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ABSTRACT

Obsidian hydration dating (OHD) has been a concern of research into chronological issues of ancient obsidian
artifacts. The OHD is based on the power law equation relating to hydration depth (measured microscopically
or by SIMS), hydration rate and time.

Experimental aged data at high temperature (ca 140 - 180 °C) from five geographically world dispersed ob-
sidian sources (California, Mexico, Peru, New Zealand) and at low temperature (10-40°C) (New Guinea) are
used to explore the functional dependence of obsidian diffusion temperature with hydration thickness and
pixels.

A consistent power law dependent model for hydration rim/year and pixels/year versus temperature has
been revealed for the first time, extending earlier indication with fewer data. Combination in tandem of data
of high T and low aged data as well as reconstructed low T data, are used. The exponents lie on average
between 3.2 and 5.5; the coefficients of the equations exhibit uniformity; all sources with Umleang except NZ
and the high T of NZ have E-11, all high T with Wekwok of the order of E-07.

Use of this model has been provisionally applied to reported ages of archaeological obsidian blades from
Easter Island, Napa Valley California, Japan, Ethiopia, Papua New Guinea and the first available results hint
at a novel approach to OHD. Advantages and limitations are discussed.

KEYWORDS: Diffusion, Temperature, Hydration, Pixels, Archaeological, Rim, SIMS, New Zealand, Um-
leang, Wekwok, Peru, Mexico, California, Napa Valley, Bodie Hill, Papua, Easter Island, Japan, Ethiopia.
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1. INTRODUCTION

The mechanism of diffused water through the sur-
face of archaeological Obsidian blades, a mainly tem-
perature-dependent and concentration-driven phe-
nomenon, related to the obsidian hydration dating
(OHD), is a subject of ongoing development.

Diffusion is an essential transport in many rock
and biological systems and is known to be susceptible
to environmental and intrinsic structure and inhomo-
geneity. The most basic definition of diffusion is that
it presumes a homogeneous environment with a con-
tinuously increasing mean squared displacement and
a Gaussian distribution of particle displacements.

The functional power law has been observed in
several cases. For example, in metallic glasses when
under compression, the volume (V) of a Metallic
Glasses change precisely to the 2.5 power of its prin-
cipal diffraction peak position (Ma et al., 2009; Zeng
2016). Also, in the physical-chemical properties rocks
the Terahertz (THz) time domain spectroscopy (TDS,
where THz TDS) is used to measure THz optical
properties, i.e., refractive indices and absorption coef-
ficients of borosilicate, tellurite, and chalcogenide
glass families. It was observed that the THz optical
properties depend on glass compositions and fitting
parameters for the power law model used to describe
these properties and show how it can be universally
applied to several glass families (Tostanoski &
Sundaram, 2023). In rheological properties of miner-
als and rocks power law of exponent 3-5 has been re-
ported (Karato, 2013), and in biological systems
(Novikov et al., 2014).

These different approaches lead to similar forms
suggesting that power laws, and particularly the val-
ues of power law exponents, capture a fundamental
property of the observed dynamics. It has been pro-
posed that the value of power law exponents defines
universality classes capturing the dimensionality and
type of disorder present in the diffusion environment
(Lee et al., 2020).

For water to penetrate obsidian, a water molecule
must have enough energy to stretch the glass matrix
and enter one of the spaces in between. This energy is
directly related to the temperature in Kelvins, which
means that the rate of hydration is dependent on tem-
perature.

Having made the recent investigation of fractals
(Liritzis et al., 2023) on the variations of water and
structural entities within the obsidian in the micron
and nanoscale of divided hydration and pure obsid-
ian, the present work focused on the growth rate of
water in various controlled temperatures and on ar-
chaeological hydrated artifacts. Making use of the ob-
tained rates tentative dates for five relatively known
age obsidian artifacts are made.

The ongoing interest in OHD is revived recently
(Nakazawa, et al. 2023; Laskaris and Liritzis, 2020;
Liritzis & Laskaris, 2021; Stevenson, et al., 2019a;
2023).

Sixty-six years ago, the dating of obsidian stone
tools from the last time they were used by prehistoric
people had been proposed, observing that a newly ex-
posed surface of obsidian takes on water from the en-
vironment at a known rate that can be used to calcu-
late the time elapsed since exposure (Friedman and
Smith, 1960). Following that, the hydration technique
was further investigated, and several variations of the
so-called obsidian hydration dating (OHD) method
were reported, proposing both empirical and intrinsic
rate methods. Secondary ion mass spectroscopy
(SIMS) has been used over the last 20 years to
properly quantify the hydration profile (water con-
tent using H* versus depth) in a phenomenology
manner, and Fourier Transform Infrared (FTIR) spec-
troscopy to monitor the absorbed diffused water
peaks (Stevenson and Novak, 2011; Liritzis and Las-
karis, 2011, 2012; Laskaris and Liritzis, 2020; Liritzis
and Laskaris, 2021). Models explaining the diffusion
process are used to determine the age by modeling
the hydration profile (Liritzis and Laskaris, 2021; Ste-
venson et al., 2021a).

After the launch of the empirical OHD approach,
the precise mechanism by which water diffusion
takes place in amorphous rhyolitic glass such as ob-
sidian is still under investigation (Doremus, 1969;
Crank, 1976; Zhang et al., 1991; Zhang and Behrens,
2000; Doremus, 2000, 2002; Anovitz et al., 2006; Las-
karis and Liritzis, 2020).

Water diffusion is a complicated and dynamic pro-
cess at the start of the diffusion process, as evidenced
by laboratory accelerating hydration tests (Stevenson
and Novak, 2011; Anovitz et al., 2004)

Based upon Fick’s law of diffusion, the water dif-
fusion is a concentration driven process and depends
on environmental temperature (higher temperature
longer hydration rims) (Crank 1976).

As a result of diffusion, hydration has a high sur-
face concentration while the diffusion coefficient de-
creases (Liritzis 2014). Following up on Liritzis' tech-
nique (Liritzis and Diakostamatiou, 2002; Liritzis et
al., 2004; Liritzis, 2006, 2014) it has been proposed that
this change may be due to glass surface relaxation
when tension in the near-surface region is released
(Webb, 2021).

The water from the burial site is absorbed by the
obsidian's surface, resulting in the production of a hy-
dration rim at its interface layer (a few microns under
the surface). The hydration of obsidians is a complex,
diffusion-based phenomenon that is greatly influ-
enced by temperature, the intrinsic (structural) water
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of the artifact, water concentration on the glass sur-
face and the glass stoichiometric structure, but also
relative humidity (Ru) (Mazer et al., 1991; Anovitz et
al., 2006).

The variable temperature of the burial environ-
ment and various factors participating in the diffu-
sion process during the tool’s lifetime contribute to
the final shape of the diffusion profile (concentration
vs depth), the SIMS sigmoid curve.

For dating purposes, Friedman and Smith (1963)
suggested the empirical power law equation (eq. 1):

x2=k*t (1)

Where x is the thickness of the hydration rim in mi-
crons (pm) [abbr. to um], t is the age in years, k is the
hydration rate at a particular temperature/relative
humidity (Liritzis 2014; Friedman and Smith 1960;
Rogers, 2007, 2008b; Rogers and Duke, 2011; Liritzis
2014).

