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Several samples of geological stones from statuary pedestals found in various archaeol-
ogical sites in Cyprus have been characterized using non-contact laser infrared photo-
thermal radiometry. Thermal diffusivities and effective optical absorption coefficients were
calculated using a one-dimensional thermal-wave model. The mean values and standard
deviations were tabulated and comparisons were made with lithographic and petrographic
studies of the samples. Good correlations were found, thus demonstrating that laser
photothermal archaeometry is a promising methodology for the accurate, potentially non-
destructive and convenient characterization of the origins of ancient stones in Cyprus and
other geological and archaeological sites.
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INTRODUCTION

The use of thermal diffusivity as a characterization quantity of rocks has been fairly
widespread in recent decades (Somerton 1992). This property has attracted much attention
owing to the fact that it is readily available from the analysis of transient thermal
experiments upon solution of the equation for heat conduction in a given geometry.
Although thermal diffusivity is easily accessible, in principle, as the thermophysical
property responsible for thermal energy transport in matter, no experimental techniques
have been developed for the study of rocks which combine accuracy of measurement and
convenient, non-contact methodology. Both these features are essential if accurate
determinations of the origins of ancient artefacts, such as statuary, are to be made through
correlations based on the values of thermophysical properties of the artefacts. In most
reported techniques, sample preparation and thermal detector/probe attachments may
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easily cause severe perturbations to the state or integrity of the sample, resulting in non-
representative values of the thermal diffusivity. The intrusive nature of existing instrumen-
tation and measurement methodologies of rocks creates the possibility of introducing large
data scatter, which makes it difficult to apply to archaeometric investigations of the origins
of ancient stones: in many such cases small compositional variations are expected between,
say, marbles produced in neighbouring locations in the ancient world. Reliable character-
ization of such specimens requires improved technique resolution with minimal or no
intrusion of the measurement methodology.

The most popular techniques to-date for the measurement of rock thermophysical
properties inciude the Boozer method (Boozer 1958) and other transient methods by
Mossahebi (1966), Gomaa (1973), Hirsh (1973) and Nguyen (1974). Boozer’s method
entails heating a cylindrical rock test specimen at a constant heating rate at the outside
circumference and recording the temperature difference between the outer radius and the
centre of the test specimen. Details of the experimental apparatus were given by Somerton
and Boozer (1960 and 1961). The transient techniques utilized by other investigators
(Mossahebi 1966; Gomaa 1973; Hirsch 1973: Nguyen 1974) also require intrusive contact
of the heating elements(s) to the sample. For example, Nguyen (1974) used a paste-on
heater. Hanley er al. (1978) were the first workers to report a laser flash method of
measuring thermal diffusivity of liquid-saturated rocks. A laser was used to provide
photothermal excitation of the front surface of a thin disc-shaped sample. The temperature
rise was subsequently recorded intrusively at the rear surface by attached probes. The
overall contacting nature of the foregoing methods has caused difficulties in the measure-
ment of thermal diffusivity, which prompted Somerton (1992) to advocate ‘that calculation
of thermal diffusivity [rather than measurement] may be the better approach’.

In this paper for the first time we report as an initial/pilot study the application of laser-
induced frequency-domain infrared photothermal radiometry (FD-PTR) to the measure-
ment of thermal diffusivity of samples taken from limestone, calcarenite and marble
statuary pedestals from Cyprus. The harmonic generation of thermal waves in these
samples, and the totally non-contact character of FD-PTR coupled with the high noise
rejection of lock-in analyser demodulation, have allowed high resolution measurements
leading to meaningful correlations regarding the characterization of the samples’ texture
and possibly origins.

EXPERIMENTAL AND LITHOLOGY

Figure 1 shows the FD-PTR experimental set-up: a continuous wave (CW) Innova 100
Ar-ion’laser from Coherent was used as an unfocused pump beam of spot size approxi-
mately 1.5cm with output power of the order of 2.5W at 514.5nm. The intensity of the
laser was harmonically modulated using an external square-waveform pulse generator to
drive the acousto-optic modulator (AOM) and to change automatically the modulation
frequency applied to it. The frequency scan was confined to the 0.16-4.0Hz range,
consistent with the thermal energy transport rates across the buik of the sets of samples
studied in this work.

