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Obsidian  surface  roughness  and  rind  structure  both  play  a major  influence  on the  Obsidian  Hydration
Dating  (OHD).  AFM  (Atomic  Force  Microscopy)  investigation  coupled  with  quadrupole  SIMS  hydrogen
data  profiles  establish  a validation  criterion  of quantitative  evaluation  of roughness  for  OHD  dating  pur-
poses.  More  evidence  of the  importance  of the  surface  morphology  at the  nanoscale  is given for  five
obsidian  tools  of different  origin.  The  latter  relates  to the  dynamic  ion influx  diffusion  kinetics  between
surface  and  surrounded  sediment  media,  and  the obsidian  structure,  thus,  2D  and  3D  surface  mapping,
as  well  as,  cation  profiling  (H,  C, Mg, Al,  F, S, Cl,  CN,  O isotopes)  were  made  by  TOF-SIMS  and  quad-SIMS.
IMS
OF-SIMS
urface roughness
ind
IMS-SS dating
ation profiling

It  was  found  that  the  C and Mg  are considered  as  imposed  criteria  for accepting  suitability  of  H+ profiles
for  further  processing  by SIMS-Surface  Saturation  dating  method.  The  effect  of  roughness  to  dating  is
discussed.

© 2016  Elsevier  Masson  SAS.  All  rights  reserved.
ydration

. Introduction

Obsidian is a natural glass that undergoes hydration because of
nvironmental humidity and forms a hydration rim in its interface
ayer (few microns below the surface). It is known that the hydra-
ion of obsidian is a complicated, diffusion-limited phenomenon,
hich is strongly affected mainly by environmental factors of tem-
erature, water concentration on the glass surface, as well as,
ristine water (glass structural water) [1–4].

In the last decade, novel approaches to the investigation of the
bsidian surfaces by means of Scanning Electron Microscopy (SEM)
nd Secondary Ion Mass Spectroscopy (SIMS) have revealed the
nfluence of microlithic inclusions on the hydration process [5–7].

urthermore, preliminary results from investigation of the surface
ith Atomic Force Microscopy (AFM) have shown that the surface

oughness has a significant impact on SIMS measurement [6–9].

∗ Corresponding author.
E-mail address: liritzis@rhodes.aegean.gr (I. Liritzis).

http://dx.doi.org/10.1016/j.culher.2016.11.014
296-2074/© 2016 Elsevier Masson SAS. All rights reserved.
Roughness derives from various causes, the weathering (burial con-
ditions), cleavage during carving of the tool, usage.

Here, new measurements of AFM along with quadrupole SIMS
and ToF-SIMS mapping and cation profiling on obsidians had lead to
further assessment and evaluation of the criterion for choosing and
accepting suitable obsidian surface areas for SIMS, and cation pro-
files. Investigations on surface roughness and profile data scatter
and dispersion prior to any H+ SIMS profile for SIMS-SS dating
purposes [5] has been instrumentally and statistically documented.

2. AFM on archaeological materials and obsidians

Since its discovery [10], thanks to its versatility, the AFM tech-
nique has been widely used in many different fields, such as biology
and micro/nano-electronics. Although there are studies reporting
its use in modern glasses (especially for the study of optical fibers),

there are very few reports describing its use in archeological
glasses.

Considering the most relevant studies reporting the use of
AFM in ancient obsidians and manufactured glasses these are by:

dx.doi.org/10.1016/j.culher.2016.11.014
http://www.sciencedirect.com/science/journal/12962074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2016.11.014&domain=pdf
mailto:liritzis@rhodes.aegean.gr
dx.doi.org/10.1016/j.culher.2016.11.014
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chmitz et al. in 1995 [11]; Schreiner et al. in 1999 [12] showing the
haracterization of the surface of mediaeval vitro (stained glass)
xposed to natural environmental conditions; Carmona et al. in
010 [13], comparing the surface micro-structures in ancient and
odern glasses degraded by chemicals, Zacharias et al., 2010 [14]

n the authenticity of glazed pottery; Melcher et al. in 2010 [15]
tudying the degradation of glass artifacts. AFM has been previously
sed in the investigation of obsidians by Liritzis et al. in 2008 [8,9]
nd by Novak and Stevenson in 2012 [16]. These results pointed out
hat the surface roughness can potentially influence the sputtering
f ions, the diffusion profiles of cations into the glass and especially
istorts the concentration of water (as H+) versus depth.

. SIMS on surfaces: the effect of roughness

The SIMS method is based on the sputtering of secondary ions
rom the surface of a material that is bombarded by a primary
on beam [17]. The type and the quantity of the sputtered sec-
ndary ions from the surface provide useful information on the
hemical composition of the surface under examination. By using

 profilometer to measure the total depth of the crater formed by
he bombardment, information on the concentration distribution of
he elements versus depth can be inferred. Several studies on mate-
ials, mainly in the research field of micro-/nano-electronics (e.g.
hin films of silicon or germanium), show that the measurement of

 surface by SIMS is subjected to the influence of the roughness of
he surface [18].

