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Abstract

Portezuelo de Pajas Blancas' primary metasomatic deposits host sapphires that differ in size, colour, and colour distribu-
tion through different lithological units. The discovery of sapphire-bearing secondary aeolian placer deposits enabled a
detailed analysis of sapphire types to determine the causes of this heterogeneity. Representative single sapphires from the
primary and secondary deposits were analysed using various techniques, including SEM-CL, OM-CL, Micro-XRF, Raman
spectroscopy, and polarised transmitted light multi-focus optical microscopy. Based on the results, seven sapphire types
were identified according to their colours and colour distribution. Fe and Ti concentrations mainly contribute to the colour
and micro-textures occurrence. The primary growth textures include cores, progressive, oscillatory, and diffusion zoning,
whereas the secondary alteration features correspond to micro-brecciation, re-arrangement, and overgrowth. Inclusions such
as euhedral andalusite, anhedral anhydrite, and anhedral rutile were identified in the sapphires. The formation of Portezuelo
de Pajas Blancas sapphires can be divided into five genetic stages: (i) core growth development; (ii) chemical imbalance due
to open system behaviour that produces progressive and oscillatory zoning; (iii) low-temperature deformations that produce
micro-brecciation; (iv) re-arrangement of pre-formed sapphire fragments and subsequent sapphire overgrowth; (v) diffusion
zoning that produce Fe- and Ti-enriched outer rims. In conclusion, the Portezuelo de Pajas Blancas' sapphires were formed
through at least five stages of oxidised contact metasomatism at varying temperatures and low pressures, where a heteroge-
neous forming condition predominates during sapphire formation.
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The Portezuelo de Pajas Blancas (PPB) sapphire-rich meta-
somatites were discovered by the Exploraberg company in
2003. Berg and Tidy (2009) conducted the first geological
study, whilst Miranda-Diaz et al. (2022) provided a detailed
petrographic and mineralogical analysis. This primary meta-
somatic deposit shows an extension of around 1000 m? and
contains granoblastic sapphires in almost all lithological
units. The deposit also hosts variable abundances of tour-
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ture contact metasomatism, where de-silicification processes
linked to the intrusion of a Lower Cretaceous magmatic
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body into Jurassic volcanic rocks through the Atacama fault
system allowed the sapphires formation (Miranda-Diaz et al.
2022).

In this contribution, we present a complete reconstruction
of metasomatic processes related to the sapphire’s forma-
tion, specifying their forming conditions which allow an
understanding of why the PPB sapphires show a broad range
of colours, colour distributions, and sizes. This work also
provides information on discovering the secondary aeolian
placer deposit, spatially related to the primary metasomatite.
For this, a detailed mineralogical and geochemical study was
carried out in a representative population of sapphires from
primary and secondary deposits, revealing the relationship
between their colours, trace element composition, micro-tex-
tures, and solid inclusions. It should be noted that the PPB
sapphires represent a unique study case on the Andean con-
tinental margin due to the presence of their primary deposit
developed in a geological context that is incompatible with
this type of formation.

Geological setting

The PPB area is located 45 km NE of the capital city of
Copiap6 in the Atacama region, Chile (Fig. la-b). The
Jurassic volcano-clastic La Negra Formation, Cretaceous
La Brea and the La Borracha plutons represent the most
important geological units of this area, which are almost
entirely covered by Quaternary non-consolidated sediments
(Fig. 1b—c) (Arévalo 2005). The area is cross-cut by the
Atacama Fault System (AFS) (Fig. 1b), which corresponds
to an active structural system with an extension of at least
1000 km within the Cordillera de la Costa of the Central
Andes in Chile and is described as an N-S sinistral strike-
slip fault system that was active from Early Cretaceous
(Arabasz 1971; Brown et al. 1993; Grocott et al. 1994).
This sapphire-rich deposit was formed because of contact
metasomatic de-silicification between granodiorites from
La Brea Pluton and basaltic lavas from La Negra Formation
through the AFS. The sapphire-rich metasomatites extend
over a superficial area of ~ 1070 m?, which are characterised
by six lithological units with different amounts of corun-
dum, sillimanite, diaspore, bohmite, tourmaline and alunite
(Miranda-Diaz et al. 2022) (Fig. 1c¢).

Methodology

Approximately 60 kg of non-consolidated sediments were
collected from three sampling sites surrounding the primary
corundum-bearing deposit. To collect the samples, it was
necessary to excavate holes about 0.5 m deep at each site.
In-situ hand sieves with a pore size of 11.2 mm were used
to sieve all samples initially, followed by a subsequent pore
size of 4.75 mm to select grains under 4.75 mm. The grains
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that met the criteria were further sieved by a stackable auto-
matic riddle screen Retsch AS200 to obtain three different
sizes, and sand samples between 3.35 mm and 1 mm in
grain size were selected for further analysis. The JIG den-
sity separator was then used to obtain corundum-rich sands
from each excavation. The corundum-rich sands were mixed
and divided into quartets, resulting in 594 well-preserved
corundum crystals that were weighed and photographed
for recording. A Motic SMZ-168TL binocular lens coupled
with a Motic-10 camera was used to classify the crystals by
colour distribution. All these analyses were carried out at
Universidad de Atacama, Chile.

Based on their physical properties, 77 representative
crystals (Online Resource 1) were embedded in six epoxy
resin mounts, each with a polished surface of their basal face
(perpendicular to their c-axis). This process took place at the
Fission-Track lab Freiberg (FTLF) at the Technische Univer-
sitdt Bergakademie Freiberg (TU-BAF) in Germany. A Zeiss
confocal laser scanning polarised microscope LSM 800 with
processing software imager. Z2m was used to obtain multi-
focus photographs through the sapphires' z-axis. All samples
were analysed at the Bioscience Institute at the TU-BAF.

JEOL JSM-6400 with Oxford Mono CL (SEM-CL) with
a photomultiplier tube (PTM) was used to determine the sap-
phires' internal micro-textures. The system was usually oper-
ated at 15 kV accelerating voltage and 0.6 nA electron beam
currents for CL imaging. The OM-CL measurements were
carried out utilising a “hot cathode” cathodoluminescence
microscope HC1-LM on thin polished sections that were
coated with carbon (as described in Neuser et al. 1995) at the
Mineralogy Institute at TU-BAF. The operational parameters
for the system were set to an accelerating voltage of 14 kV
and a current of 0.2 mA, which corresponded to a current
density of approximately 10 uA/mm?. Luminescence images
were captured “online” during CL operations using a Peltier-
cooled digital video camera (OLYMPUS DP72). Cathodo-
luminescence spectra within the 370—-1000 nm wavelength
range were acquired using an Acton Research SP-2356 digi-
tal triple-grating spectrograph. A Princeton Spec-10 CCD
detector was coupled to the cathodoluminescence micro-
scope through a silica-glass fibre guide. CL spectra were
measured under standardised conditions, which included
wavelength calibration by a Hg-halogen lamp, a spot width
of 30 um, and a measuring time of 1 s. Due to sample prepa-
ration types, the 77 single sapphires mounted in resin from
the secondary deposits were analysed only with SEM-CL.
In contrast, sapphires from the primary lithological units
(sapphire-bearing metasomatites) mounted in 7 representa-
tive thin sections were analysed in SEM-CL and OM-CL,
totalling 76 analyses (Online Resource 2 and 3).

