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Dumortierite appears as massive aggregates with distinct blue colour in the advanced
argillic and silicified zones of the Ali Javad porphyry Cu-Au deposit in the Sheivar
Dagh area, NW Iran. Based on field and petrographic observations, this mineral is
formed at the latest stages of the hydrothermal activities as a late mineralization phase.
Dumortierite is studied here to constrain its potential for characterizing mineralization
and prospecting of the Cu-Au porphyry deposit. Chemistry of dumortierite is studied for
the first time in a Cu-Au porphyry system and is compared with other examples from
the world. This mineral is formed within the subvolcanic dacite to quartz monzonite
rocks of the Ali Javad area. A multidisciplinary approach including petrography as well
as XRD, ICP-MS, FTIR and EMP analyses was used to characterize the dumortierite
samples. The results of this study show that formation of Mg-poor dumortierite is
strictly related to the magmatic-hydrothermal system of the Ali Javad porphyry deposit.
As Sheivar pluton was crystallizing, light elements including boron were accumulated
in the aqueous hydrothermal fluids, which invaded the overlying volcanic rocks and
produced vast alteration zones and dumortierite crystallization.

Keywords: Dumortierite; Argillic Alteration; Ali Javad porphyry; Mineral chemistry;
FTIR.

INTRODUCTION (Pieczka et al., 2013). The crystal structure of dumortierite

Dumortierite is an aluminium oxyborosilicate (named was first described by Golovastikov (1965) and further
after the French paleontologist, Eugene Dumortier), which refined by Moore and Araki (1978) as a semi-regular planar
appears in different rock types including pegmatites, structure. Four principle regions can be considered in the
aplites, felsic dykes and granitoids (Huijsmans et al., dumortierite structure: (1) [AlOs] chains of face-sharing
1982). This mineral can be found as a product of late octahedra (the All sites) surrounded by “pinwheels” of six
stage pneumatolitic or hydrothermal processes (Kerr and Si0O, tetrahedra, two Sil and four Si2 sites; (2) [Al4O4,]
Jenney, 1935; Sabzehei, 1971; Black, 1973; Foit et al., cubic close-packed chains, containing the Al2 and Al3
1989), as well as in regional metamorphic rocks (Schreyer octahedral sites, that are joined to equivalent chains by

et al., 1975; Vrana, 1979; Takahata and Uchiyama, 1985; reflection at the O1 corners of the Al2 octahedra to form

Beukes et al., 1987; Chopin et al., 1995).

[Al4Oq;] sheets oriented parallel to (010); (3) [Al404,]

The dumortierite group comprises dumortierite (Al,[) double-chains containing the Al4 octahedral sites; and (4)
A¢BSi304(0,0H), and magnesiodumortierite (Mg, 1) BO; triangles between the Al-chains (Figure 1).
Al¢BSi30,4(0,0H),, where [] denotes cation vacancy The crystallographic structure of dumortierite is
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Figure 1. Dumortierite structure viewed along the a-axis (Groat et al., 2012).

orthorhombic, Pnma (space group no. 62), with unit cell
parameters of a=4.69 A, b=11.80 A, ¢=20.19 A (Groat
et al.,, 2012). Common tetrahedrally-coordinated cation
substitutes for Si are Al, As*" and Sb*' and the main
octahedrally-coordinated cation substitutes for Al are Fe?",
Fe3', Ti, Mg, Ta, Nb, with minor Ca, Mn and Sc. Minor
amounts of P have also been reported (Grew, 2002; Evans
etal., 2012, Groat et al., 2012). There is no substitution or
vacancies at the B site in any natural dumortierite group
minerals (Evans et al., 2012).

Magnesiodumortierite contains up to 3.4 wt% MgO
(Visser and Senior, 1991) and up to 4.4 wt% Fe,0O;
(Claringbull and Hey, 1958). Ti content may rich up to
4.6 wt% (Huijsmans et al., 1982). Transformation of
dumortierite to Ti-free magnesiodumortierite is favoured at
high pressure (Chopin et al., 1995). Magnesiodumortierite
has only been found in ultrahigh-pressure rocks of the
western Alps.