Irrespective to the material’s composition and the nature of
he ion beam, the influence of the roughness on the experimen-
al output (chemical composition versus depth profile) is twofold:
he first one is connected to the intrinsic roughness of the mate-
ial; the second one concerns the additional roughness induced by
he ion bombardment [16–20]. In fact, the two types of impact in
rocessed surfaces of silica was found for primer ion beam of oxy-
en (O) [19,21], and in the same surface but for primer ion beam of
esium (Cs) [20].

The impact of surface morphology on SIMS results has been
omprehensively discussed [18,22], assessing that natural cracks,
inholes or swellings could lead to unreliable results. The surface
oughness has an influence on the spread of secondary ions during
he bombardment and, as a result, distorted data for the composi-
ion of the surface are recorded as they reach the mass spectrom-
ter. In addition, the roughness induced by the ion beam further
nfluences the distribution of the secondary ions. In a recent report,
ovak and Stevenson [16] have investigated modern and archae-
logical obsidian surfaces by means of SIMS and AFM, concluding
hat the roughness measured by SIMS is larger than its real value. It
s not yet clear at which depth this induced roughness starts to be
enerated, while this information would be important to give a cor-
ect interpretation of the hydrogen profiles. In 2008 the first results
rom the AFM measurements were published [8,9] and they reveal
hat there seems a correlation between the spread of the profile
oncentration values found by SIMS and the value of the roughness
btained by AFM. This correlation could be related to the effect of
he surface roughness on the dispersion of the secondary ions and
he collection of disturbed data from the mass spectrometer.

This paper aims at confirming and expanding the validity of this
pproach, evaluating the importance of the structural characteri-
ation at the micro- and nanoscale, by complimentary quad-SIMS
nd ToF-SIMS mapping and cation profiling of rinds on obsidians of
ifferent archaeological origin.
. Experimental details

All samples were investigated by means of a Park XE-100 AFM in
ontact mode (NSC36 probes, radius of curvature < 10 nm). To avoid
l Heritage 25 (2017) 101–112

microscopic cracks and inhomogeneities, the regions to be scanned
by AFM were chosen with the aid of an optical microscope [8].

Secondary ion mass spectrometry (SIMS) analyses were con-
ducted at the commercial laboratory of Evans Analytical Group,
East Windsor, NJ, USA, and the profiles were collected using PHI
Model 6300 and 6600 quadrupole-based secondary ion mass spec-
trometers. A 5.0 KeV Cs+ primary ion beam with an impact angle
of 60◦ with respect to surface normal was  used and negative sec-
ondary ions were detected. The measurements were performed
using a 300 × 300 micron ion beam raster, which results in very
little visual disruption to the sample surface. Generally, the SIMS
depth scale accuracy for archaeological samples is within 5–10%.
This translates into an estimated error of ± 0.05 �m.  This value is
not equivalent to the ± 0.01–0.03 �m standard deviation usually
associated with SIMS because of the irregular surface topography
present on naturally cleaved samples. For polished test samples
crater depths are measured using a Dektak 6 M stylus profilometer
which is reproducible to within 1% on flat, well-controlled samples
[8].

ToF-SIMS measurements were carried out within the scope of
an ION-TOF ToF-SIMS.5-200 demonstration in the laboratories of
Tascon in Germany. The chosen analytical conditions were adapted
to the respective analytical needs. General information about ToF-
SIMS instrumentation, modes of operation and typical applications
can be found elsewhere [23].

A representative image displaying one of the AFM experiments
is reported for each sample, showing the positioning of the tip over
the surface. Table 1 reports the analyzed samples together with
their place of origin. These together with some more measured by
TOF-SIMS were chosen to investigate surface differences under dif-
ferent environments (Aegean, Carpathian, Asia Minor, Continental
Greece), some of them have had stereo microscopic images with
differences in surface appearance, while others are compared to
samples from same stratigraphy and age of earlier made SIMS pro-
files.

5. Measurements by AFM and SIMS

5.1. AFM

5.1.1. Sample RHO-4 (ULUCAK)
Optical microscopy results show that the sample is not flat and

that it is not homogeneous in the micrometric scale. The sample
features cracks, voids and inhomogeneities typically in the range of
few microns. The percentage of the area covered by such features is
lower than 10%. The vast majority of the surface consists of regions
similar to the one shown in the micrograph in Table 1. In these
regions the surface mainly consists of sub-micrometric spheroidal
structures. The size and shape of these objects are quite homoge-
neous. Typically, particle diameter is in the range between 20 nm
and 100 nm,  while the height is typically below 10 nm (Fig. 1).