The blackbody radiation from the photothermally excited stones was collected, mostly in
the transmission configuration (not shown in Fig. 1), so as to yield the average value of the
thermal diffusivity of the slices of stones, averaged over the entire thickness of the slice. The
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Figure 1 Experimental set-up for back-scattered or transmission frequency-scanned PTR. AOM: acousto-optic
modulator. HgCdTe detector: EG&G Judson Model J15-D12, dc-couplfd with fitted Germanium window.

alternative backscattered configuration shown in Figure 1 would be more appropriate for
measurements with raw (unsliced) intact stones, conforming to the semi-infinite geometry.
Two Ag-coated off-axis paraboloidal mirrors were used to capture and collimate the
infrared radiation and, subsequently, to focus it on the active area of a Mercury-Cadmium-
Telluride (MCT: HgCdTe) detector/preamplifier circuit with frequency bandwidth between
dc and 1 MHz. The detector was fitted with a Ge window, which filtered out the excitation
beam. The spectral response bandwidth of the detector was in the 8 to 12 ym range. The
FD-PTR signal from the preamplifier (EG&G Judson model PA-350) was fed into the lock-
in analyser (EG&G model 5210). This set-up allowed for computer-controlled, automatic
frequency scans of the acousto-optically modulated laser intensity. The amplitudes and
phases of the PTR signals were stored in an IBM PS/2 computer for theoretical analysis and
calculations.

Thirteen pedestal stones collected from various locations on the island of Cyprus were
studied. The samples were labelled according to their origin as shown on Table 1. Apart
from sample PP2, an imported marble, the rest of the stones were limestones. These include
several types of white through dark grey and light red dense fragmental limestones (samples
PP1, PP3, PP4 and PP7 from Palaecopaphos) and from two quarries in the Paphos district
from which similar stone is still being extracted (samples S1, S2 Souskiou, and PH1, PH2,
PH3 Phasoula). Furthermore, a few cream-coloured calcarenites were inciuded (samples
PP5, PP6 Palaeopaphos and sample KQ3 from the Kouklia quarry). Intra-source
homogeneity in samples from the various quarries was minimal with respect to crystal-
linity. All samples were overwhelmingly composed of| carbonate (calcite) varying from
microcrystalline to coarsely crystalline. They were mostly from rock types used for
pedestals in Helienistic and Roman times (Souskiou, Phasoula). Other types of samples
are known to have been used for statues during those and earlier periods. The sample KQ3
from Kouklia may well be a non-artefact and therefore a calcarenite. Limestones among
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Table 1 Label identifiers of archaeological statuary pedestal stones
tested, as per the location of their origin in Cyprus

Stone label Origin (quarry)
S1.82 Souskiou!
PHI. PH2, PH3 Phasouia’
PPI1. PP3, PP4, PP5, PP6, PP7 Palaeopaphos’
PP2 Palacopaphos (import to Cyprus)*
KQ3 Kouklia®

! Petra tou Romiou limestone. light grey colour.

° Petra tou Romiou limestone, off-white colour.

* PP1: light pink, brecciated Petra tou Romiou limestone; PP3: grey, dense,
pelagic limestone; PP4: dark grey crystalline limestone, possibly from the Kyrenia
region: PPS and PP6: light yellow medium-grained calcarenite; PP7: red. brecciated
Petra tou Romiou limestone.

* PP2: coarsely crystalline light grey marble.

* KQ3: light yellow, medium-to-fine-grained calcarenite.

the samples could be differentiated either by visual or, in some instances, by hand lens
examination. All of the limestones have been assigned to one of the oldest geological
formations exposed in Cyprus with ages of roughly 200Ma. The calcarenites are
considerably more recent (¢. 15 Ma).

