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Abstract The Kamarbon alkaline gabbroic intrusion crops
out in Central Alborz, north Iran, along the northern margin
of'the Alpine-Himalayan belt. The gabbroic intrusion includes
theralites at margins which replace with teschenites toward the
center. In teschenitic rocks, the main minerals are diopside,
clinopyroxene, and rhonite. In this research, the occurrence of
rhonite is reported in Kamarbon teschenitic gabbros, and also
its mineralogical properties, paragenesis, and source magma
are investigated. Based on whole rock and microprobe analy-
sis data, we try to clarify the formation of Kamarbon gabbro
and the crystallization condition of rhonite. In teschenitic
gabbros, rhonite reveals the composition (Na, Ca); ¢7(Ti,
VIAL Fe*™, Fe*?, Mn, Mg)s oo(Si, "VAl)6,020,0. On the basis
of petrographical observations and mineral chemistry, we sug-
gest that the teschenites were formed in distinctive lower pres-
sures and temperatures than theralites, below 1.9 kbar and
1075 °C. Rhonite was crystallized (at the mentioned P-T con-
dition) as a primary phase, in the late stage of crystallization at
shallow depth corresponding with 6-10 km, in teschenites.
Important factors of the rhonite crystallization in undersaturat-
ed magmas can be regardarded as Al and Ti enrichment and Si
depletion; the same enrichment and depletion are also ob-
served in the associated clinopyroxenes.
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Introduction

Alkaline magmas reveal various compositions and include
different minerals. Investigating the minerals of alkaline
magmas could lead to gain a better understanding of their
chemical compositions and genesis. The presence of
feldespatoid minerals is a frequent characteristic of undersat-
urated alkaline magmas (Dostal and Owen 1998). Rhonite is a
mineral that belongs to the sapphirine supergroup, is observed
in igneous undersaturated rocks (Deer et al. 1978), and is an
inosilicate mineral with the crystallization in triclinic system
(Walenta 1969). Rhonite reveals the general formula of
X>YZs050 in which X = Na, K, and Ca; Y = Ti, VAl VIFe*
3. Fe*?, Mn, and Mg; and Z = Si, "YAl, and "VFe** (Kelsey and
McKie 1964; Mineral Publishing Data 2001; Grew et al.
2008). Diopside, titanaugite, kaersutite, forsterite, spinel, pe-
rovskite, nepheline, leucite, analcime, and titanomagnetite are
considered its associated minerals (Walenta 1969). Rhonite is
the only sapphirine group mineral which take either Mg/
(Mg + Fe*?) < 0.5 or Mg/(Mg + Fe*?) > 0.5 . Most of
rhénites reveal Mg/(Mg + Fe*?) > 0.5, which can be termed
rhonite with the end-member composition Ca,(Mg,Fe™
3T1)0,[Si3AL0,5] (Grew et al. 2008).

This mineral is reported mostly in volcanic rocks like
basanites and alkaline basalts (Lacroix 1909; Babkine
et al. 1964; Cameron et al. 1970; Griinhagen and Seck
1972; Kyle and Price 1975; Brooks et al. 1979; Boivin
1980; Havette et al. 1982; Olsson 1983; Bonaccorsi et al.
1990; Sharygin 2002; Grapes et al. 2003; Jannot et al.
2005; Kogarko et al. 2005) and rarely in plutonic rocks
like alkaline gabbros (Johnston and Stout 1985; Kuehner
and Irving 2007). We report the occurrence of rhonite in
Kamarbon alkaline plutonic intrusion in Central Alborz,
north Iran and investigate this mineral characteristics,
paragenesis, and parental magma, based on both rhonite
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microprobe and whole rock analysis. The genesis and
geochemical properties of the alkaline magmatisim in
Central Alborz could be cleared by the study on
rhonites. These data also provide an opportunity to iden-
tify the possible occurred substitutions though rhonite
composition. Results of this study may help to have a
better understanding of the alkaline magmatism that pro-
duced the alkaline plutonic intrusions in Alpine-
Himalayan orogenic belt in Central Alborz.

Geologic background

Central Alborz was a part of the Gondwana plate in Early
Paleozoic. It separated from Gondwana during Ordovician
to Silurian and then collided with Eurasian plate in Triassic,
causing the Paleotethys Ocean closure to the north and the
formation of the Neotethys Ocean to the south (Stocklin
1974; Berberian and King 1981; Stampfli et al. 1991). After
the Triassic collisional event, along both sides of the
Paleotethys Ocean, intracontinental compressions were initi-
ated and accompanied by deposition of coal-bearing Jurassic
shales (Berberian 1983).

In Central Alborz, Mesozoic era began with the depo-
sition of detrital carbonate sediments which is continued
with deposition of shales in Upper Triassic. In the studied
area, extensional phases were started in Upper Triassic
associated with alkaline igneous activity. This alkaline
magmatic phase can be assumed as an evidence for
intracontinental tectonic setting related to a rift system
in Central Alborz during Late Triassic (Furon 1941;
Steiger 1966; Taraz 1974; Nabavi and Seyed emami
1977; Kristan-Tollmann et al. 1979; Berberian and king
1981; Berberian 1983; Annels et al. 1985; Vollmer 1987;
Fauvelet and Eftekhar Nezhad 1992; Sabzehei 1993;
Seyed emami 2003; Brunet et al. 2003; Shahidi 2005,
2008; Nazari and Shahidi 2011).