In deep environments, boron can only be hosted in
small amounts by white micas and sillimanite and in
more significant amounts by dumortierite, tourmaline and
datolite (Tornos et al., 2012). Dumortierite is sometimes
unstable and locally associated with tourmaline. Spatially
associated copper and gold prospects within this
aluminosilicate-rich alteration zone is reported from the
Louvicourt dumortierite-bearing schist (Taner, 1993).
Dumortierite along with tourmaline are widespread in

magmatic-hydrothermal mineralized systems, occurring
in breccias and veins related to copper, molybdenum
and gold deposits (e.g., Island Copper Mine, British
Columbia; Evans et al., 2012; Lincoln Hill, Nevada, and
Louvicourt Mine, Quebec; Horn et al., 2014). Dumortierite
geochemistry can be a valuable tool for constraining the
source of boron and, by extension, the origin of fluids
responsible for B-rich alteration in Cu-Au porphyry
formation, since the current genetic discussion fluctuates
between fluids derived from magmatic-hydrothermal
systems and basinal brines related to marine evaporites.
This study reports the first dumortierite compositional
and FTIR data for Ali Javad porphyry Cu-Au deposit
in the Sheivar Dagh area, NW Iran. Moreover, mineral
chemistry and FTIR spectra of the samples have been
compared with dumortierite samples of different origins
worldwide.

Intrusion of the major Qaradagh and Sheivar Dagh
plutons and numerous smaller intrusions in NW Iran
caused development of extensive alteration zone and
Cu-Mo-Au mineralization (Simmonds et al., 2017).
These plutons with Cenozoic age are intruded the
Cretaceous Cenozoic volcanic and volcano-sedimentary
rocks (e.g., Simmonds and Moazzen, 2015; Simmonds
et al., 2019). The Ali Javad Cu-Au porphyry deposit is
one of the mineralizations associated with the Sheivar
Dagh intrusion and the related alterations (Figure 2).
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Occurrence and Mineral chemistry of Dumortierite in Ali Javad Deposit

It is located in the Eat Azerbaijan province, NW Iran,
and dumortierite was first reported from this deposit by
Didon and Gemain (1976) and Kazempour et al. (2002).
It appears in the advanced argillic and silicic alteration
zones of this porphyry system as a result of late stage
hydrothermal activities. We have studied the mineralogy
of dumortierite of Ali Javad deposit using XRD, ICP-
MS, EPMA and FTIR methods in order to constrain its
physico-chemical conditions at the formation during late
hydrothermal stage. The chemistry of dumortierite is used
as a possible indicator of Cu-Au mineralization at this part
of the porphyry copper metallogenic belt of Iran.

FIELD GEOLOGY AND DESCRIPTION OF DUMORTIERITE-BEARING
ROCKS

The Ali Javad porphyry Cu-Au deposit is located in the
general area of the Sheivar Dagh in NW Iran. The field
geology of the Sheivar area is discussed in the 1:250,000
scaled geological map of Ahar (Babakhani et al., 1990).
The Sheivar Dagh pluton has a granite to monzogranite
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Figure 2. Simplified geological map of the study area.
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composition, which has caused contact metamorphism
(Moazzen and Modjarrad, 2005) and vast hydrothermal
alteration (Khaleghi et al., 2013) within the country
rocks. However, new exploration diamond drillings and
the obtained cores indicate the presence of younger stocks
within the Sheivar plutonic complex in the Ali Javad
area, cutting the main pluton, which are responsible for
alteration and porphyry mineralization. This younger
intrusive phase appears as dykes and apophyses in the
area. The main pluton with quartz monzonite to monzo-
granite composition is emplaced at higher depth, and
portrays coarse-grained granular texture, while the later
magmatic phases of granite are emplaced at lower depth,
which show porphyry texture. This feature is similar to
other porphyry Cu deposits of NW Iran (Hassanpour and
Moazzen, 2017; Simmonds et al., 2017).

The oldest rock units in the study area are Upper
Cretaceous marl and sandstone, which are covered by
Eocene rocks (Figure 2). The stratigraphic sequence at
the Ali Javad, from older to the younger units are marl,
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sandstone, volcanic rocks, including trachy-basaltic
andesite, trachyandesi-basalt and a succession of lava and
tuff, including megaporphyritic andesite to trachy-andesite.
Quaternary basalt and cover the older rocks (Figure 2).
Intrusion of Oligocene plutonic rocks with predominant
quartz monzonite to monzogranit composition into
the Cretaceous and Eocene units has formed contact
metamorphic rocks (Moazzen and Modjarrad, 2005) and
skarn deposits (Mollaei et al., 2009). The main mineral
deposits around the Sheivar pluton are Mazraeh and Anjerd
skarns and Hajalibeig mineralized silicic veins. Upper
Eocene-Oligocene magmatic activities were responsible
for ore mineralization in the area (Bazin and Hubner, 1969).
Quartz monzonitic stock in the area is characterized by the
development of silicic veins and alteration zones similar
to those from porphyry systems (Figure 3) (Khaleghi et
al., 2013). The main alterations in the Ali Javad porphyry
Cu-Au deposit are potassic, phyllic, propylitic, argillic and
advanced argillic alterations (Figure 3). The development
of alteration zones is more pronounced at the central part of
the area and shows a NE-SW trend. The phyllic alteration
corresponds to the megaporphyritic andesite unit, which is
accompanied by stockwork structure and relatively high
pyrite content (Khaleghi et al., 2013).

