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Demantoid from Kerman Province in south-east Iran was investigated using microscopy,
spectroscopy (optical absorption, FTIR and Raman), chemical analysis (EDXRF and LA-ICP-TOF-MS)
and magnetic susceptibility measurements. The samples were transparent to semi-transparent and
commonly contained acicular chrysotile inclusions. Their spectroscopic and chemical properties were
consistent with demantoid from serpentinite host rock. The samples ranged from yellowish green to
deep green, depending on Cr and Fe content. These two elements are also largely responsible for the
material’s paramagnetic susceptibility. Our samples contained relatively high concentrations of the trace
elements Cr, Ge, Ni and Co. Comparison with available chemical data on serpentinite-hosted demantoid
from the literature suggests that Iranian demantoid can be separated from stones of other localities.
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ndradite, ideally CasFe3+,Si;0,,, is the Ca-Fe

end member of the ugrandite garnet subgroup

and occurs in three colour-related varieties:

black melanite, yellow to brown topazo-
lite and yellowish green to green demantoid (Figure 1;
O’Donoghue 2006). Demantoid usually contains traces of
Cr, which is the main cause of the green colour, although
stones from some deposits lack this element.

In 1853, Finnish mineralogist Nils Gustaf Norden-
skiold first described demantoid as a new variety
of andradite from Nizhniy Tagil in the Central Ural
Mountains of Russia (Eichmann 1870). Due to its excep-
tional brilliance and high dispersion, Nordenskiold
named the material demantoid (‘diamond-like’). With
a dispersion higher than that of diamond and its vivid
green colour, it quickly became au courant at the Russian
royal court as a treasured and expensive gem material.

For decades, demantoid was found almost exclusively
in Russia (Phillips & Talantsev 1996). More recently,
several other sources of gem-quality demantoid have
been reported, such as Canada, Iran, Italy!, Madagascar,
Pakistan and Namibia (Lind et al. 1998; Quinn & Laurs

Figure 1: Demantoid from Iran is an attractive gem material.
The stone shown here weighs 1.1 ct. Photo courtesy of
K. Zebardast.

! Although demantoid from Val Malenco, Italy, was first described at
the end of the 1800s, it only reached the market in recent decades.
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2005; Du Toit et al. 2006; Karampelas et al. 2007;
Adamo et al. 2009; Pezzotta et al. 2011). Most reports
on demantoid have focused on its occurrence, crystal
chemistry and gemmological properties (Gill 1978;
Misiorowski & Hays 1993; Krzemnicki 1999; Milisenda
et al. 2001; Pavese et al. 2001; Quinn & Laurs 2005;
Adamo et al. 2015).

Gem-quality demantoid is commonly found in two
very different geological settings (Adamo et al. 2011):
serpentinite (e.g. Kerman Province, Iran; Val Malenco,
Italy; Kaghan Valley, Pakistan; and Ural Mountains,
Russia) and skarn (e.g. Antetezambato, Madagascar; and
Erongo, Namibia). Most demantoid from serpentinite
contains very fine and often curved needles, predomi-
nantly consisting of chrysotile, Mg;Si,0s(OH),,, a member
of the kaolinite-serpentine group. These inclusions are
characteristic of demantoid from Iran, Italy, Pakistan and
Russia (Palke & Pardieu 2014). They do not, however,
occur in skarn-related demantoid from Madagascar or
Namibia. In addition, the chrysotile fibres in demantoid
from serpentinites often radiate from a central chromite
inclusion (CrFe,0,), forming what is commonly referred
to as a ‘horsetail” inclusion.

In this study, we focus on gem-quality demantoid
from serpentinite-hosted deposits near the village of Bagh
Borj (also called Bagh-e Borj) in the Soghan District of
Kerman Province, south-eastern Iran.? Based on detailed
fieldwork (by author VA) and laboratory analyses, we
report on the geology, mineralogy and gemmology of

Figure 2: This shaded
relief map shows

the location of the
demantoid mining

area near the village of
Bagh Borj in Kerman
Province (from Google
Maps, https:/tinyurl.
com/2p8eu37y). The
inset map indicates the
location of this area (red
rectangle) and Kerman
Province (orange) in Iran.

this Iranian demantoid. In addition to collecting standard
gemmological properties, we performed optical absorp-
tion spectroscopy, Fourier-transform infrared (FTIR)
spectroscopy, Raman spectroscopy, chemical analyses
and magnetic susceptibility measurements to charac-
terise the samples.

LOCATION AND MINING

Iran’s Kerman Province was first mentioned as a new
source of gem-quality demantoid at the International
Gemmological Conference in Spain in 2001 (Milisenda
et al. 2001; Liu 2010). However, interviews by the
first author (VA) with local villagers from Bagh Borj
revealed that some Russian gem dealers were aware of
this deposit many years earlier. These dealers occasion-
ally bought demantoid of significant size and quality
at rather low prices, so it is possible that some of the
material marketed as being of Russian origin might have
actually come from Iran.