The first instrument used to acquire Raman spectra
of solid inclusions is a TriVista spectrometer (Princeton
Instruments; spectroscopy & Imaging) at the Institute of
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Fig. 1 Geological and location maps of the study area. (a) The Porte-
zuelo de Pajas Blancas area (PPB) is in the Atacama region, northern
Chile. (b) The regional map shows the study area, its access, main
cities, study area and the regional geological/structural setting, in
which the Lower Cretaceous intrusives, Jurassic-Cretaceous volcanic-

Geology, TU-BAF. This instrument is connected to an
Olympus BX51W1 microscope with a 100 (n. a. 0.75)
objective and operated in single mode. The system uses a
coherent Sapphire SF NX 488 nm laser, and the spectrom-
eter is calibrated to the 219.2 cm™! sulphur, 520.7 cm™!
silicon, and 1001.4 cm™! polystyrene bands. The spectra

Jurassic-Cretaceous volcanic-continental sequences

Sampling point ()

Topography *

Sapphirites E Aeolian deposits (Quaternary)

Study area

_ Inferred normal fault (AFS) (o) City

Capital City

continental sequences, and the Atacama Fault System (AFS) are
remarkable. (¢) The local map displays the primary sapphire-bearing
metasomatites and the secondary aeolian placer with their sampling
points

were collected using a 1500 g/mm optical grating, result-
ing in a spectral resolution of about~4 cm™' with a
pixel resolution of ~0.5 cm™' and a wavenumber range
from ~ 160 to 1010 cm™!. The measurements comprised
5 to 10 acquisitions of 10 s, with a 1-2 pm in diameter
spot size.
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The second instrument used in the study is the WiTec
Confocal Raman Imaging System at the Institute of Glass
Science and Technology, TU-BAF. This system comprises a
UHT spectrometer, which operates a CCD camera detector,
and an alpha 300 R Raman imaging microscope equipped
with Olympus 20 X and 100 X objectives. The samples were
excited with a coherent 532 nm Nd:YAG laser. Calibra-
tion and performance have been verified by checking the
positions of the 520 cm™! line of a pure 001-oriented Si
wafer and the Rayleigh line at 0 cm™!. Calibration is regu-
larly monitored using, i.e. the diamond 1332 cm™! line. The
spectra were collected using a 1200 g/mm grating, with a
pixel resolution of 1.9 cm™' and a range from around 13 to
1974 cm™', where the fingerprinting spectral features of the
investigated minerals are located. The measurements con-
sisted of 3 to 10 acquisitions, each lasting 3 to 5 s with a spot
size ranging from 0.5 to 1 pm in diameter.

These crystals were also analysed using the Bruker M4
Tornado micro X-ray fluorescence (Micro-XRF) housed at
Bruker Nano Analytics GmbH (Berlin, Germany) to deter-
mine the sapphires' elemental distribution. The system was
operated at a tube voltage of 35 kV, an anode current of
800 pA, a pulse throughput of 275 kcps, and a vacuum of
2 mbar. The micro-XRF uses a Rh tube with a fixed focal
point spot size of 20 um. Measurements were made at vari-
ous pixel spacings of 5, 10 or 20 um. In addition, an Al
100 um filter was used to remove potential diffraction peaks
in the low kV range that could overlap with key elements
of interest, e.g. Ti, Cr, Mn, and Fe specifically. Detection
limits of the aforementioned elements are commonly around
single-digit ppm levels in a sapphire matrix, but this depends
on time per pixel. Pixel time varied but was commonly 20,
50 or 100 ms per pixel. Standardless quantification was
based on the Fundamental Parameters approach described
in Sherman (1955).

Results

The discovery and study of the PPB secondary sapphire-
bearing aeolian placer deposit, in combination with previ-
ous studies of the PPB primary metasomatic deposit, have
allowed for in-depth analysis of sapphires, determining that
they possess different properties as sizes, colours, colour
distributions, micro-textures, dislocations, inclusions, trace
element concentration and distribution, which are described
below (Online Resource 4).

Mineralogy of sapphires from the PPB primary
metasomatic deposit

The sapphires present in the PPB metasomatites differ in
abundance, size, and colour according to the different lith-
ologies described previously by Miranda-Diaz et al. (2022)
(Table 1). The homogeneously coloured sapphires occur
in the sapphirite unit as granoblastic aggregates (Fig. 2a).
In the diasporite as relics from alteration that formed the
diaspore fibres (Fig. 2b). In the case of multi-coloured
sapphires, these are found in the sapphire-dravite unit as
euhedral aggregates, wherein the colours are symmetrically
distributed across the crystals (Fig. 2c), whereas, in the boh-
mite-alunite-sapphire units, the sapphires are corroded and/
or fractured, in which the colours are randomly distributed
(Fig. 2d-e).

Mineralogy of sapphires from the PPB secondary
aeolian placer deposit

The desertic aeolian placer deposit is located a few metres
from the primary metasomatic deposit. It mainly consists
of non-consolidated sands related to Quaternary non-
consolidated dune fields (Fig. 1). In this placer deposit,
the concentration of sapphire crystals is lower than 5 vol.
%. In contrast, ~90 vol. % corresponds to silicate min-
erals (e.g. plagioclase and quartz), and ~5 vol. % con-
sists of magnetite, hematite, and rutile. Sapphire crys-
tals display various colours: (i) dark blue, (ii) blue, and

Table 1 Summary of the main
mineral associations, sapphire
abundance, and average sizes
in each sapphire-bearing

PPB Metasomatites

metasomatite at Portezuelo de
Pajas Blancas, according to
Miranda-Diaz et al. (2022)