For the present exploratory study it was deemed most appropriate to produce thin flat
specimens of each stone under consideration. This type of sample geometry is most snitable
for assessing quantitatively the sensitivity of PTR to small differences in thermal diffusivity
by use of a simple one-dimensional (1-D) theoretical thermal-wave model in which the
sample thickness is well defined and accurately measured independently (see ‘PTR theory in
archaeometry’ below). The proposed sample preparation, of course, negates the otherwise
inherently non-destructive character of the PTR technique. Once the sensitivity of PTR to
limestone and marble stones is established in this work, in future applications, in-situ non-
intrusive measurements of thermal diffusivity may be possible using a three-dimensional
analogue: with tightly focused pump laser beam, the thermal-wave signal can be monitored
at a radial position on a stone adjacent to the optically heated spot and the thermal
diffusivity can be measured from the (known) radial distance and a modulation frequency
scan, or from a fixed-frequency radial distance scan using a three-dimensional thermal-
wave model (Mandelis forthcoming).

Based on the foregoing considerations, using a diamond-bladed metal saw, a piece from
each stone was sliced into three flat slices of approximately 1.5mm thickness and lateral
dimensions large (typically 2 x 1.5cm?) compared to the size of the incident laser beam.
This geometry. coupled with the ¢. 1 cm-diameter laser beamwaist, is amenable to 1-D
signal analysis of the PTR data (Rosencwaig and Gersho 1976). The accuracy of the
thicknesses was 4:2% of the measured thickness. PTR measurements on all three slices from
each stone gave mean values and variances of the thermal diffusivity. Owing to the
translucent nature of the Cypriot stones, the theoretical analysis of the data had to
account for the finite optical absorption coefficient of the 514.5 nm radiation incident on
the samples which tends to modify the heat deposition profile in the sample bulk. In many
cases profuse scattering of the light at grain boundaries, veins and other types of defects
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could be observed throughout the sample volume. For this reason, the optical absorption
coefficients calculated from experimental data contained an unknown degree of contri-
bution from scattering coefficients and could only be used as indicators to characterize each
sample, rather than as absolute quantities. Therefore, they were defined as ‘effective optical
absorption coefficients’. An important advantage of PTR is that the blackbody signal is
largely insensitive to scattered radiation, since it originates in the thermally converted
optical energy; it does not depend on photon counts; and the incident and scattered
radiation is efficiently blocked out of the detector element by narrowband infrared filters.
Therefore, the thermal diffusivity values obtained in this work are considered absolute,
albeit they were determined simultaneously with the ‘effective’ optical absorption coef-
ficients. Excellent agreement with published values of thermal diffusivities of various rocks,
in general (Touloukian and Ho 1981), and with limestones, in particular (Mongelli e¢ al.
1982), further strengthens the foregoing argument on the absolute nature of our thermo-
physical measurements.

PTR THEORY IN ARCHAEOMETRY

It is well known that for small increases in the temperature, AT, of a solid due to a surface
or bulk-distributed thermal source, the magnitude of the blackbody (Planck) radiation
emitted by the solid when integrated over the entire emission spectrum is directly
proportional to the temperature increment (Tam 1987; Tom er al. 1982):

Sp(AT) = CAT (1)

where C is a constant which depends on the ambient temperature, T,, and on the surface
emissivity of the sample. Equation (1) is valid for small temperature excursions in the
limit

AT« T, (2)

Assuming a one-dimensional geometry corresponding to the stone samples used in this
work (Fig. 2), three coupled heat diffusion equations can be written for harmonic
optical heating of the samples at angular modulation frequency w = 2nf (Carslaw and
Jaeger 1959):

dzATg(x,w)