Eq.2 is essentially the hydration rate k (um?2/day)
of Arrhenius as in eq. 2:

k=A*e~E/RT (2)

T is the absolute temperature (Kelvin) which rep-
resents the effective hydration temperature (EHT), k
is the diffusion coefficient (um?2/day), A is a pre-ex-
ponential replacement, as a source-specific constant,
E the activation energy (joules per mole) again as a
source or burial environment’s constant and R the gas
constant (8.314 ] / mol K joules per degree per mole).
The k is calculated from high temperature aged exper-
iments and is then used in eq.1.

The Arrhenius equation can be rearranged for ex-
ample, taking the logarithm of both sides yields the
equation above in the linear form.

k=A*e~E/RT 5 Ink=—(E/RT)+InA (3)

Then, in the plot of Lnk vs. 1/T, the intercept is the
LnA, the slope is -(E/RT) and all variables can be
found (in fact the slope appears as - (- E/R)=E/R.

The primary issue in all techniques is determining
the "effective temperature" T (EHT), which deter-
mines the diffusion rate (Smith et al., 2003). This is the
temperature required to produce equivalent hydra-
tion rim as the fluctuating temperature over the iden-
tical archaeological duration. EHT can never be lower
than the mean temperature, as per the Arrhenius
equation's mathematical structure. The average tem-
perature experienced by the artifact during its inter-
ment period is known as the burial period's mean
temperature (Rogers 2007, 2008 a, b, 2012). Another
issue concerns the extrapolation of high temperature
aged data to environmental temperatures.

We are also concerned about the similarities in wa-
ter diffusion rates between the controlled experi-
mental temperature range in laboratory settings (90 to
190 °C) and the natural environmental temperature

range (0 to 40 °C). Investigating glass hydration above
and below the glass transition temperature (about
400°C). Anovitz et al., (2008) found clear variations in
the mechanisms underlying water diffusion. Water
molecules can permeate the softer glass at higher tem-
peratures, causing the glass to rapidly expand in vol-
ume to make room for the new material. This pro-
motes diffusion, which quickly interconverts mole-
cules of H20m and OH and becomes essentially inde-
pendent of the composition of the glass. (W is total
water in wt.% for range of structural water values
used in this fit of 0.1 < W < 1.02 wt.%, the w is total
Water %H2Ot. In the present investigation we use ob-
sidians with H20t less than 0.2% so all the water is
%QOH, thus there is no structural H20 in these obsid-
ian specimens, Ambrose et al., 2004b).

At lower temperatures, on the other hand, the situ-
ation is very different. A stress or hydration layer
forms because of the obsidian's inability to suffi-
ciently adapt to the volume increase brought on by
the incoming water. Molecular water is the main spe-
cies introduced, and the conversion to OH is im-
peded. Notably, their experimental findings showed
that, for example for the Pachuca obsidian, diffusion
coefficients and temperature had a distinct linear con-
nection between 30 and 150 °C (Anovitz et al., 2008,
Fig. 3). This result supports the study hypothesis of
Stevenson and Novak (2011), which states that the ki-
netics of hydration are constant at temperatures be-
tween 190 °C and room temperature. However, more
evidence and data are needed to postulate earlier as-
certainment.

The estimation of hydration rates in archaeological
samples has been achieved through field studies con-
necting cultural artifacts to contexts of known age de-
termined by an independent dating method. The
most used method links hydration levels with thick-
ness and radiocarbon ages.

The measured obsidian samples are strictly strati-
graphically connected context-wise, but no calibra-
tion was achieved at first when the relationship be-
tween the 14C dates and the hydration depth was in-
vestigated. Using this relationship, Rogers and Ste-
venson (2023a) calculated the hydration rates via ob-
sidian-radiocarbon association. The accuracy of the
scientifically based model, depending on the obsidian
source, ranges from 5% to 13%. Since the authors con-
clude that there is no guarantee that the ad hoc best-
fit equation will be accurate beyond the data set on
which it is based, the process was not advised even
though it is conceivable to develop one from archeo-
logical data for a particular investigation.

Today the main methodological approaches used
in OHD have been summarized elsewhere (Liritzis et
al., 2024a).
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Rogers (2007) computed an effective hydration
temperature from a numerical integration of the hy-
dration rate over the temperature model determining
an EHT for each artifact, based on site elevation and
burial depth, and applied a rim correction factor to
correct the rim value to a consistent reference temper-
ature. Furthermore, work on Bodie Hills obsidian
concludes it would be imprudent to assume an accu-
racy greater than roughly 20% in doing chronometric
studies (Rogers 2008 a,b).

At any rate, the effect of temperature on the hydra-
tion rate is significant and the result of the hydration
layer expressed in terms of pixels and fractals is still
an ongoing development; see on rates Rogers and
Duke (2011), Rogers (2011) and on fractals Liritzis et
al., (2024b).

We are aware of the limitations and the errors in-
volved in a) the recording of rim thickness / define
the boundary at the hydration tail, b) the different
scales in thin sectioned images have problems of
standardization of thickness to pixels ratio, and c) ex-
ecution of unconstrained aged diffusion experiments.
But it is challenging to develop an independent da-
ting method, in addition to luminescence and radio-
carbon, with applications ranging from about 200 BP
to around 1,000,000 BP.

The present work is a follow up of an earlier
(Liritzis et al., 2024a, Part I) and explores the power
law functional temperature dependence of the hydra-
tion in obsidians, of hydration thickness in pm, and
pixels of the hydration area in relation to: i) the differ-
ent sources of obsidian for high and low experimen-
tally aged data, ii) the role of the variable pristine wa-
ter content, iii) power law for five obsidian sources,
and v) use the power law to date archaeological ob-
sidian blades from Easter island, Japan and New
Guinea, Napa Valley and Ethiopia.

Compared to the classical Arrhenius approach (i, ii
above) the present investigation is an alternative ap-
proach for a functional behavior on temperature in
the diffusion process. It is theoretically and experi-
mentally supported and interesting results are ob-
tained. It advances the field treating the obsidian from
a global perspective.

2. MATERIALS, METHODS AND DATA
2.1 The five geological sources

Obsidian from five (5) geological sources were
used for the high temperature and two (2) for the low
T aged experiments in this analysis. These includes
two locations (SA4D, 13]) within the Bodie Hills vol-
canic field, and single samples from Chivay
(CPQO09F), Peru; Hahei, New Zealand, and Ucareo
(UC-16A), Mexico. The low temperature aged obsidi-
ans are from New Guinea (Umleang and Wekwok)

(abbreviations of sources throughout the text with
their initials).

The Bodie Hills (BH) are a mountain range located
along the California-Nevada border. The Bodie Hills
Volcanic Field (BHVF) is composed of approximately
twenty major eruptive centers encompassing more
than 700 square kilometers (John et al., 2015). The vol-
canic field is known for its geologic complexity (John
et al.,, 2012). The obsidian surface deposits occur as
discrete terrace outcrops of cobble or as alluvially de-
posited lag flows. The extent of the Bodie Hills Obsid-
ian Quarry (CA-MNO-4527) has been surveyed over
the last twenty years with nearly 1618 hectares of de-
posit being defined (Halford 2008). The infrared
structural water analysis of 114 samples from Bodie
Hills revealed there to be obsidian source areas that
varied spatially in their hydroxyl content and ranged
between 0.10-0.25%OH. (Rogers and Stevenson
2023Db; Stevenson et al., 2021b, 2024c).