Sapphirite

Diasporite

Sapphire-dravite

Red bohmite-alunite-sapphire

White bohmite-alunite-sapphire Bhm, Alu, Crn, And 10

Mineral association ~ Sapphire  Sapphire sizes (mm) Sapphire colours
abun-
dance

Crn, Dsp, Drv, Crn~ >90 0.19-1.4 DB, B, LB

Crn, Dsp, Drv, Cal 4 ~0.1 DB, B

Crn, Drv, Tur 50 0.03-2.2 B,C

Bhm, Alu, Crn, And 70 0.1-2.6 DB, B, C

0.05-1.0 B,LB,C

DB Dark Blue, LB Light Blue, B Blue, C Colourless. Crn Corundum, Dsp Diaspore, Drv Dravite, Cal Cal-
cite; Tur Tourmaline, Bhm Bohmite, Alu Alunite, And Andalusite.
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Fig.2 Sapphires in the different PPB metasomatites. (a) Sapphir-
ite displays granoblastic sapphires, which are mainly blue and col-
ourless. (b) Diasporite shows sapphire relics immersed in diaspore
fibrous. (¢) Dravite-sapphire metasomatite displays euhedral multi-
coloured sapphire. (d—e) Bohmite-alunite metasomatites display
irregular multi-coloured sapphires immersed in bohmite-alunite
groundmass

(iii) light blue, whereas some crystals are (iv) colourless
(Fig. 3a). The crystals show a relationship between sizes
and colours, where the largest sapphires are dark blue and
blue, whereas the smallest sapphires are light blue and

colourless. The sapphires generally display a distinctive
mixture and spatial distribution of colours. It is also pos-
sible to classify the crystals into six main types: type I:
homogeneous, which consists of single-coloured crystals
(Fig. 3a); type II: hourglass, in which the colour develops
along the z-axis, forming an hourglass (Fig. 3b); type III:
coloured core, in which the colour develops homogene-
ously along the z-axis, forming a cylinder (Fig. 3c); type
IV and V: one- or two-coloured layers perpendicular to
the z-axis (Fig. 3d—e); type VI: coloured zoning, wherein
it is possible to distinguish the growth zoning due to col-
our differences (Fig. 3f); type VII: Irregular, in which an
uneven mixture of colours presents gradations and distri-
bution unrelated to their crystallographic axes. (Fig. 3g)
The transitions between colours are generally abrupt in all
sapphires except in types IV, V, and VII, where changes
are gradual (Fig. 3d, e and g). Concerning the abundance,
the colour distribution type I and the dark-blue sapphires
are the most common crystal types (Table 2).

Sapphires micro-textures by SEM-CL

The sapphires display a mix of internal structures revealed
by their cathodoluminescence properties, which were
classified based on Gotze et al. (2013), where primary
textures are related to crystallisation and secondary tex-
tures to alteration, micro brecciation or re-crystallisation
processes. Most sapphires show primary growth textures
consisting of progressive and oscillatory zoning. Progres-
sive zoning or primary growth zoning is characterised by
variations in luminescence along the zonation, ranging
from lower to higher intensity or vice versa. In contrast,
oscillatory zoning consists of repeating or alternating vari-
ations of luminescence (Fig. 4a—c). Most of the crystals
display a mixture of progressive and oscillatory zoning,
which generally starts symmetrically from well-defined
cores, wherein the thickness of the different zonation
ranges from ~ 10 to 50 um. Some sapphires display pri-
mary growth textures in combination with star-like tex-
tures in their basal face perpendicular to the c-axis, which
have a relationship with the differential growth in the crys-
tallographic axis (Fig. 4d-f).

Some sapphires also show secondary textures that over-
print the primary growth textures described above. The
micro-brecciation is related to sapphire fragments ranging
in size from ~ 500 to 1000 um, which generally have angu-
lar edges, although in some cases, the edges are rounded
because of dissolution. The re-arrangement is associated
with the brecciation, where the fragments are translated
and rotated. The sapphire #568 (Fig. 4g—i) displays all the
secondary alteration features described above.

@ Springer
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Fig.3 PPB sapphire classification according to their colour distribu-
tion. (a) Type I (Homogeneous): Single-coloured sapphires. (b) Type
11 (Hourglass): Sapphires with coloured hourglass with the long axis
parallel to the z-axis and the rest colourless. (¢) Type III (Coloured
core): Sapphires with a coloured core or cylinder with its long axis
parallel to the z-axis and the rest colourless. (d—e) Type IV and type V
(Coloured layers perpendicular to the z-axis): Sapphires with one- or

Sapphires micro-textures by OM-CL

The sapphires analysed by OM-CL correspond to samples
from the primary metasomatic deposit. These sapphires
show variations in their crystalline development, size and
cathodoluminescence signal according to their host litho-
logical units.

Specifically, the sapphires from the red-bohmite-
alunite-sapphire metasomatite show a well-developed
core with a progressive zoning rim. The red CL colour
is related to the cores and, in some cases, to irregular

@ Springer

two-coloured layers perpendicular to the z-axis and the rest colour-
less. (f) Type VI (Coloured zoning): Multi-coloured sapphires related
to the growing zonation or unusual symmetrical colour distribution.
(g) Type VII (Irregular): Sapphires with an uneven mixture of col-
ours, presenting gradations and distributions unrelated to their crys-
tallographic axes

external zones, whereas the blue CL colour is associated
with oscillatory zoning (Fig. 5a-b). In the sapphire-drav-
ite metasomatite, the sapphires show dissolution and re-
crystallisation textures, where the red CL is predominant,
and the blue CL only occurs in a few zones (Fig. 5c—d).
In the white-bohmite-alunite-sapphire metasomatite, the
sapphires show an outer quenched non-continuous rim,
whereas the red CL colours are associated with the rest of
the crystal (Fig. 5e-f). In the sapphire-rich metasomatite,
the sapphires mainly display irregular red CL zones and
a few irregular zones with blue to turquoise CL colours
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Table 2 Sapphire abundance from the PPB area

Quantity % Average  Average
weight weight
(€ (ct)
Colour predominance
Dark-blue 239 40.2 0.018 0.092
Blue 195 32.8 0.012 0.061
Light-blue 85 14.3 0.006 0.030
Colourless 75 12.6 0.007 0.037
Total 594 100
Sapphire colour distribution
Type I: Homogeneous 303 51 0.016 0.090
Type 1I: Hourglass 15 2.5 0.009 0.068
Type III: Coloured core 64 10.8 0.011 0.031
Type IV and V: Coloured 136 229 0.010 0.039
layers
Type VI: Coloured zoning 21 3.5 0.005 0.017
Type VII: Irregular 55 9.3 0.013 0.062
Total 594 100

The representative population of sapphires (594) is expressed in col-
our predominance and colour distribution, where the average weights
are shown in grammes (g) and carats (ct).

(Fig. 5g—j). In the diasporite, the sapphires display homo-
geneous red CL (Fig. 5k-1).