- 0iAT,(x,w) =0, x<0 and x>L (3)
2
) I hx
é%ﬂ—ﬂfATs(x,W)=—ilelf4e bx 0<x<L (4)
2 S§

where I, is the incident laser intensity, n is the optical-to-thermal energy conversion
efficiency of the stone (assumed equal to unity), §; is the sample optical absorption
coefficient, k; is the sample thermal conductivity, and o; is the complex thermal diffusion
coefficient of medium j[j = g (gas; air), s (solid)], defined as

o; = (1 + i) (w/2a)""? (5)

where q; is the therma] diffusivity of material region (j).
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Figure 2 Schematic of one-dimensional geometry for infrared photothermal radiometry of a slice of an archae-
ological stone: (g): gas (air) layer. and (s): solid laver of thickness L, thermal diffusivity g and effective optical
absorption coefficient 3.

The solutions of the ordinary differential equations (3—4) are:

AT, (x < 0,w) = Cye™* (6a)
AT (x.w) = Coe™7" + C3¢7" — 8(x,w) (6b)
AT (x > Low) = Cye @Y (6¢)
Here, 8(x,w) is given by
1077,33 -3

Blx.w) = 5 5 ot 7
T R 7
and Cy..... C, are integration constants which can be uniquely defined by boundary

conditions of temperature and heat flux continuity at both interfaces x = 0, L:
AT (x.w) = AT (x,w) at x=0 and L (8a)

d d

k, KATS(.\'.;U) = kg;i;ATg(x.w) at x=0 and L. (8b)

Calculating the integration constants from the four boundary conditions (8a, b), and
inserting the expressions for C; and C; in Eq. (6b) yields for the value of the thermal-wave
field at the rear surface (x = L) of the sample:

1 7)8 2()‘5 +b v)e*USL —3L 1+ 6720’1‘ 3L
AT (L.w) ~ — A —e [ = 3, 9
(L) 2kos(rs - 1) ] — e ol € s\ 1= 2oL € 9)

The two new symbols r, and b,, are defined as follows:

re = Bs/0 by = Kev/as (10)
Yok
The approximate equality sign in Eq. (9) is there to indicate that the approximation
I £h, >~ 1 was made. This approximation is very good for gas-solid systems, where
bgs ~ 10° - 107° {Rosencwaig 1980).
For the special case of optically opaque solids, that is 3L > 1, the expression for the
rear-surface thermal-wave field, Eq. (9). simplifies to

AT,(L.w) = Ion o~k (11)

ko
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Similarly, for the special case of thermally thick solids, thatis| o, | L > 1, Eq. (9) becomes:

A Ionrs - B, L

In the case of archaeological stones from Cyprus none of these simple limiting expressions
was applicable. Therefore, the general formula, Eq. (9), had to be used in the PTR signal, Eq.
(1) where C now incorporates an instrumental constant as well. It ought to be mentioned that
Eq. (9) represents both the thermal-wave field at the rear surface of the solid and the
blackbody radiation field, provided that the infrared absorption coefficient 8;(A\r) in the
emission wavelength, A\jr, range of the sample is high enough for that emission to be fully re-
absorbed by the solid (Leung and Tam 1984). This was assumed to be the case with the stones
from Cyprus. If this assumption is not strictly valid, a contribution to the effective optical
absorption coefficient 3, from B;(\g) is expected, without any significant impact in the
predicted value of thermal diffusivity.

In order to make the developed theoretical PTR model comply with the experimentally
available lock-in analyser signal channels amplitude and phase, the complex Eq. (9) was
transformed into an equivalent polar coordinate representation for direct use with the data:
PTR amplitude

_ Clny |Z4 8L 2
IAT;(L, “’)' - 2\/§ksas IZSI [(2Ql 0051/11 —e€ cos wZ - Q2 Ccos d)3)
+ (20, sin gy + e™F singp, — @y singp)]? (13)
PTR phase
o(Lw) = tan~! 20, sin; + e *Lsingy, — 0, sinty (14)

20, costh; — e L cos e, — @, cos s

where the various quantities have been defined in the Appendix.

