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New insight into water-obsidian interaction
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Hydration of obsidian samples in isotopic wate}*® was performed at temperatures fronf €%o 200 C. The depth distributions diH

and'®0 in the obsidians measured by SIMS were found to be drastically different. This led us to the conclusion that water molecules split
into hydrogen and oxygen at the obsidian surface and then the atomic hydrogEtQaisdtope diffused into the obsidian via two different
mechanisms. The hydrogenated obsidians were heated in vacuum without hydrogen emission. A hypothesis is put forward that the obsidiar
hydrogenation results from a chemical reaction between atomic hydrogen and a glass network. A new linear-parabolic equation is suggeste
for obsidian hydrogenation dating. Aluminosilicate glass is considered as a promising material for hydrogen fusion cells.
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1. Introduction of hydrogen and®0O measured by SIMS should strongly cor-

) ) relate or coincide. Our experimental temperature range was
In 1960 Friedman and Smith [1] suggested a new metho@hosen to be from 75 to 20G; i.e., high enough to accelerate
for dating of obsidian artifacts. The original obsidian hydra-ipe hydration process and get an adequate hydration experi-
tion dating method relies upon measuring the water diffusionment time, but far from the obsidian transition temperature
depth in a freshly created obsidian surface and convertings ..400°C, above which another mechanism of the water -

thickness measurements to an age. The hydration rim caihsidian interaction should be considered [12].
be examined in an optical microscope or by the Secondary

lon Mass Spectrometry (SIMS) method [2,3]. As an “archae-
ological equation” relating the artifact agand the hydrated 2 Experimental
layer L, Friedman and Smith suggested the parabolic equa-

tion [1]: Experimental obsidian samples about<2 mm in size
L= D 1) were cut by a diamond saw from a big obsidian rock found
’ in Cerro de las Navajas, Central Mexico (see Fig. 1A). Then
whereD is the diffusion coefficient that depends on the tem-the samples (Fig. 1C) were polished by the standard tech-
perature in the local site and on the obsidian composition. nique; we used sequentially meshes of 800 grits, 1200 grits,
Obsidian artifacts are widely distributed in Mesoamerica,and 1600 grits, and then finished with a cloth and a 1-micron
USA, Japan, Oceania, and for this reason the obsidian hydraiamond paste. The sample hydration was performed in stan-
tion dating method (OHD) was met with great enthusiasmdard 1.33-inch conflate nipples sealed with copper gaskets
However, it was difficult or even impossible to explain se-which supported heating up to 28D (see Fig. 1B). The top
rious discrepancies between experimental facts accumulatdlhinge was drilled, a hole was threaded, and a stainless steel
during the last 55 years by the original OHD model. Seriousscrew was used to hang up the obsidian samples with a Teflon
discrepancies between the OHD results and the chronologwire. Therefore, any contact of the samples with water and
cal data obtained by other methods were reported [4-6]. Theiith the walls was avoided. Before tightening the screws,
diffusion coefficients obtained in laboratories by the intrinsicthus fixing the top flange with the samples, approximately
rate method [7,8] were found to differ from the coefficients 500 milligrams of isotopic water with 97% of th€O iso-
calculated for archaeological artifacts by the radiocarbon caltope from Sigma Aldrich (p/n 329878-1G) was poured on the
ibration [9]. Some authors noted discrepancies between thefipple bottom. Then the nipple with the obsidian sample was
experimental data and Eq. (1) [9,10]. All this gave rise toloaded vertically into an oven with a digital temperature con-
doubts in the physical basis of the OHD method [4,9,10].troller pre-heated to the desired temperature where it was kept
Among other alternatives, penetration of atomic hydrogerfor the time from 2 days (20@) and up to 5 months (9C).
rather than water into obsidian was suggested [10,11]. After hydration the sample was withdrawn from the nipple,
We performed hydration of obsidians at different temper-cleaned in alcohol in an ultrasonic bath during 5-10 minutes,
atures and during different times in vapors of isotopic waterand dried in a dry nitrogen flux. Then the sample was fixed in
IH, 0 with 97% of the'®O isotope. The idea of this exper- a special sample holder and loaded into a load-lock camera
iment is evident: if there is water diffusion into the obsidian, of the SIMS instrument for more than 8 hours and pumped
as the conventional model suggests, the depth distributiordown to 10°¢ Pa. The hydration experiments were repeated
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TABLE |. The list of laboratory-hydrated obsidian samples.

N Temperature, Time, seconds Dissolved
°C layer, nm
1 75 9.4¢10°, 8.9x10° 43
2 90 6.4¢10°, 1.2x107 nd
3 104 2.4¢10° 76
4 117 2.4¢10° 45
5 144 1.9¢10°, 3.3x10° 34
6 167 5.%10° 91
7 204 2.6¢10° 35
8* 90 4.2x10°, 3.6x10° nd

*Soda-lime glass sample.

It is well known that the water-obsidian interaction re-
sults, among other effects, in dissolution or weathering of
the obsidian surface. We examined the dissolution of obsid-
ian during our hydration experiment by covering a part of
the experimental sample surfaces with a 100 -nm gold film.
In our experiments with different temperatures the dissolved
layer did not exceed 91 nm at 187 (see Table I), which was
negligibly small as compared with the few-micron depth of
penetration of®0 and'H observed in our experiments.

We performed as well a “de-hydration” experiment. One
set of obsidians was hydrated af@0during two months and
another set was hydrated at 2@during two days. And then
the first set of obsidians was heated in vacuum during two
months at 0.08 MPa, and the second one was heated during
8 hours under a high vacuum of 10Pa.