Inclusion mineralogy by Raman and micro-XRF
analyses

Three types of mineral inclusions were identified in the sap-
phire crystals: andalusite, rutile, and anhydrite, which show
different shapes, diameters, and relative abundance amongst
the sapphires, which are summarised in Table 3 and Online
Resource 5. The andalusite inclusions showed bands at a
Raman shift of 290, 320, 358, 918 and 1065 cm™! (Fig. 6a).
The micro-XRF elemental distribution maps confirm the
presence of Si, which is consistent with the andalusite
inclusions (Fig. 7a—d). These inclusions are characterised
by their euhedral crystalline development and lack of dis-
solution or alteration at the edges. The size range of crystals
varies from ~ 50 to~553 um, with no preferential orientation
concerning the host crystal.

Rutile inclusions showed Raman bands at 142, 245,
441, 608 and 918 cm™! (Fig. 6b). The micro-XRF elemen-
tal distribution maps confirm the occurrence of Ti in the
zones where rutile inclusions are found (Fig. 7e--1). These
inclusions can occur as tiny anhedral crystals with honey-
coloured shades distributed in clusters, ranging from ~22
to ~79 um. Rutile inclusions also occur as large euhedral
crystals with honey-coloured shades, ranging from ~ 104
to~219 um. These inclusions can also occur as subhe-
dral fibrous colourless crystals, which are homogeneously

distributed, creating a silk-like appearance with sizes vary-
ing from~ 170 to ~ 606 pm.

The anhydrite inclusions showed Raman bands at 167,
497, 626, 674, 1015, 1127 and 1158 cm™! (Fig. 6¢) and are
characterised by their rounded shape that can be divided into
two types. The first group corresponds to isolated anhedral
inclusions, ranging in size from ~49 to~ 812 pm, which gen-
erally exhibit one or two cleavage sets. The second group
is related to anhedral inclusions, which always occur in
clusters, where the size range of crystals varies from~21
to~593 um. The micro-XRF detection of elements of sur-
face inclusions in both types of anhydrites confirms the pres-
ence of S and Ca (Fig. 7Tm-—p).

In addition, dislocations related to solid inclusions
showing elongated and sectioned tube-shaped forms were
detected in some sapphires, which have lengths of up to
350 pm and widths of around 15 um. These dislocations
occur in sapphires with strong colour variations, which host
several inclusions (Online Resources 5).

Trace elements geochemistry of sapphire crystals

Micro-XRF results reveal that the main trace elements on
sapphires from the PPB correspond to Fe and Ti, which are
always over the detection limits and present in practically all
sapphires, varying in distribution and concentration across
the different primary micro textures and secondary altera-
tion features. For example, it is possible to find variations
of these elements in accordance with crystallographic axes
(Fig. 8a-—c), in cores or external rims related to growth tex-
tures (Fig. 8d-—f), and in higher concentrations in the outer
rim than in the core (Fig. 8g-—i). Cr traces are generally
associated with crystal cores or, in some cases, at the crys-
tal boundaries, whereas Ga is below the detection limit of
micro-XRF, but trace amounts have been reported by LA-
ICP-MS analyses (Miranda-Diaz 2024).

Discussion

Correlation between the sapphires
from the metasomatic deposit and the aeolian
placer deposit

Based on all available information, it is confirmed that the
sapphires found in the aeolian placer deposit are from the
metasomatic deposit. Although evident because of their
proximity, this is confirmed mainly by the sapphire sizes,
micro-textures, and colours (Table 4). The sapphirite and
diasporite metasomatic units display sapphires Type I, and
the sapphire-dravite metasomatite show sapphires type II,
III, IV, and V, confirming that these metasomatic units
have formed mainly in the first, second and early third
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[ [Oscillator zoning

500um

500um

Fig.4 SEM-CL and multi-focus transmitted-light photograph analy-
ses of basal sections of representative sapphires. (a—c) Sapphire #524
(Type II). (a) Multi-focus transmitted-light photograph displaying
light-blue sapphire with an irregular colourless rim and several solid
inclusions. (b) Irregular core and inner rim with oscillatory and pro-
gressive zoning, and irregular outer rim. (¢) Irregular core and inner
rim. The inner rim displays oscillatory and progressive zoning. (d—f)
Sapphire #579 (Type IV). (d) Multi-focus transmitted-light photo-
graph that displays a colourless core and blue rim. (e) Sapphire with
progressive and oscillatory zoning. The edge of the crystal shows dis-

formation stages. The bohmite—alunite—sapphire metaso-
matites show sapphires type VII, which is related to the
fourth and fifth formation stages. The different types of
sapphires and their relation to the different metasomatic
units confirm the anisotropic character of formation.

@ Springer

solution and re-crystallisation. (f) Regular core and oscillating rim
of the sapphire. It should be noted that this specimen shows differ-
ential growth related to crystal symmetry (star-like). (g-i) Sapphire
#568 (Type VII). (g) Multi-focus transmitted-light photograph of blue
sapphire displaying colourless zones and several solid inclusions (h)
Micro-brecciation and re-arrangement of fragments, together with
progressive zoning. (i) Fragments with irregular edges and progres-
sive zoning. The double arrows indicate the direction of the frag-
ments' growth

Relationship between crystal chemistry,
cathodoluminescence and colours

The occurrence of cathodoluminescence depends on sev-
eral factors (e.g. activators, sensitisers, and quenchers), so
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Fig.5 Optical microscope cathodoluminescence (OM-CL) analy-
sis and photomicrographs of sapphire-rich metasomatites. (a—d)
Granoblastic sapphires from sapphirite display red CL, except in
some areas showing a turquoise luminescence. (e—f) Euhedral sap-
phire from bdéhmite-alunite-sapphire metasomatite. The sapphire
displays an irregular red core with progressive and oscillatory blue
zoning. There are irregular red areas on the edges of the crystal due

Table3 The number and percentage of sapphires possessing solid
inclusions, dislocations and microtextures

N° sapphires %

Solid inclusions

Andalusite 27 35.1

Rutile 56 72.7

Primary anhydrite 55 71.4

Secondary anhydrite 53 68.8
Dislocations

Tube-like voids 13 16.9
Primary micro-textures

Core developed 33 429

Primary growth zoning 45 584

Oscillatory zoning 22 28.6

Sector zoning 42 54.5
Secondary micro-textures

Brecciation and re-arrangement 35 45.5

Dissolution 48 62.3

to the dissolution and re-crystallisation. (g—h) Euhedral sapphire from
dravite-sapphire metasomatite shows mainly red CL, and some areas
show blue CL. (i—j) Euhedral to anhedral sapphires from bohmite-
alunite-sapphire metasomatite display mainly red CL and a discontin-
uous quenched rim. (k-1) Anhedral sapphires from diasporite, which
shows red luminescence immersed in fibrous euhedral diaspores