5.1.2. Sample RHO-8 (ULUCAK)
Optical microscopy investigation (see Table 1) reveals a micro-

scopic structure partly similar that of RHO-4, while AFM results
display significant differences. Rod-like crystallites are present on
top of spheroidal structures similar to those observed in RHO-4 (see
Fig. 2). The dimensions of rod-like particles are typically around
100 nm in cross-section and few hundreds of nm in length.

5.1.3. Sample RHO-363 (MORAVANY-3)

By naked eye this sample looks very different from the others; in

fact, the sample is not as black colored as the others, and is partly
translucent. The surface is extremely flat, except for some linear
scratches, clearly visible in the optical micrograph (see Table 1).
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Table  1
Provenance and visual aspect of obsidian samples analyzed with AFM.

Sample no Provenance Macrophoto Micrograph

RHO-4 (ULUCAK) Smyrna
Neolithic settlement
Minor Asia

RHO-8 (ULUCAK) Smyrna
Neolithic settlement
Minor Asia

RHO-363 (MORAVANY-3) Moravany site
Early Neolithic settlement
East Slovakia

RHO-442 (YAL-2) Island of Gyali
Neolithic settlement
Dodecanese, Greece

RHO-450 (YR-2) Island of Youra
“Cyclops Cave” settlement
Late palaeolithic layer
Alonissos, Greece

Fig. 1. AFM image of the sample RHO-4 (ULUCAK). The height profiles along three lines are shown. The surface mainly consists of nanometric spheroidal structures.



104 N. Laskaris et al. / Journal of Cultural Heritage 25 (2017) 101–112

Fig. 2. AFM image of the sample RHO-8 (ULUCAK). The height profiles along three lines are shown. The surface consists of rod-like nanometric particles on top of spheroidal
structures.

NY-3). The height profiles along three lines are reported.
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Table 2
Roughness coefficient values Ra for obsidians of Table 1.

Sample Ra (nm)

RHO-4 14 ± 4
RHO-8 35 ± 8
Fig. 3. AFM image of the sample RHO-363 (MORAVA

FM results reveal the presence in the flat regions of inhomo-
eneities whose height is typically below 10 nm (see Fig. 3).

.1.4. Sample RHO-442 (YAL-2)
Optical microscopy (see Table 1) shows that sample RHO-442

YAL) on the microscopic scale is very similar to sample RHO-4
ULUCAK), featuring cracks and inhomogeneities, typically in the
ange of few microns. Again, the majority of the surface consists
f regions similar to the one where the AFM probe is placed in
ig. 4. At the nanoscale, AFM shows the presence of crystallites and
nhomogeneities, irregular both in size and shape. Small particles

ith diameter of few tens of nanometers are also present.

.1.5. Sample RHO-450 (YR-2)
At the microscopic scale, the surface of this sample is quite

omogeneous (see micrograph in Table 1). AFM investigation
hows the presence at the nanoscale of globular structures whose
ize is roughly 10 nm in height and few hundreds of nanometers in
iameter (see Fig. 5).

Table 2 summarizes the values of roughness for each sample.
alues were obtained by means of AFM as an average over 4 differ-
nt regions, each one having an area of 25 �m2. The roughness is
eported as the arithmetic average, Ra calculated as:

n∑∣ ∣

a = 1

n
i=1

∣yi
∣

here yi represents the height of a single AFM pixel.
MORAVANY-3 9 ± 3
YAL-2 42 ± 22
YR-2 23 ± 15

5.2. SIMS profiles and SIMS-SS dating

A novel dating approach using SIMS-SS to investigate secondary
ion mass spectrometry-surface saturation layer has been proposed.
The water diffusion into the obsidian follows a S-like curve that
obeys satisfactorily enough the 2nd Fick’s law of diffusion (Eq. (1))
– a diffused region and an exponential region, both reflect two
different diffusion mechanisms [5] (Fig. 6), where c is the concentra-
tion. A solution of this mathematical expression for certain bound-
ary conditions provides the age equation of diffusion time (Eq. (2)).

Fick’s Second Law (for 1D diffusion):

∂c

∂t
= D

∂2
c

∂x2
← from equation of continuity (1)

Analytical solutions can be found for specific initial and bound-
ary conditions[ ]2
T =
(Ci − Cs)2 1.128

1− 0.177kCi
Cs

4Dseff
[

dC
dx

∣∣
x=0

]2
(2)
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Fig. 4. AFM image of the sample RHO-442 (YAL-2). The height profiles along three lines are shown.
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Fig. 5. AFM image of the sample RHO-450 (YR

here, C the concentration of water for intrinsic (I) and surface
aturation (S) layer respectively, k a parameter from Crank’s basic
ook (The Mathematics of diffusion 1975, Clarendon Press, Oxford)
olutions for non-dimensional plots, and Dseff the effective diffusion
oefficient [5].

