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Abstract

This study investigated the effects of progressive step-heating (300–500 ◦C) and direct heat-
ing (500 ◦C) on pinkish-orange and red tourmalines using colorimetric, spectroscopic, and
chemical analyses. Heating progressively modified visible absorption and color, with treat-
ment at 500 ◦C generally increasing lightness (L*) and substantially decreasing chroma (C*),
accompanied by weakening of the broad absorption near 520 nm while strong pleochroism
was retained. Chemical analyses revealed substantial compositional variability, particularly
in Mn and Fe, although elemental abundance alone did not account for the observed optical
responses. Color evolution was associated with changes in overlapping electronic absorp-
tion features, but the underlying microscopic processes could not be uniquely assigned
to specific transition-metal ions or oxidation-state changes. Fourier transform infrared
(FTIR) spectroscopy showed preservation of the principal framework-related vibrational
features up to 500 ◦C, with no evidence of major structural disruption. Within the present
step-heating series, 400 ◦C produced an intermediate outcome characterized by measurable
lightening and desaturation while retaining more of the original pink-to-red chromatic com-
ponent than after treatment at 500 ◦C, which produced substantially greater desaturation.

Keywords: tourmaline; heat treatment; CIELAB; UV–Vis–NIR spectroscopy; FTIR spec-
troscopy; pleochroism

1. Introduction
Tourmaline is one of the most chemically complex borosilicate mineral supergroups,

characterized by extensive crystal-chemical variability arising from cation substitution at
multiple structural sites [1–4]. This compositional flexibility produces a wide range of
physical and optical properties and contributes to the remarkable color diversity observed
among gem-quality tourmalines [1–7]. Among the various color varieties, pink to red
tourmalines are particularly valued in the gemstone market because of their vivid hues
and pronounced pleochroism [6,8–11]. Their coloration has been associated with transition-
metal-related chromophoric centers incorporated into the crystal structure [12], with Mn
recognized as an important contributor and Fe providing additional contributions to
visible absorption depending on its abundance, oxidation state, and crystal-chemical
environment [10,11,13,14].

Heat treatment is widely applied in the gem trade to modify the appearance of
tourmaline [15–18]. In Mn-bearing pink and red tourmalines, heating generally results
in reduced color saturation, increased lightness, and weakening of visible absorption
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bands [15–20]. Previous studies have discussed these optical changes in relation to Mn-
and Fe-related electronic processes, although the underlying mechanisms may also depend
on oxidation state, crystallographic site occupancy, local coordination environment, and
other overlapping absorption processes [9,10,21–23]. Because these factors are difficult
to distinguish from optical spectroscopy alone, the microscopic processes responsible for
heat-induced color modification remain incompletely resolved. Furthermore, systematic
comparisons between progressive step-heating and direct-heating pathways remain limited,
particularly with respect to their influence on optical absorption, colorimetric properties,
and structural response during heating.

Complementary analytical techniques provide information on both the optical and
structural responses of tourmaline to thermal treatment. Polarized ultraviolet–visible–near-
infrared (UV–Vis–NIR) spectroscopy is useful for monitoring changes in visible electronic
absorption and their polarization dependence [11,17], while quantitative colorimetry pro-
vides an objective assessment of corresponding changes in lightness, chroma, and hue.
Fourier transform infrared (FTIR) spectroscopy provides complementary information on
hydroxyl-related vibrations and borate- and silicate-related framework bands that are sen-
sitive to local crystal-chemical environments [24–30]. Previous studies have demonstrated
the utility of FTIR for evaluating thermally induced structural responses and assessing
preservation of the principal tourmaline framework after moderate-temperature heat-
ing [16,17,25,30,31]. Although FTIR does not directly quantify crystallinity, changes in
local bonding or structural environments may provide complementary context for inter-
preting heat-induced optical behavior. Together with chemical characterization, these
techniques enable the relationships among optical evolution, compositional variability, and
framework response to be evaluated without requiring a priori assignment of a specific
microscopic mechanism.

Although the thermal behavior of colored tourmalines has been investigated pre-
viously [15–17,32], these studies have primarily focused on documenting color changes
following heat treatment or examining individual spectroscopic characteristics. Com-
prehensive investigations integrating quantitative colorimetry, polarized UV–Vis–NIR
spectroscopy, FTIR spectroscopy, energy-dispersive X-ray fluorescence (EDXRF), and laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to systematically
compare progressive step-heating and direct-heating treatments remain limited. Conse-
quently, the influence of heating pathways on the optical and spectroscopic responses,
particularly in compositionally heterogeneous natural specimens, remains incompletely
understood. From a gemological perspective, the treatment condition that provides an ap-
propriate balance between lightening, controlled desaturation, retention of the characteristic
color, and preservation of the material also warrants consideration.

Therefore, this study systematically investigates the effects of progressive step-heating
and direct-heating treatments up to 500 ◦C on pinkish-orange and red tourmalines by inte-
grating quantitative colorimetry, polarized UV–Vis–NIR spectroscopy, FTIR spectroscopy,
EDXRF, LA-ICP-MS, and conventional gemological observations. The objectives are to
characterize the evolution of color and polarized visible absorption with heating, evaluate
the preservation of the principal tourmaline framework, examine relationships between
chemical composition and thermal response, compare the effects of progressive and direct-
heating pathways, and assess the treatment conditions in terms of the balance between
color modification and retention of the characteristic pink-to-red appearance.
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2. Materials and Methods
2.1. Sample Selection and Preparation

Ten natural tourmaline samples of reported Mozambique origin were purchased
from a commercial gem dealer in Chanthaburi City, Chanthaburi Province, Thailand, and
divided into two color groups: pinkish-orange tourmaline (POT, n = 5; POT01–POT05)
and red tourmaline (RT, n = 5; RT01–RT05). The samples were obtained through the
commercial gem trade, and no additional locality information (e.g., mine or mining district)
was available beyond the reported country of origin. The samples were selected based
on representative body color, high transparency, and the absence of visible fractures or
prominent inclusions that could interfere with the optical and spectroscopic measurements.

Baseline standard gemological examinations were performed prior to heat treatment.
Refractive index was measured using a standard gemological refractometer with a contact
liquid of refractive index 1.81 under sodium D-line illumination (589 nm), and birefringence
was determined from the difference between the maximum and minimum refractive indices.
Specific gravity was determined by the hydrostatic weighing method using distilled water
at room temperature. Pleochroism was examined using a calcite dichroscope by observing
color differences along different crystallographic directions. Ultraviolet fluorescence was
examined in a dark chamber under short-wave (254 nm) and long-wave (365 nm) ultraviolet
radiation, and the fluorescence response was visually recorded. Internal characteristics,
including growth features and inclusions, were examined using a gemological microscope
under darkfield illumination. Inclusion observations were based on optical appearance only,
and no further instrumental characterization was performed. The same measurements were
repeated after heat treatment to evaluate potential changes in the gemological properties of
the investigated specimens.

For polarized spectroscopic measurements, all specimens were oriented relative to
the crystallographic c-axis using a combination of a polariscope and a calcite dichroscope
and prepared as doubly polished parallel plates with thicknesses of 2.0–3.0 mm. The sur-
faces were polished using diamond abrasives to a final particle size of 1 µm and cleaned
ultrasonically in ethanol before spectroscopic analysis to minimize surface contamination
and light-scattering effects. The cleaning procedure was repeated prior to post-heating
spectroscopic measurements.

