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A B S T R A C T

The intentional heat treatment of stone to alter its appearance remains a largely understudied practice in 
archaeology, and its identification in the archaeological record is often challenging. By combining portable and 
non-invasive X-ray fluorescence (pXRF) and magnetic susceptibility (pMS) analyses with controlled heating 
experiments on local serpentinite used in Minoan (Bronze Age Crete) contexts, this study presents the first 
documented evidence of intentional heating in the production of stone vases. It also proposes a replicable 
analytical framework broadly applicable, yet particularly suited to ultramafic lithologies. It focuses on a unique 
assemblage from the late Protopalatial period at Quartier Mu, Malia (Crete, 1800–1700 BCE), where twenty-five 
serpentinite vases exhibit a distinct red coloration.

Macro-petrographic observations and pXRF analyses confirm that the red vases consist of serpentinite and 
show no trace of added pigments. pMS values are significantly lower in the red serpentinite vases than in the 
blueish (unheated) ones, which is consistent with the effect of heating samples of Cretan serpentinite in our 
experimental results. In our high-temperature heating experiments, the red coloration is driven by the natural 
transformation of magnetite into low-magnetic iron oxides at temperatures above 700 ◦C under oxidising con
ditions. The application of this thermal threshold, combined with contextual evidence showing no signs of large- 
scale burning, allows us to reject the hypothesis of accidental firing.

These findings provide new insights into Minoan stone-vase production, identifying heat treatment as a 
deliberate technological choice at Quartier Mu. More broadly, the methodology illustrates how experimental 
petrology and non-invasive techniques can together highlight ancient heat-related practices while preserving the 
artifacts.

1. Introduction

Stone vases represent a significant aspect of Minoan Bronze Age 
Cretan craftsmanship. The choice of various materials, including ser
pentinite, chlorite-rich rocks, and limestone, reflects both resource 
availability and technological expertise since their production involves 
advanced carving and polishing techniques highlighting the artisans’ 
skills (Morero, 2016). Serpentinite, which is specifically investigated in 

the present article, is one of the metamorphic rocks widely used in 
human history as building materials and ornamental stones for its 
appealing appearance and color (Punturo et al., 2018). It is a rock mostly 
composed of serpentine minerals (lizardite, chrysotile, and antigorite), 
formed through the alteration and/or metamorphism of mafic to ultra
mafic rocks, mainly peridotites (Deschamps et al., 2013).

More than a thousand Minoan stone vases have been found in various 
contexts (Bevan, 2007; Warren, 1969), illustrating their diversity and 
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length of use (2650–1450 BCE). Their presence in high-status assem
blages suggests that they played a role in elite consumption and cere
monial practices, while their widespread distribution across Crete in 
funerary and domestic contexts also indicates active trade and exchange 
networks among more common people (e.g., Detournay, 1980; Relaki 
and Tsoraki, 2015; Flouda et al., 2020).

This study examines the exceptionally well-preserved archaeological 
context of Quartier Mu at Malia (1800–1700 BCE), a key site for un
derstanding the Protopalatial period in Minoan Crete (Fig. 1). As a 
contemporary complex of the first Minoan palaces during the Middle 
Bronze Age, Quartier Mu offers critical insights into the sociopolitical 
developments of this timespan marked by the transition from the small 
Prepalatial communities to the so-called “Neopalatial states” (Driessen, 
2024, pp. 14–15).

1.1. Quartier Mu and its stone vases

Quartier Mu is an important complex known for its exceptional 
preservation thanks to it being sealed by a thick layer of clay resulting 
from the melting of its mudbrick architecture during its violent 
destruction (Poursat and Knappett, 2005, p. 1). The materials found 
include a variety of items such as domestic ceramics, glyptic production, 
stone tools and vases, as well as precious objects like jewellery, metal 
vases, elaborately decorated pottery and even gold-decorated weapons. 
The quarter includes ten buildings, among which four are commonly 
identified as workshops for the production of seals, ceramic vases and 
metal objects (atelier des Sceaux, atelier de Potier, atelier de Fondeur and 
atelier Sud), and two as ceremonial and administrative buildings 
(buildings A and B), the remaining ones being interpreted as annexes or 
storage facilities (buildings C to F) (Fig. 2) (Schmid and Treuil, 2017, pp. 
9–10).

The production and use of stone vases in Quartier Mu reflect both 
continuity and innovation within the broader Minoan tradition. While 
the previous Prepalatial period (2650–1900 BCE) sees the use of various 
stone types and the genesis of a variety of vessel forms, the Protopalatial 
era is marked by an increase in standardised shapes and the widespread 
use of serpentinite, likely linked to specialised workshops and evolving 
craft traditions (Morero, 2016, p. 28). The assemblage from Quartier Mu, 
consisting of more than 350 stone-vessel fragments, illustrates this 
development, with serpentinite being the predominant material, 
alongside smaller quantities of limestone, breccia, and marble 
(Detournay, 1980, p. 66).