establishing quantitative correlations of luminescence signal
and single causes is often impossible (Remond et al. 2000;
Kempe and Gotze 2002; Gotze et al. 2013). Amongst the
qualitative correlations of the PPB sapphires, the red CL
emission is related to traces of Cr°t and Ti’*. In contrast,
the blue CL emission is associated with Ti** (Fig. 9). These
luminescence phenomena have been widely documented
wherein Cr** in corundum activates double intense lumines-
cence peaks generally at 692.8 nm and 694.3 nm (Chapoulie
et al. 1999; Ponahlo 2000; Nasdala et al. 2004; Guguschev
et al. 2010; Gaft et al. 2015), and the large band which is
linked to Ti** between 728 and 794 nm (Chapoulie et al.
1999). Blue CL may be caused by a broad band of short-
wave CL characterised by two peaks at 472 nm and 483 nm
(Ponahlo 2000) related to Ti**, wherein the emission results
from a charge transfer transition of the [Ti4+06]8‘ complex
(Blasse and Verweij 1990; Chapoulie et al. 1999). Fe** is
one of the main luminescence quenchers (Marfunin 1979;
Walker 1985; Chapoulie et al. 1999; Pagel et al. 2000; Yu
and Clarke 2002; Guguschev et al. 2010; Giuliani et al.
2014), i.e. the Cr’* emission in corundum is negatively
affected by the presence of Fe (Nasdala et al. 2004; Giuliani
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Fig.6 Raman spectra of solid inclusions in sapphire with annotated main bands. (a) Euhedral andalusite inclusion in sapphire #404. (b) Anhe-
dral rutile inclusion in sapphire #584. (¢) Anhedral anhydrite inclusion in sapphire #185
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Fig.7 Micro-XRF elemental data from inclusions within sapphires
(a—d) Sapphire #508. (a) Multi-focus transmitted-light microphoto-
graph. (b) Elemental distribution map of Si and Al. High-Si zones are
related to andalusite inclusions. (c—d) Microphotograph of euhedral
andalusite inclusions. (e=h) Sapphire #528. (e) Multi-focus transmit-
ted-light microphotograph. (f) Elemental distribution map of Ti and
Al High intensities are due to rutile inclusions. (g-h) Anhedral rutile

et al. 2014), so Fe-rich sapphires do not display lumines-
cence at all (Ponahlo 2000) or only very weakly.

The PPB sapphires are generally multi-coloured, show-
ing varieties of blue in combination with colourless zones.
One of the main physical properties that make corundum a
gemstone is its colour. In the case of sapphires, the genera-
tion of colour is mainly due to the presence of trace elements
such as Fe, Ti, and Cr that replace Al in the crystal struc-
ture, acting as chromophores and generating the blue, yel-
low, and colourless varieties (Ferguson and Fielding 1971;

inclusions. (i-1) Sapphire #558. (i) Multi-focus transmitted-light
microphotograph. (j) Elemental distribution map of Ti. High inten-
sities of Ti are related to silk rutile inclusions. (k-1) Subhedral silk
rutile inclusions. (m—p) Sapphire #185. (m) Multi-focus transmitted-
light microphotograph. (n) Elemental distribution map of Al, S, and
Ca. High intensities of S and Ca are related to anhydrite inclusions.
(0-p) Anhedral anhydrite

Nikolskaya et al. 1978; Fritsch and Rossman 1987, 1988;
Peretti et al. 1996; Hughes 1997; Schmetzer et al. 1999;
Rakotondrazafy et al. 2008; Bgasheva et al. 2012; Giuliani
et al. 2014; Hughes et al. 2017; Giuliani and Groat 2019;
Palke 2020; Pignatelli et al. 2020). Specifically, the colour
is caused by these dispersed metal ions and the modification
of their valence states (Fritsch and Rossman 1987). In the
case of sapphires, the charge transfer O?~-Fe>* absorption
is centred in the ultraviolet, with minimal effect on colour,
whereas the O>~-Fe>* absorption is rather on the edge of
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Fig.8 Representative micro-XRF qualitative elemental distribution
map of sapphires's basal sections. The concentration is expressed in
wt%. (a—c) Sapphire #042 (Type I). (a) Multi-focus transmitted-light
photograph. (b) Fe distribution map showing oscillatory zoning. (c)
Ti distribution map with star-like zoning. (d—f) Sapphire #524. (d)
Multi-focus transmitted-light photograph. (e) Fe distribution map

the ultraviolet wavelength range, causing yellow to brown
shades (Fritsch and Rossman 1988; Bgasheva et al. 2012).
The intervalence charge-transfer transition IVCT between

Table 4 Correlation between sapphire types and lithological units
found in the metasomatic deposit

PPB metasomatites Sapphire types
Sapphirite |

Diasporite I
Sapphire-dravite 1L, 101, IV, V
Red bohmite—alunite—sapphire VIl

White bohmite—alunite—sapphire Vil

@ Springer
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related to the outer ring. (f) Ti distribution map showing core-rim
zoning. (g—i) Sapphire #130. (g) Multi-focus transmitted-light pho-
tograph. (h) Fe distribution map display higher concentrations in the
outer rim. (i) Distribution map display Ti concentration only in the
outer rim

Fe?*-O%*~-Ti*" ions is the main factor in the generation of the
blue colour in sapphires (Ferguson and Fielding 1971, 1972;
Fritsch and Rossman 1988; Kane et al. 1990; Schmetzer and
Kiefert 1990; Bgasheva et al. 2012; Giuliani et al. 2014).
The IVCT has a probability of up to two orders of magni-
tude higher than other processes related to transition metal
ions substituted in Al,0; (Townsend 1968), such that less
than 0.01% of Fe and Ti are sufficient to produce a blue
colour in sapphires (Bgasheva et al. 2012; Giuliani et al.
2014). Isolated Ti*" ions do not have any absorption bands
in the visible region (Bgasheva et al. 2012). The intensity
and generation of the colours depend not only on the con-
centration of these trace elements but also on their different
valence state configurations, causing changes in the degree
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Fig.9 OM-CL, Optical microscope microphotograph, and Micro-
XRF elemental distribution maps of subhedral sapphire crystal from
the bohmite-alunite-sapphire metasomatite. (a) OM-CL analysis of
euhedral sapphire displays an irregular red core with progressive and
oscillatory blue zoning. There are irregular red areas on the edges of
the crystal due to the dissolution and re-crystallisation. (b) OM-CL
spectra of the analysed points in (a), wherein points 1 and 2 corre-
spond to red and blue spectra, respectively. It should be noted that the

of absorption of IVCT in the visible part of the spectrum
(Fritsch and Rossman 1988).