Extensional movements started at the same time with
Rhaetic rift volcanism and deposition of coal-bearing shales,
in Mesozoic era, in Central Alborz (Berberian 1983; Nazari
et al. 2004). The extensional phases developed some regional
rifts which caused volcanism and plutonism activities in
Central Alborz (Berberian 1983).

Soffel and Forster (1984) believe that the extensional move-
ments lead to separation of the Central Iranian plate from Eurasia
plate, during Jurassic. Lithospheric ruptures, tensions, and exten-
sions with upwelling and decompressional melting of an as-
thenospheric mantle caused the development of the rift system
in Alborz zone from Middle Jurassic to Lower Cretaceous
(Haghnazar 2009; Ansari et al. 2011).

In the literature regarding Kamarbon alkaline intrusion in
Central Alborz, there is no corresponding radiometric ages

@ Springer

available but a rather poorly constrained Late Triassic to
Upper Jurassic age is proposed (Sacedi 1993).

Regional geology and field occurrences

Alborz Mountains are a geological structural zone in north of
Iran considered part of the northern margin of the Alpine-
Himalayan orogenic belt (Fig. 1). Alborz block is connected
to Caucasus Mountains in the northwest and is bounded by
Hindu Kush Mountains in the east (Zanchi et al. 2006), which
was part of the Gondwana plate in early Paleozoic. During
Ordovician to Silurian, Alborz separated from Gondwana
and finally collided with the Eurasia plate in Triassic (Alavi
1991; Stampfli 1996, 2000). So, the Alborz block can be con-
sidered an active mountain belt which is the consequence of
Gondwana and Eurasia plate collision in Triassic (Stocklin
1974; Berberian and King 1981; Sengor et al. 1988; Sengor
1990; Stampfli et al. 1991; Seng6r and Natalin 1996; Guest
et al. 20006).

The study area is located in the northern part of Alborz
structural zone that is called Central Alborz (Fig. 1). Central
Alborz is composed of Paleozoic to Quaternary sedimentary
rocks, wide range of Paleozoic to Quaternary volcanic rocks
and some outcrops of metamorphic rocks in the northern bor-
der line. Intrusions are also common in this area, with the
prevailing age of Paleocene and Oligocene. A sequence of
Precambrian to Cretaceous sedimentary rocks with some un-
conformities and hiatuses are reported in Central Alborz.

The oldest rocks in the study area are Precambrian
schists and slates of Kahar Formation (Alavi 1996).
Permian sediments occur in Central Alborz zone accom-
panied by some volcanic, subvolcanic, and pyroclastic
basaltic and andesitic rocks (Vahdati Daneshmand 2004).
Massive Triassic dolomites of Elika Formation with a mi-
nor basic volcanic activity are the deposits of lower
Mesozoic era. Jurassic shales of Shemshak Formation
are widespread and overlap Precambrian, Upper Triassic,
and Middle Triassic deposits with angular unconformity
(Cartier 1971).

In the eastern part of the study area, the emplacement of
several small gabbroic intrusions in the Shemshak Formation
is reported (Saeedi 1993). The main outcrop of Kamarbon
gabbro (approximately 4.5%3 km) occurs in the Shemshak
Formation in the south of Kamarbon village in the longitudes
51° 21" to 51° 25" and latitudes 36° 14’ to 36° 16’ (Fig. 1).

The intrusion reveals flat form at margins, mostly covered
by the Jurassic Shemshak Formation. No clear contact meta-
morphic aureole observed. The margins reveal fine granular
gabbros with an average grain size of | mm and thickness of
approximately 1.5 km but toward the center the average grain
size rises up to 3 cm (Fig. 2).
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Fig. 1 Geological map of the study area. Modified from the geological map of 1/100,000 Marzanabad, Iran

Analytical methods

Fresh rock chips samples were collected and powdered in the
agate mill. The X-ray fluorescence (XRF) analysis for major
elements was done on powder pellets of rock samples, using a
wavelength-dispersive automated Philips PW 1400 spectrom-
eter at the Department of Earth Sciences (Ferrara University),
using the method by Franzini et al. (1975) and Leoni and
Saitta (1976). Rare Earth Elements (REE), Y, Zr, Hf, Nb, Ta,

Fig. 2 Field and hand specimen
pictures of a, ¢ fine-grained
gabbros and b, d coarse-grained
gabbros

Shemshak Formation

Th, and U were analyzed by inductively coupled mass spec-
trometry (ICP-MS) in the same department, using a VG
Plasma Quad2 plus. Accuracy and precision, based on the
replicated analyses of samples and standards, are estimated
as better than 10 % for all elements well above the detection
limit.

Mineral compositions were measured at the Department
of Mineralogy (Padua University) with a Cameca-Camebax
electron microprobe (fitted with three spectrometers) at
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Fig. 3 Olivine (O)),
clinopyroxene (Cpx), nepheline
(Nph) and plagioclase (PI) in
Kamarbon theralite gabbros. a
Plane-polarized light image. b—d
Cross-polarized transmitted light
images

accelerating voltage of 15 kV, and specimen current of  times were set to 10 s for both peak and background and the
15 nA, using natural silicates and oxides as standards. The  data correction was performed using PAP methods (Pouchou
beam was enlarged to a diameter of 5 um and the counting  and Pichoir 1984).