The demantoid mining area is located between the
towns of Jiroft and Baft in Kerman Province, about 960 km
south-east of Tehran (Figure 2). High-quality demantoid

2 Not included in this study is skarn-related demantoid from
deposits in western and north-western Iran (Takab, Sarab,
Hormozgan and Kurdistan). Although these localities have
occasionally produced large crystals, they are usually highly
fractured and thus of only limited use as gems.
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Figure 3: (a, b) Demantoid mining near Bagh Borj has been done in tunnels and open cuts excavated by local residents. The
underground workings can reach more than 50 m. (¢) Demantoid is hosted by weathered serpentinite and is easily separated
from it. (d) These demantoid crystals average 1g each. Photos by V. Ahadnejad.

was first found near Bagh Borj, which is located in a cold,
mountainous region. The roads to the village are very
rugged and cannot be passed by car during the winter
season. Additional garnet localities have been mined by
local inhabitants of other villages in this region, such as
Solouiyeh, Rosedar, Madan-e Abdasht, Sargaz, Parant-
abad, Anbarabad, Fathabad, Dowlatabad and Vakilabad.
However, gem-quality demantoid has not yet been found
at most of these locations; almost all commercially signif-
icant production has been mined in the mountains
around Bagh Borj (Figure 3).

Currently, the annual production of demantoid from
the Bagh Borj area is estimated at several thousand
grams of rough material of various qualities. The weight
of a piece of rough seldom exceeds 0.2 g (Figure 4),
but occasionally larger crystals are produced (up to 1
g) and, very rarely, even some giant ones weighing up
to several dozen grams (Figure 5). However, most of
the larger crystals are quite included. The gem-quality
material is consumed by the jewellery trade in Iran and
also exported to Europe, India and China, both as rough
and cut stones.
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Figure 4: These small crystals (approximately 0.2 g each) of
gem-quality Iranian demantoid show attractive vivid green
to yellowish green colour and excellent transparency.
Photo courtesy of A. Badamegan.

GEOLOGICAL SETTING

The demantoid deposits in Kerman Province are located
in the south-eastern part of the Sanandaj-Sirjan zone, an
elongated geological system (about 1,500 km long and 70
km wide) extending north-west to south-east throughout
Iran (Figure 6). It represents the north-eastern suture
of the Neo-Tethys that formed by continental collision
between the northern margin of Gondwana and the
southern part of Eurasia during the late Eocene (Allen
& Armstrong 2008) or Oligocene (McQuarrie & van
Hinsbergen 2013). The Sanandaj-Sirjan zone contains
scattered elements of Pan-African basement rocks, inter-
preted as the south-western margin of the Cimmerian
continental fragment (Celal Sengdr 1984; Ricou 1994;
Stampfli & Borel 2002; Fergusson et al. 2016). The conti-
nental collision was preceded by complex tectonic
events that followed Mesozoic convergence along the
Tethys Ocean’s northern margin and ophiolite obduction
on its southern margin.

The Sanandaj-Sirjan zone consists of highly deformed
metamorphic rocks, including ophiolitic mélange
(ophiolitic blocks mixed with serpentinite and pelagic
sediments and flysch) and ultramafic-mafic complexes
that indicate an active tectonic regime (Ahmadipour

Figure 5: This giant demantoid crystal from Kerman Province
weighs 137 g. Photo by V. Ahadnejad.

et al. 2003; Barrois et al. 2012, 2013). Ophiolites
represent former oceanic crust and underlying mantle
materials that have been tectonically uplifted to the
surface, typically during the closing of an ocean basin.
They consist of an assemblage of mafic and ultramafic
lavas and hypabyssal rocks found in association with
sedimentary rocks, such as greywacke and chert. Most
of the ultramafic rocks are altered to serpentinite.
Investigations by author VA showed that the green
fibrous serpentinite that hosts most of the demantoid
occurrences in Kerman Province is very soft (like
soapstone) and consists of chrysotile, antigorite, bastite
(as a pseudomorph), brucite and talc. Chromite, which
is potentially the source of Fe and Cr in the demantoid,
is abundant in the serpentinised rocks. Several chromite
deposits are exploited in the area, such as the Abdasht
mine with an ore concentration of 35-40% Cr,0;.
There is a close relationship between Cr deposits and
demantoid genesis. The study area (Bagh Borj and its
surroundings) consists of oceanic lithosphere that is
represented by ophiolitic sequences including peridot-
ites. These peridotites were uplifted along detachment
faults and underwent hydrothermal alteration. The
mineral association—including chromite, magnesiochro-
mite, Cr-spinel, picotite, uvarovite and magnetite—imply
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Figure 6: (a) Demantoid deposits in Iran’s Kerman Province are hosted by ophiolitic rocks at the south-east end of the Sanandaj-
Sirjan Zone (SaSZ; see red rectangle; modified after Emami et al. 1993 and Ghazi et al. 2011). (b) The local geological map of
Bagh Borj (after Shahraki-Ghadimi et al. 2002) shows the distribution of the main rock types, including serpentinite, which hosts

the demantoid localities as well as chromite deposits in the area.
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a hydrothermal system containing Cr and Fe associ-
ated with demantoid genesis in the fissures and veins
within metasomatised serpentinite. Finally, the tecton-
ically convergent movements of Iranian-Arabian
plates caused uplift of the crust and exposure of deman-
toid-bearing serpentinite. Demantoid is loosely bound
by the serpentinite matrix and therefore crystals may
appear in the local rivers after heavy rain.

MATERIALS AND METHODS

From a large parcel of rough demantoid, partly collected
by one of the authors (VA) and partly bought from
local miners in the Bagh Borj area, we selected 10
representative gem-quality rough samples originating
from various localities within the study area (Table
I). A window was cut and polished on one side of
each specimen to facilitate analyses and observation of
internal features. These samples (0.25-1.02 g) ranged
from yellowish green to vivid green and were trans-
parent to semi-transparent. In addition, two faceted
demantoid gemstones (0.63 and 0.80 ct) from Kerman
Province were used for standard gemmological testing
and microscopic examination.