Among this assemblage, twenty-five vases stand out owing to their 
distinctive red coloration (Figs. 3 and 4). Unpublished geochemical 
whole-rock analyses show that they are ultramafic (SiO2 < 45 wt%) and 
led to the hypothesis that they are made of heated serpentinite 
(Detournay, 1980, p. 65)1. Although some researchers have proposed 
the existence of naturally red serpentinite in Crete (Krzyszkowska, 
2018), this study argues that the red colour of the Quartier Mu vases is 
unlikely to come from such raw materials (see Discussion 4.1). This 
raises questions about the conditions required to achieve this coloration 
and whether it was a deliberate modification or an unintended result of 
the destructive fire. At first glance, it has been suggested that the red 
coloration of these vases resulted from intentional heating, as there are 
examples of visibly burnt serpentinite vases that have retained their 
original blue colour (Detournay, 1980, p. 67). However, the localised 
presence of heavily vitrified ceramics can suggest that only specific areas 
of the building were exposed to exceptionally high temperatures during 
its destruction, allowing only some serpentinite vase fragments to be 
sufficiently fired to turn red (Bevan, 2007, p. 254, n. 10). It has also been 
suggested that the red coloration of the vases was intentional since it 

could not be the result of a simple heating of “serpentine”, as “serpen
tine” contains a low fraction of iron oxide (Morero, 2014a, p. 83; 2014b, 
p. 351). E. Morero, however, does not exclude the possibility that a 
specific type of “serpentine”, richer in iron oxides, was used (Morero, 
2014b, p. 352)2, as these oxides are well known to produce different 
hues of red upon heating (Schwertmann, 1993).

This study aims, on one hand, to determine whether the red color
ation observed on serpentinite vases from Quartier Mu resulted from 
intentional heating or accidental exposure to fire and, on the other hand, 
to constrain the thermal conditions. By integrating non-invasive ana
lyses of the archaeological materials with experimental heating 
petrology on serpentinite rock samples, we seek to replicate the trans
formations observed in the archaeological materials under controlled 
conditions with similar starting materials. This approach allows us to 
assess the feasibility of intentional heat treatment but also to define 
different temperature thresholds and material properties influencing 
colour transformation. The intentional versus accidental heating is 
further considered by recontextualising the red vases within their whole 
assemblages and by evaluating their spatial distribution within Quartier 
Mu. This recontextualisation makes it possible to explore whether this 
heat treatment was employed as a multicraft strategy potentially linked 
to the technological exchanges and innovations made by artisans in the 
quarter.

2. Archaeological materials study

2.1. Description of the assemblage

Serpentinite vases from Quartier Mu account for 85 out of the 166 
non-red examples studied by B. Detournay (1980). The twenty five red 
vases from Quartier Mu include eleven bowls, five lids, three handled 
cups, two teapots, one libation table, one bird’s nest vase, one miniature 
vase, and one spout of unidentified typological affiliation (Detournay, 
1980). All these forms are common within the Protopalatial period 
(Warren, 1969), and they all correspond to the non-red serpentinite 
vases recovered in the Quartier, except for the teapots, the libation table, 
and the miniature vase which have been found only in the red version. In 
terms of spatial distribution, the reddened vases exhibit a distinct clus
tering, in contrast to the relatively uniform dispersion of non-red ser
pentinite vase fragments across the quarter (Fig. 2). Seventeen of the 
twenty-five red vases come from Sector V of Building B and seven from 
Building A (four of which were in Room I 5)

During a first macroscopic study campaign on the stone vases from 
Quartier Mu, we were able to macroscopically classify 100 vases, among 
which 47 serpentinite vases, 11 red vases, 28 vases made in other stones 
and 14 unclassified. Among the serpentinite items, 22 were of a similar 
lithotype. This facies presents a dark blueish matrix with millimetric to 
centimetric lighter patches, possibly serpentinised pyroxene – so-called 
“bastite” (Debret, 2013, p. 39). Some of the blue matrix also display dark 
veins typically found in serpentinised ultramafic rocks and likely made 
of magnetite (Hodel et al., 2017) (Fig. 3). There is a strong similarity 
between these facies and most of the red vases (Figs. 3 and 4). A second 
study campaign allowed us to analyse 16 dark-blueish serpentinite vases 
and 9 of the red vases. The selection was based on the best-preserved 
specimens, the surfaces of which allowed for reliable macroscopic and 
analytical observations. Among the red vases, three specimens display a 
clear section, with a colour gradient from a deep red outer rim gradually 
fading to a greyish core. The rim thickness varies between objects, but it 
is consistently pluri-millimetric and follows the carved contours of the 
vases (Fig. 5).

1 Pers. com. with J.-Cl. Poursat, head of the excavations, yielded only a single 
geochemical result for an unidentified red vase, which corresponds to the 
geochemistry of an ultramafic rock.

2 This precision is close to the truth considering that her previous remark 
conflates the mineral serpentine [(Mg,Fe,Ni)3Si2O5(OH)4] with the rock ser
pentinite, the latter being the material actually used for the vases and con
taining both serpentine and accessory minerals, notably different iron oxides.
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2.2. Methods

We applied fully portable and non-invasive methods to characterise 
the geochemistry and magnetic susceptibility of the archaeological 
materials. Geochemical analyses were performed with a SciAps X-505 
energy dispersive portable X-Ray fluorescence (pXRF) device. This 
method enables the in situ determination of the elemental composition of 

the samples, providing valuable insight into their overall geochemical 
signature. Notably, pXRF allows a clear discrimination between ser
pentinitic and amphibole asbestos phases (Bloise and Miriello, 2018). 
Following the calibration scheme proposed by Da Silva et al. (2023) for 
geological samples, major element concentrations were determined with 
an accuracy of >95 % based on 27 magmatic standards. Further details 
are presented in Appendix A.1 pXRF.

Fig. 1. Map of Crete with sites mentioned in the text, serpentinite outcrops and location of rock samples used in the heating experiments. Serpentinite outcrops are 
based on (Becker, 1975, 1976; Martha et al., 2019, 2017; Tortorici et al., 2012).