Fig. 4 pyroxene (Cpx),
plagioclase (P/), analcime (Anl),
and rhonite in Kamarbon
teschenite gabbros. ¢ Plane-
polarized light image. a, b, d
Cross-polarized transmitted light
images
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Table 1  Microprobe analysis of thonites in Kamarbon teschenite gabbro
Sample RDI172 RDI172 RDI72 RDI172 RDI182 RD182 RD182 RD168 RD168 RD168 RD168

Rock type

Tes Tes Tes Tes Tes Tes Tes Tes Tes Tes Tes
SiO, 24.62 24.08 234 244 23.67 24.11 24 2431 23.6 23.81 24.19
TiO, 10.69 10.73 10.67 10.59 10.38 10.51 10.89 10.38 10.58 10.5 10.45
ALO, 17.32 17.52 17.34 17.29 17.76 17.91 17.45 17.67 18.03 17.78 16.08
Cr,04 bdl bdl 0.01 0.01 0.01 0.03 0.02 0.02 bdl 0 0.39
FeO 22.37 22.66 27.26 22.62 21.78 22.24 22.57 22.63 22.68 22.28 22.25
MnO 0.21 0.19 0.34 0.22 0.22 0.17 0.15 0.19 0.24 0.23 0.16
MgO 11.68 12.04 8.07 11.76 12.71 12.26 11.44 12.02 11.94 12.1 10.34
CaO 11.98 12.19 11.77 12.04 12.1 12.25 11.98 12.21 12.2 12.07 11.31
Na,O 0.93 0.89 091 0.95 0.87 0.87 0.89 0.85 0.86 0.81 1.01
K,0 bdl 0.01 bdl bdl 0.03 0.02 bdl bdl 0.01 0.01 bdl
Total 99.8 100.31 99.75 99.88 99.52 100.36 99.39 100.28 100.14 99.58 96.19
Si 331 322 3.23 3.28 3.17 3.21 3.25 3.25 3.16 32 34
Ti 1.08 1.08 1.11 1.07 1.05 1.05 1.11 1.04 1.07 1.06 1.11
Al 2.78 2.76 2.82 2.74 2.8 2.81 2.78 2.78 2.85 2.82 2.66
crit 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Fe** 0.7 0.86 0.74 0.8 0.99 0.87 0.73 0.84 0.92 0.86 0.55
Fe?* 1.82 1.66 2.41 1.74 1.45 1.61 1.82 1.68 1.61 1.65 2.06
Mn 0.02 0.02 0.04 0.02 0.02 0.02 0.01 0.02 0.03 0.03 0.02
Mg 2.34 24 1.66 2.36 2.54 2.44 231 2.39 238 243 217
Ca 1.72 1.75 1.74 1.73 1.74 1.75 1.73 1.75 1.75 1.74 1.7
Na 0.24 0.23 0.24 0.25 0.23 0.22 0.22 0.22 0.22 0.21 0.28
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 14.02 13.98 13.99 13.99 13.99 13.98 13.97 13.97 13.98 14 13.99
No. Mg 0.56 0.59 0.41 0.58 0.64 0.6 0.56 0.59 0.6 0.6 0.51

Caculation is based on 20 oxygens. (Tes is symbole of teschenitic gabbros)

Field geology and petrography

At margins, the fine-grained gabbros include olivine,
clinopyroxene, plagioclase, and nepheline, plus minor accessory
apatite and analcime (Fig. 3). Clinopyroxene which is the most
abundant mineral in fine-grained gabbros, represents zoning struc-
ture (Fig. 3¢), whereas some olivines show mesh texture (Fig. 3d).
Olivine is the second most abundant mineral which usually is less
than 1 mm grain size; although some of them may be up to 2 cm.
Interstitial euhedral and subhedral nephelines are crystallized be-
tween olivines and pyroxenes.

The coarse-grained gabbros at the center contain
clinopyroxene, thonite, plagioclase, and analcime plus accessory
apatite, nepheline, olivine, and alkali feldspar (Fig. 4), whereas
some clinopyroxene rims show alteration to opaque minerals.
Rhénite is the second abundant mineral which is similar to opaque
minerals and observes in silica-undersaturated alkaline igneous
rocks. It is almost opaque and exhibits a red-brown color at thinner
crystal edges (Fig. 4d). Pleochroism is dark reddish brown or
black. The size of euhedral rhonites can reach up to 3 cm in the

central part of intrusion. Plagioclases show some alterations of
sericite, albite, and calcite. Between pyroxenes and rhonites, there
are crystallized anhedral analcimes (Fig. 4b, c).

The amount of mafic minerals such as olivine and
clinopyroxene decreases toward the center of the intrusion while
the amount of felsic minerals such as nephelines, analcimes, and
more sodic plagioclases increases. The main mineral components
of gabbroic rocks are rather fresh except plagioclases which rep-
resent partly sericitization and albitization.

Based on mineralogical studies, the gabbroic intrusion includes
fine-grained theralite gabbro at the margin which replaces with
coarse-grained teschenite gabbro at the center.