It is based on the modeling of the water distribution into the
bsidian surface. The Water distribution is measured with the SIMS
ethod and on the new concept of a Saturation Surface layer (SS).

his layer is created on the first 1–3 �m of the obsidian surface
ue to the different speed of the two diffusion Mechanisms. The
rst mechanism transfers the ambient water from the environment

nto the exterior surface of obsidian, and the second mechanism is
esponsible for the diffusion process into the interior of the artifact
Fig. 6A, B).

However, the determination of the SS layer, i.e. the little flat
plateau) segment in the diffused region of the sigmoid curve, is a
rucial age parameter. This SS layer is formed with a highest con-
entration as a progressive front during the diffusion time defined
y Cs and xs. This is located by, (i) the sliding progressive regres-
ions to determine a near-zero slope, and, (ii) through a repeated
erivatives approach starting from the initial points to the whole
iffused region. This way an emerged pattern for safe location of
S appears. But the latter has shown cases where the location of SS
nd/or the polynomial fitting of the profile are both problematic,
nd uncertain ages are linked to the surface topography.
It has been shown [9] that the proper choice of the spot where
IMS analysis is performed represents a crucial step in the reliabil-
ty of the proposed dating method. When this condition is properly
ulfilled, the accuracy of the results should directly depend on the
e height profiles along three lines are shown.

roughness of the sample. An indication of the correlation between
SIMS-diffused profile properties and surface roughness aids selec-
tion of appropriate obsidian surfaces for dating. Fig. 6A is a sigmoid
profile of obsidian produced by SIMS indicating the diffused region.
In the diffused region a linear regression fit (y = a + bx) defines the
dispersion, which reflects the degree of roughness and sputtering
(Fig. 6B). The dispersion is defined by the Standard Deviation of
Residuals (Rstd). Thus, Rstd is the standard deviation of residuals
between data and linear fitting in diffused region, and Ra, is the
arithmetic mean deviation calculated by the AFM. Fig. 7 shows the
correlation between Rstd and Ra.

6. Discussion on roughness

In Fig. 7 for the sake of comparison, the newly investigated
samples are reported together with those of three pairs of val-
ues already published in previous works [8,9]. The results suggest
a linear correlation between AFM roughness and SIMS standard
deviation (as highlighted by the pink rectangle in Fig. 8) except of
RHO-4 and YR-2, which appreciably deviate from the linear trend.
At this stage we  are not able to explain the behavior of these last
two samples. Most probably, it is due to experimental issues such
as the statistical representativeness of the areas investigated by
AFM and SIMS or the topography of craters formed during SIMS
measurements, work that is under way.
It has already been shown elsewhere [8,9] that a correlation
exists between the roughness parameters extracted by means of
AFM and the Rstd factor obtained by SIMS. The dispersion of SIMS
data points is influenced by both the surface roughness of the
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Fig. 6. A. SIMS profile for hydrogen with a best fit applied. It consists of the diffused
region (long) and exponential region (right). B. Blow up of diffused region of (A).
Note the scatter around the best fit (red) and the segment with arrow the surface
saturation (SS) layer.

Fig. 7. Rstd coefficient versus Ra for eight pairs of AFM-SIMS measurements. AFM analysis
and  for sample YR-3 has been made in the same raster area investigated by SIMS. In the 

and  SIMS on samples Sar-3 and Sar-4 (The Sar-2,3,4 all derive from the Sarakinos Cave, Up
provenance source from Melos island Aegean Sea).
Fig. 8. Change in age for % change of saturation concentration for four samples
derived from four different obsidian sources.

sample and the ripple roughness induced by the primary ion beam
[19–21]. The latter has already been shown to negatively affect the
accuracy of SIMS analyses in [22], also for obsidians in [16], and
has been reconfirmed and accurately evaluated by AFM.

Ultimately, the effect of roughness in SIMS-SS dating and espe-
cially regarding accuracy in the SS layer estimation is discussed.
Figs. 6 and 8 show the effect of the dispersion of scattered data
points in the determination of SS layer, on the age obtained for
four obsidian tools. A ± 10% error in Cs of SS layer gives a ∼25%

error in age. It is apparent that the suppression of roughness by
selecting proper raster area for ion beam to get the H+ profile is
very crucial. In obsidian tools the hydration layers can reach thick-
nesses up to 15–20 �m,  while this layer does not exceed 1.5–2 �m

 of the five samples of the present work (YR-2, YAL-2, RHO-4, RHO-8, MORAVANY-3)
case of Sar-2, Sar-3 and Sar-4 samples AFM measurement has been made on Sar-2
per Paleolithic to Neolithic Settlement, Boeotia Prefecture, Greece; and have same
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Fig. 10. Sar-8. H, Si, C, F, Na, Mg,  K, Al and Cl profiles by Quadrupole SIMS.