Fig. 2. Plan of Quartier Mu with repartition of serpentinite vases with data from Poursat, 1996 and Dubois, 2017. (Background plan courtesy of B. Rueff; edited by 
K. Regnier).
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Magnetic susceptibility is a rapid and cost-effective method for 
identifying the amount of iron oxides in a rock, as most ferrous mineral 
phases exhibit characteristic magnetic properties (Graham, 1953). In the 

case of serpentinite, magnetite naturally forms through the process of 
serpentinisation (Chen et al., 2021), making magnetic susceptibility 
particularly useful for assessing mineral transformations in these rocks. 

Fig. 3. The first lithotype at Quartier Mu. All photos to scale and calibrated. Dashed circles are spots used in Fig. 9. Top row, left to right: 66 M613, 67 M792, 69 
M1530; bottom row, left to right: 68 M213, 88–1029-04, 69 M1404 (© EfA, Hellenic Ministry of Culture; photos by K. R.).

Fig. 4. Examples of red vases at Quartier Mu. All photos calibrated. Dashed circles are spots used in Fig. 9. Top row, left to right: M67/80, 67 M569, 70 M76; bottom 
row, left to right: 66M162a, 67 M378, 67 M381 (© EfA, Hellenic Ministry of Culture; photos by K. R.).
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Portable magnetic susceptibility (pMS) analyses were performed using a 
Bartington MS2K susceptibilimeter, under a similar approach as in 
(Triantafyllou et al., 2021). Further methodological details can be found 
in Appendix A.2 pMS analyses.

2.3. Geochemical and magnetic susceptibility results

Initial observations indicate that both the blue and red vases share 
geochemical features characteristic of ultramafic rocks, i.e. a high MgO 
concentration and a high MgO/SiO2 ratio between 0.5 and 0.9, with a 
low Al2O3 content mostly restricted below 5 wt% (Fig. 6a). The CaO 
content ranges from 0.4 to 4.7 wt% and they are rich in Ni, consistently 
above 1500 ppm, which suggests that they are mantle derived (Menzel 
et al., 2019) (Fig. 6c-d). Both the red and blue vases exhibit similar 
geochemical compositions, broadly consistent with the global serpen
tinite reference dataset (Fig. 6a–d), although slight variations are ex
pected given that pXRF measurements, and especially lower energy X- 
rays, are susceptible to surface related epi-phenomena (Forster et al., 
2011; Grave et al., 2012).

pMS analyses show a relatively high overall value of magnetic sus
ceptibility (SI units), with a significant shift between the blue vases 
(25.9–86.4SI × 10− 3) and the red vases, which remain below 16.9SI ×
10− 3 (Fig. 7). The high value from the blue vases likely suggests the 
presence of maghemite and/or magnetite as these are one of the very 
few minerals capable of producing such elevated readings (Borradaile 
and Jackson, 2004; Rochette et al., 1992). Magnetite is considered here 
as a more probable candidate thanks to its superior stability. The com
bination of a geochemical signature consistent with magnesium-rich, 
mantle-derived rocks and a relatively high magnetic susceptibility 
(Bonnemains et al., 2016) supports the macroscopic interpretation that 
blue vases can be attributed to serpentinite lithologies. The fact that the 
red vases macroscopically resemble the blue vases and share the same 
mafic geochemical features suggests that they derive from the same li
thology, but with the magnetite transformed into low-magnetic iron 
oxides, possibly because of heating. This hypothesis has been tested by 
experimental heatings, presented in the next section.

3. Heating experiments

3.1. Starting materials and experimental conditions

We conducted controlled heating experiments using Cretan serpen
tinite as a starting material. These experiments aimed to simulate the 
thermal transformations, and document the heating conditions required 
to induce colour changes in the serpentinite material. It is not yet 
possible to assess the provenance of the serpentinite used in Malia 
considering the high heterogeneity of this lithotype in outcrops and the 
absence of recognised quarries. Experimental samples have been 
selected after a sampling survey from different mapped serpentinite 
outcrops in Crete (Fig. 1). Samples were collected from both bedrock 

and river boulders (n = 90), as it has been suggested that such natural 
cobbles and boulders were an ideal source of procurement (Becker, 
1975). After a pXRF and pMS analysis of all of them, six samples were 
selected to capture the greatest variability in terms of facies and 
chemical composition, encompassing the widest range of both charac
teristics (samples GON08A, KS19, MS01B, MS02B, MS43B and MS29). 
Macroscopically, samples GON08A, MS02B, and MS43B were identified 
as serpentinised peridotites containing visible macrocrystalline auto
morphic minerals, likely partially serpentinised pyroxenes. MS01B is 
comparable in composition but is significantly more homogeneous, with 
only a few visible automorphic minerals. In contrast, MS29 and KS19 are 
much more heterogeneous. MS29 is characterised by numerous white 
veins, possibly composed of talc or asbestos (tremolite/chrysotile), and a 
small number of automorphic minerals that seem to be highly serpen
tinised. KS19, on the other hand, contains few automorphic minerals, 
with little to no evidence of serpentinisation.

Heating experiments were conducted using a Nabertherm RT50- 
250/13 tube furnace under ambient air-oxidising conditions. The tem
perature range for heating experiments (600–1200 ◦C) was selected 
based on previous studies on serpentine dehydration and olivine 
oxidation (Bloise et al., 2016, Dlugogorski & Balucan, 2014; Knafelc 
et al., 2019). The oxidising condition, typically associated with red 
coloration (Frerebeau and Pernot, 2018; Lagoeiro, 1998, p. 418), was 
assumed to be atmospheric conditions (c. QFM + 10; McCammon, 
2005). Each sample was cut in half, with one half being heated and the 
other one serving as the unheated protolith. Heated samples were cut 
into a square shape, about 3 cm square and 2 cm thick. Each heating 
consisted of a 1-hour ramp-up to the target temperature (600–1200 ◦C), 
followed by 6 h of sustained heating at that temperature, and a subse
quent 2.5-hour controlled cooling period. Afterwards, each heated 
sample was analysed again by pXRF and pMS with the exact same 
acquisition parameters as those for analysing archaeological materials.