Mineral geochemistry
Rhonite

Microprobe analyses of thonites are represented in Table 1. The
structural formula recalculation is done on the basis of 14 cations

@ Springer
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in diagrams VIINa + K) + 'VSi versus YCa + VAl (Fig. 6a)
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(Na, Ca), g, (Ti, "' Al, Fe™, Fe', Mn, Mg); o (Si," Al) ; 1,000 (Fig. 6b) (Cameron et al. 1970). These diagrams highlight the
occurrence of following exchange reactions respectively:

The calculated Mg/(Mg + Fe*?) values for Kamarbon
rhonites range between 0.51 and 0.63. Figure 5 displays
classification diagram for sapphirine group minerals that
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et al. 2003). In (a), analyses that deviate from the line = 8.00 contain
appreciable Fe**; in (b), analyses that deviate from the line = 6.00 con-
tain appreciable 'VAl (and Cr*®)

Fig. 6 a Plot of rhonites from Kamarbon teschenite gabbro in the
Na + VSi versus Ca + VAl diagram (Babkine et al. 1964) and b VRt
versus (Y'Ti + Fe*? + Mg) diagram (Cameron et al. 1970). The gray field
is the representative composition of rhonites in igneous rocks (Grapes
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The gray field in Fig. 6 is the typical mineralogical
composition of rhonite in volcanic rocks (Grapes et al.
2003). In Fig. 7, almost all analysis of Kamarbon gabbros
fall in the rhonite compositional field, which highlights
the Fe*? <> Mg exchange reaction (Babkine et al. 1964).

Pyroxene

Chemical analyses of pyroxenes are represented in
Table 2. Pyroxenes from theralite and teschenite are al-
most same in chemical composition. In the pyroxene clas-
sification diagram (Morimoto et al. 1988) most of the
analyses plot above the diopside field (Fig. 8).
Pyroxenes of theralites reveal higher Mg# (Mg/(Mg +
Fe™)) (from 92.1 to 73.6) than those of teschenities (from
90.1 to 60.5). The chemical composition of pyroxenes in
theralites ranges from WosoFs oEnyo at core to Woss
Fs14Enz, at rim and in teschenites from Wos; Fsi,En3,;
at core to WoygFs>,Ensg at rim. All pyroxenes represent
low amount of SiO, and Al./Ti < 10.

Feldespatoid

The Kamarbon gabbro comprises nepheline and analcime as
feldespatoid minerals. Nepheline is one of the main minerals
in theralites whereas analcime is observed as one of the main
minerals in teschenites. Both nephelines and analcimes are
crystallized interstitially among olivine, pyroxene and plagio-
clase grains. Nephelines have Na,0, 14.22-15.74 wt.%, K, 0,
3.74-4.86 wt.%, and Al,O3, 33.06-35.13 wt.%, and anal-
cimes have Na,O, 10.17-11.68 wt.%, K,0, 0.01-0.10 wt.%,
and Al,O3, 24.83-29.63 wt.%. Analcime is main mineral in
teschenites which could be produced by magma crystalliza-
tion and reveal primary composition like nephelines or might

be secondary and produced by the alteration of nephelines
(Morata and Higueras 1996).

Plagioclase

The composition of plagioclases in theralites varies from
(Ansg 16 Absg 34 Orj s1) at core to (Angg 47 Abse.os Or3.59)
at rim and in teschenites ranges from (Angeg; Abgg.go
OI'3V50) at core to (Al’l39'86 Ab55_56 OI'4'58) at rim.
Plagioclases from teschenites have higher Na content
and represent andesinic composition, with those from
theralites falling commonly in the labradorite field. A pos-
itive correlation is observed between the anorthite content
in plagioclases and Mg# (Mg/(Mg + Fe*?)) in host rock.
Some of plagioclases have undergone alteration to sec-
ondary minerals like sericite, clay, albite, and zeolite
which shows increment from theralites toward teschenites.

Olivine

Olivine is the most abundant mineral in theralites and ranges
from Fog, at cores to Fogg at rims. The chemical analyses of
olivines are represented in Table 3. CaO ranges from 0.23 to
0.47 in olivines without large variations. Also in some
teschenite gabbros, olivines are observed as accessory
minerals.

Whole rock geochemistry

Chemical analyses of theralite and teschenite gabbros are pre-
sented in Table 4. In the QAPF classification diagram for
plutonic rocks (Streckeisen 1974), most of the analyzed

Cax(Fe *sTi)Oj[Si,ALO 18]
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@ Springer



Arab J Geosci (2016) 9: 665

665 Page 8 of 18

(s01qqe3 onIUAYIS) PuB ONI[RIOY} JO S[OQUIAS Ik SO, PUR []) ‘SUSSAX0 9 UO PIseq SI UONHE[NI[R)