Dumortierite is found in diamond drill cores of the
advanced argillic alteration zone (Figures 4 and 5).
This mineral appears in samples collected at a depth
of 170 meters which is accompanied by minerals such

as pyrophyllite, alunite, sericite, pyrite and copper
minerals. Based on the field geology relations, this
mineral is formed at the late stage of mineralization and
by hydrothermal activity. It macroscopically appears with
distinct blue color and as small patches or veins (Figure
6) and microscopically as fibrous or acicular crystal
aggregates up to 1 mm long (Figure 7 a,b), occasionally
showing spherulitic texture (Figure 7 c,d). Also it is
disseminated among other minerals in some samples and
is with variable colors from blue to violet and pink and
strong pleochroic (bluish to pale blue) in thin sections.
Dumortierite strongly pleochroic (bluish to pale blue)
where it is locally associated with tourmaline (Fig 7 c,d).
The accompanying minerals are either quartz or sericite
along with opaque minerals or quartz and neo-formed
biotite (Figure 7 e,f).

MATERIALS AND METHODS

Optically well characterized representative samples of
dumortierite-bearing rocks were selected for mineralogical
and geochemical studies. In two samples (surficial:
no. DUMR Alj 1 and core sample: no. DUMOR_Al]j
DH27 91 the depth of 91 meters), dumortierite was
separated from the rock by hand picking under a binocular
microscope in the University of Tabriz. XRD analysis
was carried out on one separated sample (DUMOR_Alj
DH27 91) in the Geological Survey of Iran, NW branch
in Tabriz, using a SIEMENS D5000 X-Ray Diffraction

% | LEGEND

+Pr2 4 Outer(Chl,Cal,Epi)

Propylitic. zone

Inner(Act,chl)

- Argillic(moderate) (+Chlorite) Very late. zone

+ 4Argh  Advanced argillic(+sericite)late. zone

Sericite(chlorite). zone

po—
| *Sert Transitional

+Qm* Quartz monzonite

!

Drainage

Borehole °

665800

0 100 200 300m
—— —

Figure 3. A general view of the distribution of alteration zones in the area.
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Occurrence and Mineral chemistry of Dumortierite in Ali Javad Deposit 135

o W

Figure 4. A view of argillic alteration zone in the area, which appears as white patches.

Spectrometer with Ni-filtered Cu-Ka source to identify RESULTS AND DISCUSSION

the constituent minerals. The XRD data were recorded X-ray diffraction pattern of the Ali Javad dumortierite
at 40 kV and 30 mA by counting 3 seconds at steps of reveals a relatively well crystallized structure, with
0.02°20, from 5 to 65°26. the strong reflection at 5.91 A and moderately strong

Geochemical analyses were performed at Actlabs, reflections at 5.87 A, 4.26 A, 3.34 A, 2.46 A, and 2.12
Canada, by Fusion ICP (major oxides, Ba, Be, Sc, Sr, V, A (Figure 8). By the use of least-squares refinement, the
Y, Zr) and Fusion ICP-MS (Ag, As, Bi, Co, Cr, Cs, Cu, calculated cell dimensions of dumortierite area=11.77 A,
Ga, Ge, Hf, In, Nb, Ni, Mo, Pb, Rb, Sb, Sn, Ta, Th, TI, b=20.21 A, c=4.71 A and V=1123.4 A3, respectively. This

U, W, Zn and REE) methods on the above-mentioned pattern is almost identical to the pattern of the standard
dumortierite separates samples. The known amount of dumortierite sample (Figure 8a). Thus, it is possible to
sample was mixed with lithium metaborate and was fused discuss the nature of the studied dumortierite (e.g., Fe-Ti
on gas heater. The resulted beads were used for ICP-MS depleted) based on the XRD results (Sang et al., 1996;
analyses after digestion in acid and necessary dilution. Choo and Kim, 2001).