PTR RESULTS, PETROGRAPHY AND CORRELATIONS

PTR frequency responses

A few preliminary attempts were made to modify the stone surfaces to simplify the
quantitiative analysis by depositing a thin black layer on the surface, which would
render the samples opaque and would validate Eq. (11). Ink and soot layers were
deposited, but both approaches were abandoned. The former resulted in irreversible
penetration of ink in some stones through grain boundaries or other macroscopic defect
structures, including pores. The ink coating could not be removed through vigorous
washing and there was concern that seepage could modify the heat conduction path-
ways, thus producing erroneous thermal diffusivity values. Furthermore, it appeared that
the application of a thin soot layer from a candle flame may have caused some permanent
thermal change in the stone structure, as witnessed by irreversible changes in the calculated
values of o, before and after the application of the candle flame. Therefore, the results
shown below were obtained without any stone surface preparation and yielded very
reproducible values of the diffusivity. In Figures 3—5 the experimental radiometric data
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Figure 3 PTR amplitude versus { '’ data. (Upper left): data from the stone PP7. Best fit 1o the data was obtained
with g = 1.55 x 1078 m" /s and 3, = 39.7cm™" . (Upper right): data from the stone PH2. Best fit to the data was
obtained with a, = 1.57 x 107¢ m"/s and 3, = 13.8 em™' (Lower centre): data from the anomalous stone PP2. The
three experimental curves (discontinuous data points) are shown along with the best theoretical fit.

were plotted versus the square root of frequency, as the most appropriate power of this
control parameter, owing to the diffusive nature of the signal generation mechanism, that is
the thermal wave in the rock: diffusive phenomena in simple homogeneous media in one
spatial dimension evolve with the square root of time (Carslaw and Jaeger 1959), or,
conversely, with the inverse square root of frec}uency. This can be seen in the simplified
form of Egs. (11) and (12) as AT, x o, ' xw™/?

Figure 3 (upper left) shows experimental frequency response data from a slice of stone PP7
and the theoretical fit to the amplitude data of Eq. (13). Only amplitude data fits were
considered in this work. Phase frequency scans produce similar results. Three sets of data
were obtained using three slices per stone. The curve-fitting involved the optimum adjustment
of the o, and 3, values. The excellent fit of the theory to the data in Figure 3 (upper left) is
typical of all three PP7 slices, including the substantial deviation at f < 0.2 Hz. The origins of
the deviation are associated with the non-flat instrumental frequency response (transfer
function) at frequencies below 1 Hz, and they do not affect the relative values of the measured
thermal diffusivities. It should be realized that the developed theoretical model assumes a
totally homogeneous solid. The uniqueness of the two-parameter fit (o, 53,) to the data is
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very good, because the high-frequency (thermally-thick (Rosencwaig and Gersho 1976),
f > 2Hz) regime of the plot in Figure 3 (upper left) is mostly sensitive to the value of 3,
whereas the low-frequency (thermaliy-thin (Rosencwaig and Gersho 1976), f < 2 Hz) regime
is only sensitive to the value of a,. Similar quality of agreement between theory and
experiment was obtained with stones PP1 and PP3-PP6. In all these cases the discrepancy
at the low-frequency end of the curves persisted, whereas'decreased values of the effective Bs
were found to be responsible for the change in the sign of the curvature at high frequencies in
the PH series, Figure 3 (upper right). The shape of this frequency-response curve and the
quality of the fit is typical of all three stones PH1-PH3. The same excellent fit was further
obtained for stones KQ3, S1 and S2.

No satisfactory fit could be obtained from stone PP2 for any combination of parameter
pairs (ay, 3,). Figure 3 (lower centre) shows the three experimental curves from the three PP2
slices and the closest possible theoretical curve. The problem was that, in order to generate the
steep upward curvature of the data lines, §; had to be less than 10cm™ !, which made the entire
theoretical curve insensitive to thermal diffusivity, as back-surface heating was dominated by
local optical absorption rather than bulk heat conduction. Therefore, no value of o, was
assigned to stone PP2. The use of a simple linear regression fit to the data, however, gave a
thermal diffusivity value which was ¢. 15% higher than stone PP4 (when the data from the
latter were treated with a similar linear regression method). It is believed that the anomalous
stone PP2 failed to conform with the assumption of a single, homogeneous layer on which the
theory was based, throughout the entire frequency range under investigation. Petrographic
investigation (see below, ‘Petrography’) seemed to confirm this interpretation based on
observations of lamellar twinning of bulk domains throughout this stone.