(43 9T e 81 €y (1 €l ¥l 80 'l 90 (reqy) &q
v'e v ge 61 144 61 Sl Tl L0 €1 ¥0 (eq3) &d
Le 0¢ 8¢ T Y Tl 81 I'l 60 L0 S0 (eqy) 'q
06°6L S0°68 1626 11°88 0918 0¥'L8 S¥'16 09°¢L €088 11°06 £8'98 89°6L 9769 069L 16728 vI'SL €I0L S6'18 €509 SN
9Tel 0L'T1 LO'TT el LSEL 'l Se0l 8691 ILT1 o1l 89°¢l yIvi LE8I 991 clel LL'ST Y6'L1 LY'Cl IL'1C Sd
§9'ce €ese 18°6¢ sse ILee 6T’LE £8°6€ LT°gE 999¢ 9¢°LE S0'ee 8Tee L9TE 1ece 6°ee 80°¢E 18°1¢ 16°9¢ P1°0€ uq
60'vS 96'CS Irey  ve€Ts €L'TS 6b'1S (444 S8'6v WIS 86'0S LTES 86°CS 96°6¥ €0°€S 96'CS SI'IS §T0s w0'1S SI'sy oM
00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y 00y [e0L
1Pq Pq Pq 1Pq Pq Pq Pq 000 000 000 000 000 000 000 000 000 000 000 000 R
Y00 €00 €00 €00 ¥0°0 €00 Y00 S0°0 €00 €00 Y00 ¥0°0 S0°0 ¥0°0 ¥0°0 ¥0°0 00 ¥0°0 01°0 BN
¥6°0 ¥6°0 €60 £6°0 €60 £6°0 060 160 €6°0 €60 €6°0 60 060 060 €60 060 160 €60 w80 €D
LSO €9°0 SLO €9°0 650 L9°0 TLo 190 99°0 89°0 850 850 LSO 950 650 090 850 99°0 1S°0 SN
Pq Pq Pq 1Pq Pq Pq Pq 100 000 000 000 000 100 100 000 000 000 000 100 N
¥1°0 80°0 900 600 €ro 01°0 L00 [440] 600 800 600 ST sTo LT0 €ro 0T0 sTo S 0] €€0 +2d
800 €ro Sro €10 010 01°0 Tro 600 (480 €ro ST'0 600 L00 800 01°0 80°0 L00 800 200 +eod
1Pq 10°0 Pq Pq IPq IPq 100 000 000 000 000 000 000 000 000 000 000 000 000 0D
6¥7°0 870 80 L¥'0 870 6£°0 8€°0 620 840 8€°0 €50 90 1€°0 6¥°0 60 ¥€0 1€0 €0 ¥€0 v
¥1°0 170 L00 01°0 €ro 600 L00 800 01°0 010 S1°0 €r'o 1o v1°0 1440 600 800 600 900 1L
09°1 09°1 eL'T 191 091 L9'1 oLl SL'1 91 99°1 [ 91 Ll 651 8¢'1 1 SL'T eL’l 181 IS
9866 €066 6766 $8'66 ¥8°66 6€°66 79'66 £€°66 96'86 1t°66 66'86 9566 80°001 SE'66 6L°86 ¥S'66 1666 L1°001 1566 [eoL
100 100 00 IPq 00 1Pq IPq 10°0 Pq Pq Pq 100 Pq Pq Pq 200 IPq 100 €00 o™
850 9%'0 0t'0 840 050 840 6¥'0 L9°0 ¥70 9’0 150 650 €90 6%7°0 150 950 LSO (430 9¢'1 O%N
SEeT 9¢€°€T €TET LE€T ¥0'€C LTET ¥L'TT e STeT €I'eT 01°¢c 69°CC reee 9L'TT T L8'TC 84'CC 8T'¢C 80°0¢ oed
€rol 0’11 1227} ov'I1 8501 el LO€T Lol L8'11 YTl 0€0l (430 81°01 L6'6 16701 €901 €01 L6'T1 Y06 OSIN
€10 600 600 [AN0 €ro (4N 170 10 €10 170 (4N Sro STo 81°0 L00 10 €00 ST'o €€°0 OUN
0T'L (4 99 w89 9L LE9 ¥6°S LS'6 €99 SS9 8t'L LYL LTOT 88°L LT'L w8 ¥0°01 vI'L LTTT 0°d
10°0 10 ST'0 €ro €00 0] 820 200 €00 200 €00 ¥0°0 Pq €00 Pq 1Pq S00 200 1Pq Rete)
86°01 SL0T 9¢€'9 ¥9°01 L8°0T 788 SL'8 819 0€'6 898 0TI 6C01 w069 011 10°11 99°L 669 L €S°L 0V
v6'y 86°¢ 98T we Sy 8¢'¢ ¥€T 6T ILe 6t'¢ LES 69y 98¢ v0's L8V €ee LLT Sre €r'e ‘o1L
1494 99ty (4214 ey 99Ty YLy 68'St 1€9% SOvy 8Ty LYoy oWy 19°¢y 86'1¥ 8’1y 12494 9’9t 0S°9% YL'LY 018
wry  SIPpIA 910D IIPPIA wry - SIPPIA 210D wry 910D 310D wry  SIPPIA wry wry 9100 IIPPIA wry 310D wry
2JON
UL YL YL UL UL UL UL yrL SoL SIL SoL SIL SAL SoL SIL SoL SoL SOL SoL
odAy ooy
ISTAA  I8IAY  I81AY  ISIAY  I8IAY I81AY ISIAY I8IAY CLIAY CLIAQY TLIAY CL1ad LI Z81A¥  ¢81dd  C8IAd  T8IA¥ ¢81dd c8lay  ojduwes
0I1qQqeS ONIUAYDSS) PUL dNI[RISY) UOoqIewuRy Ul SouaxolAd Jo sisA[eue oqoidodrjy 7 d[qel

pringer

Qs



Arab J Geosci (2016) 9: 665

Page 9 of 18 665

samples fall in the feldespatoid gabbros and feldespatoid
monzo gabbro fields (Fig. 9).