International standards were used for calibration. The According to the ICP-MS analysis data of two
uncertainty for the analysed minor and trace elements is dumortierite separates (Table 1) 0.60 OH is considered
better than £5%. Electron microprobe studies were done in the dumortierite formula unit (Alexander et al.,1986;
in Potsdam, Germany using a JEOL 8800 Superprobe, Platonov et al., 2000). The analyses indicate that the
operated at 15 kV and 20 nA beam current and 2-10 studied dumortierites are Mg-poor and of common Fe-
mm beam diameter. Counting times were 10-30 seconds Al dumortierite type. The Ali Javad samples also contain
on peak and half-peak on background. Natural and about 167 ppm Pb, 24 ppm Sb, 8 ppm Mo and 9 ppm
synthetic samples were used for calibration. 14 spots Ga. An interesting result is the unusual occurrence of As,
of dumortierites were analyzed in this way. Infra-red whose content reaches up to 400 ppm. The enrichment
spectroscopy analyses were done in the inorganic of some of the elements has been previously reported
chemistry laboratory of Islamic Azad University, Tabriz from other specimen. Dumortierite porphyroblast from
branch. The sample was powdered in an agate mortar and Mozambique quartzites (high pressure conditions) is
then diluted in KBr and pressed to disk. FTIR spectra of strongly zoned in Si, Al, Ti and Sb (Vaggelli et al., 2004).
the studied samples were recorded at room temperature The Mozambique quartzites display unusual occurrence of
by means of a Shimadzu 8400S spectrometer employing Sb, with concentrations up to 5 wt% Sb,03, representing
about 2 mg powder samples embedded in KBr pellets. a mineral with an intermediate composition between

dumortierite and holtite (Ta,Sb)Al4(Si04);BO5(0,0H);.
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Argilic alter. zone"

Figure. 5 Altered quartz monzonite unit in the Ali Javad valley. View to the West.

Figure 6. Surface and core samples containing dumortierite a) in porphyry dacite outcrop, b) in veins along with alunite (sample no.
DUMR_Alj 1), ¢) core samples (BH41-75).
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Occurrence and Mineral chemistry of Dumortierite in Ali Javad Deposit

Figure 7. Dumortierite in advanced argillic to sericitic alteration zone. a, b) fibrous dumortierite in highly silicified rock along with
quartz and sericite from core sample at the depth of 163m; PPL and XPL respectively. ¢, d) Spherulitic growth of dumortierite and
tourmaline in veinlet from BH41 core sample at depth of 70m; PPL and XPL respectively. e, f) Concentration of dumortierite along
with biotite and oxide phases in core sample from the depth of 157 m. g) dumortierite in core sample from depth of 40m. h) highly
silicified rock along with ore and secondary iron hydroxides, dumortierite is formed as veinlet in the rock.

Dumortierite-group minerals commonly contain Ta, Dumortierite crystals were analyzed by electron

Nb, As and Sb, and locally, Bi, all of which represent microprobe along a cross section for a total of 8 and 6

solid solution with holtite-group minerals and szklaryite spots in the two selected samples. Table 2 presents electron

(LUAIgBAs*505) (Pieczka et al., 2013). microprobe analysis results of the studied dumortierites.
e m
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Figure 8. X-ray diffraction pattern for (a) dumortierite (RRUFF. Database), (b) Ali Javad dumortierite sample (no. DUMR_Alj 1).

The Al,O5 content is between 61.03 and 61.24 wt%. The
samples virtually lack MgO (0.03 wt%) and contain very
low FeO (0.24 to 0.33 wt%). All Fe is considered as Fe?*.

TiO, content varies from 1.17 to 1.25 wt%. There is a
good correlation between the Ti content and the violet-
blue pleochroism, as previously reported for other
dumortierite samples (Vaggelli et al., 2004).

REE patterns of the analyzed dumortierite samples
normalized to chondrite (Sun and McDonough, 1989;
Thompson, 1982) show enrichment of large ionic
lithophile (LILE) incompatible elements such as Th, Ba
and Rb, whereas high field strength elements (HFSE)
like Yb and Nb show lower concentrations (Figure 9).
Enrichment of Th, Rb, Ba and depletion of Ti and Nb in
the studied samples can be attributed to the inheritance
from fluids of evolved subduction-related magmas (Foley
etal., 1987; Wilson, 1990), therefore the observed features
are consistent with a magmatic-hydrothermal origin.

In the FTIR spectrum, a large broad peak occurs,
indicating hydroxyl stretching vibration (Figure 10). This
shows that the hydroxyl group is loosely incorporated in
the dumortierite structure. Boron presence in the three-
fold coordination as part of a planar BO; group can
be conceived from strong absorption peak. The FTIR
spectra for the Ali Javad sample (no. DUMR _AlJj 1) is
comparable with FTIR spectra of samples from different
origins at the range of 4000-400 cm™'. For comparison,
the IR spectrum of two synthetic samples of low (no.
B12) and high fluid pressures (no. P8a) (achieved by
Werding and Schreyer, 1990), and a natural Fe-containing
dumortierite of blue color from Madagascar is also shown
(Figure 10c). There are no considerable differences,
especially not in the spectra of our sample. The ~ 3490
cm ! band is present in all specimens. The distinct OH
valency band at ~3490 cm™' (Werding and Schreyer,

1983a) is broadened especially in sample B12, which is
similar to Ali Javad spectrum. In this regard, the Ali Javad
dumortierite contains more water and more Al (see Table
3). The strong BO; asymmetric valency band (Werding
and Schreyer, 1990) at ~1385 cm™! is very similar in all
samples. The broadening of the y;-SiO, band at about
1000 cm™! and the different intensity of the band at 850
cm’!, possibly y3-A10,, are distinctly evident.