We know less about the water content variability
for the remaining sources. The Hahei geological
source is in North Island, New Zealand (NZ), and it
is one of many deposits in the Coromandel Peninsula
that were exploited by the indigenous Maori popula-
tion (Moore 2011, 2013). A geological hand sample
was provided by the University of Auckland. Sam-
ples from Chivay and Ucareo were provided by the
University of Missouri Archaeometry Laboratory.
The Chivay source in the southern highlands of Peru
has been documented by Glascock et al. (2007) and
the Ucareo source chemically characterized by Glas-
cock (2002) is from central Mexico. The water contents
from these single hand samples were determined us-
ing standard analytical procedures on polished thick
sections (von Aulock 2014; Stevenson et al. 2019). The
structural water contents for all samples are given
where available in APPENDIX Table Al.

Obsidian hydration rates were developed for each
geological source. Five 1 x 1 cm coupons were cut
from each flake for accelerated hydration. The exper-
iment consisted of sample hydration at five reaction
temperatures between 140°C and 180°C at ten-degree
intervals. The reaction cannisters consisted of stain-
less-steel vessels with an interior volume of 23ml. One
sample was placed within each vessel on a wire mesh
support in the center of the compartment and 0.2g of
distilled water was added. This maintained the can-
nister environment at 100% relative humidity during
the reaction period. There was no contact between the
small amount of water at the base of the cannister and
the sample.

The cannisters were sealed and placed in Thermo
mechanical convection ovens at 140-180°C and hy-
drated 30-81 days. At the end of this period the canis-
ters were removed from the oven and quenched un-
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der tap water. Petrographic thin sections were pre-
pared on the Bodie Hills samples by Willamette Ana-
lytics and the hydration layer widths were measured
at 600x using Image] pixel imaging. Origer and Asso-
ciates measured the hydration layers on the Chivay,
Hahei, and Ucareo samples using a filar screw eye-
piece.

The low temperature aged obsidians are from New
Guinea: the Umleang hydrated at 10°C-400C for 9569
days (26.2 years) (Stevenson et al., 2002) and from We-
kwok, hydrated at 10-400C for 11.6-15.2 years, both
have a water content of about 0.10%OH (Ambrose
and Novak, 2012; Ambrose et al., 2004b) (APPENDIX
Table Al).

The archaeological mostly well dated samples
come from a) Easter Island site 10-241 Maunga Tari
obsidian and C14 with an average rim 1.5um (ranges
from 1.41 to 2.41um) a burial temperature of 21.9-
22.2°C, measured by the logs buried for one year at
different depths. The age range of the site is 550-1100
years BP; the OHD of seventeen blades varies be-
tween 520-900 years BP, and the cal. C-14 vary be-
tween 400-600 years BP, with an average of 1.5um of
ca. 600 years BP (Stevenson 1993; 2024 personal com-
munication); b) another archaeological blades derive
from Papua New Guinea, Manus island Pamwak site,
spanning to a depth of around 150 cm and cal. C-14
ages range from to 5t to 14th millennia BP (includes
late glacial) (Ambrose 1994). The site (2° south of the
equator) is archaeologically important because of the
richness of the remains both faunally and artefactu-
ally, but particularly for the time range of its occupa-
tion based on radiocarbon dates extending to around
14,000 BP from about midway through the 3.8 m
depth of the site. Temperature regime recorded from
the main Manus Island at 27.2°C+2.8 (McAlpine et al.,
1983), and measured at the site over a 3-week period
as 25°C.

At 60cm depth the C14: 7732+89 BP. With a mean
hydration thickness of 10.49+0.49 um. At any rate the
average T°C is not measured well and hence based on
C-14 result we accept temp as being 23-24°C at 60cm
depth.

For another age of Papua of 11.82 um the cal. C-14
BP 10883-10365 at 95cm depth. Last for sample at
125cm depth corresponds to 14000 cal C-14 years BP
from the linear extrapolation curve of depth versus
age.

C) two from Japan one at Ocharasenai site,
rim=2.73+0.511 um, age 4451-5105 BP and by C-14 age

1 Counting Pixels: Image] processes the image as a grid of
pixels. Using the Analyze > Histogram or Analyze > Measure
functions, Image] counts the number of pixels for each inten-
sity value.

of context is 4597 + 30 cal. BP, T=6.8-6.9 °C annual sur-
face or 7.94°C EHT., and the other was Kyo-Shirataki
3 (Hokkaido), rim=4.5 um, EHT= 8-9°C/9-11°C re-
ported, 17-19,000 yrs cal. BP (Nakazawa, 2016).

D) Three obsidians from Napa Valley (NV) in
northern California: NV-1.9, NV-2.8, NV-4.5, NV-5.9,
and NV-7.7 (NV stands for Napa Valley and the num-
ber of hydration layers in microns).

E) One Ethiopian blade PE-21 coming from a cave
in Africa of the Middle Stone Age Ethiopian rock shel-
ter of Porc Epic Dire Dawa which is supposed to date
to approximately 60-70kya. Estimating the tempera-
ture in caves in Ethiopia are 22-24°C range (Clark et
al., 1984; Fernandez et al., 2007). The sample is prob-
lematic in their dating (aged experiments were not
hydrated properly and Late Stone Age (LSA) and lin-
gering Middle Stone Age (MSA) artifacts were natu-
rally mixed (Singer & Wymer, 1982).

2.2 Methodology

RGB images with obsidians were converted to
grayscale. After images were segmented (extract only
rim) and binarized (black pixels = obsidian without
rim and white pixels = rim). Using Image], we meas-
ured the number of white pixels corresponding to the
riml.

Power law: Power law represents a mathematical
relationship where a change in one quantity is
proportional to a power of the change in another
quantity, regardless of their initial values. This means
that one quantity varies as a power of the other, and
the exponent in the power law equation determines
the nature of this relationship. We used power
trendline from Microsoft Excel. A power trendline is
a curved line that is particularly suitable for data sets
where measurements increase at a consistent rate.

The formula of power law is:

y = ax” (4)

"y" represents the dependent variable, (pixels/yr
or microns /yr (vertical axis). The simple growth rate
of depth/time (um/year) is used for the alternative
rate 'k of eq.l (um?/time), as both change
proportionally to the growth rate at least for
environmental T of 10-30°C (see APPENDIX Fig.A3).

"x" represents the independent variable,
Temperature (horizontal axis).

"a" is the coefficient.

"b" is the exponent or power.

The values of "a" and "b" are determined by Excel
based on the data points to provide the best fit for the
power trendline. One can use this formula to make

For a binary image, the total number of white pixels (rim) is
determined by the count of pixels with a value of 255.
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predictions or analyze the relationship between data
variables.

3. RESULTS

The experimental data of hydration rim developed
under laboratory conditions have been measured by
optical or SIMS means.