According to sapphires' CL signal, trace elements, and
colour properties, some statements can be made. In the
sapphires from the bohmite—alunite—sapphire metasoma-
tite, a direct relationship exists between the colourless
zones and the red CL. Firstly, the presence of Cr’* and
Ti3* traces, combined with traces of Fe, cause absorption
in the non-visible light spectrum, producing colourless
sapphire. Secondly, the CL-quenched areas are related to
Fe and Ti traces, implying that the IVCT of Fe>*-0* —Ti**
may generate the blue colours, wherein Fe?* is assumed to
be the main CL-quencher (Fig. 9). Another example is the
sapphires type II and III from the aeolian placer deposit,
which displays blue-coloured cores with Ti and Cr traces,

Oscillatory zoning

peaks confirm traces of Cr**, Ti**, and Ti**. (¢) The OM-CL image
displays red CL in the core and re-crystallisation zones at the crystal
boundaries. The quenched zones indicate some blue CL. (d) Polar-
ised optical microphotograph showing the oscillatory and progressive
zoning by pleochroism. (e—f) Fe-Ti elemental distribution maps dis-
play the variations of these elements through micro-textures, respec-
tively

wherein Cr’* allows the micro-textures to be distinguished
by its luminescence, and Ti** plays a role in the colour
generation. Following this, the colourless rims show Fe,
Ti, and Cr traces, which produce absorption in the non-
visible light spectrum and quench the CL signal (Fig. 10).
These different examples have shown that the development
of colourless zones can occur despite trace elements such
as Fe, Ti, and Cr, in which not only the concentration but
also the valence state of these trace elements influences
the type of bonding and, thus, the generation of colour in
specific cases. It is proposed that these variations in col-
our, CL signal, and trace elements result from variations in
forming conditions during sapphire development, allowing
the definition of the main stage of formation.
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Fig. 10 SEM-CL micro-textures and Micro-XRF distribution maps
of coloured core sapphires. (a—d) Sapphire #442. (a) Multi-focus
transmitted-light photograph showing a light-blue core with several
inclusions and a colourless rim (b) Irregular core and external homo-
geneous rim by SEM-CL. (¢) The Fe-Ti distribution map shows an
enriched rim. (d) The Cr distribution map shows concentration in the
core and the outer rim. (e-h) Sapphire #262. (e) Multi-focus trans-

Genetic implications of mineralogical
and microtextural features of sapphires

One aspect that stands out in the primary and secondary
PPB sapphires is their euhedral development. Barker (1998)
states that euhedral crystals developed in metamorphic envi-
ronments can be related to slow, unimpeded growth in a
heterogeneous medium. The millimetre sizes of the sapphire
crystals in PPB are related to the metasomatic forming con-
ditions, which favour nucleation over crystal growth, i.e. the
prograde rocks have a predominantly granoblastic texture,
which indicates high physicochemical stability and is com-
mon in high-grade metamorphic systems (Barker 1998).

The micro-textures found in PBB sapphires show evi-
dence of the processes involved during crystal formation.
The crystals commonly display well-defined cores accom-
panied by layers (rims), which could be due to a multi-stage
growth mechanism (Liu 2015; Pignatelli et al. 2020). The
development of cores at the beginning of crystal growth
can be considered the first formation stage, which can be
homogeneous without inclusions because element inputs are
constant and do not fluctuate (Barker 1998) or heterogeneous
with several inclusions.

The second stage is associated with progressive and oscil-
latory zoning around the cores. Specifically, progressive
zoning is due to the variation of available trace elements

@ Springer
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mitted-light photograph displaying an irregular light-blue core and a
colourless outer rim. Note the presence of several inclusions in the
boundaries between the core and rim. (f) Irregular core and rim by
SEM-CL. (g) Fe-Ti distribution map shows an enriched rim. (h) Cr
distribution map shows similar concentrations in the core and outer
rims

and growth defects (Tracy 1982; Gotze et al. 2013). These
elements can form part of the newly developing layers due
to various factors (e.g. diffusion of atoms to the crystal
surface). However, this development only occurs when the
bonds between the atoms attached to the crystal edge are
stronger than the activation energy associated with the dif-
fusion processes (Bard 1986). Oscillatory zoning is a widely
studied phenomenon that can develop in a wide range of
open-system environments (Yardley et al. 1991). For exam-
ple, in a metamorphic environment, it can be interpreted as
open-system behaviour (Barker 1998), as well as, the devel-
opment of this texture in some solid solutions of metamor-
phic minerals such as garnets and pyroxenes from skarns is
well known (Barker 1998). Oscillatory zoning is caused by
the coupling between the kinetic energy of crystal growth
and the elements in diffusion at the fluid-crystal interface
(Allegre et al. 1981; Gotze et al. 2013). One of the character-
istics necessary to form this texture is a chemical imbalance
and a feedback mechanism that changes the reaction rates in
response to those taking place (Ortoleva et al. 1987; Yardley
et al. 1991), as well as low crystal growth rates (Allegre
et al. 1981), which indicates that as the sapphires grew and
incorporated elements into their structure, successive meta-
somatic pulses incorporated new elements into the system.

The third stage includes the development of fractures and
dissolution in sapphires, which affect the growth zoning of
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crystals. Micro-brecciation occurs mainly in metamorphic
environments due to variations in temperature and pres-
sure conditions (e.g. tectonic deformations) (Gotze et al.
2013). Bard (1986) states that low-temperature deforma-
tions (7'<200 °C) can produce catalases. However, these
processes depend on the stress and strain rate, the mineral
elasticity and its orientation concerning the principal stress,
the temperature, and interstitial fluids (Bard 1986). Micro
brecciation indicates increased differential stress in a brittle
medium where the sapphires were fragmented and dissolved
due to changed forming conditions.

The fourth stage is related to the re-arrangement of previ-
ously formed sapphire fragments, which were trapped and
incorporated into new overgrowth sapphires. Finally, the
fifth stage relates to Fe-Ti-Cr colourless irregular outer rim
formation (e.g. sapphires from Fig. 10), related to changing
conditions during the late formation stage. This phenomenon
has been called diffusion zoning and is described in other
metamorphic minerals (e.g. garnets), consisting mainly of
the distribution of atoms in the crystal structure and relative
changes in the atoms, where reabsorption depends on cool-
ing and diffusion ratios (Barker 1998). The difference with
growth zoning is that diffusion zoning develops in already
formed crystals and is not necessarily homogeneous, as it is
also driven by the reaction between the crystal surface and
other elements in contact through an intergranular film or
fluid (Tracy 1982). This texture can be interpreted as the
product of multi-episode metasomatism, generating discon-
tinuous zonation from resorption and overgrowth (Barker
1998).

A good example is sapphire #395 (Fig. 11), which shows
all five formation stages, which are described below: the
first stage consists of the development of a heterogeneous
core; the second stage consists of progressive and oscillatory
non-symmetrical zoning, where the light-blue dominates;
the third stage is evident by micro-brecciation of the previ-
ously formed sapphire with rounded and irregular edges due
to dissolution; the fourth stage consists in overgrowth and
incorporation of previously formed fragments; finally, the
fifth stage consists of the development of Fe-Ti enriched
and colourless rims.