2.2. Thermal Treatment Protocols

The tourmaline samples were divided into two experimental groups to compare the
effects of two heat-treatment pathways on color modification. The step-heating group
(POT01–POT03 and RT01–RT03) was heated sequentially at 300, 400, and 500 ◦C, whereas
the direct-heating group (POT04–POT05 and RT04–RT05) was heated directly to 500 ◦C.

All heat treatments were performed in air using a custom-built programmable electric
muffle furnace sourced from Rojana Shop (Chanthaburi, Thailand). The samples were
placed in an alumina crucible, heated at a constant rate of 50 ◦C h−1, and maintained at the
target temperature for 2 h. After heating, the furnace was switched off, and the samples
were allowed to cool naturally to room temperature before removal.

For the step-heating group, colorimetric and spectroscopic measurements were per-
formed after each heating stage (300, 400, and 500 ◦C). For the direct-heating group, the
same measurements were performed before and after treatment at 500 ◦C.

2.3. Chemical Composition Analysis

The baseline chemical compositions of the untreated tourmaline samples were eval-
uated using energy-dispersive X-ray fluorescence (EDXRF) spectroscopy. EDXRF was

https://doi.org/10.3390/cryst16090577

https://doi.org/10.3390/cryst16090577


Crystals 2026, 16, 577 4 of 24

employed to characterize the major matrix constituents and provide comparative informa-
tion on the elemental abundances of transition metals and other minor elements.

EDXRF measurements were performed using a Horiba XGT-9000 spectrometer operat-
ing (HORIBA, Ltd., Kyoto, Japan) in multi-condition mode with five sequential excitation
filters and an acquisition time of 50 s per filter. A capillary collimator providing a beam
diameter of 1.2 mm was used for all analyses. Because EDXRF employs X-ray excitation
rather than an electron beam, no conductive coating of the sample surfaces was required
prior to analysis. Instrument calibration and quantitative analyses were performed using
the manufacturer’s Fundamental Parameters (FP) method. The quantitative results were
initially obtained as oxide-equivalent compositions and were subsequently converted to
elemental concentrations using stoichiometric conversion factors to facilitate direct compar-
ison with the LA-ICP-MS data and avoid implying specific oxidation states for multivalent
elements. To account for possible compositional heterogeneity within individual speci-
mens, five EDXRF measurements were collected from different regions of each sample.
The results are reported as mean ± standard deviation (n = 5), representing the observed
variability among the analyzed regions. The standard deviations should not be interpreted
as independent estimates of instrumental precision. All measurements were performed on
polished sample surfaces prior to heat treatment under ambient laboratory conditions.

Because EDXRF has limited sensitivity for light elements (e.g., B, Li, H, and F) and
provides semi-quantitative bulk compositional information, the results were used primarily
for comparative evaluation of compositional variations among the investigated specimens
rather than for formal tourmaline species classification.

To further characterize trace-element distributions, all investigated specimens (POT01–
POT05 and RT01–RT05) were analyzed using laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). Analyses were performed using a New Wave Research
213 laser ablation system coupled to a Thermo Scientific iCAP™ mass spectrometer (Thermo
Fisher Scientific (Bremen) GmbH, Bremen, Germany). A laser spot size of 55 µm was used
for all analyses. NIST SRM 610 and NIST SRM 612 glass standards [33] were employed for
external calibration, whereas silicon concentrations derived from the EDXRF analyses were
used as the internal standard for quantitative data reduction. Elemental concentrations are
reported in parts per million (ppm). The LA-ICP-MS analyses were performed to provide
quantitative trace-element concentrations, particularly for Mn and Fe. These data form
the basis for the discussion of transition-metal abundances presented in this study and
complement the comparative EDXRF measurements. Because each analysis was obtained
from a single 55 µm laser ablation spot, the reported elemental concentrations represent
localized measurements and should be regarded as approximate values for the analyzed
regions. Consequently, although LA-ICP-MS provides highly sensitive quantitative ele-
mental data, the reported concentrations may not fully represent the bulk composition of
compositionally heterogeneous tourmaline specimens and should therefore be interpreted
primarily in a comparative rather than absolute context.

2.4. Spectroscopic Measurements
2.4.1. CIELAB Colorimetric Analysis

CIELAB colorimetric parameters were calculated from the polarized ultraviolet–
visible–near-infrared absorption spectra using the Lambda 365 Color Master Viewer soft-
ware (Version 4.00 beta) supplied with the PerkinElmer Lambda 1050 double-beam spec-
trophotometer (PerkinElmer, Waltham, MA, USA). The calculations were performed using
the CIE D65 standard illuminant and a 10◦ standard observer, and the results were ex-
pressed in the CIELAB color coordinates (L*, a*, and b*).

https://doi.org/10.3390/cryst16090577

https://doi.org/10.3390/cryst16090577


Crystals 2026, 16, 577 5 of 24

Each set of CIELAB coordinates was calculated from a single polarized UV–Vis–NIR
absorption spectrum acquired for a given specimen, optical orientation, and heat-treatment
stage. Consequently, the reported L*, a*, and b* values represent calculated colorimetric
parameters for individual spectra rather than the mean of repeated colorimetric measure-
ments. Because only one spectrum was acquired for each specimen at each treatment stage,
no replicate dataset was available from which statistically meaningful standard deviations
or error bars could be calculated. Accordingly, the numerical values are intended for com-
parative evaluation of color evolution during heat treatment and should not be interpreted
as estimates of specimen heterogeneity or experimental uncertainty.

To account for the optical anisotropy of tourmaline, the colorimetric parameters were
calculated separately for spectra recorded parallel to the crystallographic c-axis (e-ray, E ∥
c) and perpendicular to the c-axis (o-ray, E ⊥ c).

The total color difference (∆E*) between the unheated and heated specimens was
calculated using the CIELAB 1976 color space [34] equation:

∆E∗ =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2, (1)

where ∆E*, ∆L*, ∆a*, and ∆b* represent the differences between the unheated and heated
specimens for the same optical orientation.

2.4.2. Polarized UV–Vis–NIR Absorption Spectroscopy

Polarized UV–Vis–NIR absorption spectra were recorded at room temperature over
the wavelength range of 250–1200 nm using a PerkinElmer Lambda 1050 double-beam
spectrophotometer (PerkinElmer, Waltham, MA, USA) equipped with a Glan–Thompson
prism polarizer (PerkinElmer, Inc., Llantrisant, Wales, UK). Spectra were collected with the
incident electric vector oriented parallel and perpendicular to the crystallographic c-axis.
Measurements were performed using a scan speed of 397.22 nm min−1 and a spectral
bandwidth of 3.0 nm.

2.4.3. FTIR Spectroscopy

Fourier transform infrared (FTIR) spectra were collected at room temperature over the
spectral range of 4000–400 cm−1 using a Nicolet iS50 FTIR spectrometer (Thermo Fisher
Scientific, Madison, WI, USA). Two complementary sampling modes were employed:

• Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was used to
examine the hydroxyl-stretching region (4000–2000 cm−1), and spectra were recorded
in percentage transmittance (%T) mode.

• Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
equipped with a diamond crystal was used to examine the principal framework
vibrational region, particularly the borate- and silicate-related bands below 1400 cm−1,
and spectra were recorded in absorbance mode.

For both techniques, spectra were acquired at a spectral resolution of 4 cm−1 using
64 co-added scans. Background spectra were collected before each measurement, and
baseline correction was performed using OMNIC software (Version 9.11.745; Thermo
Fisher Scientific).