The rim of lab hydrated samples show that the thin
sectioned microscopic optically measured depth is
less than the actual depth indicated by H* profiles by
SIMS that implies optical underestimates true depth
(Novak & Stevenson 2012; Stevenson et al., 2002). Any
hydration rim data should be compared to the Optical
versus SIMS plot to get a true depth rim. The full
width half maximum (FWHM) point is taken at the
inflection point of the later part of the SIMS H* profile
for the SIMS data (APPENDIX Fig. Al). Using the
end point of the tail in SIMS H+ profiles is misleading
and is avoided; the obtained equations have not pro-
duced an acceptable dating result.

Due to the lack of calibrated image data of aged
samples but from BH1, depth / year was mostly em-
ployed in the power law fanction.

3.1 Power law of the five high T Experimentally
aged obsidians

Table 1 gives power law equation for the five
sources at high temperatures as Y=C*Xp, where Y
=rim/yr or Pixels/yr, X = Temperatures in x20 and
x60 magnification, p the exponent. The exponents p,
vary with Depth/yr between 3.7 - 3.9 (excluding NZ);
the Pix/yr (x20) varies 4.4-4.8 excluding NZ, and the
Pix/Yr (x60) between 4.7-5.0 excluding NZ.

It seems the pm/year has a lower average of expo-
nents 3.7-3.9. The former 3.7 occurs with low water
(Peru, BH1). The latter 3.9 occurs for high water (Mex-
ico, BH2, except NZ).

The Pixels/year have a higher average between
4.3-5.7 but without any obvious trend, yet a tendency
of lower and higher exponents of low and high water
respectively.

Table 1 Power law of five sources at high temperatures only as microns/yr and pixels/yr in x20 and x60 magnification. *
BH1 rim data used in Liritzis & Andronache, (2024 Part I), provided by A.K. Rogers (Rogers et al., 2022a) were slightly
different, leading to a different equation; the re-measured ones by C.M.Stevenson are quoted here.

PERU, 0.11% NZ, 0.21% MEXICO, 0.21%
Depth /Yr

y = 8E-07x37152 y=2E-11x5701  y = 2E-07x39141
R2=0,9953 R2=0.992 R?=0,9984

AVERAGE all: Y =4E- 08*X42

AVERAGE without NZ: Y =(4E-7+ 3,16E-07)*X(3.82:0.124)

Pixels/Yr (x20) without scale (cannot calculate areas)

BH1, 0.10%* BH2,0.25%

y = 5E-07x3717 R=0.99 1E-07x3/946,

y =
R=1

y =0,001x43809 y =4E-08x6202 y = 8E-05x48414 Y=0.0006*x32, R2=0.92 No images, only
R2=0,9846 R2=0,9942 R2=0,9779 We do not know scale rims

Pixels/Yr x60 with scale

y = 0,0008x46658 y = 3E-06x564, y = 0,0001x500% No images No images
R2=0,9991 R2=0,9583 R2=0,9982

The five sets followed the Power law. The three dif-
ferent sources in depth/year gave interesting num-
bers for exponents. The NZ Hahei source has a little
higher exponent of 5.7. The fitted curve was not con-
sistent with the law and the predicted values were a
bit far away from actual values this might be due by
the variable NZ hydration duration 30-80 days.

The exponents and coefficients of the five sources
varied between 3.7-3.9 and E(07 respectively, but NZ
5.7 and E-11. In pixels these values are spread a bit
more (3.2-6.2 for x20 and 4.6-5.6 for x60; and the
area/yr x60 between 4.9-5.6.

For low water samples (Peru, BH1) exponents are
similar and coefficients 8E-07, 5E-07.

High water samples (NZ, Mexico, BH2) exponents
are similar 5.7 (NZ), 3.9, 3.9. The coefficients are 2E-
011 (NZ), 2E-07, 1E-07. NZ is out of an expected rela-
tionship.

Example: Using the Mexican function Rim/yr =
2E-07*T39141 for EHT=12°C, and the calculated value
um/yr=0.0033, then, if rim of unknown sample is 4
um, the calculated age from Table 1 for Mexico is 4
um / 0.0033 um/yr=1212 years BP. However, relying
on the high T power law is not reliable because the
lower T region does not exhibit similar diffusion ki-
netics; hence the equation is enriched with environ-
mental T aged obsidians, as reported below.

Water versus power law

A plot of the 4 sources excluding NZ hydration of
water (as OH%) content and exponent, coefficients
gave a linear relationship (Fig. 1). Both exponent and
coefficient of Power Law have a functional depend-
ence with intrinsic water OH%.
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Of interest is the overlapping Peru and BH1 points
of sources with similar pristine water content but dif-
ferent coefficients. This recalls the linear relationship
between energy (E) and water content (as OH%). The
Fig 1 (a, b) plot was to explore any dependence on ex-
ponent and coefficient Vs water content.

Although we believe that the structural variation of
sources concerning pristine water content, pores

Exp Vs OH

0,3
0,25

0,2
0,15

0,1
0,05

OH%

3,65 3,7

3,75 3,8

sizes, type and size of crystalline phases, mechanical
properties, attributes a unique power law per source,
small changes between them do not affect considera-
bly the coefficient and exponent of the functional
equation.

y =0,5886x - 2,0797
R?=0,9817

3,85 3,9 3,95 4

exponent

Coeff Vs OH

0,3
0,25 ©

02 | .
0,15

0,1

0,05

OH%

(a)

y =-0,021x + 0,2515
R2=0,803

Coefficient

(b)

Figure 1: OH% versus a) power law exponent and b) power law coefficient of power law of Table 1 (excluding NZ).

However, the different OH% between obsidians
(see BH1 and BH2) for same T and applying the
Power Law equation constructed by the five high T
aged experimental data and the four low T from Um-
leang, provide slight differences in age estimation de-
spite the water% difference (APPENDIX Fig.A2).

3.2 Power law of the nine aged Obsidians at five
high and four low T from Umleang

The data used is in Table A1 (supplementary). The
power law here includes nine aged obsidians: five in
high (140-180°C) and four in low -environmental or
archaeological- (10-40°C) temperatures (Table 2). This

Table includes high and low T data, while Table 1 is
for high T data only. (see APPENDIX Fig.Al).

The low water samples (Peru, BH1) give close in
numbers exponent 5.9, 5.6 and order of magnitude co-
efficients 1E-11 and 2E-11.

The high-water samples (NZ, Mexico BH2) give ex-
ponents 3.81, 5.75 and 5.65 and coefficients 2E-11, 2E-
07. It is striking the similar exponents but for NZ. The
NZ data have been different in other combinations
too; that lead us to either exclude NZ or accept sepa-
rately these data. In any case including or remove NZ
the average exponent varies - in the case of all data of
Table 2 it varies in the decimal point of number 5, and
in the case of only High T data of Table 1 close range
difference of 4.2 and 3.8.
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Table 2. Power law (um/yr Vs T) for five (New Zealand, Peru, Mexico, California) with respective water content and
four low T from Umleang (H20 0.10%), New Guinea, as microns/yr. Reconstructed: extrapolating Power Law of high T

to 10-40°C.