Genetic implications of solid inclusions
and dislocations

The PPB sapphires have been considered metasomatic
because of the relationship between the mineral textures
and the contacts of the lithological units from the primary
deposit (Miranda-Diaz et al. 2022). The study of solid inclu-
sions confirmed the metasomatic origin in other sapphire
deposits (Hughes et al. 2017), which tend to be deficient in
primary fluid inclusions (Roedder and Patterson 1982). In
the case of PPB sapphires, these are characterised by many

solid inclusions and the absence of fluid inclusions. Euhe-
dral andalusite solid inclusions are primary because their
euhedral development is only possible with sufficient space
for growth before being trapped into sapphires. Andalusite is
stable under low-pressure conditions and at variable temper-
atures contact metasomatism (Weill and Fyfe 1961; Newton
1966; Althaus 1967; Holdaway and Mukhopadhyay 1993;
Clarke et al. 2005; Bradt 2008).

Anhydrite is the most abundant inclusion in PPB sap-
phires, which is more consistent with a metamorphic/metas-
omatic environment than an igneous (Carroll and Rutherford
1987). The larger anhydrite inclusions can be considered
primary crystals, which could have been formed during the
sapphire's crystallisation. In contrast, the groups of small
anhydrite inclusions (Online Resource N° 5) are considered
secondary because they are related to healed micro-fractures.
The occurrence of anhydrite implies sulphur-rich magma-
tism (Luhr et al. 1984; Bernard et al. 1991; Streck and Dilles
1998; Barth and Dorais 2000; Parat et al. 2002; Audétat et al.
2004; Newton and Manning 2005), so it is direct evidence of
high sulphate magmatism (Chambefort et al. 2008). It should
be noted that sulphur solubility in magmatic-hydrothermal
fluids increases with the temperature and the iron content
(Carroll and Rutherford 1987; Baker and Rutherford 1996;
Streck and Dilles 1998; Jugo et al. 2005; Chambefort et al.
2008), whereas anhydrite solubility decreases with increas-
ing temperature at low pressures (Blounot and Dickson
1969; Newton and Manning 2005). The solubility increases
with increasing pressure at constant temperature and salinity
(Blounot and Dickson 1969). For example, the solubility of
anhydrite in concentrated NaCl solutions at near-magmatic
temperatures (> 750 °C) indicates that a large proportion of
soluble sulphur in a mafic magma would be distributed in
an exhalative saline fluid as sulphate (Newton and Manning
2005). Solubility thus increases substantially with salinity
(Blounot and Dickson 1969; Newton and Manning 2005).
In the late magmatic stages of crystallisation, sulphides can
oxidise and release metals and sulphur into the exsolved
fluids (Candela and Holland 1986; Candela 1992; Audétat
et al. 2004). The magmatic oxidation may have allowed the
incorporation of sulphur into the saline (Cl brines) meta-
somatic fluids, which oxidised it to form sulphates trapped
by the sapphires at high temperatures, forming anhydrite
crystals. Evidence supporting the salinity of the metasomatic
fluids is the presence of chlorine in some solid anhydrite
inclusions (Fig. 12).

Regarding the origin of sulphur, it is proposed that much
of the sulphur that allowed the formation of the anhydrite
inclusions into sapphires comes from magmatic/hydro-
thermal fluids from the La Brea Pluton. This statement is
because the Lower Cretaceous intrusives belonging to the
Chilean coastal batholithic in the Atacama Region are asso-
ciated with the formation of mineral deposits (e.g. IOCG
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Fig. 11 Micro-XRF elemental distribution maps, SEM-CL micro-
textures and colour relationship of the sapphire #395. (a) Multi-focus
transmitted-light photograph indicating the location of the analysed
u-XRF line scan. (b—c¢) Elemental distribution maps of Fe and Ti
trace the inner and outer rims in (b) and (c), respectively. (d) The
elemental line scan shows that the high Fe- and Ti-intensity peaks are
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related to colourless zones, whereas the light-blue colour corresponds
to low intensities. (e) Multi-focus transmitted-light photograph of the
line scan location, showing the colour differences. (f) SEM-CL image
of the sapphire #395 with all identified micro-textures, such as the
irregular core, growing zonation, oscillatory zoning, micro-breccia-
tion, and diffusion zoning
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Fig. 12 Optical microscope microphotograph, and Micro-XRF ele-
mental distribution map of Sapphire #563. (a) Microphotograph dis-
plays the blue inner zone with an external colourless rim, wherein the
inclusions stand out. (b) Cl elemental distribution map of (a), where

deposits), which are characterised by being largely oxidised
and enriched in sulphur (Creixell et al. 2020; Marschik et al.
2000; Richards 2011). Notwithstanding this precedent, the
contribution of sulphur from the basaltic units of the La
Negra Formation cannot be discarded.

The rutile inclusions in sapphires can provide informa-
tion about the formation conditions and the rutile solubility,
which can be discussed regarding the Ti concentration (Per-
etti et al. 1996). Experiments confirm that rutile is highly
soluble in fluids composed of H,O and hydroxy-fluoride
(HF) due to the formation of Ti-hydroxy-fluoride com-
plexes (Ried 1994; Peretti et al. 1996), as it is also known
that rutile solubility depends on P, T, and HF-concentration
(Passaret et al. 1972; Ayers and Watson 1991; Ried 1994,
Peretti et al. 1996). Higher fluoride concentration in the
solution and lower pH thus favour rutile dissolution (Ayers
and Watson 1991). Experimental studies at temperatures
between 500 and 550 °C and pressures of 2-2.5 kbar have
determined that the solubility of rutile in HF-H,O fluids
increases dramatically with increasing temperature and HF-
concentration, whereas the changes are minor when varying
the pressure (Ried 1994; Peretti et al. 1996). In the case of
high-grade metamorphic fluids, TiO, is highly soluble due

zones with Cl concentrations correlate with anhydrite inclusions.
(c—d) Microphotograph of anhydrite inclusions of (a), which are cor-
related with (b)

to the presence of Cl-rich brines, or even more so in F-rich
brines, which makes it highly dependent on the chemical
environment and temperature (Rapp et al. 2010). Cl-brines'
presence during the PPB sapphire formation may have
allowed the mobility of Ti at high temperatures, incorporat-
ing it as a trace element in the sapphires. As the temperature
decreases, the Ti becomes immobilised and precipitated as

