
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