All the specimens were analysed at the Swiss Gemm-
ological Institute SSEF in Basel, Switzerland, with
standard gemmological tools including a refractometer,
a hydrostatic balance, long- and short-wave UV lamps,
and a microscope. Optical absorption spectra (375-900 nm)
were collected using a Cary 500 spectrophotometer with

a scan rate of 70 nm/minute and a data interval of 0.35
nm. FTIR spectra were recorded with a Thermo Nicolet
iS50 spectrometer using the condensed beam mode and
4.0 cm! resolution. Each analysis consisted of 256 scans
of the sample and background. Raman spectroscopy
of demantoid and the inclusions in selected samples
was performed with a Renishaw inVia confocal Raman
microscope equipped with an argon-ion laser (514.5
nm), using 20x magnification and a resolution of about
1.5 cm™.

The chemical composition of each sample was
measured at SSEF by energy-dispersive X-ray fluores-
cence (EDXRF) spectroscopy using a Thermo Scientific
ARL Quant’X instrument. All specimens were analysed
under vacuum with five different excitation energies
(8, 12, 16, 25 and 40 kV) to optimise sensitivity for
silicate analysis. In addition, each of the samples was
analysed at SSEF with laser ablation inductively coupled
plasma time-of-flight mass spectrometry (LA-ICP-
TOF-MS, referred to below as GemTOF). The instrument
consisted of a high-performance 193 nm laser ablation
unit (NWR193UC from ESI, Huntingdon, UK) coupled
to an ICP-TOF-MS (icpTOF from Tofwerk AG, Thun,
Switzerland). Detailed information about instrumental
parameters, analytical conditions and raw data processing
can be found in Wang et al. (2016), Phyo et al. (2020)
and Wang & Krzemnicki (2021). The benefit of TOF-MS
(compared with more conventional quadrupole MS) is
the simultaneous acquisition of the full mass spectrum,
which makes it ideal for constantly monitoring elemental

Table I: Demantoid study samples and their localities in Kerman Province, Iran.

1 Green 1.02 28°44' 277" 57°28'16.0" Jiroft (Sargaz) Serpentinised |herzolite
2 Dark green 0.83 28° 33 21.4" 57° 09" 325" Jiroft (Bagh Borj) Serpentinised Iherzolite
3 Light green 0.59 28°29' 37.5" 56° 53" 37.4" Baft (Parantabad) Serpentinite schist

4 Yellowish green 0.57 28°24' 05.3" 56° 56' 43.1" Baft (Anbarabad) Serpentinite schist

5 Green 0.53 28°20' 21.2" 56° 45' 23.7" Baft (Madan-e-Abdasht) | Serpentinised Iherzolite
6 Dark green 0.37 28°15' 43.6" 56° 46' 35.6" Baft (Fathabad) Serpentinised dunite

7 Green 0.32 28°15' 05.3" 56° 45' 01.8" Baft (Fathabad) Serpentinite schist

8 Olive green 0.39 28°12' 59.9" 56° 25'56.4" Baft (Dowlatabad) Serpentinite schist

9 Yellowish green 0.36 28°18' 59.0" 56° 22' 51.4" Orzueeyeh Serpentinised dunite

10 Dark green 0.25 28°22' 36.9" 56° 05' 09.5" Orzueeyeh (Vakilabad) Serpentinised Iherzolite

THE JOURNAL OF GEMMOLOGY, 38(4), 2022




DEMANTOID FROM KERMAN PROVINCE, IRAN

variations (such as those due to growth zoning), and
also detecting accidentally ablated (sub-microscopic)
inclusions (Wang et al. 2016). We analysed three spots
with an ablation diameter of 100 pm on visually inclu-
sion-free areas of each sample. NIST SRM 612 glass was
used as the external standard and stoichiometric Si (for
ideal andradite) as the internal standard.

Some demantoids are attracted by a strong magnet
due to their relatively high Fe content. To investigate
this, we tested 84 demantoid crystals from the study area
with a very strong neodymium magnet that measured
2 x 10 x 20 mm. In addition, we measured the magnetic
susceptibility (see Box A) of the 10 demantoid samples
characterised for this report in order to collect data that
might be useful in the future for separating Iranian
demantoid from its counterparts from other localities.
Magnetic susceptibility can indicate if ferromagnetic
inclusions are present and may also provide infor-
mation regarding chemical variability. The magnetic
susceptibility and its directional dependence—that is,
the anisotropy of magnetic susceptibility (AMS)—was
analysed at ETH Zurich in Switzerland with an AGICO
MFK1-FA Kappabridge instrument, using an applied

The characterisation of the magnetic properties of
materials is a rather rarely applied method for gem
identification and classification, although it has been
used for determining the purity of diamond for a
number of decades (Sigamony 1944). In general,
materials can be separated into three categories based
on their reaction to a magnetic field:

1. Diamagnetic materials have no magnetic moment
when no magnetic field is applied and a negative
susceptibility when a magnetic field is applied (i.e.
the induced magnetic moment is in the opposite
direction from the applied field).

2. Paramagnetic materials also have no magnetic
moment when no magnetic field is applied, but
have a weak magnetic moment in the direction of
the applied magnetising field, and therefore have
a positive magnetic susceptibility.