T
S

Fig. 9. Sar-7. H, Si, C, F, Na, Mg,  K, Al and Cl profiles by Quadrupole SIMS.

n recent samples. Consequently, old samples need long ion bom-
ardment times to reach the depth corresponding to the beginning
f the hydrogen concentration profile. This produces an increase
f the secondary roughness formed inside the crater and a higher
ispersion of secondary ions, causing reduced accuracy in SIMS
nalyses.

The initial surface roughness affects the dispersion of secondary
ons during sputtering that causes disturbed profiles of concentra-
ions. Moreover, the roughness produced by the beam in the formed
rater affects both the dispersion of secondary ions and the follow-
ng accuracy of depth in the crater via the profilometer. The latter is
ue to the inhomogeneous structure of obsidian with cracks, voids
nd minerals spread over the obsidian body.

This internal “roughness” has been further supported by profil-
ng of more cations of carbon, aluminium, fluorine, manganese, and
etting 2D and 3D mapping of obsidians, all of which supplement
he mentioned above findings, and provide an additional criterion
or the suitability of H+ SIMS profiles for SIMS-SS dating. Data have
een produced with a quadrupole SIMS and by TOF-SIMS providing
n insight to the structural status within the rind of the surface.

. Depth profile with TOF-SIMS and Quad-SIMS

The impact on H+ hydration profiles and/or of the hydration
tself on the reported presence of carbon and nitrogen [23] in obsid-
an surfaces has been further investigated. This hypothesis was
one by examining obsidian surfaces with Quad-SIMS and TOF-
IMS. Depth profiles of relative concentrations of carbon (C), along

ith fluorine (F), aluminum (Al) and magnesium (Mg), as well as,

ther cations are measured on some obsidian tools from archaeo-
ogical sites in Aegean, Mainland Greece and Carpathian (Table 3).

able 3
amples, sites and SIMS measurements for cation profiles and mapping.

Sample code no Site SI

RHD-1024 Prophet Elias Hill
Desfina (Delphi), Greece
Surface find

TO

RHO-523 Moravany
Early Neolithic Settlement, East Slovakia

YR-3 Cyclops Cave (late palaeolithic layer) Island of
Youra, Alonissos, Greece [24]

Sar-7 Sarakinos Cave, Upper Paleolithic up to
Neolithic Settlement, Boeotia Prefecture,
Greece [25]

Q
Sar-8
Sar-9
RHO-892 Ikaria Island Mesolithic Settlement, Greece [26]
Fig. 11. As Fig. 10 (Sar-8) from different spot by Quadrupole SIMS.

Figs. 9–12 show the depth profiles of the afore mentioned
elements for archaeological obsidians Sar-7, Sar-8, RHO-892 by
quad-SIMS.

Carbon profiles relate that for Mg  more than F and Al and both
follow in general an exponential drop.

In all cases the disturbance of C Mg  was in the top surface layers
(1–2 �m)  but in sample Sar-8 (Fig. 11) the disturbance is in depth
of approx. 3.5 �m.  Such a disturbance in this depth is clearly evi-
dence for a carbonate mineral microlithic (dolomite) inclusion. A
leaching/enrichment is also observed in near surface for fluorine
(Fig. 9a, b and Fig. 11), which may be due to the pH of immediate

soil environment.

C and Mg  exhibit a parallel exponential drop with similar dis-
turbance at 0.8 �m.  The inflection of H+ curve coincides with the

MS Measurements

F-SIMS Surface composition (all)
H  profile up to 10 �m
16O and 18O profile
Cations profile
3D mapping analysis (YR-3 and RHO-523)

uadrupole SIMS Profile of C, Mg,  F, Al
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ig. 12. RHO-892. H, Si, C, F, Na, Mg,  K, Al, O and Cl profiles by Quadrupole SIMS.

ristine Mg  and C in the obsidian, that is the Mg  and C profiles
ollow the Fickian law of the first diffusion region, thereafter no
urther diffusion takes place (Fig. 9).