PERU, 0.11% NZ, 0.21% MEXICO, 0.21% BH1, 0.10% +Uml BH2,0.25% +Uml
+Uml +Uml +Uml
Depth /Yr
y = 1E-11x5907 y = 2E-07x38157  y = 2E-11x57485 y = 2E1Doe8  y = 2E-11x56549
R2=0,9556 R2=0,9655 R2=0,9727 R2=0,992 R2=0,9596

Reconstructed:

y = 3E-11x56185

R2=0,9976

Average of All high T Sources + Uml: Y = 2E-10*X5-357

Average of All high T Sources + Uml without NZ: Y = 2E-11*X5742
High T power law (Table 1)

AVERAGE all high T only sources: Y =4E- 08*X42

AVERAGE of all high T without NZ: Y =(4E-7% 3,16E-07)*X(3.82:0.124)

A characteristic plot for the Peru and New Zealand coupled with low T data- fits with power law. The
with Umleang data is given in Fig.2. The Y-axis is in seemingly linear is visually misleading. For example,
units of um/year instead of um?/year because we at the high T part of the power law observe that data
used the rate given from experiments, i.e. rim per ex- could “seem” linear but are not. It is not T Vs um but,
perimental time. The curve in Fig. 2 -the high T data T Vs um/year.

PERU+UMLEANG Y= 1E-1L%%

R2 = 0’9556
300
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| .
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Figure 2: a) Power law of the Peru and b) New Zealand and c) (high T) including Umleang (low T) data.

3.3 Power law of the nine aged Obsidians at five
high and four low T from Wekwok

The second set of low temperature aged obsidian
from Wekwok gave also the power low (Table 3). It is

striking the fact of the exponent 3.74 which is at same
variance to the power law for the five aged at high T
sources with the average 3.82 without NZ, but differ-
ent compared to respective Umleang data with same
five sources (5.36).

Table 3. The power law (umy/year versus T) for the high T sources and Wekwok (0.10% H20) low T data.

BH1
BH2 0.25%0H +Wek 0.10%0OH
+Wek
_ y = B5E-
};Q;—l}i—()%(”% 07x3717
B R2=0,999

NZ 0.21% MEXICO PERU

+Wek 0.11% +Wek 0.11% + Wek
y = 8E- y = 5E- y = 3E-

07x35329 07x3/6629 07x3845
R*=0,9547 R2=(,9992 R2=0,9986

Average of all high T sources + Wekwok: y= 4E-07x3.74

EEE

Average of All high T Sources + Uml (Table 2): Y = 2E-10*X5-357

Average without NZ: Y = 2E-11*X5742

The equation for similar water content (BH1, Mex-
ico, Peru, Wekwok) gives exponents p=3.72, 3.66, 3.84
and coefficients 5E-07, 5E-07, 3E-07. This is a very en-
couraging result of close values, knowing the correla-
tion of water content to rates, with occurred differ-
ences probably due to other causes, e.g. chemistry
and mechanical properties of the different sources,
statistical errors in ageing experiments. The same ex-
planation may apply to the two high water equations
of Table 3.

3.4 Provisional dating of archaeological sam-

ples

The computed diffusion rates as microns / year of
the aged obsidians correspond to the laboratory-con-
trolled low temperatures which are taken as the EHT.

The power law between the hydration rim and
time is related to the diffusion rate k (see eq.2, 3). The

latter is contingent to the structural and chemical con-
tent and water presence of each volcanic obsidian
source (Liritzis and Andronache, 2024c, in prepara-
tion). Bearing in mind this dependency, a provisional
examination of the present equation to deduce OHD
ages is made for some well dated samples of known
age and estimated EHT.

Table 4 (A) gives a detailed example of the time in-
tervals for respective temperature ranges of calcu-
lated Easter Island ages using power law equations of
respective obsidian source and low temperature data
from Umleang New Guinea. Table 4(B) presents the
calculated and reported ages and temperatures for all
tested dated samples. The equations used are repre-
sentative of all produced in Tables 1,2,3.

For Easter Island the various combined data for
constant T gives an age range of +10% from average.
Using only Power Law of higher T data (um/year
versus T) the ages are wrong. For the rest of dated
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samples there is not a trend where an equation is ap-
plicable to all. The equations of some combinations of
different sources give dates consistent with those re-
ported in the literature, others give non meaningful
ages. A degree change in the EHT has a profound re-
sult in age. The water content of dated samples does

not seem to correlate with the equations derived from
the respective water content. A tendency is observed
of Papua and Japan samples approached by NZ equa-
tion.

A few comments per sample case are provided be-
low.

Table 4. Easter Island ages. a) Graphical presentation of the time intervals for respective temperature ranges of calcu-
lated Easter Island ages using power law equations of respective high T obsidian source and low temperature data from
Umleang New Guinea (Table 2) for one of the rims 1.41um. Red is the T range from the reference. BH2 (hT) denotes only
the high T power law, b) Calculated and reported ages and temperatures of equations including all high T sources with
Uml or Wek, from Tables 2, 3. Reported ages usually are cal. C-14 dates and temperatures are EHT (see references in the
text). In columns ages of combined power law equation/ temperature range. nm=not meaningful usually too low. * The
sample is of late Glacial period and average T is less than today or Holocene see text). All sources of low water content

(0.10%), except OCH and Ethiopian (0.18-0.20%).

(A)
TeC-> 21 215 22 225 23
Equations
BH2(hT)
BH2+Uml 2500 2250 1922 1690 1494
BH1+Uml 2662 2300 2048 1800 1594
Peru+Uml 1880 1640 1450 1260
Mexico+Uml 1880 1640 1440 1260 1115
NZ+Uml 1630 1430 1260 1117
Sample age range 1600
(B)
Samples Reported Av all. Avallwith  NZ+Um-
(with Age, years With Um- Umleang, no leang
pm)/Ages per BP/Temp °C  leang (Ta- NZ, Age
temp. ble 2) BP/Temp.°C
Papua, 1049 7,732489/25 nm 7,900-3,200 nm
/23-27
Papua, 11.82  10,883-10,365/ 11,000- 9800700 / nm
22-23 8,300/18-19 22-23
Papua, 125  14,000/27 16,000- 11-14,000 / nm
(by extrapo- 12,000/17-  21-22*
lation) 18
Ester Island, 1100-550/21.9- nm 1918-500 /21- nm
1.5 22.2 26
Japan, OCH, ~4,700/7.94 nm nm 5,900-4,370
2.73 /6.9-7.5
Japan, SHIR, 17-19,000/8-9 nm nm 24,000-
4.8 10,000/ 5.5-
7
NV, 19 472/17.15 nm nm 400/15
NV, 4.5 2650/16.23 2760/19.5 nm 2000/11.5
NV 77 7750/15.76 7260/ 18  nm nm
Ethiopian1l, *LSA/MSA  25,000- 79,000- nm
46.99 (60-70,000)/20? 19,000/20- 46,000/ 20-22
21