3. Ferromagnetic materials retain their magnetisation
in the absence of an applied field over time. Their
susceptibility is positive and can be significantly
stronger than that of paramagnetic materials.

field of 200 A/m and a frequency of 976 Hz. AMS is
mathematically described by a symmetric second-order
tensor, and can be geometrically represented with an
ellipsoid whose principal axes are the three eigenvalues
of the tensor, where K; = K, > K;. Mean magnetic suscep-
tibility (K,,) is defined as:

K,= (K, +K,+Kj;)/3

Induced magnetisation as a function of high field was
used to determine if there were any ferromagnetic inclu-
sions present. Because the bulk susceptibility turned
out to be similar for all samples, only one of them was
evaluated in this way. Garnet is a paramagnetic mineral
and should follow the Curie law, in which K = C/(T-0,),
where C is a constant, T is temperature and Qp is the
paramagnetic Curie temperature. The value of 6, has not
been experimentally determined, but is an important
and unique magnetic property of a mineral. The induced
magnetisation was measured on a Princeton Measure-
ments Corporation vibrating sample magnetometer
outfitted with a liquid helium cryostat in fields of +1 tesla
and temperatures between 20 and 270 K.

Because magnetic susceptibility is directly
dependent on the elemental composition of a mineral
(particularly Fe content), it can be useful in the study of
gems. Hoover (2011) demonstrated that by combining
information on RI and magnetic susceptibility, the
chemical composition of garnets can be inferred. In
the case of olivine, a quantitative relationship between
magnetic susceptibility and Fe content has been used
to determine the fayalite mole fraction (cf. Hoye &
O’Reilly 1972). Pure forsterite is diamagnetic (due
to the absence of Fe) and has a mass susceptibility
of about -3.9 x 10 m3/kg. Olivine may become
paramagnetic due to the presence of Fe, whereby the
mass susceptibility increases with greater Fe content,
reaching a value of 1.1 x 10-° m3/kg for pure fayalite.
Typical peridot gains its green colour from Fe and has
a much higher magnetic susceptibility index (~500)
than colourless forsterite (~52; Feral 2010).

Furthermore, the maximum susceptibility in peridot
is parallel to the c-axis (Biedermann et al. 2014). The
anisotropy of magnetic susceptibility can be used to
determine the orientation of the c-axis and thus can
help the lapidary obtain the best colour of a cut stone.
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Figure 7: (a) Distinct colour zoning in demantoid sample no. 5 shows a rather transparent green core surrounded by a yellowish
green intermediate zone containing a dense micro-crack pattern and followed by a vivid green rim. (b) A closer view of the
intermediate zone shows the honeycomb-like pattern of the micro-cracks. (¢) The botryoidal surface of serpentinite-related
demantoid is seen on this specimen. Photos by M. S. Krzemnicki; magnified (a) 10x%, (b) 50% and (c) 30x.

RESULTS

Standard Gemmological Testing

Testing of our samples by classical gemmological methods
gave results consistent with the reported physical proper-
ties for demantoid (cf. O’ Donoghue 2006). The SG value
ranged from 3.82 to 3.87. The RI could not be measured
using a standard refractometer (based on total internal
reflection) because the value is above that of the contact
liquid (i.e. >1.81). Under long-wave UV radiation, our
samples were inert or showed very weak yellowish green
fluorescence, and they were inert to short-wave UV,

Microscopic Observations

The investigated demantoid samples were quite included.
Most exhibited distinct angular growth zones with a
saturated green core surrounded by a yellowish green

intermediate zone that was overgrown by a vivid green
rim (Figure 7a). The intermediate zone locally exhibited
a dense pattern of honeycombed micro-cracks, whereas
the rim of the crystals was commonly characterised by
a botryoidal outline and tiny radial fissures (Figure 7b,
¢). Similar botryoidal surfaces are well known in serpen-
tinite-related demantoid from other deposits. The faceted
stones examined for this study displayed both colour
zoning and micro-cracks, which were common in the
culet area (Figure 8a—c).

Straight-to-curved fibres were the most prominent
inclusion feature. They usually were present mostly in
the rim zone as fine bundles or layers of rather parallel
fibres (partly chrysotile, partly hollow; Figure 8d-f) or
in the core of the crystals as randomly oriented curved
fibres (Figure 8d). Raman micro-spectroscopy of several
whitish fibrous inclusions in one sample revealed that

Figure 8: A faceted demantoid from Kerman Province reveals colour zoning (a, b), micro-cracks in the culet area (a-c¢) and
fine fibres (d-f). These fibres occur in bundles or layers in the intermediate and rim zones, but most of the fibres in the core
are distinctly curved. Photomicrographs by M. S. Krzemnicki; magnified (a) 10%, (b) 20x, (c) 30x, (d, e) 40x and (f) 50x.
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they consisted of chrysotile (see Raman section below).
Fibrous calcite, as reported by Karampelas et al. (2007),
was not found in our samples.

In some cases, the fibres were aggregated into small
whitish ‘cotton balls’ Although small black chromite
inclusions were present, our samples showed no radiating
‘horsetails’ from these grains, as known in demantoid from
serpentinite-related deposits such as in Russia and Val
Malenco, Italy (Laurs 2002; Du Toit et al. 2006; Karampelas
et al. 2007; Adamo et al. 2009; Liu 2010; Hennebois et
al. 2021). In addition, most samples contained fine veils
of partially healed fissures (‘fingerprints’).

As reported in the gemmological literature, Iranian
demantoid occasionally exhibits a cat’s-eye effect when
properly cut as a cabochon. This effect is caused by
long parallel fibrous inclusions (Laurs 2002; Douman &
Dirlam 2004; Kiefert & Koivula 2005; Karampelas et al.
2007; Liu 2010). However, we did not see any chatoy-
ancy in our samples.