Table 2 shows the thermal diffusivity values and their variances obtained for all the stones,
and Figure 4 represents groupings of these values based in stone types. Table 3 shows the

Table 2 Mean values and variances of Cypriot archaeological stone thermal diffusivities (see

Table 1). Results of three test samples per stone. The limit of the resolution of diffusivity values

of the present PTR technique was found from this table 1o be £0.05 x 10~% m’[s. The numbers

in parentheses indicate groupings of stones as per petrographic structure determination (see
‘Petrography’ and ‘Discussion and conclusions’)

Stone label Mean thermal diffusivity (m’/s) Variance =+/(ZAa%)]3) (m’]s)
KQ3 (3) 0.93 x 107 40.10 x 107°
S1 (1) 1.55% 107 +0.19 x 107°
2 (2 1.28 x 107° +0.04 x 1076
PHI (1) 1.22 x 1078 +0.04 x 1078
PH2 (1) 1.57 x 107° +0.10 x 107
PH3 (1) 1.33 x 107° £0.16 x 10
PPl (1) 1.43 x 107 . +0.07 x 1078
PP2 ) Undefined (>PP4)

PP3 (2 127 x107° 4+0.11 x 107°
PP4 (1) 1.70 x 107° +£0.09 x 107°
PP5  (3) 1.00 x 1078 +0.00 x 107
PP (3) 0.87 x 1076 40.04 x 107°

PP7T (1) 1.55x 1076 40.00 x 1076
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Figure 4 Thermal diffusivity grouping histograms showing clear value range separation among calcarenites, dense
[fragmental limestones and marble.

respective effective optical absorption coeflicient values. It will be noticed that the spread in 3,
variances is much larger than that in o, variances. This is the result of optical scattering in the
various test specimens and its strong dependence on variations in defect/grain/crystallite
structures from sample to sample. The range of measured thermal diffusivities in Table 2
0.9-1.7x 107 m?/s is in excellent agreement with values for limestone reported at room
temperature by Mongelli et al. (1982). They also exhibit agreement within a factor of two with
values reported for other rocks. for example. quartzite, dolomite and mica-quartzite
(Mongeili er al. 1982): granite, basalt and sandstone (Hanley er al. 1978; Touloukian and
Ho 1981): diorite, diabase, feldspars and garnets (Touloukian and Ho 1981).

Table 3 Mean values und variances of Cypriot archaeological stone effective optical absorption
coefficients corresponding to eniries in Table 2

Stone label Meun effective absorption coefficient cm™! Variance +/((EA3%)/3) (em™!
KQ3 48.7 +5.0
Sl 18.0 +4.3
S2 27.2 +5.2
PHI 19.7 +2.6
PH2 13.8 +1.0
PH3 13.2 +0.5
PPI 38.3 +4.1
PP2 <8.0
PP3 39.7 +3.7
PP4 13.8 +4.9
pPs3 350 +2.4
PP6 46.0 +1.1

PP7 9.7 +0.9
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Petrography

Following the PTR study, a thin slice was cut from each stone and these thin samples were
prepared for examination with the petrographic microscope of the Department of Earth
Sciences, University College, London, U.K. The results of the petrographic analysis were as
follows.