‘ 500um

———

Fig. 13 Multi-focus transmitted-light photograph of Sapphire #246.
(a) Colourless sapphire with rutile inclusions. (b) Selected zone from
(a), irregular blue zones surround the rutile inclusions
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rutile, trapped by the sapphires during growth. Some colour-
less sapphires present irregular blue areas near rutile inclu-
sions, which could be related to Ti release from inclusions
due to temperature increase (Fig. 13). A similar phenom-
enon occurs when heat treatments enhance the colour of
sapphires and other gemstones. When high-temperature heat
treatment is applied on sapphires, the rutile and spinel inclu-
sions are dissolved, and the elements are released (Fritsch
and Rossman 1988), increasing clarity and inducing blue
colouration (Nassau 1981; Emmett and Douthit 1993; Shor
and Weldon 2009). In the case of PPB, the coloured areas
indicate metasomatism temperature and condition fluctua-
tions, wherein the previously formed rutile inclusions are
dissolved, releasing Ti, which is then incorporated into the
sapphire structure through diffusion. The released Ti from
inclusions, in combination with Fe in sapphires, can form
pairs of Fe**~O-Ti*", allowing IVCT to yield the interac-
tion through Fe?*—> Ti** forming blue colouration (Fritsch
and Rossman 1988; Themelis 1992; Bgasheva et al. 2012;
Giuliani et al. 2014), so the Ti presence is essential, as the
blue colour cannot develop without it (Nassau 1981).

Tube-like voids in some PPB sapphires can be interpreted
as crystal growth dislocations. These voids have also been
identified in rubies and they can be formed due to dissolu-
tion if the supersaturation decreases after the crystal growth
or by trapped syngenetic solid inclusions producing disloca-
tions (Pignatelli et al. 2020), which are due to overgrowth
and entrapment of solid syngenetic inclusions, promoting
"lattice closure errors" that become the origin of these dis-
locations (Klapper 2000, 2010; Pignatelli et al. 2020). The
dislocations' direction is directly related to the shape, the
orientation of growth faces and the growth front. It should
also be noted that inclusions larger than 50 um generally
produce many dislocations. Regarding genetic significance,
dislocations are essential because they allow crystal forma-
tion at low supersaturation fluid and supercooling (Klapper
2000, 2010).

Correlation between colour distributions
and micro-textures

Even though sapphires have been analysed in their basal
sections, it has been determined that colour distribution
directly relates to micro-textures and, thus, formation stages.
The type I sapphires were formed during regular periods
when conditions did not vary. For example, blue, light-blue,
dark-blue, and, to a lesser extent, colourless sapphires were
formed during the first stage of regular growth, whereas
the colourless zones generally formed during the fifth stage
of diffusion zoning. Concerning type II and type III sap-
phires, the coloured zones are related to the z-axis, so it
assumes they developed during the first regular growth and
subsequent diffusion zoning stages. In type IV and type V
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sapphires, the coloured areas are irregular and can, therefore,
be considered irregular fragments due to the micro-breccia-
tion processes, whereas the colourless zones can be mainly
related to the late stage of diffusion zoning. The type VI
sapphires are related to the second progressive and oscilla-
tory zoning stage. Finally, type VII sapphires are associated
with all formation stages.

Summary and conclusions

The PPB’s multi-coloured sapphires are characterised by
euhedral crystals ranging in size from hundreds of microns
to about 3 mm, formed during a multi-stage heterogeneous
metasomatic environment with an open system behaviour,
wherein nucleation predominates over mineral growth.

Five stages have been defined, which can be identified in
most sapphires and are described below (Fig. 14):

The first stage consists of the development of cores, which
are generally homogeneous, indicating an initial growth rate
where element concentration remain constant and do not
fluctuate; a growth by zoning characterises the second stage,
which allows the formation of the progressive and oscil-
latory zoning, demonstrating a chemical imbalance in the
fluid-crystal interface; the third stage starts after decreasing
the temperature allowing fragile tectonic deformation, pro-
ducing micro-brecciation in the already-formed sapphires
and subsequent dissolution due to temperature fluctuations,
where the fragments, in some cases, show rounded edges,
which may be due to variations in the forming conditions
that make the sapphires unstable, allowing their dissolution;
the fourth stage starts with the re-arrangement of sapphire
fragments and subsequent overgrowth of new sapphires
which incorporate them; The fifth stage is related to the for-
mation of irregular colourless Fe-Ti outer rings in reconsti-
tuted sapphires.

Concerning colours and trace elements, the main trace
elements detected are Fe, Ti, and Cr, to a lesser extent, vary-
ing across the primary growth textures and producing differ-
ences in colours and CL signal. It has also been determined
that the colours are formed due to Fe and Ti trace elements,
which should generally interact through the IVCT, whereas
in some cases, these trace elements produce absorption in
the non-visible light spectrum and thus form colourless sap-
phires. The first stages of sapphire formation are generally
related to blue shades, whereas colourless is more common
in late stages linked to diffusion zoning. Regarding the CL
Signal, Cr** and Ti** play an essential role in visualising
micro-textures due to their luminescence. The Cr’™ is associ-
ated with cores and early formation stages unless sapphires
have been dissolved and reprecipitated.

The solid inclusions identified are andalusite, rutile
and anhydrite. In addition, Fe-Ti bearing inclusions have
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Fig. 14 Formation stages of the PPB sapphires, in which 5 stages
have been defined according to the sapphires’ micro-textures. (a)
Representative scheme of formation stages. (b) Main micro-textures

been identified by micro-XRF, suggesting the presence of
ilmenite, but this has not yet been confirmed due to the
absence of Raman data. It was proposed that the andalusite
formed before being trapped by sapphire crystallisation
because they are euhedral prismatic crystals indicating
contact metasomatism of varying temperatures and low
pressures. Anhydrite inclusions are associated with large
anhedral crystals, considered primary and formed during
crystal growth, and smaller secondary anhedral inclusions,
found in clusters due to secondary alteration features. The
anhydrite inclusions indicate oxidised magmatic/metaso-
matic fluids, confirming the presence of S in the system,
which may have been incorporated from the host rock
or magmatic fluids. Additionally, the presence of Cl in
anhydrite inclusions confirms the presence of CL-bearing
brines, which increase the rutile solubility at high tem-
peratures. The rutile inclusions are mostly located in sap-
phires' outer rims and were formed during the temperature
drop that causes a decrease in Ti solubility. It should be
noted that some solid rutile inclusions have been dissolved
by the subsequent temperature increase, releasing the Ti
into the sapphires and thus producing colour.

of each formation stage. (¢) Main features of the respective formation
stages. (d) Colours related to each formation stage

In conclusion, the PPB's sapphires were formed due to a
five-stage heterogeneous metasomatism, in which low pres-
sures predominated whilst the temperature rose and fell. This
metasomatism is characterised by being highly oxidised and
enriched in sulphur, which forms the anhydrite inclusions.
In addition, andalusite and rutile inclusions are present. The
crystals have traces of Fe—Ti—Cr, which varied as the sap-
phires developed, expressed in the colour variations.
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