To better understand the colour variations seen in
Iranian demantoid, we analysed five samples: green

Optical Absorption Spectra

(no. 1), light green (no. 3), olive green (no. 8), yellowish
green (no. 9) and dark green (no. 10), thus covering
the full range of colours we observed in demantoid
from Kerman Province. The spectra of all samples
were dominated by Cr3* absorption bands at 625 and
640 nm (Figure 9), consistent with demantoid from
other serpentinite-hosted deposits (e.g. Russia and Val
Malenco, Italy). Samples 3 and 8 also showed an Fe3*-
related peak at around 440 nm, but this feature could not
be observed in the others due to their absorption edges.
A more detailed analysis of those spectra revealed that
overlapping absorption of Cr3* and Fe3* chromophores
leads to the absorption edge at around 390 nm.

The 440 nm Fe3* band was narrow and displayed a
sharp edge. A shoulder at about 465 nm, most visible for
the green sample (no. 1), is presumably due to a broad
chromium band towards the UV. It was not present in the
Cr-poor yellowish green sample (no. 9). Samples 3 and
8 also showed a transmission window at about 400 nm.

Thus, common features among our samples include:
(a) very strong Fe3* absorption between 430 and 444
nm; (b) a shoulder between approximately 465 and 480
nm; (c) a weak band at around 690 nm that is correlated

Figure 9: The
optical absorption
spectra of the
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demantoid samples
are characterised by
a broad absorption
band caused by
peaks at 625 and
640 nm related

to Cr3*. Samples 3
and 8 also show a
distinct Fe®* peak at
about 440 nm. The
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in the blue region
of the spectrum is
due to overlapping
features related to
Cr3*and Fe3*. The
spectra are offset
vertically for clarity.
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3.0 mm (no. 1),
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FTIR Spectra
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to Cr®*; (d) strong Cr** absorption bands at 625 and
640 nm; and (e) a main transmission window between
530 and 535 nm that accounts for the green colour of
demantoid. The samples show different absorption
levels that correspond to their variations in colour.

FTIR Spectroscopy

The FTIR spectra in the 3700-1800 cm™! region of three
demantoid samples (nos. 1, 9 and 10) are shown in
Figure 10. The large asymmetric band at about 3500 cm™!

is related to the presence of OH- (Amthauer & Rossman
1998; Adamo et al. 2011; Geiger & Rossman 2018).

The FTIR spectra show a good match with those of
typical andradite.

Raman Spectroscopy

The Raman spectra of the samples are also characteristic
for andradite, with main peaks at 371 and 515 cm~!, and
a triplet at 817-875 cm™! (Figure 11). Also present are a
H,O-related peak at 3703 cm!, and photoluminescence

Raman Spectra
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Figure 11: Raman spectra for a representative demantoid sample (no. 7) show main peaks at 371 and 515 cm, as well as
a triplet at 817-875 cm™, an H,O-related peak at 3703 cm and photoluminescence peaks at 4750-5300 cm™' that are

presumably related to Cr3.
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peaks at 4750-5300 cm™! presumably related to Cr3*
(681.3 and 688.7 nm and a multiband series centred at
706.1 nm; Gaft et al. 2005; Jasinevicius 2009).

Raman spectroscopy of a whitish fibrous inclusion
in sample 2 provided the best fit with that of chrysotile
in the RRUFF database (https://rruff.info), showing
main Raman bands at 1103, 690, 620, 387 and 233 cm™!
(Rinaudo et al. 2003; Petriglieri et al. 2015).

EDXRF chemical data for the demantoid samples are
presented in Table II. Although the ten specimens came
from three different locations in the Bagh Borj area
(see Table I), their compositions were very similar. As
expected for andradite, the samples contained elevated
Fe (mean value of 32.21 wt. % Fe,0;) and Ca (36.05 wt. %
Ca0), but also a considerable amount of Cr (2.31 wt.%
Cr,0;). Also present were minor amounts of Mg (1.20
wt.% MgO) and traces of Mn (0.17 wt. % MnO), K (0.10
wt.% K,0) and V (0.02 wt.% V,0;). Thus, the analysed
specimens had only small pyrope and very small spessar-
tine components. Sample 9 (slightly yellowish green)
contained distinctly lower Cr than those showing a more
vivid green colour.

Chemical data obtained with the GemTOF instru-
ment are presented in Table III. As noted for the EDXRF
analyses, Fe was the predominant transition metal in

the samples, followed by Cr, Mn, Ti and V (Table III).
Additional trace elements included Co, Ni, Ge>Ga, As,
Sr, Y, Zr, Nb, Sn, Hf, Ta, REE, W and U>Th.

Testing of 84 Iranian demantoid crystals with a very
strong neodymium magnet showed that 72 of them
(85%) had weak to strong attraction to the magnet,
while only 12 crystals were inert.

The mean mass magnetic susceptibility of the 10
analysed demantoid samples was between 6.00 x 107
to 6.54 x 1077 m3/kg, with an average value of 6.38 x
10-7 m3/kg (Table II). The magnetic susceptibility of all
samples was isotropic (i.e. it was not dependent on the
direction of the applied field).

The specimen that was evaluated as a function of high
field at temperatures between 20 and 270 K showed an
induced magnetisation that was linearly related to the
applied field for all temperatures (Figure 12a), which
indicates that the sample is paramagnetic in this temper-
ature range and that no ferromagnetic inclusions are
present. The increase in magnetic susceptibility with
decreasing temperature follows the Curie Law, as seen
from the linear trend of inverse susceptibility as a function
of temperature (Figure 12b). Because the projection of
the linear trend extends to a temperature of <0 K, the
projected value of the paramagnetic Curie temperature

Table Il: Chemical composition by EDXRF and magnetic susceptibility of demantoid from Kerman Province, Iran.