In Kamarbon gabbros, fine-grained theralites have lower
Al,O3 (14.09 to 15.56 wt.%) and higher MgO (8.10 to
11.68 wt.%) with Mg# (64.21 to 71.39) content compared
with coarse-grained teschenities (14.57 to 19.02 wt.%, 6.38
to 2.67 wt.%, and 43.22 to 57.2 for Al,O3, MgO, and Mg#,
respectively). Most of the major elements in Kamarbon gab-
broic rocks ranges in wild way (e.g., MgO ranging from ~12
to ~2 wt.%) not associated with substantial SiO, change in the
residual melt.

Fine-grained theralitic gabbro shows more Ni, Cr, and Co
content than teschenitic one. Ni of theralites and teschenites
varies from 95 to 194 ppm and 7 to 67 ppm, respectively. Ni
and Co show positive trend with increasing MgO whereas Nb
and Ba show negative correlation. The Kamarbon intrusion is
enriched in LREE respect to HREE with (La/Yb), and (Dy/
Yb),y ratios ranging from 20.00 to 29.73 and 1.39 to 1.68 for
theralites and teschenites, respectively. The gabbroic rocks
reveal the similar trend with OIB basalts and intraplate alka-
line magmatism (Beccaluva et al. 2002; Bianchini et al. 2007,
Beccaluva et al. 2009) (Fig. 10a). They show enrichment of
LILE elements (Ba, Rb, Sr, and Th), HFSE elements (Nb, Ta,
Ti, Zr, and Hf) and P and depletion in K, Y and HREE (YD,
Lu) (Fig. 10b).

Estimation the P-T of gabbro

Geothermobarometry calculations in gabbroic rocks can near-
ly distinct the equilibrium pressure and temperature that can
lead us to understand the crystallization condition of intru-
sions. In Kamarbon gabbros, the composition of

Wo

clinopyroxenes is used to estimate the equilibrium pressure
while the olivine-liquid composition is applied to gain the
equilibrium temperature.

According to the method of Nimis and Taylor (2000), the
values of Cr, Na, and K in clinopyroxene composition can be
use to determine the pressure. This barometer has lower
temperature dependency than other barometers, which are
based on Al content in pyroxene compositions. The
clinopyroxene barometers of Nimis (1995) (P;), Nimis and
Ulmer (1998) (P,), and Nimis and Taylor (2000) (P5) are used,
and the crystallization pressures are calculated on the basis of
three relations. Py, P,, and P; range from 0.5 to 1.8 kbar, from
0.4 to 1.9 kbar, and from 0.6 to 1.4 kbar in teschenites, where-
as in theralites, they change from 2.2 to 4.5 kbar, from 1.9 to
4.4 kbar, and from 1.8 to 4.3 kbar, respectively. The calculated
pressures are reported in Table 2.

To obtain a reasonable crystallization temperature for the
Kamarbon theralitic and teschenitic gabbros, the olivine-
liquid thermometer from Sisson and Grove (1993) (T;) are
used (Table 3). Calculated temperatures based on olivine-
liquid composition (T;) range from 1067 to 1075 °C in
teschenites, whereas they change from 1266 to 1270 °C in
theralites.

Discussion
Crystallization and the stability field of rhonite

Several studies have tried to clear the formation condition of
rhonite. Boivin (1980) believed that rhonite normally occurs
below 1 kbar, at about 1100 to 1170 °C, accompanied by
plagioclase. Experimental data of Kunzmann (1989) show

Wo

Pigeonite

X Cpx in theralites
¥ Cpx in teschenites

Pigeonite

/. Clingenstatite , v, Clingferragilite ,  \

/. Clingenstatite . + Clingferrogilite ,  \

En Fs En Fs
Fig. 8 Pyroxenes of Kamarbon theralite and teschenite gabbros in the classification ternary diagram of pyroxenes (Morimoto et al. 1988)

@ Springer



665 Page 10 of 18

Arab J Geosci (2016) 9: 665

Table 3  Microprobe analysis of olivines in Kamarbon theralie and teschenite gabbros