3. Results
3.1. Basic Gemological Properties and Visual Color Evolution

The color modification of the samples before and after heating is shown in Figure 1.
Standard gemological characterization showed physical and optical properties consistent
with members of the tourmaline supergroup.
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Figure 1. Photographs of pinkish-orange (POT) and red (RT) tourmalines of reported Mozambique
origin before heating and after successive heat-treatment temperatures (300, 400, and 500 ◦C), showing
the corresponding visual color changes.

Prior to heat treatment, the refractive indices ranged from 1.622 to 1.640, with bire-
fringence values of 0.018–0.020 and a uniaxial negative optical character. Specific gravity
values varied from 3.01 to 3.06. All samples were inert under both long-wave (365 nm)
and short-wave (254 nm) ultraviolet radiation. Microscopic examination revealed internal
features interpreted from their optical appearance as fluid-bearing inclusions, together with
growth tubes and hollow channels. Representative examples of the observed tubular and
channel-like internal features are shown in Figure 2. No instrumental characterization of
the inclusions was performed.

Figure 2. Representative internal features observed in the investigated tourmalines under darkfield
illumination: (a) elongated growth tubes and channel-like features; and (b) abundant elongated
internal features and associated fractures. The features were documented based on their microscopic
appearance and were not subjected to further instrumental characterization.

All specimens exhibited distinct to strong pleochroism when observed using a calcite
dichroscope. In the unheated POT samples, pleochroic colors were pinkish orange in the
o-ray direction and light pinkish orange in the e-ray direction. The unheated RT samples
showed purplish-red pleochroic colors in the o-ray direction and pale pink colors in the
e-ray direction.

After heat treatment to 500 ◦C through both the step-heating and direct-heating proto-
cols, the refractive indices, birefringence, and specific gravity values remained unchanged.
Microscopic observations suggested slight apparent expansion of some fluid-bearing inclu-
sions, while growth tubes and hollow channels oriented parallel to the crystallographic
c-axis showed no obvious change under microscopic observation.

The principal visual effect of heat treatment was a change in body color and pleochroic
intensity. At 500 ◦C, the originally intense pinkish-orange and purplish-red colors observed
in the o-ray direction became substantially lighter, evolving toward pale pinkish-yellow
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or near-colorless appearances. The corresponding e-ray colors became very pale pink to
nearly colorless. Comparable visual color changes were observed in both the step-heated
and directly heated samples.

3.2. Chemical Composition and Trace-Element Characteristics

Energy-dispersive X-ray fluorescence (EDXRF) analyses provided an overview of the
chemical compositions of the investigated tourmalines (Table 1). The results are presented
as elemental concentrations (wt.%), reported as mean ± standard deviation (n = 5), cal-
culated from the oxide-equivalent quantitative results obtained using the Fundamental
Parameters (FP) method. The analyses indicate compositions dominated by Si and Al,
together with measurable variations in transition-metal and network-modifying elements
among the investigated specimens. The five individual EDXRF measurements for each
specimen are provided in Table S2.

Table 1. EDXRF-derived elemental concentrations of the investigated tourmaline samples prior to heat
treatment, calculated from the oxide-equivalent quantitative results obtained using the Fundamental
Parameters (FP) method. Values are reported as mean ± standard deviation (n = 5).

Element
(wt.%)

Step-Heated

POT01 POT02 POT03 RT01 RT02 RT03

Al 19.62 ± 5.89 24.86 ± 1.68 25.45 ± 0.29 22.82 ± 4.93 22.36 ± 12.01 26.62 ± 1.47

Si 20.29 ± 2.97 21.46 ± 0.75 20.53 ± 0.39 17.86 ± 3.70 16.86 ± 7.86 19.60 ± 1.14

K 6.00 ± 12.83 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Ca 7.36 ± 3.53 3.45 ± 0.84 5.00 ± 1.00 9.61 ± 11.22 11.78 ± 25.36 2.73 ± 3.34

Ti 0.30 ± 0.36 0.12 ± 0.11 0.04 ± 0.02 0.53 ± 0.87 1.38 ± 3.04 0.09 ± 0.12

Mn 0.27 ± 0.23 0.33 ± 0.24 0.17 ± 0.02 2.83 ± 0.27 1.82 ± 0.96 2.42 ± 0.32

Fe 0.35 ± 0.34 0.87 ± 0.99 0.25 ± 0.09 0.20 ± 0.18 0.17 ± 0.11 0.17 ± 0.03

Cu 0.17 ± 0.14 0.12 ± 0.05 0.09 ± 0.00 0.12 ± 0.03 0.10 ± 0.02 0.15 ± 0.03

Zn 0.08 ± 0.04 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.02 0.06 ± 0.02 0.05 ± 0.01

Ga 0.25 ± 0.20 0.18 ± 0.08 0.15 ± 0.03 0.17 ± 0.03 0.14 ± 0.02 0.14 ± 0.02

Element
(wt.%)

Direct-heated

POT04 POT05 RT04 RT05

Al 22.69 ± 5.56 25.59 ± 0.28 27.57 ± 1.54 27.63 ± 0.78

Si 18.05 ± 4.76 20.63 ± 0.38 20.50 ± 1.36 21.98 ± 0.62

K 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Ca 11.70 ± 13.03 4.73 ± 0.36 2.45 ± 3.78 0.15 ± 0.09

Ti 0.70 ± 1.30 0.04 ± 0.01 0.11 ± 0.17 0.02 ± 0.02

Mn 0.19 ± 0.04 0.17 ± 0.03 0.07 ± 0.01 0.12 ± 0.02

Fe 0.24 ± 0.10 0.17 ± 0.05 0.02 ± 0.02 0.02 ± 0.02

Cu 0.13 ± 0.03 0.13 ± 0.00 0.13 ± 0.04 0.14 ± 0.02

Zn 0.02 ± 0.03 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00

Ga 0.16 ± 0.02 0.17 ± 0.01 0.11 ± 0.02 0.13 ± 0.03

Note: Values are reported as mean ± standard deviation (n = 5) of elemental concentrations (wt.%)
calculated from the oxide-equivalent quantitative results obtained using the manufacturer’s Funda-
mental Parameters (FP) method. Because EDXRF does not quantify light elements such as B, Li, H, or
F, the reported values should not be interpreted as complete mineral compositions or used alone for
crystal-chemical classification.
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The pinkish-orange tourmaline (POT) group exhibited noticeable compositional vari-
ability. Samples POT02, POT03, and POT05 displayed broadly comparable elemental
compositions, with Mn concentrations ranging from 0.17 ± 0.02 to 0.33 ± 0.24 wt.%
and moderate Ca concentrations. In contrast, POT01 contained relatively elevated Ca
(7.36 ± 3.53 wt.%) and K (6.00 ± 12.83 wt.%) concentrations, distinguishing it from the
remaining POT specimens. Similarly, POT04 exhibited the highest Ca concentration
(11.70 ± 13.03 wt.%) and negligible K among the investigated specimens. The relatively
large standard deviations observed for several elements indicate substantial variability
among the analyzed regions. This variability may reflect compositional heterogeneity
together with analytical variability; however, their relative contributions cannot be quanti-
tatively separated because independent instrumental precision was not determined. Ac-
cordingly, the EDXRF data are used primarily for comparative evaluation of compositional
variability rather than definitive crystal-chemical interpretation.