Sio, 29.22 27.37 29.68 28.26 29.03 26.45 26.78 26.27 25.99 27.28
Al,O; bdl* bdl bdl bdl bdl badl bdl bdl bdl bdl

Cr,03 1.77 273 1.46 232 2.04 277 293 2.70 0.33 4.09
V,0; 0.015 0.004 0.0m 0.013 0.026 0.032 0.026 0.024 0.021 0.031
Fe,03 33.48 31.05 34.03 33.63 33.42 3141 30.69 30.88 35.31 28.23
MnO 0.14 0.18 om 0.16 0.17 0.17 0.21 0.19 0.10 0.21

MgO 0.88 0.30 0.53 0.66 1.01 0.60 2.47 2.07 0.43 3.06
CaOo 3418 37.99 33.81 3461 33.95 3816 36.46 37.43 37.39 36.56
K,0 0.07 0.08 0.08 0.10 0.10 0.10 om om 0.14 0.12
Total 99.76 99.70 99.71 99.75 99.75 99.69 99.68 99.67 99.71 99.58
Magnetic 6.1 6.00 6.42 6.54 6.46 6.49 6.37 6.48 6.51 6.47
susceptibility

(1077 m3/kg)

* Al,Os was below the detection limit (bdl) of our EDXRF setup in all analyses. In addition, S, Ga, Ge, As, Rb, Sr, Zr, Sb, Cs, Ba and

Pb were not detected.
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Table Ill: Chemical analyses by GemTOF of demantoid from Kerman Province, Iran.*

Sc 485 62.6 16.6 15.1 2092 137.4 80.8 95.2 36.1 78.7
Ti 126.2 419.0 34.2 202.6 62.0 133.4 237.3 241.5 109.8 238.2
\ 136.1 174.3 218 77.7 252 196.2 102.4 75.0 99.1 61.7
Cr 26830 31720 m7 18390 11060 18590 29080 22170 4032 26720
Mn 235 242 245 267 256 226 255 250 297 260
Al 68.78 38.64 143.2 102.3 123.8 45.86 67.26 79.04 284.7 98.96
Fe 213280 210890 | 238100 | 216090 | 224560 | 220160 212880 216870 | 236340 2140
Co 3.05 277 355 3.46 2.95 2.33 2.86 2.83 217 272
Ni na 3.80 6.32 9.22 3.69 4.47 9.81 na 2.82 5.46
Cu 0.401 0.225 0.275 0.174 0.240 0.457 0.222 0.400 0.219 0.256
Ga 0.127 0.156 0.084 0.065 0.097 0.137 0.132 0.102 0.138 0.095
Ge 27.5 322 225 258 225 355 26.8 27.4 252 224
As 0.529 0.496 0.520 0.451 0.542 0.410 0.369 0.452 0.410 0.356
Sr 0.377 0.219 0.496 0.235 0.295 0.277 0.190 0.202 0.106 0.293
Y 0.726 0.775 0.058 1.678 0.123 2.50 1.05 1.24 0.284 0.617
Zr 1.38 227 0.069 118 0.107 2.87 1.71 1.91 0.896 0.799
Nb 0.745 8.70 na 0.430 0.048 0.232 0.323 0.503 0.248 0.541
Sn 2.37 2.47 1.26 1.41 1.73 1.89 1.41 0.97 328 119
Hf 0.054 0.067 0.007 0.053 0.008 0.093 0.056 0.048 0.022 0.027
Ta 0.0m 0.170 0.003 0.007 na 0.003 0.005 0.006 na 0.007
w 1.82 0.049 3.24 3.43 4.37 1.83 1.79 2.82 na 3.71
Th 0.008 0.015 0.010 0.040 0.018 na 0.026 0.065 0.013 0.061
U 0.047 0.056 0.086 0.123 0.125 0.023 0.106 0.160 0.400 0.131
La 0.062 0.052 0.133 0.128 0.140 0.045 0.097 0.162 0.197 0.147
Ce 0.282 0.392 0.288 0.596 0.346 0.190 0.488 0.908 0.548 0.701
Pr 0.049 0.081 0.018 0.072 0.024 0.039 0.072 0.098 0.022 0.081
Nd 0.287 0.307 0.053 0.254 0.054 0.200 0.255 0.336 0.055 0.224
Sm 0.082 0.046 na 0.104 0.048 0.052 0.045 0.051 na 0.104
Eu 0.0m 0.017 na 0.021 0.009 0.028 0.015 0.018 0.013 0.076
Gd 0.038 0.045 na om na 0.096 0.049 0.060 0.030 0.046
Tb 0.008 0.009 0.004 0.021 0.005 0.024 0.013 0.010 0.007 0.010
Dy 0.083 0.068 0.014 0.201 0.017 0.275 0.128 0.094 0.037 0.076
Ho 0.025 0.025 0.003 0.077 0.005 0.092 0.029 0.036 0.009 0.018
Er 0n4 om 0.009 0.287 0.020 0.411 0.176 0.194 0.038 0.094
Tm 0.311 0.027 na 0.069 0.004 0.072 0.059 0.045 0.008 0.023
Yb 0.272 0.31 0.022 0.750 0.029 0.649 0.508 0.587 0.067 0.317
Lu 0.067 0.079 0.002 0.175 0.007 0.131 0.131 0.155 0.014 0.083
Y REE 1.69 1.57 0.55 2.87 0.71 2.30 2.07 2.75 1.05 1.94
Y LREE 0.77 0.90 0.49 118 0.62 0.55 0.97 177 0.84 127
X HREE 0.92 0.68 0.05 1.69 0.09 1.75 1.09 118 0.21 0.67
¥ LREE / £ HREE 0.84 1.33 an 0.69 7.14 0.32 0.89 1.33 3.98 1.91