In spite the fact that Obsidian is a cryptocrystalline silica glass its
icrolithic inclusions that have crystalline lattices are dispersed in

he amorphous body since its formation from lava. Such a structure
as an impact in the hardness of the material. The presence of Mg

n crystalline materials makes them more fragile and therefore at
he time of cleaving (making a tool) pits or cavities may  be formed

n areas rich in Mg  inclusions. The matching (same depth, width)
etween C and Mg  disturbances in depth profiles show that (a)
avities or pits have a depth similar the width of the rich layer of
g based inclusions, and (b) the existence of carbonate mineral

ig. 13. 2D Surface mapping of Sample RHD-1024 by TOF-SIMS. 103 × 103 �m area. Distr
bsent (black) to full homogeneous distribution of respective cation. Spots indicate crysta
l Heritage 25 (2017) 101–112

inclusions. The commensurate variation in disturbances between
C and Mg  leads to a new criterion in measuring a H+ depth profiles
with SIMS; in all cases of measuring a depth profile in the hydration
rim in obsidian, C and Mg  must also be included in measurement.

Any disturbance in these profiles implies area with inclusions
and the measurement must be redone in a different spot. Disturb-
ance in Mg,  F and Al profiles, implies this in H+ profile too. Whereas
H+ profile is acceptable and the SIMS-SS age can be deduced, F and
Al follow almost a straight line without disturbances and Mg  fol-
lows an exponential curve. With problematic surface spots the F
and Al no longer follow straight lines and Mg  produces peaks along
the exponential drop.

In the following two  sections the above results are comple-
mented by surface elemental mapping and 3D analysis as well as
H+ profile compared to cation in the rinds of obsidian tools.

8. Surface mapping and 3D analysis

Fig. 13 shows a surface map  of a 103 × 103 �m area for several
elements and Fig. 14 a X–Y slice with three color overlay of three
compounds. The color scale is normalized to the brightest pixel.

Inspection of Figs. 13 and 14 the following remarks are drawn:
(a) Hydrogen has uneven distribution over the surface with a max-
imum concentration in cracks and pits, (b) carbon and cyanide
(CN−) have the same distribution with hydrogen, which reveals the
presence of micro-bacterial activity, (c) the main obsidian matrix
contains 16O with the distribution of 18O to be much lesser, (d) flu-

orine is distributed over surface with maxima in cracks and pits,
(e) sulfur and chlorine have increased concentration in spots of
bacterial activity, (f) magnesium has decreased concentration in
inclusions that have increased concentration in fluorine, and, (g)

ibution of H, 16O, 18O, F, MgO, CN, S, Cl, SiOx, C, for sample RHO-1024. Scale refers in
llite and the left elongated bright spot rather a crack with increased hydrocarbons.
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ig. 14. Three color overlay for Fig. 13 for MgO, FeO2, SiO2, X–Y slice. Area
100  × 100 �m.

he concentration of iron in spots with a shortage of silicon points
he presence of Fe-inclusions.

Fig. 15 shows the 3D distribution of H, 16O, 18O, Cl, MgO, SiOx

or the same area as in Fig. 13. Inspection of Fig. 14 (second row)
eveals that the formation of the hydration layer is uniform along

 and Z axes. If the crater depth is about 4.2 �m,  the hydration
epth is 1.8–2 �m.  The depth scale was calculated based on sput-
er rates determined on a suitable reference sample. Moreover, the
ncreased H+ concentration due to biological activity inside cracks

ay  disturb the H+ hydration profile giving higher values of hydro-
en concentration, resulting to a disturbed of highly scattered SIMS
+ profile. From the comparison of the second and the sixth image

f Fig. 15 and Fig. 13 we conclude that 16O and Silica decrease in
reas of Fe-rich; 18O seems to have a uniform distribution along
epth, though beyond diffused layer both 18O and 16O exhibit a

ig. 15. 3D cross-sections by TOF-SIMS. Sample RHD-1024. Detail of Fig. 13. First row: X–
reen  line, viewing direction from the bottom. Third row: Y–Z slices along green line, vie
ow  for H the boundary between diffused rim (upper) and non-diffused part, as well as, a
l Heritage 25 (2017) 101–112 109

drop (Fig. 16b), areas rich in Mg  are in deeper layers, while spots
rich in Cl are limited to surface (see Figs. 6 and 10). Relevant map-
ping has been earlier used for characterization and provenance of
ancient opaque glass [27].

9. Cation depth profiling

Figs. 16–18 demonstrate the depth profiles of H+ in relation to
other cations, for sample RHD-1024.

The different complementary techniques used were listed in
Table 3. A depth scale was established by measuring the total crater
depth of a suitable profile on RHD-1024 with a mechanical profiler
and assuming linear sputter rates.

The depth of the point of inflection in the H+ profile was used
to establish depth scales for all other profiles acquired on RHO-
1024. The accuracy of the depth scale is limited due to the strong
surface roughness of the obsidian. The impact of surface roughness
on SIMS measurements is in fact dealt with above; in addition, here,
in Figs. 16–18 it is observed that the sigmoid shape of the hydrogen
(hydration layer) is also found for the silicon hydroxyl (Si OH).
This strengthens the diffusion–reaction model suggested by late
Doremus [4]. Also, it was found that none of the other element or
compounds has any significant change except sodium. The near
surface leaching of Na is due to trace element exchange with the
burial environment.