(a) Stones S1 and S2 from the Souskiou quarry were cream- and grey-coloured,
respectively, in agreement with the trend in 5, shown in Table 3. They were dense, fine-
grained limestones and consisted of rounded to sub-rounded areas of microgranular calcite
and rare bivalve shell fragments surrounded by fine- to coarse-grained crystalline calcite.
Veins through the stones were invariably filled with coarsely crystalline calcite. Most
importantly, the two stones also differed in the degree of crystallinity, with S1 being
decidedly more crystalline (approx. 40% microgranular calcite) than S2 (approx. 70%
microgranular calcite). These differences are in agreement with the higher diffusivity of S1,
as expected from more highly atomically ordered (i.e. more crystalline) solids.

(b) The three samples from the Phasoula quarry (PH1, PH2, PH3) were white- to cream-
coloured dense fragmental limestones considered to be of similar age and to belong to the
same geological formation as those from the Souskiou quarry (S1 and S2). The similar 5,
values among S1, PHI1, PH2 and PH3 are in agreement with the exhibited colours.
Microscopic examination showed that they consisted of microgranular calcite (approx.
70% by volume in PH3 and 50% in PH1, PH2). The remainder was fine- to coarse-grained
holocrystalline calcite. From Table 2 it can be seen that the petrographic analysis is
consistent with the diffusivities of PH3 (similar to S2) and the more crystalline PH2 (similar
to S1); the diffusivity of PHI is closer to PH3 than to PH2 and thus appears somewhat
anomalous. Nevertheless, the range of diffusivity values of the Phasoula quarry group is
identical to those of the Souskiou quarry stones, very likely a manifestation of their
common geological origins.

(c) The Palaeopaphos samples PP1, PP4 and PP7 were dense fragmental limestones. Those
stones were pink, grey to dark grey and red in colour, respectively. No clear pattern in
effective optical absorption coefficients emerges from Table 3. PP1 and PP7 mainly
consisted of microgranular calcite (approx. 80% PP1 and 70% PP7) carrying very small
spheroidal masses of fine-grained crystalline calcite. Veins were abundant and made up the
remainder of each sample; they consisted of medium- to coarse-grained crystalline calcite.
The very similar thermal diffusivities of PP1 and PP7 are consistent with the very similar
texture of these stones. Sample PP4 differed in that it exhibited almost total absence of
microgranular calcite; its place had been taken by fine crystalline calcite, resulting in higher
thermal diffusivity than samples PP1 and PP7, as expected.

In contrast to the above, stone PP2 was a greyish-white, medium- to coarse-grained
marble, an unprovenanced import to the island of Cyprus, consisting almost entirely of
anhedral (granular) holocrystalline calcite with ubiquitous lamellar twinning and scarce
magnetite grains. The dominantly crystalline nature of that stone was consistent with our
approximate (linear regression) calculations of its thermal diffusivity, which indicated
values higher than the highest of the group, sample PP4. The lamellar structure of
stone PP2 was most likely the cause of its failure to comply with the single continuous
layer description built in to the theoretical photothermal model above (‘PTR theory in
archaeometry’).
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Stones PPS and PP6 represented an entirely different type of rock which, nevertheless,
essentially consisted of calcium carbonate. In both stones, ¢. 95% of the bulk by volume was
made of micritized foraminiferal tests and of bivalve and algal fragments in a matrix of
microgranular calcite with some fine-grained crystalline calcite. The remainder of the stone
bulk was made of non-carbonate clasts (c. 5% by volume). Those were represented by broken
crystals of quartz, feldspar and chiorite. Although it is hard to make detailed predictions of the
values of thermal diffusivity expected from stones PPS and PP6, it is clear from Table 2 that
the calculated values are considerably lower than those of the PP1, PP4, PP7 group, perhaps
owing to the abundant grain boundary/fragmental structure of the PP5, PP6 stones which
would impede transient heat flow across the bulk of these samples.

(d) The stone KQ3 was collected from an old quarry near the village of Kouklia.
Petrographically it was found to be identical to stones PP5 and PP6 and might have
been the source for the Palacopaphos samples in antiquity. It is important to note that its
thermal diffusivity was also found to be identical (within statistical variance) with those of
the PP5. PP6 pair.