Three geological samples, MS01B, MS02B and MS43B, were 
powdered and analysed using X-ray Diffraction (XRD) to compare the 
whole-rock mineralogical composition before and after heating. XRD is a 
tool for accurately identifying minerals by examining their unique 
diffraction patterns. Further methodological details can be found in 
Appendix A.3 XRD analyses.

The sample with the best colour-change results, MS43B, was inves
tigated with scanning electron microscopy and energy-dispersive X-ray 
microanalysis (SEM-EDS), as well as µ-Raman spectroscopy (µ-RS), to 
investigate how the red hue is distributed across the mineral phases. 
These complementary techniques allow for the identification of in situ 
mineral transformations and potential oxidation processes responsible 
for the development of the red colour, offering insights into thermal 
alteration pathways and the role of iron-bearing phases. Further meth
odological details can be found in Appendix A.4. µ-RS analyses and 
Appendix A.5. SEM-EDS analyses.

Fig. 5. Cross-sections of three vases showing a gradual colour change from the exterior to the interior, of a continuous uniform thickness. From left to right: 67 M480, 
71 M851, 67 M378 (© EfA, Hellenic Ministry of Culture; photos by K. R.).
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3.2. Results

pXRF and pMS analyses confirm that the heated samples are 
geochemically and magnetically comparable to the archaeological ma
terials. Although the experimental samples display, on average, a 
slightly lower SiO2/MgO ratio (1.0–1.2) compared to the archaeological 

objects (1.1–1.4), their CaO, Ti, and Ni contents fall well within the same 
compositional range (Fig. 6a–d). Additionally, all unheated samples 
exhibit a magnetic susceptibility above 20SI*10− 3, whereas heated 
samples fall below this threshold, aligning very well with the values 
observed in the archaeological materials (Fig. 8).

Macroscopic observations. Heating experiments on sample MS43B 
reveal significant colour transformations depending on temperature, 
and indicate that a red coloration begins to develop when temperatures 
exceed 700 ◦C, culminating in a dark red–orange hue at 800–900 ◦C 
(Fig. 9). At 600 ◦C, only minor colour changes are visible, with dark 
yellow-green and brown tones, whereas at 1200 ◦C, the hue shifts 
noticeably to brown. There is also a noticeable increase in micro- to 
macro-fractures related to the increased temperature. The sample 
heated at 1200 ◦C became very fragile and broke during handling.

Additional tests at 800 ◦C on various samples reveal significant 
colour variations depending on the protolith (Fig. 10a and b), but all 
have in common that heated samples exhibit warmer hues compared to 
their unheated counterparts. Unheated samples predominantly exhibit 
dark greyish-blue and greenish-grey hues, with the heating process 
tending to lighten the samples, enhancing red and brown tones while 
also increasing saturation. Heated samples and red vases both exhibit 
warm hues dominated by red, brown, and orange tones, reflecting the 
thermal alteration effects. Red vases generally show higher brightness 
than the heated samples.

Microscopic and mineralogical analysis. Unheated and heated (800 ◦C) 
sample MS43B was observed using SEM-EDS and µ-RS (Fig. 11). As 
primary phases, the starting material shows both coarse-grained clino
pyroxene and orthopyroxene (ca. 20 % vol.), plus fragmented olivine 
(ca. 50 % vol.). The entire rock is serpentinised (ca. 25 %), forming a 
mesh-like network transforming both olivine and orthopyroxene 
through their cleavages. Magnetite (ca. 3 % vol.) is the only oxide in the 
rock and forms into bands and bulk oxide. In heated samples, the mesh- 
like texture is perfectly preserved but the serpentine is completely 
transformed into forsterite, the magnesian pole of olivine, with a 

Fig. 6. pXRF analyses of stone vases from Quartier Mu a. SiO2 (wt. %), b. CaO (wt. %), c. TiO2 (ppm), d. Ni (ppm) versus MgO (wt.%) binary diagrams. The solid 
points (no transparency) show the median values per vase. The coloured transparent points represent all individual data points from the analyses, while the grey 
transparent points are data from the subduction zone serpentinite worldwide compilation (Deschamps et al., 2013). Experimental heated samples are illustrated by 
their median (square) and internal heterogeneity (bars). The CaO axis is in the logarithmic scale.

Fig. 7. Boxplot with magnetic susceptibility values for blue and red vases. For 
each vase, 10–20 measurements were taken, except for two vases (N = 5 and N 
= 9).
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different composition from pristine olivine fragments (ca. 82.7 % Fo for 
pristine olivine versus ca. 92.1 % Fo for olivine formed after heating) 
(Fig. 11a and b). From previous studies, we know that this reaction can 
start at around 600 ◦C under ambient pressure and atmospheric redox 
conditions (Bloise et al., 2016; Dlugogorski and Balucan, 2014). As 
shown by Raman analyses, all magnetite grains were transformed into 
hematite (Fig. 11a and b). Both observations were confirmed by a whole- 
rock XRD analyses of three samples (Fig. 12). The distribution of newly 
formed hematite is like that of magnetite, just as the newly formed 
olivine resembles the previously described serpentinite, suggesting a 
pseudomorphosis for both minerals. Although not observed on back
scattered electron images, µ-RS reveals that hematite also forms within 
olivine (Fig. 11b). This result aligns with previous observations that 
naturally occurring iron in olivine (Mg,Fe)2[SiO4] tends to nucleate 
along dislocations and impurities in the crystal structure to form 
magnetite and hematite (Knafelc et al., 2019). Heated samples are also 
marked by the occurrence of numerous fractures (Fig. 11b) which 
preferentially develop into serpentine bands but crosscut pristine py
roxene and olivine.