CRYSTAL CHEMISTRY OF ALI JAVAD DUMORTIERITE

Dumortierite has been wusually considered as an
anhydrous mineral with formula of Al;BSi;O5, but
spectroscopic analysis revealed the presence of hydroxyl
groups (Moore and Araki, 1978; Alexander et al., 1986;
Werding and Schreyer, 1990). Moore and Araki (1978),
Hemingway et al. (1990), and Visser and Senior (1991)
proposed 0.75 OH per formula unit, though Alexander et
al. (1986) and Platonov et al. (2000) suggested different
hydroxyl contents, e.g. 0.6 OH. The total amount of OH
varies not only with the number of octahedral vacancies
but also with the divalent ions such as Mg, Ca, Fe?" and
tetravalent substituent for octahedral Al and trivalent
substituent for tetrahedral Si (Alexander et al., 1986;
Werding and Schreyer, 1990). The Ali Javd dumortierite
contains negligible Fe, Mg and Ti. For comparison,
magnesiodumortierites commonly contain these elements
up to a few percent (Visser and Senior, 1991). Our sample
may contain some hydroxyl, as shown by IR spectroscopy.
Structural formula of dumortierite is recalculated as
(Al 7.51Fe 0_03)27_54Si3.25B017_62. The fact that Al is Sllghtly
excessive per formula unit can be explained by the
common association with other Al-rich minerals such as
alunite, dickite, pyrophyllite and tourmaline in the Ali
Javad deposit.

Due to analytical limitations for boron by EPMA, B
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Table 1. Results from ICP-MS analyses of the dumortierite in Ali Javad samples.

Analyte Symbol Si0, ALO; FeO MnO MgO CaO Na,O K,0 TiO, P,0Os LOI  Total

Unit Symbol % % % % % % % % % % % %
Detection Limit 001 001 001 0001 00l 00l 00l 001 000l 001 0.01
DUMOR_Alj

DH27 Oi 7003 2056 194 0001 0.3 0.1 006 009 1123 029 484 9877

DUMOR_AJj 1 69.27 21.17 227 0.001 0.12 0.1 0.08 0.07 1442 026 47 9854

Analyte Symbol Sc Be v Cr Co Fe Al Mg Ni Cu Zn Ga
Unit Symbol ppm  ppm  ppm ppm ppm % % % ppm  ppm ppm  ppm
Detection Limit 1 1 5 20 1 20 10 30 1
ng@?;*Alj 18 1 207 <20 19 1.5 5.34 0.07 <20 20 <30 8
DUMOR _AJj 1 19 1 198 <20 18 1.76 5.5 0.073 <20 21 <30 9
Analyte Symbol Ge As Rb Sr Y Zr Nb Mo Ag In Sn Sb
Unit Symbol ppm  ppm  ppm  ppm  ppm  ppm  ppm ppm  ppm  ppm ppm = ppm
Detection Limit 1 5 2 2 2 4 1 2 0.5 0.2 1 0.5
BE%?;_AU 4 400 <2 865 7 114 6 7 <05 03 21 23.6
DUMOR_AJj | 3 395 <2 703 6 133 5 8 <05 02 19 24.1

Analyte Symbol Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho

Unit Symbol ppm  ppm ppm  ppm  ppm ppm  ppm ppm  ppm ppm ppm  ppm
Detection Limit 0.5 3 0.1 0.1 0.05 0.1 0.1 0.05 0.1 0.1 0.1 0.1
DUMOR_Alj

DH27 91 <05 225 116 234 285 116 23 0.59 1.6 02 12 0.2

DUMOR_AJj 1 <05 233 10.8 25.1 2.85 109 24 0.63 1.7 0.2 1.1 0.3

Analyte Symbol Er Tm Yb Lu Hf Ta W Tl Pb Bi Th U
Unit Symbol ppm  ppm  ppm  ppm  ppm  ppm  ppm ppm  ppm  ppm  ppm  ppm
Detection Limit 0.1 0.05 0.1 0.04 0.2 0.1 1 0.1 5 0.4 0.1 0.1
DUMOR_AJj

DH27 91 08 0.16 1.2 0.22 2.7 0.4 4 0.2 167 0.9 4.5 1.2
DUMOR_A]Jj | 0.7 0.18 1 0.21 2.8 0.5 6 0.1 156 0.8 43 1.3

Analysis Method: Fusion ICP for Major Elements/Fusion ICP-MS for Trace Elements.
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Table 2. Microprobe analyses of dumortierite samples.