235 24 245 25 255 26
Ages,BP
50-90
1360 1175 1000 932 850 747
1400 1254 1100 996 900 800
1100 978 810 760 1400 600
990 872 770 690 620 550
1000 880 790 700 630 560
600
Av. All+ We- NZ+We NZrec. Peru BH1 Rec. BH2+Um
kwok (Table kwok Rec. leang
3)
nm nm 7800-4000 nm nm 7313-
/ 23-26 6524 /
24.5-25
nm nm 11,300- nm nm 15146-
8,800 / 11780
22-23 /22-23
nm nm 15,500- nm nm 5031-
12,000 / 16050/
21-22 27-21
nm nm 1434-560 nm nm 1972-
/22-26 1826-
1175/21.9
-22.2-24
4700/ 7 6,000- nm 4,300/ 6 6,800- nm
3,500 / 3,900/ 6-7
6-7
20,000-8,300/ nm 14,300- 15,000/ 17,000- nm
5.5-7 8,600/7- 5 12,000/
(14,500/ 6)* 8 5.4-6
nm nm nm nm 450/11.5 nm
nm nm nm nm nm nm
nm nm nm nm nm nm
nm nm 76,000- nm nm 103246-
45,000/20 60230/20-
-22 22
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Samples from respective locations of Table 4 may
apply those power law equations that produce satis-
factory dates in our examples. The most problematic
is the NV data.

Easter Island

Maunga Tari (Stevenson, 1993): Applying the five
equations per source and for Umleang low T, Table 4a
is obtained with age and temperature ranges for var-
ious power law equations. The overlapping dates in
years BP are shown for the interval ~600-1600 years
BP of the sample age span in temperature span 21-
26°C (see Liritzis and Andronache, 2024c). Though
the age range is correctly defined, the 1-3 °C higher T
may be due to the different obsidian sources of Easter
Island sample and calibration sources.

From Table 4b none of the power law equations
gave meaningful results. Satisfactory data were those
of the average all four sources (Peru, Mexico, BH1,
BH2) + Umleag data for low temperature region (ex-
cluding NZ with a different exponent 5.8); also, the
NZ reconstructed curve consisting of high tempera-
ture aged power law and for low (10-40°C) the calcu-
lated derived ones (exponent 5.6, Table 2).

Two Japanese

a) Ocharasenai site, ~4,700 years BP for
EHT=7.94°C (Nakazawa 2016): Concordant re-
sults were obtained with NZ+Umleang curve,

Manus Isl Level Vs C14

14000
12000
10000
8000
6000

4000

Age, years BP

2000

06

0 20 40

4,300-5,900 BP for 6.9-7.5°C; with all sources +
Wekwok low temperature data, 4700 years BP
for 7°C and with Peru reconstructed low temper-
ature data of 4,300 years BP for 6°C and the BH1
reconstructed gave 3,900-6,800 BP for 6-7°C.
Kyo-shirataki 3 (Hokaido) 17-19,000 yrs cal C-14
BP, for EHT=8.1°C (Nakazawa 2024, pers.
Comm.). Interesting results were obtained but
for EHT lower than quoted, because the burial
period covers Holocene and Late Glacial. Today
the average T in Hokkaido is 5°C. The NZ+Um-
leang data curve gave 24,000-10,000 years BP for
6.9-7.5°C; the Average Wekwok 20,000-8,300
years BP for 5.5-7°C (14,500 BP for 6°C); the NZ,
Peru and BH1 reconstructed gave dates of Late
Glacial for 5-8°C.

We note that the two Japanese samples gave ages
close to the C-14 for T around the estimated EHT.
Bearing in mind the Polynesian-NZ volcanic area that
characterize the power law from this region, and the
different Japanese sources to be dated, the calculated
temperatures are very close for the anticipated dates.

Papua samples

Several ages were calculated in a stratigraphic or-
der as shown in Fig.3.

y =109.54x + 385.98
R? =0,9893

60 80 100 120 140

Depth, cm

Figure 3: Stratigraphy from which the 125cin depth samples date of ~14,000 cal C-14 years BP was deduced, as the ex-
trapolation of the curve (corresponding to an average hydration rim of 7 rims of 12.5um).

For the 10.49 um sample the Average sources +Um-
leang gave 7,900-3,200 BP for 23-27°C and, with NZ
reconstructed the age of 7,800-4,000 ears BP for 23-
26°C.

The other sample at 11,82 um of 10,883-10,365 BP
cal. C-14 at 95cm depth and 22-23°C, gave via the Av-
erage Sources no NZ + Umleang the date of 9,800+700

years BP for 22-23°C; then 11,000-8,300 BP /18-19°C
with Average of all Umleang; and with NZ recon-
structed 11,300-8,800 years BP / 22-23°C.

The last sample 12.5 um, as with the former one,
the same three power law equations were most
proper with age ranges: for Average all sources no NZ
+ Umleang the 16,000-12,000 years BP for 17-18°C;
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then 16,000-12,000 years BP /17-18°C with Average of
all Umleang; and with NZ reconstructed 15,500-
12,000 for 21-22°C. Calculated ages beyond the de-
fined temperatures were far away of the C14 dates of
the respective layers.

Last For 125cm depth which is the extrapolation of
the curve (Depth Vs C14) above the average of 7 rims
is 12.5 um. This corresponds to 14,000 cal. C-14 years
BP from the linear curve above.

Napa Valley

The three Napa Valley samples are most tenta-
tively used as they incur uncertainties on their exact
burial depth.

The NV 1.9um of ~472 BP / 17.15°C the NZ+Um-
leang power law gave ~470 BP for 12.5°C and ~450BP
for 11.5°C; both ages similar to the reported but with
lower temperature.

The NV 4.5um did not produce meaningful result
and the NV 7.7um/15.76°C only the Average all
sources +Umleang gave 7,260 years BP for 18°C.

The NV 7.7 at 90-100cm, 7750 years, EHT=15.76°C,
gave for the Average all + Umleang 7260 BP for 18°C.

Ethiopian

During the time of the Last Glacial maximum in
high latitudes, temperatures are known to have been
at least 6°C lower than they are today Clark et al
(1984) the EHT=24.80C; including LSA Temp <
24.80C, we get on average 18-240C or ~20+10C).

The calculated age range using the Average of all
sources + Umleang was 25,000-19,000 years BP for 20-
21°C; applying the average of All sources no NZ +
Umlean g gave 79,000-46,000 years BP for 20-22°C,
and with the reconstructed NZ the age obtained is
76,000-45,000 years BP for 20-22°C.

We have observed that the pixels/year parameter
versus T equation introduced earlier (Liritzis and
Andronache, 2024, Part I), gave satisfactory ages,
despite the different rim data. As was noted ”.... the
ages with power law of BH of T Versus pixels/yr, non-nor-
malized (800*600 pixels image size for Ethiopian blades),
vary between around 1,200 to 45,000 years BP. In same
time BH images were normalized from 320240 to
1429%*1072 pixels image size of NV, too, and the ages
ranged between 7,000-280,000 years on these normalized
values to NV for temperatures 10-31°C (Table 8). For the
latter for 15-17°C (most probable) the calculated ages are
46-69,000 years for PE-21 and 51-76,000 for PE23. One
can realize here the compulsory normalization in such da-
ting calculations...”.