To further characterize trace-element distributions, LA-ICP-MS analyses were per-
formed on all specimens, and the results are presented in Table S1. The analyses revealed
marked differences in Mn and Fe concentrations among the investigated tourmalines.
The step-heated red tourmalines (RT01–RT03) contained markedly higher Mn concentra-
tions (8166–9477 ppm) and comparatively lower Fe concentrations (238–317 ppm) than
the pinkish-orange specimens, which contained 679–825 ppm Mn and 709–1000 ppm Fe.
In contrast, the direct-heated red specimens RT04 and RT05 contained exceptionally low
concentrations of both Mn (197–200 ppm) and Fe (10–11 ppm), distinguishing them from
all other investigated specimens. Because each LA-ICP-MS analysis was obtained from a
single 55 µm ablation spot, the reported concentrations represent localized measurements
and should be regarded as approximate values for the analyzed regions rather than bulk
concentrations of the entire specimens.

Overall, the chemical analyses revealed substantial compositional variability among
the investigated specimens, particularly with respect to Mn and Fe contents. The LA-ICP-
MS data form the basis for the quantitative discussion of transition-metal abundances in
the following sections, whereas the EDXRF results provide complementary information on
broader compositional variations among the investigated tourmalines.

3.3. Colorimetric Analysis and CIELAB Evolution
3.3.1. Step-Heating Group (300, 400, and 500 ◦C)

Colorimetric analysis of the progressively step-heated tourmaline samples (POT01–03
and RT01–03) revealed systematic temperature-dependent variations in the CIELAB pa-
rameters L*, a*, b*, chroma (C*), and total color difference (∆E*) along both the ordinary ray
(o-ray) and extraordinary ray (e-ray) directions. Representative CIELAB data are presented
in Table 2, while the complete colorimetric dataset for all investigated specimens, heating
conditions, and polarization orientations is provided in Table S3. Each set of CIELAB
parameters was calculated from an individual polarized absorption spectrum for a given
specimen, heating condition, and optical orientation. Accordingly, the observed changes
represent individual sample trajectories rather than averages of repeated colorimetric mea-
surements and do not provide a statistical assessment of reproducibility or intracrystalline
heterogeneity. The results demonstrate temperature-dependent changes in lightness, desat-
uration, and chromaticity in both polarization directions, although individual specimens
exhibited non-linear responses at intermediate heating stages.
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Table 2. CIELAB color parameters (L*, a*, and b*), chroma (C*), and total color difference (∆E*) of the
investigated specimens after step-heating and direct-heating treatments.

Sample ID and Ray Treatment Stage L* a* b* C* ∆E*
(Cumulative)

SET 1: Step-Heating

POT01 (o-ray)

Unheated 72.6 14.4 11.9 18.7 0.0

300 ◦C 84.3 6.2 10.0 11.7 14.5

400 ◦C 85.3 6.4 7.0 9.5 15.8

500 ◦C 91.9 −0.6 1.7 1.8 26.5

POT01 (e-ray)

Unheated 76.1 9.6 10.4 14.1 0.0

300 ◦C 75.5 16.2 15.9 22.6 8.6

400 ◦C 78.7 14.7 9.6 17.6 5.8

500 ◦C 91.7 −0.7 3.5 3.6 19.9

RT01 (o-ray)

Unheated 50.9 32.0 −7.3 32.8 0.0

300 ◦C 50.8 30.8 −5.6 31.4 2.1

400 ◦C 57.1 23.8 −3.0 24.0 11.2

500 ◦C 76.2 1.3 1.6 2.0 40.8

RT01 (e-ray)

Unheated 60.3 17.9 2.0 18.0 0.0

300 ◦C 58.8 17.7 3.3 18.0 2.0

400 ◦C 63.0 12.7 3.3 13.1 6.0

500 ◦C 75.7 0.6 1.7 1.8 23.2

SET 2: Direct-Heating

POT04 (o-ray)
Unheated 79.7 10.9 7.5 13.3 0.0

500 ◦C 92.5 −0.3 2.1 2.2 17.9

POT04 (e-ray)
Unheated 75.0 16.2 7.9 18.1 0.0

500 ◦C 93.1 −0.3 4.4 4.4 24.8

RT04 (o-ray)
Unheated 65.0 25.1 −2.7 25.2 0.0

500 ◦C 64.3 14.3 1.2 14.4 11.5

RT04 (e-ray)
Unheated 75.3 13.4 3.2 13.8 0.0

500 ◦C 68.2 11.1 3.8 11.8 7.4

Note: Total color difference (∆E*) was calculated using the CIELAB 1976 formula. All ∆E* values for
the heated specimens were calculated relative to the corresponding unheated specimens.

The pinkish-orange tourmaline (POT) samples revealed pronounced thermal color
modification. In general, increasing temperature resulted in progressive increases in
lightness (L*) accompanied by substantial decreases in the red chromatic coordinate (a*)
and yellow chromatic coordinate (b*). Consequently, chroma (C*) decreased markedly,
indicating strong desaturation of the original pinkish-orange coloration.

For example, POT01 measured along the o-ray evolved from an initial unheated state
of L* = 72.6, a* = 14.4, and b* = 11.9 (C* = 18.7) to L* = 91.9, a* = −0.6, and b* = 1.7 (C* = 1.8)
after heating at 500 ◦C. The corresponding ∆E* value reached 26.5, corresponding to a
substantial color difference relative to the unheated state. Similar changes were observed
along the e-ray direction, where the sample also evolved toward a highly desaturated
and near-colorless appearance after heating. However, the thermal evolution of the e-ray
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was not entirely linear. At 300 ◦C, both a* and b* increased relative to the unheated state,
resulting in a larger ∆E* value than that observed at 400 ◦C (Figure 3).

Figure 3. CIELAB color evolution of representative pinkish-orange tourmaline specimen POT01
during step-heating at 300, 400, and 500 ◦C: (a) a–b chromaticity diagram; (b) lightness (L*); and
(c) chroma (C*) and total color difference (∆E*).

The red tourmaline (RT) samples displayed chromatic evolution comparable to that of
the POT group but generally with a more gradual progression during heating. Although
progressive reductions in a* and C* values were also observed, the RT specimens retained
part of their original chromaticity at intermediate heating stages, particularly at 300 and
400 ◦C. Compared with the POT samples, the RT specimens maintained higher a* and C*
values at the intermediate treatment temperatures (300 and 400 ◦C).

Sample RT01 along the o-ray initially displayed intense red coloration characterized
by L* = 50.9, a* = 32.0, and b* = −7.3 (C* = 32.8). Only minor color evolution occurred
at 300 ◦C, where ∆E* remained low at 2.1. More pronounced changes became evident at
400 ◦C, characterized by increasing lightness and decreasing red saturation. After heating
at 500 ◦C, the sample evolved to L* = 76.2, a* = 1.3, and b* = 1.6, while chroma decreased
substantially to C* = 2.0. The ∆E* value increased to 40.8, corresponding to a substantial
color difference relative to the unheated state. Similar thermal evolution was observed
along the e-ray direction (Figure 4).

Several RT samples also exhibited progressive shifts in b* values from negative to-
ward positive values during heating, corresponding to a visual change from bluish-red
toward more neutral or slightly yellowish hues. This trend became more pronounced
with increasing treatment temperature and was accompanied by a gradual decrease in
chroma (C*).