* Mean values of three analyses each. Abbreviation: na = not analysed.
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Figure 12: (a) For a representative demantoid sample, induced magnetisation as a function of applied field at different
temperatures illustrates its paramagnetic behaviour. (b) Inverse susceptibility as a function of temperature shows a linear
temperature dependency and a projected value of the paramagnetic Curie temperature 8, = -41.9 K.

is negative with 6, = -41.9 K. In this case, 0, is referred
to as the asymptotic Néel temperature® because the
demantoid must undergo antiferromagnetic ordering at
a very low temperature (Néel 1948). The asymptotic Néel
temperature is indicative of a predominantly antiferro-
magnetic character of the exchange interactions in the
spin system (Néel 1948; Lowrie 1990; Tauxe 2014).

DISCUSSION

Demantoid is found in two types of geological settings:
contact metamorphic skarn-type (e.g. Madagascar,
Mexico, Namibia and Takab in Iran) and serpentinite-type
(e.g. China, Italy, Pakistan, Russia, Slovakia and Kerman
in Iran). Demantoid that forms in skarn-type deposits is
usually associated with topazolite (+melanite) varieties
of andradite, while serpentinite-hosted demantoid does
not show this assemblage (Kievlenko 2003). This is
also the case for Kerman demantoid, which formed
in serpentinite. The distinct Cr3* bands in the optical
spectra confirm a serpentinite-related genesis for these
samples. In general, the increase in absorption from

3 The Néel temperature describes a temperature limit at which
an antiferromagnetic substance becomes paramagnetic.

500 to 450 nm can be assigned to Fe?*-O-Ti*" charge
transfer (e.g. Yu et al. 2019). As seen from the compo-
sitions listed in Tables II and III, there is no significant
concentration of another transition metal that could
be responsible for this band, other than traces of Mn
(typically 410 nm for Mn?+).

In the FTIR spectra, the OH- mode energy (i.e.
between 3660 and 3550 cm™!) may be a function of
the X- and Y-cation masses due to mode coupling and/
or mixing. These OH- modes have been assigned to a
hydrogarnet substitution in the andradite end member,
which has the same space as katoite (hydrogrossular),
and four H* cations can substitute for Si without charge
imbalance (Geiger & Rossman 2018). This is consistent
with the appreciable water content of the serpentinite
that hosts Kerman demantoid.

Serpentinite-hosted demantoid displays character-
istic fibrous and acicular inclusions that are mostly
chrysotile. These inclusions, which are a notable
feature for the identification of demantoid, are typical
in demantoid from Russia’s Ural Mountains. In the liter-
ature, horsetails in demantoid from the Ural Mountains
have been attributed to: (1) chrysotile asbestos (Alexan-
drov 1975; Kropantsev 1997); (2) byssolite (actinolite
asbestos; Kropantsev 1997); and (3) tubular hollow
channels, sometimes containing inclusions of chrysotile
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or byssolite, or filled with other minerals such as
limonite or serpentine (Kissin & Murzin 1990, 2015;
Kissin et al. 2021). The presence of chrysotile fibres
in demantoid from Kerman Province implies that the
ultramafic host rocks (mainly serpentinised lherzolite)
underwent hydrothermal alteration at temperatures no
higher than about 400°C (Evans 2004), followed by
decompression and autometasomatism. Serpentinisation
and following autometamorphism made thermodynam-
ically suitable conditions for the simultaneous sectoral
growth of demantoid and formation of fibrous chrysotile
inclusions (Holm et al. 2015).

Using Raman spectroscopy, it is possible to identify—
to a certain extent—garnet end members or intermediate
compositions. Kolesov and Geiger (1998) indicated that
garnets have three main Raman bands that are sensitive
to their composition, which can be used as a tool to
calculate their approximate chemical composition and to
estimate if they are (near) end members or have an inter-
mediate solid-solution composition. These bands are
found at about 350, 550 and 900 cm™!, and are related
to Si-O stretching, Si-O bending and R(SiO,)*- rotational
vibrations, respectively. The main characteristic Raman
peaks for the studied demantoid samples are at about
353, 371, 515, 817, 841 and 875 cm™! (see Figure 11).
These are slightly different from the peaks reported for
andradite by Kolesov and Geiger (1998), which could
imply a solid-solution composition between andradite
and uvarovite. These fingerprint characteristics of the
Raman spectra obtained for our Kerman samples are
identical to those of their Russian counterparts and,
therefore, cannot be used for separating demantoid from
these two localities. The EDXRF and GemTOF results
also show that Kerman demantoid is predominantly
of the andradite-uvarovite solid-solution series with
85-98% molar proportion of andradite (Figure 13).