4. Discussion

4.1. Natural vs heated serpentinite

Since this study assumes that the red vases acquired their colour 
through exposure to heat rather than being made from naturally red 
serpentinite, the basis for this assumption must be made explicit. The 
main evidence comes from the cut profiles of three specimens (71 M851, 
67 M378 and 67 M480; see Fig. 5), which all show a clear exterior-to- 
interior colour gradient, with a dense red outer layer gradually fading 
to light grey at the core. This pattern is absent in blue vases and therefore 
cannot be the result of surface weathering alone. The regularity and 
depth distribution of the red outer layer are consistent with a thermal 
gradient being applied to an originally homogeneous material and are 
incompatible with whole-rock, long-term geological heating, which 
would tend to alter the whole rock. From a technological point of view, 
this also demonstrates that these red vases were heated after manufac
ture. Additionally, some red vases contain macroscopic white inclusions 
that closely resemble those in some blue vases (Figs. 3 and 4). This 
supports the interpretation that at least some blue artefacts acquired a 
red hue.

Moreover, regarding the possible occurrence of naturally red ser
pentinite in Crete, the authors found no such rock during their surveys. 
Although Becker (1976) notes colour variations in serpentinite outcrops 

Fig. 8. Boxplot with magnetic susceptibility values before and after heating at 800 ◦C, with 10 analyses per boxplot. The shaded areas indicate the range observed in 
archaeological vases.

Fig. 9. High resolution scans of MS43B sample at various stages of the experimental process, subjected to different temperatures.

K. Regnier et al.                                                                                                                                                                                                                                 Journal of Archaeological Science: Reports 70 (2026) 105557 

7 



at Gonies, ranging from dark red to light green, the authors noticed on 
the field that the reddening is restricted to a superficial rind a few mil
limetres thick that does not penetrate the interior of the rock. This 
contrast in penetration depth (a superficial natural rind versus deeper 
gradients through the section of the vases) shows that the red colour 
noted by Becker cannot be the source of the vases. This also means that, 
up to this date at least, no naturally red serpentinite outcrop has ever 
been found on Crete.

4.2. From blue to red: heating conditions

To assess whether or not the red coloration of the vases was inten
tional, we first documented the materials and heating conditions 
required to produce it. Macroscopic analysis suggests that the red vases 
come from the serpentinite used for the blue vases at Quartier Mu (Figs. 3 
and 4), a conclusion further supported by geochemical results showing 
an almost exact match between the two types (Fig. 6). This geochemical 
correspondence also rules out the use of additives with specific elements 
detectable by the pXRF, such as realgar (As4S4), cinnabar (HgS) or an 
addition of iron oxides (Fovakis et al., 2021).

However, the red vases exhibit significantly lower magnetic sus
ceptibility values than the blue ones (Fig. 7). While an increase in 
magnetic susceptibility is usually interpreted as evidence of heating in 
chert (Borradaile et al., 1993; Larrasoaña et al., 2016) and other lithic 
clasts (Carrancho et al., 2014), a decrease in magnetic susceptibility has 
been linked to heating processes for some burnt clay, where high tem
peratures transform magnetite into weakly magnetic hematite (e.g., 
Jordanova et al., 2019). Given that serpentinite naturally contains 
abundant magnetite, we suggest that a similar phase transformation 
occurred in the red vases. This interpretation is further supported by our 
heating experiments (Fig. 8, Figs. 11 and 12), which revealed a consis
tent decrease in magnetic susceptibility in the heated samples.

Our experiments on common Cretan serpentinite samples also indi
cate that a high temperature of at least 700 ◦C is required to produce a 
red coloration. This colour is certainly due in part to the formation of 
hematite inclusions (Fig. 11b, spectra 1–2), along with oxidised iron- 

rich phases, visible as microscopic to nanoscopic inclusions found 
within the olivine lattice dislocations (Knafelc et al., 2019; Kohlstedt 
et al., 1976), as can be seen in our µ-Raman spectra of olivine in heated 
MS43B (Fig. 11b, spectra 3–6). Our experiments also show that heat has 
a direct impact on the friability of the rock (especially evident when 
handling the samples), related to the volume decrease expected during 
rock de-serpentinisation (Klein and Le Roux, 2020). This is coherent 
with a visual comparison between the much better conservation state of 
blue vases compared to red vases. These experiments finally confirm 
that an atmospheric oxidising condition is enough to achieve the 
transformation, even if we cannot exclude the use of more specific 
heating processes (see Discussion 4.4).

4.3. Intentional versus accidental heating

The primary question surrounding the red vases found at Quartier Mu 
is whether their coloration was the result of deliberate artisanal pro
duction, involving voluntary and controlled heating, or merely a 
consequence of the accidental fire that destroyed the quarter. While the 
distinction between intentionally and accidentally heated objects is 
almost impossible to assess with certainty (Domanski and Webb, 2007, 
p. 159), the result of our experiments combined with contextual ana
lyses strongly support Detournay’s original interpretation that this red 
coloration of the vases was deliberately created through an artisanal 
production involving heating (Detournay, 1980).