DUMOR_Alj DH27 91 DUMOR_Alj 1
=8 =6 Samples
Average
Avg. Std. Dev. Avg. Std. Dev. ~ composition
Si0, 31.15 0.35 31.22 0.28 31.18
TiO, 1.17 0.22 1.25 0.13 1.21
ALO, 61.03 0.37 61.24 0.37 61.13
B,0;" 5.78 0.43 5.33 0.54 5.56
Cr,)0; 0.003 0.001 0.002 0.001 0.002
MgO 0.03 0.028 0.03 0.01 0.03
CaO 0 0.00 0 0.00 0.000
MnO 0.001 0.001 0.002 0.001 0.001
FeO 0.24 0.07 0.33 0.06 0.28
Fe,0; 0.27 - 0.37 - 0.31
Na,O 0.001 0.001 0.003 0.002 0.002
K,0 0.004 0.003 0.003 0.002 0.003
H,0* 0.6 0.00 0.6 0.00 0.6
Total (wt.%) 100.28 0.15 100.4 0.13 100.30
Si 3.256 0.0000 3.250 0.0000 3.253
Ti 0.092 0.0000 0.098 0.0000 0.095
Al 7.518 0.0000 7.514 0.0000 7.516
B 0.959 0.000 0.887 0.000 0.924
Cr 0.000 0.0000 0.000 0.0000 0.000
Fe3* 0.021 0.0000 0.028 0.0000 0.034
Mg 0.005 0.0000 0.000 0.0000 0.005
Mn 0.000 0.0000 0.000 0.0000 0.000
Ca 0.000 0.0000 0.000 0.0000 0.000
Na 0.000 0.0000 0.000 0.0000 0.000
K 0.000 0.0000 0.000 0.0000 0.000
Sum cations 10.981 0.000 10.976 0.000 10.991
OH" 0.38 0.00 0.38 0.00 0.38

* B,05 and H,O content calculated on the basis of ideal stoichiometry. See text for assumptions concerning boron and hydroxyl.

was calculated based on the assumption of 1 B cation
per formula unit, assuming full occupancy of the boron
site which makes it possible to calculate the weight %
of B,O; required (Alexander et al., 1986; Werding and
Schreyer, 1990; Visser and Senior, 1991; Platonov et al.,
2000). The formula was calculated based on 18 oxygen
atoms (17.40 oxygen atoms and 0.60 OH, after Moore
and Araki, 1978 and Werding and Schreyer, 1990). The

formula derived from the average electron-microprobe
composition of Ali Javad sample is (Al;s5;Feqo3)s7.54
Si3,5BOy7¢,. Theformula from the crystal-structure
refinement is (Alg 770 7023)s7S13BO 5, which must include
OH for charge-balance considerations and becomes
(A16'77]0.23)27Si3B(O17‘620H0.38)218. In the dumortierite
structure, OH is considered to occur in the hexagonal
channel at the O2 and O7 positions (Moore and Araki,

A pM

—



Occurrence and Mineral chemistry of Dumortierite in Ali Javad Deposit 141

= g

=3

= & DUMOR_ Al DH27_91 *DUMOR_Alj DH27_91

= DUMOR_AJ 1 # DUMOR_Alj 1

g 3

- =
3 5
£ 5

=]
%’ s 1
= ]
3 E
[
a g <
]
£
]
{Sample Chondrite normalized Values:Thompson 1982) (Sample Chondrite normalized Values:Sun et al .1989)
o T T T T T T T T T T T T T T T T L T T T T T T T T T T T
Ba Rb Th K Nb Ta La Cs § Nb P Sm Zr HI Ti Tb Y Tm Yb Rb Ba Th u Nb Ta K La Ce Sr Nb Sm zr Ti Gd Y

Figure 9. Spider diagram for the analyzed dumortierite samples. Normalization values from Thompson (1982) and Sun and McDonough
(1989).