We have proved that the pixels areal quantity
during diffusion includes environmental parameters

2 https:/ /education.nationalgeographic.org/re-
source/ plate-tectonics-ring-fire/

which impact diffusion rate and T variation from the
succolarity index and fractal dimension. As stated
earlier (Liritzis et al., 2024b), ”....we found that especially
the succolarity, which is based on the capacity of a water
fluid to percolate through the obsidian area in a given di-
rection, was critical to determine the characteristics of the
obsidian hydration layer. The FFI and LCFD estimate the
compaction/fragmentation and connectivity, respectively.
Therefore, the fractals play an important role in under-
standing the general diffusion in solids theory and the
study aims at providing a new direction in the OHD and
diffusion fields concerning the complex dynamic systems
and structures which display a fractal pattern”.

DISCUSSION

The prevailing functional dependence of the tem-
perature with hydration rim per time in all aged ex-
periments of obsidians from different volcanic
sources in the World is the power law. The exponents
lie on average between 3.2 and 5.5. The coefficients of
the equations exhibit uniformity; all sources with
Umleang except NZ and the high T of NZ and NZ re-
construction have E-11, all high T with Wekwok of the
order of E-07.

Obviously, Igneous rocks look different based on
many different compositions, depending on the
magma they cool from and on their cooling condi-
tions, while each volcano and its eruptions are
unique.

Regarding plate tectonics and the Ring of Fire, the
latter is a string of volcanoes and sites of seismic ac-
tivity, or earthquakes, around the edges of the Pacific
Ocean. Along this ring are situated the obsidian
sources investigated, with the Easter Island at the
edge Volcanic Puzzle in the South Atlantic and with
both with New Zealand to sit at the edge of this vol-
canic ring? (Moore 2012; Mitchell 1989; Holm et al.,
2023).

Even though the fitting of experimental data may
inhere some uncertainties (instrumental, environ-
mental, procedural, experimental setting, and hu-
man) beyond the gaussian experimental errors, we
believe that the obtained consistent power law should
represent a global validation with similar numerical
exponent and coefficients. Their variation due to the
local sources may appear at the last integer of the co-
efficient of same number of decimal points and the
slight change in the exponent. Concerning the re-
ported pristine water (H20m and OH) linear depend-
ence from activation energy E and rate, k (Rogers
2008b; Rogers and Stevenson, 2022a, b; Stevenson et
al., 2019) or power law dependence for a greater range
of water % (Liritzis and Andronache, 2024c), it has
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been observed such a linear relationship with the ex-
ponents and coefficient of power law equations. But
we have not observed any convenient use of a partic-
ular power law equation based on this relationship.

The role of structural water has been reported in
un-hydrated bulk obsidian and has been found to
have a strong correlation with the pre-exponential
and activation energy, allowing for the estimation of
the Arrhenius constants. Moreover, the analysis of
hydrated Napa Glass Mountain obsidian using sec-
ondary ion mass spectrometry (SIMS) at 90°C demon-
strates that the initial diffusion stages display a dy-
namic behavior characterized by fluctuating hydro-
gen levels and a decreasing diffusion coefficient over
time (Stevenson and Novak, 2011).

These research endeavors have significantly en-
hanced our comprehension of the process of glass hy-
dration and alteration and have identified crucial fac-
tors to be considered when simulating water diffu-
sion in glass at archaeological locations throughout
the years.

Regarding the functional dependence earlier low
temperature hydration experiments at 75°C on Pa-
chuca obsidian from Mexico show that the diffusion
coefficient of hydrogen within the developing hydro-
gen profile does not follow a square root of time de-
pendence. In addition, hydration rates calculated us-
ing t 1/2 or t! do not result in extrapolations to zero
hydration when samples are linked to contexts of
known age. Considering this situation, critics of the
tl/2model prefer to use a t"format where n is the best
fit regression coefficient from the experimental data
(Stevenson and Novak, 2011)

The power law of microns versus temperature is
preferred to power law of pixels versus T because
does not import image sizes and hence no normaliza-
tion is required. In the initial diffusion the rate is not
of the same order as in longer hydration times ex-
plained by the quadratic dependence of diffusion
with time and the power law found here. It has been
reported that the near to surface saturation layer pro-
vides a virtually new start of diffusion that eventually
makes the variation of water to follow two mecha-
nisms, one based on Fick’s law and another exponen-
tial like that tends to zero at the hydration tail (Brod-
key and Liritzis, 2004; Liritzis, 2006).

The present novel research makes a significant con-
tribution to the academic field of the diffused obsid-
ian and its hydration dating.

The high temperature experiments made in the
past to accommodate data in the Arrhenius plot and
estimate the diffusion rate at ambient (burial) temper-
atures, together with low temperature aged experi-
ments, seem to provide satisfactory hydration rims
(measured by optical or SIMS means). The product of

the hydration depth is the result of an average diffu-
sion rate kinetics behavior during the archaeological
time and average temperature since its produc-
tion/usage time and burial history of an obsidian ar-
tifact. This combined outcome depicts the obtained
power law function which, with reasonably estimated
environmental temperature values (or EHT) and re-
spective obsidian source, may provide an alternative
approach in OHD.

The limitations of the power law on pixels image
data dating lie in the manner of taking images by mi-
croscopes their magnification and resolution (hence
normalization is always recommended), the EHT es-
timation (burial history), and questions on accuracy
of rim measurements from especially older reported
data.

The present investigation gave encouraging results
which derive from seven obsidian sources and arti-
facts from different geographical regions.

The rim of laboratory hydrated samples show that
the thin sectioned microscopic optically measured
depth is less than the actual depth indicated by H*
profiles by SIMS that implies optical underestimates
true depth (Novak & Stevenson 2012; Stevenson et al.,
2002).

The experimental results of the rate in hydration
behavior of glass/obsidian/cemented systems been
investigated over the temperature range 10° to 80°C
hydration at 60°C and 80°C under different wa-
ter/solid ratio values have shown that not only hy-
dration kinetics are strongly temperature-dependent,
but that also hydration occurs through another mech-
anism: a near-surface (topochemical) and a through-
solution mechanism following Fick’s model (Brodkey
and Liritzis; Dova et al., 2005; Stevenson et al., 2024).
The water/solid obsidian ratio changes imply disso-
ciation of water, and water connected to amorphous
Si-lattice, to OH radicals, which in turn indicates var-
iation in the solubility paths (pores etc.). The latter de-
pends clearly on temperature, pressure, the type of
bond and forces between the particles changing the
available voids, the structural characteristics of each
obsidian source, are few among them. Already we
have observed a proportional variation between rate
k and growth rate um/year for the 10-30°C, and an
expected non-liner change for higher temperatures
(APPENDIX, Fig.A3).

An earlier test of k dependence of eq.3 on E and T
as percentage error of the ratio 1/exp(—E/RT) for dif-
ferent activation energies from 20 kJ/mol up to 90
kJ/mol and for +5 °C in temperature deviated from 20
°C shows a striking result from few % to considerable
% changes (Liritzis and Laskaris, 2011, Fig.3).

The dated samples derive from sites and areas
where we had no available power law from similar
source. The near to archaeological sites obsidian
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sources are for California (NV sites and BH1, 2 volcanic
rocks). The New Zealand and New Guinea sources
with Papua site. The rest of the sources (California,
Mexico, Peru) produce representative curves per vol-
canic source. The variation of the power law curves is
due to the coefficient and exponent values- the former
in the last decimal integer or the order of thousands as
E-07 or E-11, and the latter between ~3-5.