Distinct anisotropic responses between the o-ray and e-ray directions were observed
throughout the step-heating sequence. The magnitudes of the changes in L*, a*, b*, and ∆E*
differed between the two optical orientations. In several samples, the e-ray retained higher
a* and C* values at the intermediate treatment temperatures, whereas the o-ray exhibited
greater increases in lightness and larger decreases in chroma.

Overall, the step-heating experiments demonstrated progressive, temperature-dependent
color modification in both the pinkish-orange (POT) and red (RT) tourmalines. Although
some intermediate stages displayed non-linear chromatic evolution, the largest ∆E* values
and the greatest reductions in chroma (C*) were generally observed after heating at 500 ◦C.
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Figure 4. CIELAB color evolution of representative red tourmaline specimen RT01 during step-
heating at 300, 400, and 500 ◦C: (a) a–b chromaticity diagram; (b) lightness (L*); and (c) chroma (C*)
and total color difference (∆E*).

3.3.2. Direct-Heating Group (500 ◦C Single-Stage Treatment)

The direct-heating group (POT04–05 and RT04–05) exhibited pronounced optical
changes following single-stage heating at 500 ◦C (representative data in Table 2; complete
data in Table S3). Direct heating generally produced increased lightness and reduced
chroma after a single heat-treatment stage, although individual sample responses varied.

The POT samples again exhibited the largest changes in the CIELAB color parameters.
Sample POT04 along the o-ray changed from an initial state of L* = 79.7, a* = 10.9, and
b* = 7.5 (C* = 13.3) to a highly desaturated final state characterized by L* = 92.5, a* = −0.3,
and b* = 2.1 (C* = 2.2) after heating. The corresponding total color difference was ∆E* = 17.9.
Similar changes were observed along the e-ray direction, where substantial increases in
lightness and reductions in chroma also occurred after heat treatment (Figure 5).

The RT samples revealed more variable thermal behavior than the POT group. Al-
though decreases in a* and C* values were generally observed after direct heating, several
RT specimens retained appreciable chromaticity after treatment. For example, RT04 mea-
sured along the o-ray showed only minor variation in lightness after heating (65.0 → 64.3),
while the red chromatic component decreased from a* = 25.1 to 14.3. Chroma correspond-
ingly decreased from C* = 25.2 to 14.4, yielding ∆E* = 11.5. Compared to the other RT
specimens, RT04 retained relatively higher a* and C* values after heating (Figure 6).

The e-ray direction of RT04 displayed a contrasting response, with lightness decreasing
from L* = 75.3 to 68.2 after heating. In contrast to the trend observed in most of the other
investigated specimens, RT04 exhibited a decrease in lightness after direct heating.

Directional differences between the o-ray and e-ray remained evident in the direct-
heated group. Compared to the step-heated specimens, the direct-heated ones showed color
changes following a single heat-treatment stage rather than progressive intermediate stages.

Overall, the direct-heating experiments showed that single-stage heating at 500 ◦C pro-
duced substantial color modification in the investigated specimens. The largest decreases
in chroma were observed in the direct-heated pinkish-orange specimens (POT04–POT05),
whereas the direct-heated red specimens (RT04–RT05) exhibited greater variability in the
measured CIELAB parameters after heating.
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Figure 5. CIELAB color evolution of direct-heated pinkish-orange tourmaline specimens POT04 and
POT05 after treatment at 500 ◦C: (a) a–b chromaticity diagram; (b) lightness (L*); and (c) chroma (C*)
and total color difference (∆E*).

Figure 6. CIELAB color evolution of direct-heated red tourmaline specimens RT04 and RT05 after
treatment at 500 ◦C: (a) a–b chromaticity diagram; (b) lightness (L*); and (c) chroma (C*) and total
color difference (∆E*).

3.4. Spectroscopic Characteristics and Thermal Evolution
3.4.1. Polarized UV–Vis–NIR Spectral Characteristics

The polarized UV–Vis–NIR absorption spectra of the step-heated pinkish-orange
tourmaline specimens exhibited a broad absorption band centered near 520 nm together
with an absorption edge extending from the near-ultraviolet region toward the visible range.
Strong pleochroism was evident, with the e-ray spectra exhibiting lower absorbance than
the corresponding o-ray spectra. During step heating, the absorption band near 520 nm
exhibited a slight increase in intensity in the e-ray spectra after heating at 300 ◦C and 400 ◦C
relative to the untreated specimen, followed by a marked decrease after heating at 500 ◦C.
In the o-ray spectra, the 520 nm absorption band progressively weakened with increasing
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treatment temperature. Despite these changes in absorption intensity, the overall pleochroic
behavior was preserved (Figure 7a,b).

Figure 7. Polarized UV-Vis-NIR absorbance spectra of step-heated tourmaline samples measured
along the o-ray and e-ray directions: (a) POT o-ray; (b) POT e-ray; (c) RT o-ray; and (d) RT e-ray.
Progressive weakening of the visible absorption band centered near 520 nm was observed with
increasing treatment temperature while pleochroism was preserved.

For the step-heated RT samples, the untreated o-ray spectra displayed a broad and
intense absorption band centered near 520 nm together with a weaker absorption band
around 450 nm. The corresponding e-ray spectra showed substantially lower absorption
intensity throughout the visible region, consistent with the observed pleochroism. Progres-
sive weakening of the visible absorption bands was observed with increasing treatment
temperature. Minor spectral changes occurred after heating at 300 ◦C, larger reductions in
absorption intensity were observed after heating at 400 ◦C and 500 ◦C (Figure 7c,d).

The direct-heated POT samples exhibited broad visible absorption features centered
near 520 nm in both polarization directions before heating. After direct heating at 500 ◦C,
the absorption intensity decreased in both the o-ray and e-ray spectra. These spectral
changes were accompanied by decreases in chroma and increases in lightness measured by
CIELAB colorimetry (Figure 8a,b).

Similarly, the direct-heated RT samples showed strong visible absorption features
prior to heating, particularly along the o-ray direction. After direct heating at 500 ◦C,
reductions in the visible absorption bands were observed in both polarization directions.
Additional changes were also observed in spectral regions near approximately 450, 520,
710, and 980 nm. These spectral changes were accompanied by changes in the CIELAB
color parameters after heat treatment (Figure 8c,d).

In addition to the weakening of the broad absorption band centered near 520 nm,
the short-wavelength absorption wing extending from the near-ultraviolet into the visi-
ble region also became progressively weaker with increasing heating temperature. This
reduction in absorption across the violet-to-blue region was generally accompanied by
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increased lightness (L*) and a decrease in chroma (C*), consistent with the progressive
desaturation of the pinkish-orange and red tourmalines. The concurrent attenuation of both
spectral features indicates an overall decrease in visible absorption after heat treatment,
although the underlying crystal-chemical processes responsible for these spectral changes
are discussed in Section 4.1.

Figure 8. Polarized UV–Vis–NIR absorbance spectra of direct heat-treated tourmaline samples
measured along the o-ray and e-ray directions: (a) POT04–POT05 (o-ray); (b) POT04–POT05 (e-ray);
(c) RT04–RT05 (o-ray); and (d) RT04–RT05 (e-ray). Direct heating at 500 ◦C produced a marked
reduction in the broad visible absorption band centered near 520 nm in both polarization directions.
These spectral changes correspond to the observed changes in chroma and lightness determined by
CIELAB colorimetric analysis. Spectra were vertically offset for clarity.