10. Discussion

The roughness of obsidian surface and the detailed cation pro-
files and surface distribution in obsidians has been studied via AFM
section separately. Here we discuss other issues of cation profiles
and the resulted interaction between obsidian surface and context
with a due explanation related to leaching/enrichment.

Y distribution integrated over total sputtered depth. Second row: X–Z slices along
wing direction from the left. Total crater depth 4.2 �m.  Note in the middle left XZ

 vertical crack apparent in YZ.
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Fig. 16. (a) H+ profile RHO-1024 in logarithmic scale by TOF-SIMS, (b) 16O, 18O versus
depth in linear scale.

F
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s
t

ig. 17. H, C, 16O and 18O profiles in logarithmic scale for RHO-1024 by TOF-SIMS.

The H+ was studied intentionally because the main purpose
as the SIMS-SS dating method (explained in the introduction
nd abstract too). Isotopes of 18O and the Si OH have been also
ecorded. The former, and 16O as well, seem constant, but in linear
cale both drop slightly per depth, though of similar trend; while
he latter follows H+ trend. Si OH implies dissolution during
Fig. 18. Depth distribution of cations in logarithmic scale for RHO-1024 by TOF-
SIMS.

diffusion of water transport in a reaction manner similar to the
produced H+.

Cations Ca, Si, Al, Li, Na have been discussed in earlier works
([28,29]). Indeed, leaching of cations from the glass or enrich-
ment from the surrounding is possible. This depends upon the ion
exchange and network dissolution reactions which in turn is a func-
tion of pH, temperature and chemistry of surrounding context, as
well as, the chemical composition, pristine (structural) water and
crystalline presence in obsidians. Such exchange diffusion–reaction
phenomena are variable on how they have therefore progressed
into the glass and at what (different?) rates over time. For exam-
ple, sample 1024, collected as surface find, shows progressive Na
leaching that is coupled with dissolution of the silicate matrix in
the outermost 2 �m after at least 6000 years of burial.

No reaction and ion exchange is observed for K, 18O, Al. Slight
enrichment for sulphur to the depth of 1.5 �m,  and slight leaching
occurs for Si2O3 (gradual leaching to 3.5 �m) implying outward
diffusion process, Li (slight leaching to 0.2 �m),  Ca (slight leaching
at a depth of 0.2 �m).

In an earlier work by SEM-EDAX scanning a surface scrap of a
semi-finished blade at Ftelia Neolithic settlement Mykonos island
Greece the leaching of Si, K, Na and some Fe on the surface is
observed. Enrichment of Ca and Al is present. On a preliminary
examination, in flakes with the widest weathered zone, enrichment
of Ti, Fe, Mg  and Al was detected on the surface, while Si, Na and K
have been leached out. On tools, the enrichment is not as obvious
as the leaching of Si, Na and K. The apparent difference between
tools and flakes is due to age (archaeological versus geological)
differences [29].

Following up the SIMS analysis, AFM were performed in same
raster area and the obtained ages were: Yr-3, 8140 ± 1350; RHO-4,
6620 ± 350; YR-2, 9370 ± 516. Although these ages obtained follow
criteria above the RHO-4 and YR-2 deviated from the linear tend of
Fig. 7 due to different examined area. This issue resets the con-
cern in choosing strictly appropriate area for SIMS and AFM for age
calculation [30].

It is prudent to present the steps involved in the dynamic reac-

tion of hydrolysis at the initial surface layers. In such a dynamic
environment the formation of silanol groups, the cation exchange
due to water diffusion into the obsidian body but the hydrolysates
from soil, the leaching gradients of different species, and the



ultura

i
c
o

b
d
o
e
a
(
c
a
l
p
I
b
o
t
t
p
s
g
u
t
i
a
a
t
w
s
i
s
a
c
e
w
t
a

l
±
n
m
a
O
[
d
i
h
H

1

p
d
A
w
t
a
a
r
a
t
f

N. Laskaris et al. / Journal of C

sotopic 16O/18O gradual drop deeper that the diffused area, are
onsidered to be due to the following four mechanisms during the
bsidian exposed to water and soil solution during burial time [31].