1978; Alexander et al., 1986; Werding and Schreyer,
1990; Cempirek and Novak, 2005; Fuchs et al., 2005),
and at the four coordinated O10 site (Chopin et al., 1995).
In Table 3, results of average microprobe analysis of Ali
Javad dumortierite have been compared with samples
from different origins. Results show important variations
of Al,O; and SiO, content in samples of different
localities. High P,O5 contents (~0.5%) are observed in
the Louvicourt dumortierite. The As,O5 average content
reaches 0.282% in the Lincoln Hill specimens. Sb,O3
content reaches 0.34 % in the Lincoln Hill dumortierite,
but is far below the average value (2.46 wt%) of the
Mozambique dumortierite (with a maximum up to
4.50%, Vaggelli et al., 2004). TiO, content varies from
0.47 up to 1.82%, far below the 3.15 wt% TiO, of the
dumortierite in the Mozambique metamorphic quartzite.
Dumortierite porphyroblast from the Mozambique
quartzites displays high contents of heavy elements (i.e.
Sb and Ti), representing a mineral with an intermediate
composition between dumortierite and holtite (Ta,Sb)
Alg(Si04);BO5(0,0H); (Vaggelli et al., 2004).

It is known that Fe and Ti are responsible for the
pink and blue colour of dumortierite, depending on the
relative importance of Fe?*-Fe’* and Fe?"-Ti*' charge
transfers, respectively (Alexander et al., 1986). According
to the classification of colors by the Fe/(Fe+Ti) ratio
in dumortierite (Alexander et al., 1986), the chemical
composition of the Ali Javad dumortierite lies in the blue
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_800"0/20 kbar
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Figure 10. FTIR spectrums of some dumortierite samples from

different origins, provided for comparison. a,b) Infrared spectra
of two synthetic (p8a and B12) in the 4000-400 cm™' region
(Fuchs et al., 2005). ¢) One natural sample of dumortierite from
Madagascar (Werding et al., 1990). d) FTIR spectra of the Ali
Javad dumortierite.

color region. The color and pleochroism of dark blue,
red and violet dumortierite is caused by excitation of
Fe?"-Ti*" charge transfer. These colors are seen in samples
from Madagascar and Mozambique. This is also in
accordance with the compositional findings by Alexander
et al. (1986) in dumortierite samples.
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Table 3. Comparison of average electron microprobe compositions of the Ali Javad dumortierite with other samples from different

origins (in weight %).

. Lincoln . . . . .
Ali Javad . Miryang | Louvicourt | Weilenkirchen Girola .
Sample (Iran) Hill (Korea) (Canada) (Austria) (India) Madagascar | Mozambique
(USA)
SiO, 31.18 30.73 29.31 29.6 30.21 30.94 30.19 29.51
Al 04 61.13 60.57 57.68 59.2 59.22 59.82 59.9 57.09
MgO 0.03 0.03 0.49 0.68 0.84 0.32 0.001 0.275
Sb,04 n.a. 0.34 n.a. 0.008 n.a 0 0.109 2.46
FeO 0.28 0.24 0.31 0.056 0.33 0.15 0.38 0.195
K,O 0.003 - 0.0 na 0.01 0.03 n.a -
Na,O 0.002 0.009 0.0 0.016 0.01 0.02 0.012 -
TiO, 1.21 0.55 0.0 1.31 1.74 1.82 0.47 3.15
As,0O5 n.a 0.282 n.a 0.066 n.a. n.a n.a -
MnO 0.001 n.a. 0.0 n.a 0.01 0.03 n.a -
P,Os n.a 0.059 n.a 0.49 n.a. 0.01 0.05 -
Hydro- Lowoslltlil-ﬁ « dglz}s/it Hydrothermal Pegmatites
thermal £OX P alteration and & Metamorphic Regional High Pressure
bearing from related to . . .
Source porphyry . . later meta- . schists metamorphism| Quartzite
.. veimns granite . metamorphic .
Dumortierite gold- morphism (Meshram et | (Horn et al., |(Vaggelli et al.,
bearing |(Horetal,) Altered g o orar, | ocks (Fuchset] =010 2014) 2004)
€ | 2014) | (Choo and “2 o1y | @205 ”
Kim, 2001)

Comparing the data of Table 3 and considering all the
above-mentioned discussions, it is clear that high-pressure
dumortierites are always less aluminous than those formed
at low pressures. Dumortierite has commonly slight excess
of Al per formula unit, for example in Miryang deposit,
which is presumably due to the crystallization of Al-
rich phases composed of diaspore, dickite, pyrophyllite
and tourmaline (Choo and Kim, 2001). Furthermore, the
compositions of dumortierite crystals from gold-bearing
hydrothermal systems are very similar, as it is expectable,
and may therefore reflect similar P7 conditions and fluids

during crystallization in these deposits (Table 3).