3.4.2. Thermally Sensitive Features in the 2700–3200 and 1733–1750 cm−1 Regions (ATR Mode)

ATR-FTIR spectroscopy revealed several absorption features that changed after heat
treatment (Figures 9a,b and 10a). In the unheated specimens, absorption bands were ob-
served within the 2700–3200 cm−1 region, including peaks centered at approximately 2950,
2920–2930, and 2858 cm−1. A weak absorption feature at approximately 1733–1750 cm−1

was also detected in the unheated red tourmaline samples.
For the step-heated specimens, the bands within the 2700–3200 cm−1 region decreased

in intensity after heating at 300 and 400 ◦C. After heating at 500 ◦C, these features remained
weakly detectable, although minor variations in relative band intensity and peak position
were observed among the heated specimens (Figure 9a). No consistent monotonic trend
beyond the overall reduction in these bands was observed.

The weak absorption feature at approximately 1733–1750 cm−1 exhibited a different
response to heat treatment. This feature was observed in the untreated spectra but pro-
gressively decreased in intensity with heating and was no longer distinguishable after
treatment at 500 ◦C (Figure 9b).

For the directly heated specimens, weak absorption bands within the 2700–3200 cm−1

region remained detectable after heating at 500 ◦C, whereas the weak feature near
1733–1750 cm−1 was strongly diminished or absent (Figure 10a).
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Figure 9. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) and diffuse reflectance
infrared Fourier transform (DRIFT) spectra of step-heated tourmaline samples measured before
heating and after heating at 300, 400, and 500 ◦C: (a) ATR-FTIR spectra of POT01; (b) ATR-FTIR
spectra of RT01; (c) DRIFT spectra of POT01; and (d) DRIFT spectra of RT01.

Figure 10. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) and diffuse reflectance
infrared Fourier transform (DRIFT) spectra of direct-heated tourmaline samples measured before
heating and after heating at 500 ◦C: (a) ATR-FTIR spectra of POT04 and RT04; and (b) DRIFT spectra
of POT04 and RT04. Insets show the enlarged 2700–3200 cm−1 region. Spectra were vertically offset
for clarity.

3.4.3. High-Frequency Hydroxyl Structural Regime (DRIFT Mode)

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was employed to
examine the hydroxyl-stretching region between 3400 and 3700 cm−1 (Figures 9c,d and 10b).
In the unheated specimens, all samples exhibited a broad absorption envelope extending
across this region, consistent with overlapping hydroxyl-related vibrational features.

For the step-heated specimens, minor variations in the hydroxyl-stretching region
were observed with increasing treatment temperature. The broad absorption envelope
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remained present throughout the heating sequence, while changes in overall intensity and
band profile were evident after heating. No new discrete absorption bands were observed
within the investigated spectral range.

The directly heated specimens also exhibited minor variations in band intensity and
profile relative to the unheated specimens, although the magnitude of these changes
differed among samples. The broad hydroxyl absorption envelope remained evident in all
spectra after heating. Overall, the DRIFT spectra indicate that heat treatment up to 500 ◦C
did not produce substantial modification of the hydroxyl-stretching region, consistent with
the preservation of the principal tourmaline framework inferred from the FTIR results.

3.4.4. Low-Frequency Structural Framework Regime (ATR Mode)

The low-frequency framework region below 1400 cm−1 was examined using ATR-
FTIR spectroscopy (Figures 9a,b and 10a). In the untreated specimens, the spectra were
characterized by a prominent absorption band near 1270–1310 cm−1 together with a series
of overlapping bands between approximately 900 and 1100 cm−1, including a dominant
feature centered near 924–938 cm−1.

These principal absorption features remained present throughout all heating treat-
ments up to 500 ◦C. Small shifts in peak position were observed after heating, with the
band near 1270–1310 cm−1 and the dominant feature within the 900–1100 cm−1 region
shifting slightly toward lower wavenumbers.

Similar spectral behavior was observed for both the step-heated and directly heated
specimens. At 500 ◦C, the two heating pathways produced comparable overall spectral pro-
files and band positions. No disappearance of the principal framework-related absorption
features or substantial changes in their overall band shapes were observed after heating.

4. Discussion
4.1. Spectroscopic Interpretation of Heat-Induced Color Modification

The combined colorimetric, polarized UV–Vis–NIR, FTIR, and chemical analyses
provide complementary evidence for the heat-induced color evolution observed in the
investigated tourmalines under the experimental conditions employed. Heat treatment
produced a progressive weakening of the broad visible absorption band centered near
520 nm, accompanied by a concurrent decrease in the short-wavelength absorption wing
extending from the near-ultraviolet region into the visible spectrum. These spectroscopic
changes closely paralleled the decrease in the green-to-red coordinate (a*), reduced chroma
(C*), and generally increased lightness (L*), demonstrating a direct association between the
observed desaturation and reduced absorption within the visible spectral region.

The polarized UV–Vis–NIR spectra provide further information on the optical changes
induced by heating. In the untreated specimens, the visible spectra were dominated by
the broad absorption band centered near 520 nm, together with the short-wavelength ab-
sorption wing and weaker absorption features near approximately 710 and 980 nm. Strong
pleochroism was observed throughout the investigated spectral range, with consistently
greater absorption in the o-ray direction than in the e-ray direction before and after heat-
ing. The persistence of this polarization dependence indicates that heating reduced the
magnitude of visible absorption while preserving the pronounced optical anisotropy of the
specimens. Similar polarization-dependent absorption has been reported for Mn-bearing
tourmalines and has been related to their anisotropic crystal structure and the distribution
of chromophoric ions among crystallographic sites [11,17,35,36].

Transition-metal ions that may contribute to color in tourmaline are accommodated
predominantly at octahedrally coordinated crystallographic sites. Mn2+ and Mn3+ are
generally incorporated at the Y octahedral site, whereas Fe2+ and Fe3+ occur primarily at
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the Y site, with possible substitution at the Z octahedral site depending on composition.
Ti4+ is likewise predominantly associated with the octahedral Y site. Previous polarized
UV–Vis–NIR studies have commonly associated the broad absorption near 520 nm in pink-
to-red tourmalines with Mn3+-related electronic transitions, while Fe-related absorptions,
intervalence charge-transfer processes, and local crystal-field effects may also contribute to
the visible spectra [10,11,14,21,37,38]. These crystallographic and spectroscopic assignments
provide a useful framework for discussing possible origins of the observed absorption
features; however, neither the oxidation states nor the crystallographic site occupancies of
these ions were directly determined in the present specimens.

The weaker absorption features near approximately 710 and 980 nm exhibited com-
paratively smaller changes during heating than the broad visible band, whereas the short-
wavelength absorption wing progressively weakened. These observations indicate that the
heat-induced spectral evolution involves changes across multiple overlapping absorption
features rather than the disappearance of a single isolated band. Several electronic processes
have been proposed in previous studies of Mn-bearing tourmalines, including changes
involving Mn-related electronic transitions, Fe-related interactions, intervalence charge
transfer, and Fe–Ti charge-transfer processes [10,11,14,16,35–38]. Because the present spec-
tra contain overlapping broad absorptions and no oxidation-state-sensitive measurements
were performed, the relative contributions of these processes cannot be resolved quantita-
tively. They are therefore considered here as possible contributors rather than as uniquely
identified mechanisms for the observed color modification.