The obtained ages using various forms of the
Power law are indicative yet promising for a cali-
brated curve per volcanic source to circumvent the
uncertainties from the use of proxy or distant sources.

k rate
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The low temperature aged data (at least thelO-
30°C) which simulate possible environmental condi-
tions, cannot be used as unknowns in the present re-
search and only high and low temp data from same
source would be ideal for most accurate dating. But
the satisfactory ages we have obtained under mixed
sources of high and low T aged data power law equa-
tions gives a hopeful direction for current OHD trend.

Furthermore, the relationship between the k rates
was examined from eq.l amongst 9 dated samples
(Fig.4a). The variation of rates is expected and the
similarity of same sources (NV) expected.

Then the k was plotted with LnT (of reported EHT)
(Fig.4b) and extrapolated to lower T (Fig.4c).

y =0,001x22018
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Figure 4: a) The k value of rate versus the 5 sites and 9 dates, b) k from (a) versus LnT. The Papua sample of 12.5 um was
excluded, c) as (b) for developing the power law at low temperatures.

We notice a power law behavior in Fig.4b but the
variation in T affects the K and hence age, due to the
susceptible dependence of hydration rim develop-
ment with temperature. In the Papua case of 12.5 um
the ages obtained for T=17-27°C range 18,300 to 8,500
years BP respectively, almost like results of Table 4b.

Summarizing, following up the first report of the
power law approach (Liritzis and Andronache
2024a), it is now proven that this alternative approach
is an essential development of OHD. Especially, the
areal pixels / year of the hydration layer images, have
a physical meaning connecting complexity measures
of fractal dimension® with the water percolation
through obsidian surfaces. The power law describes
the diffusion by, in addition to rim / year, the more
representative agent of pixels per year versus T.

Its potential contribution to the understanding of
water diffusion process in obsidians from various vol-
canic environments affirms the sensitive role of EHT
and the prominent direction of image analysis for age
calculation.

CONCLUSION

The functional dependence of obsidian diffusion
temperature with hydration thickness and pixels is
investigated using experimentally aged data at high
temperatures (140-180 °C) from five globally distrib-
uted obsidian sources (California, Mexico, Peru, and
New Zealand) and at low temperatures (10-40 °C)
(New Guinea). The power law equations used are
from the respective obsidian source high and low T

3 Succolarity, lacunarity, correlation dimension, local con-
nected fractal dimension (LCFD), fractal fragmented index

ageing experiments such as depth/time or pixels of
hydrated layer/time against temperature.

In all ageing studies with obsidians from various
volcanic sources worldwide, power law is the domi-
nant functional relationship of temperature with hy-
dration rim per time. On average, the exponents fall
around 3.2 and 5.5. The coefficients of the equations
show homogeneity- all sources with Umleang have
high T with Wekwok in the order of E-07, except for
New Zealand (NZ), and the high T of NZ and NZ re-
construction has coefficient E-11. The variable NZ hy-
dration duration 30-80 days may be a source of caus-
ing inconsistencies.

Naturally, every volcano and its eruptions are
unique, and the composition of igneous rocks varies
greatly depending on the cooling conditions and the
magma from which they condense.

It has been shown a power law pattern, but because
hydration rim development is vulnerable to tempera-
ture changes, changes in T have an impact on hydra-
tion rate (k) and, consequently, age.

To avoid the errors associated with employing
proxy or distant sources, the ages derived using dif-
ferent versions of the Power law are promising but in-
dicative for a calibrated curve per volcanic source.
Only high temperature data from the same source
would be ideal for the most reliable dating, because
low temperature aged tests cannot be used as poten-
tial EHTs in the current study. However, the accepta-
ble ages we have determined using the power law
equations for mixed sources for specific regions pro-
vide a positive outlook for the present OHD trend.

(FFI), entropy and normalized Kolmogorov complexity
(TIFE-LZW).
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APPENDIX

Table A1 (A, B, C, D). (A) Wekwok source, Wekwok Lou island, Papua, New Guinea. The four low T aged data;
Full width half maximum and sloping or end point, (B) Umleang source on Lou Island in the Manus Group of Papua
New Guinea, both 0.10% OH (Ambrose et al., 2004a, b; Novak & Stevenson, 2012), c) The high T experimental data at
140-180 °C. NB: Low water content 0.10%: BH1, Wekwok, Umleang, Peru. High Water content 0.21-0.25%: BH2, NZ,

Mexico. RBC=Richard Bland College lab number.

(A)
WEKWOK, T°C Duration, years FWHM depth, um End Point, um
10 15.2 0.204 0.377
20 15.6 0.386 0.479
30 15.6 0.650 0.902
40 11.6 0.905 1.360
(B)
UMLEANG, T°C Duration, years FWHM depth, um End point
10 26.2 0.200 0.308
20 26.2 0.279 0.378
30 26.2 0.667 0.745
40 26.2 1.150 1.458
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©
Obsid- Hydra- Optical 200x Pixels/Year
ian tion time
Lab No. | Source Tempera- Days Rim Width
ture oC (um)
X20 X60
Mex- | RBC-838 | UC-16A | 180 50 18,0
ico 1688213 (x20) | 5973035
Peru | RBC-796 | CPQOOYF | 180 30 15,5 2407248 7224876
RBC-797 | CPQOO09F | 170 30 12,9 3654477 10679194
RBC-798 | CPQOO09F | 160 30 10,2 4950264 14828028
RBC-799 | CPQOO09F | 150 30 8,4 6125114 19437503
RBC-807 | CPQOO9F | 140 30 6,0 7308541 25083992
Nz, RBC-849 | Hahei, 180 32 10,8
x60 NZ 3730859 3730858
RBC-850 | Hahei, 170 46 10,5 4345329
NZ 5101039
RBC-851 | Hahei, 160 55 9,6 4820370
NZ 7099091
RBC-852 | Hahei, 150 69 7,5 5285177
NZ 9306508
RBC-853 | Hahei, 140 81 6,6 6461491
NZ 16355650
BH2 | RBC-724 | SA 4D 140 60 70
RBC-725 | SA 4D 150 60 92
RBC-726 | SA 4D 160 60 11,9
RBC-727 | SA 4D 170 60 15,2
RBC-728 | SA 4D 180 60 18,9
BH1 | RBC-719 | SA13] 140 60
7,9 555108
RBC-720 | SA13] 150 60
9,9 589980
RBC-721 | SA13] 160 60
12,5 661254
RBC-722 | SA13] 170 60
16,1 1019712
RBC-723 | SA13] 180 60
19,9 1163196
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Various Power Law plots
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INVESTIGATION OF THE POWER LAW IN THE OBSIDIAN HYDRATION DATING: PART 11 23
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Figure A1: Various Power law plots
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Figure A2: Age Difference for same T and different OH% of BH1+Umleang and BH2+Umleang. For higher than 23-24°C
the ages overlap.
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Figure A3: Rates as um/year and um%/year for the two sources from New Guinea and low T aged laboratory induced hy-
dration data.
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