Contextual analysis of Sector V indicates that only 7 out of the 101 
objects found in this area have been described as “burnt” by the exca
vators (Dubois, 2017, and references therein). Given that red serpen
tinite needs to be heated to above 700 ◦C (see Discussion 4.2), an 
accidental destruction heating would imply that the destruction fire had 
to reach such temperatures. However, such accidental high tempera
tures require a process known as “flashover”, where a fully-developed 
stage fire involves the simultaneous burning of all combustibles pre
sent in the room (Cunningham, 2007, p. 37; Kreimerman et al., 2022, p. 
12). It is unlikely that a conflagration would have selectively heated only 
the red vases, while leaving unaffected the other categories of objects, of 

Fig. 10. a. Saturation, b. Luminosity versus Hue binary diagrams for hex colour sampled from experimental samples heated at 800 ◦C, and archaeological objects. 
Methodology can be found in Appendix A.6 Colour methodology. Colour sampling locations on archaeological objects are indicated by a circle in Figs. 3 and 4. 
Measurements of experimental samples were taken from the rock matrix. MS29 has been excluded from this graph due to an important red chromatic heterogeneity, 
rendering any single matrix sampling unrepresentative.
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which only 7 out of 101 from Sector V of Building B show traces of 
burning. Therefore, we argue that the absence of evidence of widespread 
fire damage in this part of the building indicates that the red vases were 
not passively altered by the site’s destruction but instead underwent a 
separate transformation process. This interpretation is supported by 
both experimental and contextual evidence, though future in
vestigations into the thermal dynamics of the destruction event could 
provide further clarification.

Although the firing temperatures in kilns or firing artisanal struc
tures during the Protopalatial period were less controlled than those in 
our experiments, Thér (2014) demonstrates that bonfires and pit firings, 
which are common methods for heating ceramics during this time 
(Caloi, 2019), could easily reach temperatures between approximately 
600 ◦C and 1100 ◦C, with a median of around 750 ◦C (Thér, 2014). These 
values align closely with the range of temperatures obtained through our 
experimental heating results.

Lastly, contextual observations indicate that the red vases were 
found predominantly in specific areas alongside high-quality objects. 
Sector V of Building B, which is the place where most red vases were 
found (Fig. 2), yielded significant finds, including two copper daggers, 
16 pieces of jewellery, 17 terracotta figurines, and 12 Chamaizi pots, 
which are often associated with ritual activities (Poursat, 2009). Room 5 

of Sector V has even been compared to the Temple Repository of 
Knossos, a renowned sanctuary treasure (Poursat, 2009). While such an 
identification would require further substantiation, the association of 
red vases with some of the most valuable materials found at Quartier Mu 
suggests that these red vases hold a special status for the inhabitants.

4.4. Red hue conditions

The red vases exhibit variations in hue, both among themselves and 
compared to our experimental samples (Fig. 10). Factors such as heating 
rate or duration may account for some of the visual differences (Wadley 
et al., 2017, p. 375). However, our experiment focussed on replicating 
the mineralogical transformations identified through pMS analyses, 
especially those related to temperature and, to some extent, to raw 
material variations.

Our heating tests used material with similar geochemistry and 
mineralogy. However, colour differences still emerged depending on the 
starting material (Figs. 9 and 10). As the Bronze Age inhabitants of Crete 
likely supplied themselves in secondary sources such as rivers that offer 
well-sized cobbles ready to be used (Becker, 1975), the different hues 
seen in the red vases may reflect a difference in the protolith. Concerning 
the lighter red hue observed on the vases compared to our experimental 

Fig. 11. Micro-Raman spectra collected at different points (1 to 6 on backscattered electron images above spectra plots) of a. unheated and b. heated MS43B. In b., 
secondary olivine designates the phase formed through serpentine transformation during heating (darker grey), while primary olivine refers to what was already 
olivine before heating (lighter grey). Reference spectra come from the open database REAP (Montagnac, 2019). Raman intensity has been normalised by a back
ground correction with a polynomial baseline subtraction.
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samples, unpublished analyses have suggested that Minoan serpentinite 
vases were composed of a lot of talc and chlorite (Rapp, 2009, p. 123)3. 
We propose that these minerals may have contributed to the lighter 
coloration by diluting the concentration of iron oxides responsible for 
the red hue. As talc is a light-coloured mineral with a low refractive 
index, its presence could reduce the intensity of the red hue by mixing 
with or covering the iron oxides, creating a more muted or pastel-like 
tone. Additionally, talc’s high heat resistance and softness might influ
ence the surface texture and light reflection during firing, further 
affecting the perceived colour, as has been highlighted by studies of talc- 
rich cooking stone vessels across periods and regions (Birney, 2008; 
Harrell and Brown, 2008; Truncer, 2004, p. 74). Heating experiments 
with protoliths that are closer to the archaeological material is a key 
direction to document this hypothesis. However, this will have to wait 
until the talc/chlorite content of the archaeological material is better 
documented.

4.5. Unveiling new evidence of multicraft production and technological 
innovation in Quartier Mu?

This case study of heated stone vessels is particularly significant, as 
deliberate heat treatment of stone to alter its appearance is almost un
known in Minoan archaeology. Beyond Quartier Mu, the only other 

evidence of red serpentinite comes from Myrtos-Pyrgos (Morero, 2014b) 
and from a few seals (Krzyszkowska, 2018). Considering the first one, 
given the well-documented connections between Quartier Mu and 
Myrtos-Pyrgos (Knappett, 1999), the Myrtos fragments are more plau
sibly interpreted as products of exchange or imitation rather than evi
dence of an independent local craft tradition.

The presence of red serpentinite among Cretan sealstones may be 
taken as evidence that naturally red serpentinite exists somewhere in 
Crete (Krzyszkowska, 2018). However, our experiments show that these 
red seals may similarly have been made from originally dark, naturally 
blueish serpentinite that was subsequently heated, whether accidentally 
or not. Such seal heating is not without precedent since some Middle 
Minoan IA (c. 2160/2025–1900 BCE) steatite seals and scarabs from the 
Mesara are known to have been fired to around 850 ◦C to become white 
and harder, possibly to imitate ivory (Pini, 1990, 2000; Sbonias, 1995, 
pp. 113–118).