The chemical data likewise indicate that elemental abundance alone does not deter-
mine the optical response. LA-ICP-MS analyses showed that, with the exception of RT04
and RT05 discussed in Section 4.2, the red tourmalines generally contained higher Mn
concentrations than the pinkish-orange specimens and exhibited stronger initial visible ab-
sorption and greater color saturation. However, the contrasting behavior of RT04 and RT05
demonstrates that total Mn concentration alone is insufficient to account for the observed
spectral and color evolution. Variations in oxidation state, crystallographic site occupancy,
local coordination environment, overlapping electronic absorption processes, and composi-
tional heterogeneity may all influence the optical response. Because the present analytical
methods determine elemental concentrations but do not directly determine oxidation states
or crystallographic site occupancies, the individual contributions of these factors cannot be
established from the present data.

Structural order may also influence the optical response during heating. Variations
in local coordination geometry, lattice distortion, and defect environments can modify the
local crystal-field conditions surrounding chromophoric centers and thereby affect elec-
tronic absorption. Crystallinity was not directly quantified in the present study; therefore,
a contribution from subtle heat-induced changes in structural order cannot be excluded.
Nevertheless, the principal framework-related FTIR bands remained essentially unchanged
after heating to 500 ◦C, with only minor variations observed in the hydroxyl-stretching
region. The preservation of these framework vibrations provides no evidence for major
disruption of the tourmaline structure under the investigated heating conditions. Accord-
ingly, although subtle changes in structural order or local coordination environments may
contribute to the observed optical evolution, the present FTIR results do not indicate major
structural degradation of the tourmaline framework.

Taken together, the results demonstrate that heat treatment modified the visible absorp-
tion behavior of the investigated tourmalines while preserving their pronounced optical
anisotropy and principal framework-related vibrational features. The observed color evolu-
tion is therefore associated with changes in the electronic absorption spectrum, potentially
influenced by several interrelated compositional and local structural factors. The present
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data do not permit these changes to be assigned uniquely to a particular transition-metal
ion, oxidation-state transformation, crystallographic redistribution, or change in struc-
tural order. Consequently, the spectroscopic interpretation presented here is intentionally
non-specific with respect to the microscopic mechanism of heat-induced color modification.

4.2. Relationships Between Chemical Composition and Thermal Response

The investigated specimens exhibited notable compositional variability, particularly
with respect to Mn content. Most red tourmalines (RT01–RT03) contained substantially
higher Mn concentrations than the pinkish-orange tourmalines and generally exhibited
more pronounced color changes during heating. LA-ICP-MS analyses further revealed that
RT04 and RT05 contained only ~200 ppm Mn, compared to 8166–9477 ppm in RT01–RT03,
highlighting substantial compositional variability within the investigated red tourmalines.
However, because the LA-ICP-MS analyses represent localized measurements obtained
from a single 55 µm ablation spot, these concentrations should be regarded as approx-
imate values for the analyzed regions. Nevertheless, the pronounced difference in Mn
concentration between RT04–RT05 and RT01–RT03 indicates that total Mn abundance alone
cannot fully account for the initial coloration or thermal response of the investigated red
tourmalines. Additional compositional, electronic, and crystal-chemical factors, together
with possible sample heterogeneity, are also likely to influence these properties [14,37,38].

Variations in matrix composition further differentiated the investigated specimens.
POT02–POT05 displayed broadly comparable elemental compositions, with relatively low
Mn contents and moderate Ca concentrations. In contrast, POT01 contained relatively
elevated Ca (7.36 ± 3.53 wt.%) and K (6.00 ± 12.83 wt.%) concentrations determined by
EDXRF, distinguishing it from the remaining investigated specimens. Likewise, POT04
exhibited the highest Ca concentration among the investigated specimens. Although these
compositional differences are evident, the EDXRF data are intended primarily for compara-
tive evaluation of bulk compositional variability and are not sufficient for crystal-chemical
classification, mineral-species assignment, or determination of cation site occupancy. De-
spite these compositional differences, both color groups exhibited measurable decreases in
color saturation after heating to 500 ◦C, indicating that thermal color modification occurred
across the investigated compositional range.

An exception to the general color-fading trend was observed in the direct-heated
specimen RT04, which contained comparatively low Mn and Fe concentrations according
to both EDXRF and LA-ICP-MS analyses. Unlike the more strongly colored specimens that
exhibited substantial decreases in chroma and increases in lightness after heating, RT04
displayed a slight decrease in lightness, particularly in the e-ray direction. This contrasting
response suggests that the thermal behavior of tourmaline depends not only on heating
conditions but also on the initial characteristics of individual specimens. The atypical
response of RT04 further supports the interpretation that elemental abundances alone are
insufficient to account for the observed thermal behavior of all investigated specimens.
Instead, the optical response may additionally be influenced by crystal-chemical factors
such as oxidation state, crystallographic site occupancy, local crystal-field environment,
and overlapping transition-metal-related electronic absorption processes.

These observations are consistent with the discussion presented in Section 4.1 and
further demonstrate that total elemental abundance alone is insufficient to account for
the observed heat-induced color modification. The optical response is more appropriately
interpreted as reflecting changes in overlapping electronic absorption features influenced
by multiple compositional and local structural factors.
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4.3. Pleochroism and Direction-Dependent Optical Response

Strong pleochroism was observed before and after heat treatment. Polarized UV–Vis–
NIR spectra consistently showed stronger absorption in the o-ray direction than in the e-ray
direction, corresponding to the more intense body colors observed visually and quantified
by the CIELAB measurements.

Although heating significantly reduced the intensity of the visible absorption band,
directional differences between the o-ray and e-ray spectra remained evident after treat-
ment. The pronounced directional dependence of absorption is consistent with the
anisotropic crystal structure of tourmaline and with previous interpretations relating
polarized absorption to the orientation of transition-metal-bearing sites relative to polar-
ized light [1,2,26,39,40]. These observations demonstrate that heat treatment reduced the
overall intensity of visible absorption while the characteristic pleochroic behavior of the
investigated tourmalines was retained under the experimental conditions employed.

4.4. FTIR Assessment of Framework Stability

The low-frequency ATR-FTIR spectra indicate no evidence of major alteration in the
principal borosilicate framework of tourmaline after heat treatment up to 500 ◦C. Char-
acteristic vibrational bands associated with the silicate framework and borate groups
remained well resolved in all heated specimens. The principal framework-related absorp-
tion bands within the 1400–600 cm−1 region, including bands near 1310 cm−1 attributed to
B–O stretching vibrations and bands near 970 cm−1 associated with Si–O stretching and
bending modes, exhibited no substantial changes in shape or intensity after heating. The
preservation of these fundamental vibrational features suggests that no major alteration in
the principal borosilicate framework was detectable by FTIR after heat treatment, consistent
with previous studies on tourmaline heated under comparable conditions [15,23,41]. Minor
redshifts of approximately 2–4 cm−1 observed after heating to 500 ◦C may reflect subtle
adjustments in local bonding environments or cation coordination rather than substantial
structural reorganization of the tourmaline lattice [15,25–28].

Subtle variations within the hydroxyl-stretching region (3400–4000 cm−1) observed in
the DRIFT spectra suggest that thermal exposure may have influenced local hydroxyl envi-
ronments and hydrogen-bonding configurations. In tourmaline, O–H stretching vibrations
are highly sensitive to the occupancy and distribution of neighboring cations surrounding
the V and W structural sites. Consequently, the observed modifications in band symmetry
and relative intensity may reflect localized adjustments in cation–OH interactions associ-
ated with heat treatment. Nevertheless, the persistence of the broad hydroxyl absorption
envelope in all treated samples suggests that extensive dehydroxylation did not occur
under the experimental conditions employed. These observations are broadly consistent
with previous studies [15–17,22,24,40–42] reporting that moderate-temperature heating can
affect local structural environments while preserving the principal tourmaline framework.