Sample RD181 RDI181 RD181 RD181 RDI181 RD181 RD181 RD172 RD172 RD172 RD172 RD172

Rock type

Th Th Th Th Th Th Th Tes Tes Tes Tes Tes

Note

Rim Middle Core Middle Rim Rim Rim Middle Middle Core Middle Rim
SiO, 39.37 38.54 39.39 39.50 38.06 37.49 38.55 38.58 38.96 39.95 39.57 39.17
TiO, 0.01 bdl 0.04 0.03 0.01 0.03 0.03 0.02 0.01 0.01 bdl bdl
ALOs bdl bdl 0.04 0.03 0.03 0.07 0.04 0.03 0.02 0.07 0.05 0.02
Cr,05 0.02 0.03 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.03 bdl
FeO 17.27 20.89 15.52 16.24 24.30 27.73 22.98 21.28 16.81 15.54 17.21 17.96
MnO 0.27 0.46 0.26 0.22 0.52 0.61 0.46 0.44 0.32 0.22 0.31 0.30
MgO 43.82 41.10 45.76 45.06 37.85 34.42 39.03 40.28 46.68 45.66 44.35 43.46
CaO 0.32 0.36 0.26 0.28 0.47 0.51 0.40 0.38 0.25 0.25 0.23 0.25
Na,O 0.04 bdl 0.01 0.01 0.01 bdl bdl 0.02 bdl bdl 0.02 0.01
Total 101.12 101.54 101.30 101.39 101.26 100.89 101.52 101.29 103.06 101.74 101.77 101.44
Si 0.99 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.96 0.99 0.99 0.99
Ti 0.00 0.00 0.00 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 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 0.00 0.00 0.00
Fe?* 0.36 0.45 0.32 0.34 0.53 0.62 0.49 0.46 0.35 0.32 0.36 0.38
Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01
Mg 1.64 1.56 1.70 1.68 1.47 1.36 1.50 1.54 1.72 1.68 1.65 1.63
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.01 3.02 3.02 3.01 3.01 3.00 3.01 3.01 3.04 3.01 3.01 3.01
Fo 81.66 77.43 83.79 82.99 73.10 68.40 74.79 76.77 82.93 83.77 81.86 80.92
Fa 18.05 22.08 15.94 16.78 26.33 3091 24.71 22.75 16.75 16.00 17.82 18.76
N° Mg 81.90 77.81 84.01 83.18 73.52 68.87 75.17 77.14 83.20 83.96 82.12 81.18
T, °C 1270 1266 1269 1077 1067 1069 1073

Calculation is based on 4 oxygens. (Th and Tes are symbols of theralitic and teschenitic gabbros)

that the formation of rhdnite under magmatic conditions re-
quires pressures below 0.6 kbar and temperature between 840
to 1200 °C, with the presence of hydrous liquid phase. But
some authors (Kothay and Szabo 1999; Nazarov et al. 2000;
Kothay et al. 2001; Sharygin et al. 2003) believe that rhonite
can form at rather higher pressure and temperature conditions,
as a primary phase.

The values of MgO and Ni in theralites are compatible with
the definition of primitive magmas, according to Frey et al.
(1978; Mg# >68). On the other hand, MgO, Ni, and Mg#
values in teschenites are much lower. The positive trends be-
tween Ni, Cr, Co, and MgO in Kamarbon gabbroic rocks could
imply the fractionation of minerals like olivine and pyroxene.
Theralites can be considered primitive magma parental to the
teschenites after fractional crystallization of mafic phases like
olivine and clinopyroxene. The crystallization process in
Kamarbon gabbros also can be confirmed by the mineralogical

@ Springer

assemblage of olivine + clinopyroxene + nepheline + plagio-
clase in theralites and clinopyroxene + rhdnite + analcime +
plagioclase in teschenites (Doroozi 2014).

Clinopyroxene and olivine geothermobarometry calcula-
tions of Kamarbon gabbroic rocks reveal that the theralites
are crystallized at higher pressures and temperatures than
teschenites. Clinopyroxene barometry in teschenites suggests
P < 1.9kbar (0.4 to 1.9 kbar, corresponding to a depth range of
about 6—10 km), whereas in theralites, this value is
P < 4.5 kbar (1.8 to 4.5 kbar, corresponding to a depth range
of about 10-18 km). The temperatures calculated from
olivine-liquid thermometer for teschenites (1067 to 1075 °C)
are lower than those of theralites (1266 to 1270 °C). Based on
geothermobarometry calculations, rhonite could be crystal-
lized in Kamarbon teschenites, in pressures less than 1.9 kbar
(corresponding to a depth less than 10 km) and temperatures
from 1067 to 1075 °C. These pressures and temperatures are
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Fig. 9 Samples from Kamarbon theralite and teschenite gabbros plot in
QAPF diagram for classification of plutonic rocks (Streckeisen 1974). (/,
Foid-bearing diorite, Foid-bearing gabbro; 2, Foid-bearing diorite; 3,
Foid-bearing monzonite; 4, Foid-bearing syenite; 5, Foid-bearing alkali
feldspar syenite; 6, Foid gabbro; 7, Foid monzodiorite; &, Foid
monzosyenite; 9, Foid syenite; /0, Foidolite)

partly compatible with previous published data about stability
field and crystallization condition of rhonite (Kothay and
Szabo 1999; Nazarov et al. 2000; Koéthay et al. 2001,
Sharygin et al. 2003). The formation of theralitic gabbros ex-
actly at higher pressures and temperatures than teschenitic
ones, could suppress rhonite crystallization in theralites.
Rhonite formation in Kamarbon teschenites can be regarded
as the products of late stage of crystallization at shallow depth
corresponding to a depth of about 6-10 km.

Important factors of the rhonite crystallization can be the
high Al, rather low Ca, and low Si contents in undersaturated
magmas. The average values of TiO, and CaO in Kamarbon
teschenites are 2.70 and 15.76 wt.% respectively, while the
corresponding values in theralites are 2.00 and 11.10 wt.%.
Magonthier and Velde (1976) believed that the rhonite is a Ti-
enriched mineral that its crystallization could not be caused by
high amounts of Ti in magma. However, other studies suggest
that the TiO, > 2.5 wt.% in alkaline magmas can play an
important role in the rhonite crystallization (Boivin 1980;
Nedli and Toth 2003). Accordingly, the crystallization of
rhonite in Kamarbon teschenites can be related to the higher
amount of TiO, and CaO in teschenites rather than theralites.