Considering the vast alterations in the area and sulphide
mineralization, it seems that boron for dumortierite
crystallization is originated from the Ali Javad intrusive
stock. The absence of boron-bearing evaporitic minerals
in the country rocks further confirms this deduction. Boron
as an incompatible element was not able to enter the
silicate minerals crystallized at the early stages of magma
crystallization. This would cause boron accumulation
in the late stage fluids, which are responsible for the
vast alterations in the area. This has also crystallized
dumortierite in the altered rocks. By decreasing of Fe, Na,
Sr, Mg and Ca concentration in the late stage hydrothermal

fluids due to development of alteration zones and prior to
boron addition, tourmaline will not crystallize in the system
and dumortierite will be formed instead. The breakdown
of boron-bearing precursor such as tourmaline (Choo
and Kim, 2001) could have supplied the boron for the
dumortierite formation, as suggested by local association
of dumortierite and tourmaline (Figure 7 c,d).

Development of advanced argillic alteration zone,
or “lithocap” is common at shallow levels above the
porphyry Cu-Au deposits (e.g., in Lepanto-Far Southeast,
Philippines; Maricunga, Chile; Oyu Tolgoi, Mongolia).
These lithocaps are considered as exploration guides,
since they can be formed spatially adjacent to the porphyry
Cu systems (Mavrogonatos et al., 2018). Many lithocaps
are vertically zoned, from quartz-pyrophyllite at depth
to predominant quartz-alunite at shallower levels, where
the responsible fluid was cooler and more acidic (Sillitoe,
2010). The key minerals in the lithocaps are pyrophyllite,
kaolinite, alunite and dickite. These mineral assemblages
are usually associated with silica and sometimes include
diaspore, andalusite, corundum, topaz and dumortierite.
The principal borosilicate mineral in lithocaps is
dumortierite rather than tourmaline (Sillitoe, 2010).

The presence of dumortierite in the advanced argillic
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alteration lithocaps has been reported from a number

of gold-rich porphyry copper systems and prospects journal.

worldwide, including the Island Copper deposit, British

Columbia in Canada (Panteleyev et al., 1993), and REFERENCES

Elshitsa in Bulgaria (Kouzmanov et al., 2009), the Oyu

Tolgoi in Mongolia (Khashgerel et al., 2008) and Saindak

in Pakistan (Perello et al., 2008). In Iran, the best-known Mineralogist 71, 786-794.

and the only example of dumortierite occurrence in a

lithocap above a porphyry system is in the Sarsefidal

district near Kashmar, NE Iran (Karimpour, 2005). 123 pp.

It is postulated that the development of dumortierite
is a mineralogical expression of the association of acid
metasomatism with precious metal and base-metal
mineralization (Taner, 1993).

Assemblages of peraluminous minerals are known
to be spatially associated with some gold and base
metals deposits. In two examples of Chetwynd mine in
southwestern Newfoundland and the Big Bell mine in
Western Australia (Thompson et al., 1996), the gold
deposit contains a dumortierite-bearing aluminosilicate
horizon. As another group of examples, the sericite-rich
schist horizon (ore-bearing felsic unit) of both the Doyon, Society 51, 259-270.
Bousquet and LaRonde (formerly Dumagami mine) gold
deposits contains dumortierite (Taner, 1993). dumortierite from the Miryang clay deposit,

Geosciences Journal 5, 273-279.

Chopin C., Ferraris G., Ivaldi G., Schertl H.P., Schreyer
W., Compagnoni R., Davidson C., Davis A.M., 1995.
Magnesiodumortierite, a new mineral from very-high-
pressure rocks (western Alps). II. Crystal chemistry and
petrological significance. European Journal of Mineralogy 7,

CONCLUSIONS

Dumortierite was found in diamond drill cores of the
Ali Javad porphyry Cu-Au deposit, mainly within the
advanced argillic alteration zone. Since this mineral is
found down to 170 m, it can be used as an indicator mineral
within the deposit cap for prospecting other similar gold- 525-535.
rich porphyry deposits. Low concentration of elements
required for tourmaline crystallization in the alteration
zone and in the hydrothermal fluids favored dumortierite
crystallization instead of tourmaline in the study area. As
the Ali Javad intrusive stock was crystallized, the large
ions accumulated within the late stage hydrothermal
fluids. This boron-bearing fluid invaded the porphyry Grenoble France, 1-166.
mineralization host rocks and crystallized dumortierite.
Given the absence of boron isotope data on Ali Javad
deposit, that could have allowed comparison with other
similar porphyry systems and determination of the 329-340.
boron derivation from magmatic/basement or marine
evaporitic origins, data obtained in this study open up the
possibility of using dumortierite chemistry as a tool for
geothermobarometry of Ali Javad hydrothermal system.
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