One possible explanation for the technological experimentation with 
heated vases at Quartier Mu lies in the diverse craft activities taking place 
there, including both ceramic and stone-vase production. Since ser
pentinite can be heated under similar conditions to ceramic firing (see 
Discussion 4.3), this argument could be extended to suggest a form of co- 
production, where artisans from different crafts collaborated, or a 
multicraft production system, in which a single individual possessed 
expertise in multiple crafts (Shimada, 2007). The artisan of the Atelier de 
Potier is a good candidate for such multicraft practice, as the workshop 
presents work on ceramic vases and appliqué reliefs, both requiring a 
good handling of heating technology, as well as indirect evidence of 
stone-vase production, with two stone blanks and five drill cores 
(Poursat, 1996, p. 63; Morero, 2014b, p. 67). These brief considerations 

Fig. 12. XRD spectra of three samples a. before and b. after heating at 800 ◦C. Only selected peaks facilitating the comparison are highlighted here.

3 Additionally, as shown in Fig. 5, the magnesium content of the stone vases 
from Quartier Mu falls within the lower mid-range of worldwide serpentinites, 
which is coherent with previous observations on talc-rich serpentinite 
(Deschamps et al., 2013; Raia et al., 2022).
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seek to contribute to the ongoing debate regarding potential interactions 
between ceramic- and stone-vase production during the Protopalatial 
period (Morero, 2014b; Palio, 2008, p. 285). A more targeted approach 
to the issue of multicraft production in Quartier Mu could potentially 
expand the evidence for technical exchanges between artisans beyond 
the limited data suggested in this study.

In summary, we propose that the red-heated serpentine vases from 
Quartier Mu may represent a limited experiment, born from the prox
imity of fire-related skills and stone-vase production. The reason this 
technology was not further used in Crete may lie in the significantly 
increased friability of the rock once heated, as observed in our experi
ments and in the red vases during handling. Heating appears to weaken 
the mineralogical structure, making the material more prone to 
breakage and potentially limiting the feasibility of producing or using 
such vessels on a larger scale.

The apparent uniqueness of heated stone vases within the Minoan 
world underscores the broader rarity of intentional visual stone heat 
treatment in the archaeological record. In their comprehensive review of 
heat treatment research in archaeology, Domanski and Webb (2007)
only identified a few instances worldwide where heat was deliberately 
applied to ground stone artifacts to alter their appearance, with beads 
manufacture being the only examples. To our knowledge, the red-heated 
serpentinite vases from Malia stand out as the first known example of 
this practice applied to cobble-sized ground stone objects, making them 
a significant technological and cultural innovation.

5. Conclusion

The integration of non-invasive techniques, such as portable X-ray 
fluorescence (pXRF) and magnetic susceptibility (pMS), to experimental 
petrology provides a replicable framework for investigating the heat 
treatment of archaeological ground stone materials, without damaging 
the artifacts. So far, the red-heated serpentinite vases from Quartier Mu 
offer a unique and compelling example of intentional heat treatment 
applied to cobble-sized ground stone objects for aesthetic enhancement. 
These vases highlight the many technological experiments of Proto
palatial artisans and contribute to our broader understanding of Minoan 
craft specialisation and multicraft practices.
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Appendix A. Methodological details

Appendix A.1 Portable X-Ray Fluorescence (pXRF) analyses

The SciAPS X-505 pXRF is equipped with a 200 µA Rh anode X-Ray 
tube and a 20 mm2 silicon drift detector with a resolution of 140 eV at 
Mn kalpha (manufacturer’s manual, https://www.sciaps.com/product 
s/xrf/x-505). All analyses were undertaken under the constructor min
ing (10 and 40 keV) calibration, with 30 s per voltage. This duration was 
selected after tests on six serpentinite pressed pellet samples that showed 
an average relative difference of <0.5 % for Mg, Al, Si, K, Ca, P, Mn, and 
Fe between 30 and 60 s of analyses per voltage. Analytical precision was 
validated through these tests (data available upon request). A 4 µm 
polypropylene window was used; no vacuum or helium flush was used. 
Accuracy tests on 27 magmatic reference samples, including mafic 
rocks, showed an accuracy above 95 % – except for Al, which reached 
90 % – for all these elements after a simple linear corrective offset 
adapted to each element was made following the methodology of (Da 
Silva et al., 2023). The preparation and laboratory analyses of these 
reference samples are described in (Govindaraju, 1994). Mg, Al, Si, K, 
Ca, P, Mn, and Fe were converted to their corresponding oxides. A 
homemade serpentinite calibration is currently underway.

As suggested by (Adams et al., 2021) in their non-invasive workflow 
for mafic and ultramafic rocks, pXRF analyses should be filtered based 
on their total major concentrations to ensure that data are not too cor
rupted. Because serpentinite can contain up to 15 wt% of water, which is 
undetected by pXRF, a range of sum oxides from 80 % to 120 % has been 
used for filtering. Between 1 and 10 analyses have been processed per 
object, depending on several factors such as the state of preservation, the 
adding of a glue during the conservation process or the possibility of 
analysing a flat surface. Geochemical data can be found in Appendix B. 
Supplementary data.