Genesis of rhonite and associated minerals

The Kamarbon teschenitic gabbros mineralogical composition
is clinopyroxene, rhonite, plagioclase, and analcime. The
chemically undersaturated magmas usually are accompanied
by minerals like analcime, nepheline, and rhonite. The diop-
sidic clinopyroxenes of teschenites exhibit the characters of
clinopyroxenes in alkaline basic magmas, i.e., they are
enriched in Al,O3 and TiO, and depleted of silica (Table 2).
The low Si content in clinopyroxenes of teschenitic gabbros
may be caused by the low content of Si in its undersaturated
parental magma (Magonthier and Velde 1976; Onuma 1983;
Anan’ev and Selyangin 2011). Studies on associated minerals
of the rhonite reveal that there is a stable paragenesis between
rhonite and Al-rich clinopyroxene, while other minerals like
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Fig. 10 a Chondrite-normalized 1000
diagram for Kamarbon gabbroic
rocks; normalized values are from Qo
Nakamura (1974). b Primitive =
. . < 100
mantle-normalized diagram for c
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Fig. 11 a Plot of Ti versus Al and b Al + Ti versus Si in clinopyroxenes of Kamarbon teschenite gabbro

olivine, amphibole, nepheline, analcime, and leucite could be
variable (Soellner 1907; Magonthier and Velde 1976; Fodor
and Hanan 2000; Sharygin 2002; Kogarko et al. 2005; Timina
et al. 2006; Anan’ev and Selyangin 2011). Clinopyroxenes of
teschenitic gabbros become more enriched of Ti and Al during
the fractional crystallization process which involves enrich-
ment in Al and Ti and depletion of Si of magma (Fig. 11).

Rhonite can be a primary or a secondary mineral produced by
alteration of kaersutite (Magonthier and Velde 1976; Johnston
and Stout 1985). High values of Na + 'V'Si and low values of
Ca + ™Al are the characteristics of the rhénites produced by
alteration of kaersutite, whereas the primary rhonites reveal
low Na + "VSi and high Ca + "VAl (Nedli and Toth 2003). The
composition of the rhonites in teschenitic gabbros in comparison
with that of the rhonites in igneous rocks (gray field in Fig. 6a)
show lower Na +'VSi and higher Ca + 'VAl, which can be a sign
of primary rhonites. Crystallization of primary rhonite is related
to the composition of parental magma and acted independently
of unusual temperatures, oxygen fugacity, or the unusual phys-
ical crystallization conditions (Kyle and Price 1975).

Huckenholz et al. (1988) suggested that in ascending mag-
ma, the prior crystallized kaersutites will lose their stability and
breakdown into a rhonite + plagioclase mineral assemblage, at
low pressure and relatively high temperature (P < 0.5 kbar and
1050 °C < T'< 1140 °C). Regarding the higher-pressure forma-
tion of Kamarbon teschenites (0.4 to 1.9 kbar), the crystallized
rhonites can reveal primary igneous origin and crystallization at
shallow depth (6 to 10 km) (Nedli and Toth 2003).

Conclusion
The Late Triassic to Upper Jurassic Kamarbon gabbro com-

prises theralites at margins and teschenites at center with the
occurrence of rhonite in teschenitic gabbros. Mineralogically,

teschenitic gabbros contain clinopyroxene, rhonite, plagio-
clase, and analcime plus accessory minerals. High (La/Yb)y
in Kamarbon gabbroic rocks suggests a lower degree of partial
melting in their mantle source. The (Dy/Yb)y > 1.06 ratio in
studied gabbros, signifies the presence of garnet as a residual
phase during the partial melting (Blundy et al. 1998; Peters
et al. 2008). Based on geochemical characteristics, theralites
can be considered primitive magmas parental to the
teschenitic gabbros after fractional crystallization of mafic
phases like olivine and clinopyroxene. Based on the petro-
graphical observations and estimating the formation pressure
and temperature of Kamarbon gabbros, the teschenites were
formed in distinctive lower pressures and temperatures than
theralites. Experimentally obtained data indicate that the
teschenites formed below 1.9 kbar and 1075 °C (based on
clinopyroxene and olivine thermobarometry). Rhonites prob-
ably formed in teschenites in the late stage of crystallization at
shallow depth which is about 6-10 km.

The exchange reaction 'VSit* + YI(Na + K)* < VAI
3 + VI a*? that occurred in Kamarbon rhonites caused higher
values of Ca + VA, which is a sign of primary rhénite com-
positions. The former amphiboles can lose their stability and
convert into rhonite and plagioclase assemblage at the
P < 0.5 kbar and 1050 °C < T < 1140 °C. Based on the
determined higher-pressure formation for Kamarbon
teschenites (0.4 to 1.9 kbar), the crystallized rhonites can re-
veal primary igneous origin in Kamarbon gabbros.

Mineralogical and chemical characteristics of rhonite and
associated minerals signify the formation of rhonite from Al-
and Ti-enriched undersaturated alkaline magma in Kamarbon
gabbroic intrusion. The rhonite observed in teschenitic
gabbros illustrates the existence of an undersaturated
plutonism phase, in Alpine-Himalayan orogenic belt, during
the Late Triassic to Upper Jurassic in Central Alborz, north
Iran. This alkaline magmatic phase can be assumed as an
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evidence for intracontinental tectonic setting related to a rift
system in Central Alborz during the Late Triassic. The exten-
sional phases developed some regional rifts which caused vol-
canism and plutonism activities in Central Alborz.
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