The concentrations of some trace elements (e.g.
Cr, Ge, Ni and Co) are significantly high in Kerman
demantoid. The relatively high content of Cr in our
samples, which is responsible for their typically deep
green hue, is consistent with the results of Bocchio et al.
(2010). There is a strong positive correlation between Ca
and Cr (Figure 14a). This is consistent with lherzolitic*
garnet (coexisting with clinopyroxene), and confirms
lherzolite rather than harzburgite as the primary host
rock (prior to serpentinisation) for Kerman demantoid.
By contrast, a harzburgitic trend of garnet composi-
tion features a weaker correlation between Ca and Cr
(Hill et al. 2015). A strong negative correlation between
Fe and Cr is consistent with a major bulk-composition
control on Fe content in the original ultramafic host
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rocks through melt removal in the shallower parts of
the lithospheric mantle (Griffin et al. 1999).

A plot of Cr,0; vs MnO/TiO, appears useful for
separating Iranian demantoid from other localities
(Figure 14b). Our Iranian samples show a Mn/Ti ratio
greater than 1, while the available data for Russian and
Pakistani demantoid yields a ratio between 0.1 and 1.
In addition, relatively lower Cr concentrations are found
in demantoid from Russia (Murzin et al. 1995; Bocchio
et al. 2010; Pei et al. 2019) and Pakistan (Bocchio et
al. 2010; Adamo et al. 2015) as compared to Iranian
material. In demantoid from Namibia and Madagascar
the Cr concentration is very low (Cairncross & Bahmann
2006; Pezzotta et al. 2011).

Although the concentrations of Ga and Ge are rather
low in silicate-rich parts of the earth (i.e. crust and upper
mantle), these elements can substitute for Al and Si in
silicates at high pressure. This is because the ratio of the
ionic radius of O to Si at high pressure is similar to that
of O to Ge at low pressure (White 2013). The presence of
Ge in the studied demantoid samples therefore implies
that they formed under high-pressure conditions. U and
Th have very low concentrations in the mantle where
the ultramafic-related host rocks originally formed. The
presence of rare-earth elements (REE) in demantoid is

Garnet Composition

Fe3*
0,100

Andradite

Grossular Uvarovite

100 0
0 25 50 75 100

Al3+ Cr3+

Figure 13: This ternary classification diagram for ugrandite
garnets shows that Kerman demantoid compositions plot
in the andradite field and contain varying amounts of the
uvarovite component (Cr).

4 Lherzolite is a type of peridotite containing olivine, orthopy-
roxene and clinopyroxene that formed in the earth’s mantle.
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Figure 14: (a) This plot of CaO vs Cr,Oz (with the latter shown on a logarithmic scale) can help separate demantoid from
Iran (this study), Russia (data from Murzin et al. 1995; Pei et al. 2019), Pakistan (Adamo et al. 2015), Italy (Adamo et al. 2009)
and China (Liu et al. 1986), which all come from serpentinite host rocks. Note that the correlation trend of Ca vs Cr in Iranian
demantoid is highly positive, while Russian demantoid exhibits a slightly positive correlation trend, and the available data
from Pakistani and Chinese demantoids show a slightly negative correlation trend. Data for Italian garnets does not show
a meaningful trend. (b) A logarithmic plot of Cr,05 vs MnO/TiO, also provides a way to separate Iranian demantoid from
the other localities. Further, it illustrates how Iranian demantoid typically contains a significantly higher Cr content than in

stones from the other localities.

not unusual (e.g. Ayres & Harris 1997; Klimpel et al.
2021). Both heavy rare-earth elements (HREE) and light
rare-earth elements (LREE) have relatively low concen-
trations in our samples (see Table III), but HREEs are
enriched (relative to chondrite standard) in some samples.
The REE concentrations in Kerman demantoid—with an
average total of 1.76 ppmw (Table III)—are significantly
lower than in stones of Russian origin, which average
4.85 ppmw (Pei et al. 2019). The overall abundance of

LREE compared to HREE is similar in demantoid from
both Iran and Russia.

Magnetic susceptibility was found to be similar for
all our Iranian demantoid samples, particularly nos.
3-9 (Figure 15). This could be expected because the
total amount of Fe + Cr (the elements with the strongest
paramagnetic susceptibility) was similar in our specimens.
The susceptibility is isotropic, which would be expected
for a mineral of the cubic crystal system in which
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Figure 15: (a) The relationship between mean magnetic susceptibility and anisotropy degree for Kerman demantoid is similar
for all samples, especially nos. 3-9. (b) The mean magnetic susceptibility shows a weak positive correlation with increasing
Fe concentration. This suggests that the bulk magnetic susceptibility is mainly related to the Fe content of these garnets.
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Figure 16: These crystals of
demantoid (and topazolite)
from Kerman Province weigh
up to about 1g and show good
transparency. Photo by

A. Badamegan.

Fe and Cr are distributed homogeneously within the
lattice structure. A study by Frost (1960) of the magnetic
susceptibility of garnets showing various compositions
demonstrated that the susceptibility in the pyrope-alman-
dine solid-solution series is linearly related to Fe content
(Bleil & Petersen 1982). The higher the Fe content, the
greater the susceptibility. Frost (1960) analysed one
andradite sample and found a value of 6.31 x 107 m3/kg,
which is in good agreement with the results of our study.
We also have shown that Kerman demantoid remains
paramagnetic to at least 30 K, and would undergo antifer-
romagnetic ordering at very low temperature with an
asymptotic Néel temperature of approximately -41.9 K.

CONCLUSIONS

Demantoid from Kerman Province in south-eastern
Iran forms transparent to semi-transparent crystals
with yellowish green to vivid or deep green colour.
Crystals are occasionally very large (up to several dozen
grams), but most are much smaller (e.g. Figure 16),
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