Additional weak absorption bands were observed within the 2700–3200 cm−1 and
1733–1750 cm−1 regions of the ATR spectra. These features generally decreased after heating
but are not characteristic of intrinsic tourmaline vibrations. Their attenuation is therefore
interpreted as reflecting modification or removal of minor surface-associated or other
extrinsic species rather than changes within the principal borosilicate framework [43–45].

The preservation of the principal framework-related FTIR features up to 500 ◦C is
consistent with previous studies reporting the thermal and structural stability of tourmaline
over this moderate-temperature range [15,16,39]. Crystallinity was not directly quantified
in the present study; therefore, subtle changes in structural order, lattice distortion, or
defect environments cannot be excluded on the basis of the FTIR measurements alone.
Accordingly, the preservation of the framework-related vibrational features should be
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interpreted as evidence that no major structural disruption was detected rather than as
direct evidence of unchanged crystallinity. Within this limitation, the present results
demonstrate that substantial changes in visible absorption and color occurred under both
progressive step-heating and direct-heating pathways without major modification of the
principal borosilicate framework detectable by ATR-FTIR. The comparable framework-
region spectra obtained after the two heating pathways further indicate similar FTIR-
detectable structural responses under the investigated conditions.

4.5. Influence of Heating Temperature and Pathway on Gemological Outcomes

Both the step-heating and direct-heating protocols produced substantial reductions
in visible absorption intensity and color saturation after treatment at 500 ◦C. Although
intermediate color changes differed among specimens during step heating, the investigated
specimens generally exhibited less saturated color states after treatment at 500 ◦C. However,
because the step-heated and direct-heated groups comprised different and compositionally
heterogeneous specimens, the relative influences of final treatment temperature and heating
pathway cannot be independently resolved from the present dataset.

From a gemological perspective, the condition producing the greatest color difference
or strongest desaturation does not necessarily represent the most desirable treatment out-
come. The practical significance of a particular heating condition depends on the intended
degree of lightening and desaturation, retention of the characteristic pink-to-red color
component, and preservation of the physical and structural integrity of the material. Within
the present step-heating series, 400 ◦C produced an intermediate outcome characterized by
measurable lightening and desaturation while retaining more of the original pink-to-red
chromatic component than after treatment at 500 ◦C. Across the polarized measurements
of POT01–POT03 and RT01–RT03, the mean a* and C* values at 400 ◦C were approxi-
mately 11.9 and 12.3, respectively. Further heating to 500 ◦C produced substantially greater
lightening and desaturation, with the corresponding mean a* and C* values decreasing to
approximately 0.2 and 2.8, respectively, indicating extensive loss of the original red/pink
chromatic character.

The distinction was particularly evident for RT01–RT03. At 400 ◦C, these red specimens
exhibited an overall increase in lightness accompanied by reduced chroma while retaining
a substantial positive a* component. At 500 ◦C, substantially greater lightening was
accompanied by a reduction in the mean a* and C* values to approximately 0.5 and 1.9,
respectively, producing a weakly chromatic appearance. Thus, within the present step-
heating series, the 400 ◦C stage retained more of the red-to-pink chromatic character than
the 500 ◦C stage, whereas treatment at 500 ◦C produced substantially greater desaturation.
No evidence of micro-fracturing or measurable deterioration of the evaluated gemological
properties was observed under the investigated heating conditions, and the preservation of
the principal FTIR framework-related vibrations provided no evidence for major structural
disruption up to 500 ◦C.

These results have practical implications for treatment selection but should not be
interpreted as demonstrating a direct increase in monetary value. Gemstone value de-
pends on multiple factors, including hue, tone, saturation, clarity, size, overall appearance,
treatment disclosure, and market preference, which were not evaluated quantitatively in
the present study. Accordingly, the observed color responses at 400 and 500 ◦C should be
regarded as outcomes specific to the investigated specimens and heating protocols rather
than universally applicable treatment conditions.
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4.6. Limitations and Future Perspectives

The present study establishes clear associations between heat treatment, changes
in polarized visible absorption, and the resulting color modification of the investigated
tourmalines; however, the microscopic processes responsible for these changes cannot be
uniquely determined from the available data. In particular, the oxidation states and crys-
tallographic site occupancies of Mn, Fe, Ti, and other potentially chromophoric ions were
not directly determined. Consequently, the possible contributions of changes in oxidation
state, cation distribution, charge-transfer interactions, and local crystal-field environments
discussed in this study should be regarded as literature-supported interpretations rather
than direct determinations of the underlying crystal-chemical processes.

In addition, crystallinity and structural order were not directly quantified. Although
the preservation of the principal framework-related FTIR bands provides no evidence
for major disruption of the tourmaline framework up to 500 ◦C, subtle changes in lattice
order, local coordination geometry, or defect environments cannot be excluded. Future
investigations combining oxidation-state-sensitive techniques such as X-ray absorption
near-edge structure (XANES), Mössbauer spectroscopy, and electron paramagnetic reso-
nance (EPR) with structural characterization and spatially resolved compositional mapping
could provide further insight into the electronic and local structural changes accompany-
ing heat-induced color modification. Experiments conducted under controlled heating
atmospheres would additionally help distinguish the influence of thermal conditions on
these processes.

5. Conclusions
This study demonstrates that moderate-temperature heating can systematically modify

the color and polarized optical absorption of pinkish-orange and red tourmalines while
preserving their principal framework-related vibrational features. Progressive heating
produced reduced visible absorption, increased lightness, and decreased color saturation,
with strong pleochroism retained throughout the investigated treatments. Within the
present step-heating series, 400 ◦C produced an intermediate outcome characterized by
measurable lightening and desaturation while retaining more of the original pink-to-
red chromatic component than after treatment at 500 ◦C, which resulted in substantially
greater desaturation and loss of chromatic intensity. Both step-heating and direct-heating
pathways produced strongly desaturated states after treatment at 500 ◦C; however, because
the two groups comprised different and compositionally heterogeneous specimens, the
relative influences of final temperature and heating pathway cannot be independently
resolved from the present dataset. The colorimetric results represent individual sample
trajectories rather than statistically replicated measurements; therefore, reproducibility and
intracrystalline color heterogeneity were not quantitatively assessed. The preservation of
the principal FTIR framework-related bands provides no evidence for major disruption of
the tourmaline framework up to 500 ◦C, although subtle changes in structural order cannot
be excluded because crystallinity was not directly quantified. Overall, the results establish
a clear association between heat treatment, modification of visible electronic absorption,
and color evolution; however, the underlying microscopic mechanism cannot be uniquely
assigned to particular transition-metal ions, oxidation-state changes, crystallographic site
redistribution, or structural-order effects from the present data.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst16090577/s1. Table S1: LA-ICP-MS trace-element concentra-
tions (ppm) of investigated tourmaline samples; Table S2: Individual EDXRF elemental measurements
obtained from five analyzed regions of each investigated tourmaline specimen; Table S3: CIELAB
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colorimetric parameters of all investigated tourmaline specimens under different heating conditions
and polarization orientations; Figure S1: Raw UV–Vis–NIR spectra; Figure S2: Raw FTIR spectra.
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