(e) The stone PP3, a grey dense pelagic limestone, consisted of ¢. 60% microgranular
calcite. The remainder was small spheroidal masses (original radiolaria?) of fine-grained
crystalline calcite. Thin veins were filled with finely crystalline calcite. The similarity in its
thermal diffusivity value to those of the similarly structured PP1, PP7 pair (within statistical
variance) is also consistent with the foregoing description.

DISCUSSION AND CONCLUSIONS

In this work infrared radiometry was adapted and applied to the investigation of
archaeological stones from Cyprus in a feasibility study aiming to introduce experimen-
tally and theoretically a novel non-contact, potentially non-intrusive technique of laser
photothermal archaeometry of high enough sensitivity to resolve small differences in the
thermal diffusivity of ancient samples. Although the limited set of samples examined was of
insufficient quantity to perform detailed studies on source homogeneity variations, visual
examination in the quarries indicated adequate source homogeneity, so as to allow the
present study to obtain particular thermal diffusivity ranges from specific quarries. The
purpose of the current investigation was to determine whether thermal diffusivity could be
used as a finger-printing diagnostic method for the characterization of rock materials.
Carbonate rocks were selected, since most ancient statuary traded around the known world
in Hellenistic and Roman times and earlier periods was manufactured from these rock
types. These carbonate rocks fell into four petrographic broad groups: (1) dense fragmental
limestones (S1, S2, PH1, PH2. PH3, PP1, PP4 and PP7); (2) dense fine-grained pelagic
limestone (PP3); (3) calcarenites (PP5, PP6 and KQ3); and (4) crystalline marble (PP2)
which could easily be differentiated by anyone with some geological expertise.

Although the stones from Cyprus exhibited rather complex structure, the excellent
agreements between PTR frequency response curves and theoretical curve-fits for all the
samples, with one exception (PP2). strongly supported the thermal behaviour of these
stones as virtually homogeneous, continuous solid layers, along the fundamental assump-
tion of the developed one-dimensional PTR theory. Therefore, the thermal diffusivity
values compiled in Table 2 can be taken as true representations of the thickness-averaged
mean value for each sample. Table 2 and Figure 4 showed relatively clear divisions of the
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three groups (the limestone groups (1) and (2) were merged) in terms of diffusivity values.
No clear trends could be established in terms of effective optical absorption coefficients,
Table 3. This is not surprising, since the light scattering properties of the various stones
were widely different and slice dependent, which tended to yield erroneous values for the
true optical absorption coefficients. On the contrary, photothermal detection is known to
be less sensitive or insensitive to light scattering processes, because it does not depend on
photon counting (Per Helander 1983).

From Table 2 the following groupings can be observed: (1) dense fragmental limestones
(a, = 1.22 = 1.70 x 10 *m?s), including dense fine-grained pelagic limestones (a, =
1.27 x 10" m?/s); (2) calcarenites (o, = 0.87 — 1.00 x 10~®m?/s); (3) marbles (, ~ 15%
higher than 1.70 x 10 & m?/s).

The above considerations show that thermal diffusivity could be used as an aid to
discrimination in sourcing studies of archaeological stone artefacts. If colour is not taken
into account, then pedestals PP1, PP4 and PP7 could have originated in either the Souskiou
or the Phasoula quarries. Since the particular coloration of these pedestals is absent from
those quarries, the foregoing pedestals are commonly not thought to come from the
Souskiou or the Phasoula quarries. In terms of thermal diffusivity diagnostics, it is clear
that stone crystallinity content determines thermal diffusivity, with the higher crystalline
content stones exhibiting higher diffusivity. The preliminary success of laser PTR
archaeometry reported in this work as a high-resolution thermal-diffusivity intrumentation
and measurement methodology will be further tested by using holocrystalline materials
(marbles). This further work is under preparation and should determine whether small
compositional variants can be resolved via the measurement of thermal diffusivity values.
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APPENDIX: DEFINITIONS OF CONSTANTS APPEARING IN EQS. (13-14)
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