First, the glass surface responds to the stress of a fracture by
ecoming reactive enough to “sorb” a variety of molecules; Second,
issociated molecules from the fluid phase diffuse inside the fresh
bsidian through a mesoscopic network of fractures. H3O+ ions
xchange at a very high rate (the “initial rate”) (see, Fig. 6a), with
vailable network modifiers that are water soluble, such as alkalis
but also alkaline-earths and divalent transition elements). This so-
alled “inter-diffusion” effect is initially intense but quickly reaches

 steady state with time except possibly in closed systems after
ong exposures that forms the surface saturation layer (SS) a crucial
arameter in SIMS-SS dating method [32] (see section 5.2 above).

n a closed system, the pH will locally increase at the interface
ecause of the formation of silanol groups (Si OH) and the leaching
f “free” aqueous ions that were formerly network modifiers; the
hird step is characterized by hydrolysis of the network-formers of
he tetrahedral framework of the obsidian glass structure, in com-
etition with the previous stage. The formation of these hydrous
ilica species corresponds to a quasi-congruent dissolution of the
lass. Until the leached species concentrations reach aqueous sat-
ration levels, the glass dissolution rate will decrease as much as
he silica concentration in the solution increases. When saturation
s reached (SS layer Fig. 6A and section 5.2), the fourth step begins
nd it involves surface precipitation of hydrolyzed elements that
re less soluble (e.g. Si(IV), Al(III), Fe(III), Ti(IV), REE’s, and others)
hat are encountered in many soils resulting from intense tropical
eathering (laterites) of primary endogenous rocks. During this

tage, a gel phase is formed at the obsidian/water interface, which
s highly hydrous and thus highly sensitive to dehydration. Within
oils, the gel will be exposed to concentration and redox gradients
nd temporal perturbations (among others) [33]. Non steady state
onditions will strongly affect these processes, particularly cyclic
pisodes (such as those produced by seasonal variations), which
ill induce the formation of layers at the glass surface. This evolu-

ion suggests that these steps are not well separated in time: they
ll occur continuously.

Concerning the 16O/18O variation (Fig. 16b) along the diffused
ayer of 2 �m we observe a change around an average value within

 10%, and a slight drop in deeper layers by 20% in 2 microns. It is
ot clear at this stage the causes of this, and we suggest the former
ight reflect palaeotemperatures during the archaeological period

nd the average is the effective hydration temperature sought in
HD dating to estimate diffusion coefficient from Arrhenius plots

34]; and the former a fractionation effect due to temperature gra-
ient of magma  cooling in surface. Another possible explanation

s an isobaric interference, that this signal at m/z = 18 is related to
ydration and it is probably coming from H17O+ isotope or from
2

16O+ signal. More work will clarify this.

1. Conclusion

New results highlight a linear correlation between the dis-
ersion of the concentration values in the hydration profiles
etermined by SIMS and the surface roughness obtained through
FM. Roughness ranges from some 3 nm up to 100 nm,  together
ith cation profiling monitoring, are both of crucial importance as

hey introduce a solid criterion for assessing the reliability of SIMS
nalyses of obsidians, given that roughness represents a critical
spect when dating archaeological glasses. In this framework, the

oughness experimental data obtained by AFM are extremely valu-
ble, as they are not affected by the same effect of SIMS profiles, and
hey can therefore be used to have a prior validation of SIMS data
or dating. Concluding, the results presented in this paper further

[

[
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confirm the criterion we previously introduced relying on the AFM
analysis of the surface of obsidians prior to SIMS investigation.

The obsidian surface 2D and 3D mapping and cation along the
rind with quad-SIMS and ToF-SIMS explains the increased scatter
of SIMS H+ profiles for obsidian SIMS-SS dating. The mapping of the
surface with ToF-SIMS prior to depth profile can be used to locate
areas free of cracks, pits, troughs, shoulders or inclusions ensuring a
depth profile of high accuracy. Measuring of hydration profile along
with other elements (fluorine, magnesium, carbon) provided useful
information for the reliability of the SIMS H+ profile measurement,
as well as, clues regarding ion exchange reactions and the environ-
mental context leading to leaching or enrichment that alter surficial
dynamic layers in the scale of few micrometers, that is in the rim,
and all are useful data for OHD. In fact depth profiles of relative con-
centrations of carbon (C), along with fluorine (F), aluminum (Al) and
magnesium (Mg), as well as, other cations measured on obsidian
tools from archaeological sites indicated either leaching or enrich-
ment, a distorted profile of constant or similar trend to H+ profile.
The commensurate variation in disturbances between C and Mg
indicates that in measuring a H+ depth profile in the hydration rim
in obsidian, C and Mg  must also be included in measurement and
compared to H+. The 2D surface mapping by TOF-SIMS indicated
crystallites and cracks with increased hydrocarbons.

It is of interest that the S-like trend of the hydrogen (hydration
layer) is also found for the silicon hydroxyl (Si OH) which rein-
forces the diffusion–reaction model. The near surface leaching of
Na is due to trace element exchange with the burial environment.
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