Appendix A.2 Portable magnetic susceptibility (pMS) methodology

The Bartington MS2K scanner generates a weak alternating magnetic 
field that interacts with the material’s internal magnetic properties, thus 
creating a magnetic response measured by the MS3 sensor. Measure
ments are recorded in dimensionless SI units, under a resolution of 2 μSI 
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(Deng, 2015). The MS2K has a response depth of 50 % at 3 mm and 10 % 
at 8 mm (manufacturer’s manual, https://www.geostudiastier.it/writa 
ble/public/file/brochure_it_105.pdf). Therefore, analysis surfaces were 
selected only on areas where the vase thickness exceeded 1 cm in order 
to eliminate the need for thickness correction (Williams-Thorpe et al., 
2007). Following the methodology of (Triantafyllou et al., 2021), each 
sample was analysed ten times consecutively, with each analysis lasting 
10 s. These measurements were flanked by two 10-second blank ana
lyses for instrument drift correction. At the beginning and end of each 
day, the reference material from the constructor was analysed and 
showed an average offset of 1.2 % from the manufacturer reference 
value. At least ten analyses were made per archaeological object and 
geological sample. pMS data can be found in Appendix B. Supplemen
tary data.

Appendix A.3 X-ray diffraction (XRD) methodology

X-ray powder diffraction measurements were carried out on three 
samples: MS01B, MS02B and MS43B, on both unheated and heated 
materials, after the samples were ground to a 2–3 µm grain size in 
diameter. Spectra were acquired at the “Centre de Diffractométrie Henri 
Longchambon” University of Lyon 1, on a Bragg-Brentano Bruker D8 
Advance diffractometer working with Cu anticathode (40 kV, 40 mA) at 
a monochromatic radiation λ = 1.54056 Å. The data were collected over 
an angular range of 2θ = 5◦-90◦ with a 0.006◦ step, and 10 s step time. 
The 2θ diffraction patterns were processed using the GSAS package 
(Larson and Von Dreele, 1994) to retrieve the product phases, their unit- 
cell parameters and their proportions. XRD raw data can be found in 
Appendix B. Supplementary data.

Appendix A.4 Micro-Raman scattering methodology

µ-RS is a non-invasive analytical technique that uses Raman scat
tering to identify molecular and crystal structures based on their 
vibrational modes. One sample, MS43B, was spatially characterised by 
µ-RS at the Raman facility REAP in Lyon (France). µ-Raman spectra were 
collected using a confocal LabRam HR800 spectrometer characterised 
by a local length of 800 mm and equipped with a 532 nm laser and a 
600-grooves-per-millimetre grating (resolution <4 cm− 1). A 100 × long 
working distance microscope objective condensed the laser beam on to 
the sample and collected the backscattered Raman signal. A low laser 
power (<1 eV) was employed to prevent converting Fe(II)-containing 
minerals to Fe(III)-oxides (Colomban, 2011; de Faria et al., 1997). The 
integration time varied based on the analysis point and the degree of 
fluorescence observed. µ-RS raw data can be found in Appendix B. 
Supplementary data.

Appendix A.5 Scanning electron microscopy – energy-dispersive 
spectroscopy (SEM-EDS) methodology

Scanning electron microscopy was used to study the structural 
organisation and chemical phase distribution of experimental samples. 
The JEOL IT800HL SEM at the ENS Lyon microscopy platform is 
equipped with several imaging detectors and an EDX detector (X-Max 
50, Oxford Instruments) for elemental spot analysis. Samples were 
observed with a backscattered electron detector and analysed with the 
EDX detector at 15 kV, with a probe current of 10nA and a working 
distance of 9 mm.

Appendix A.6 Colour comparison methodology

Photographs were taken with a Canon M50 Mark II, equipped with 
an EF-M 15–45 mm lens, and put on a static tripod. Manual options were 
set up with a focal distance of 28 mm, an aperture of f/13, an obturation 
time of 1/50 and ISO 500. Subjects were placed in a lightbox to ensure 
optimal lightning conditions. Image colours were calibrated with a 

Calibrite ColorChecker Classic. The HSV (Hue, Saturation, Value) colour 
was obtained using the Photoshop eyedropper tool with a sampling size 
of 31x31 pixels. Previous studies comparing eyedropper sampling of 
calibrated images with spectrophotometer results have shown that this 
leads to similar results between both methods (e.g., Dardenay, Mulliez 
and Mora, 2017). HSV separates chromatic content (hue and saturation) 
from brightness (value), making it easier to interpret colour variations 
related to heating or material differences in archaeological samples.

Appendix B. Supplementary data

The data and code that support the findings of this study are openly 
available on Zenodo at https://doi.org/10.5281/zenodo.17296603.

Data availability

The data and code that support the findings of this study are openly 
available on Zenodo at https://doi.org/10.5281/zenodo.17296603.
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Magnetic signatures of serpentinization at ophiolite complexes. Geochem. Geophys. 
Geosyst. 17, 2969–2986. https://doi.org/10.1002/2016GC006321.

Borradaile, G.J., Jackson, M., 2004. Anisotropy of magnetic susceptibility (AMS): 
magnetic petrofabrics of deformed rocks. Geol. Soc., Lond. Special Publ. 238, 
299–360. https://doi.org/10.1144/GSL.SP.2004.238.01.18.

Borradaile, G.J., Kissin, S.A., Stewart, J.D., Ross, W.A., Werner, T., 1993. Magnetic and 
optical methods for detecting the heat treatment of chert. J. Archaeol. Sci. 20, 
57–66. https://doi.org/10.1006/jasc.1993.1004.

Caloi, I., 2019. Breaking with tradition? The adoption of the wheel-throwing technique 
at Protopalatial Phaistos: combining macroscopic analysis, experimental 
archaeology and contextual information. Annu. Sc. Archeol. Atene Mission. Ital. 
Oriente 97, 9–25.
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Dubois, R., 2017. Le Quartier Mu (Malia, Crète) : étude fonctionnelle d’un important 
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