Several obsidian artifacts found in Teopancazco (Teoti-
huacan, Mexico) were analyzed by SIMS to compare with
the laboratory hydrated samples.

The depth profiling analysis of the hydrated obsidians
was carried out with a TOF-SIMS V instrument from lon-
TOF GmbH. A double ion beam irradiation regime was used
for the measurements. lon sputtering of the sample surface
was performed by a 2 keV cesium ion beam at #&th re-
spect to the surface normal. The ion current reached 150-
170 nA. The SIMS analysis was performed with a pulsed
Bi™ ion beam with an ion energy of 30 keV and angle of
incidence of 45 with respect to the normal incidence. The
bismuth ion current was varied from 0.2 to 1.2 pA. The ce-
FIGURE 1. Photos of obsidian rock (A); 1.33” Conflate nipples (B) Sium beam sputtered a raster of 3@DO0 microns; whereas
used for sample preparation; archaeological (above) and hydratethe bismuth beam scanned a XA®0 micron raster at the
in laboratory (below) experimental samples (C). center of the cesium sputter crater. Secondary negative ions

emitted from this 10@ 100 micron area were separated by
for each temperature to confirm a reproducibility of themass during their flight in a reflectron-type mass analyzer.
method. The list of the experimental samples with the timeThe ion irradiation of obsidians (as well as any dielectric) re-
and the temperature of hydration anyone can find in the Tasulted in the surface charging effect, which did not allow us to
ble I. continue the analysis. To compensate for the arising positive

The chemical composition of the obsidian samples wasurface charge, we used a flood electron gun with an elec-
analyzed independently by the XRF method at the Geoartron beam current of 10-20A and electron energy of 20 eV.
chaeological XRF Laboratory, NM, USA. Table Il shows All the measurements were performed under an ultrahigh
concentrations of the main components detected by XRF. vacuum of<1x10~7 Pa. The hydrogen concentration was
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TaBLE II. Chemical composition of the obsidian rock used for laboratory hydration determined by XRF, in weight percent. Only the main
oxides are listed in the Table.

Na;O A|203 S|02 K>O CaO TIQ MnO Fe, O3
Test1 4,414 9.877 77.201 4.632 0.227 0.140 0.090 2.983
Test 2 4.490 10.036 76.605 4.779 0.237 0.123 0.092 3.164

recalculated by using the implanted standard; the implantaatomic hydrogen antfO isotope penetrate into the obsidian.
tion energy of hydrogen ions was 30 keV, the dose wd$ 10 The difference between the hydrogen i@ distributions
ions/cn?. The concentration of th&®O isotope was esti- increases with temperature; the top surface concentrations of
mated from the standard oxygen isotope ratio by taking intd H and ‘80 increase with temperature as well. These facts
consideration the total oxygen concentration in the obsidiarsuggest that (i) the water concentration and also water de-
obtained by the XRF method. composition at the obsidian surface grow with temperature,

After hydration and SIMS depth profiling experiments we (ii) the two processes involved in the penetratiodd® and
measured the experimental craters as well as gold steps by' b atoms into the obsidian volume have different activation
surface profiler Dektak-XT from Bruker with an experimen- energies. Thus, we arrive at the conclusion that the origi-
tal error of 4%. nal obsidian hydration model is incorrect. Atomic hydrogen
rather than water penetrates into the obsidian and forms a
hydrogenated layer which has been identified so far as a “hy-
drated” layer.

Figure 2A-F shows depth distributions (concentration vs. \We repeated the hydration experiment for a soda-lime
depth) of'H and 120 in several obsidians hydrated at dif- 9lass sample. The hydration was performed &(®@uring
ferent temperatures_ Figure 2G ShO\]I\H and 180 depth 2 months. S|m|lar depth diStributionS bH and 180 in th|S
distributions in the archaeological obsidian artifact found inSample are presented in Fig. 1 H, therefore the hydrated layer

Teopancazco with an estimated age of around 300 A.D. ~ formation up to approximately 1-micron depth is observed.
First of all, we note radically different distributions of AS demonstrated earlier [17,18], water penetrates into the

hydrogen and80, which result, in our opinion, from two soda-lime glass due to the ion exchange reaction between al-
different physico-chemical processes. The hydrogen distrikali oxides and water molecules.

bution, called the S-curve, is similar to those observed by ~The'®O self-diffusion coefficients were obtained for dif-
other authors for laboratory-hydrated samples and for differferent temperatures by approximating the experimeti@l
ent archaeological samples [3,9-12]. TR® distribution is ~ distribution by Eq. 2. Figure 3A shows a linear fit of experi-
well fitted by the complementary error function presented inmental diffusion coefficients by the Arrhenius equation:

3. Experimental Results and Discussion

Fig. 2A-F by dashed lines. This function is the solution of Eour
the Fick’s equation for a semi-infinite volume in the case of log(D) = log(D,) — s, )
. . . . . . . 2303-R-T
diffusion from a thin layer with a constant diffusion coeffi-
cient [13]: whereT is the temperaturel,; is the activation energy;

D, is the pre-exponential coefficient; attlis the gas con-
Ch x stant. The activation energy for th#O diffusion was found
c) = 2 erfe <2 (D~ t)) +Co, 2) to be 56.73 kJ/mol, and the pre-exponential coefficient was
Dy = 8.97 x 1078 cm?/s.
where( is the'®O isotope concentration in the top surface  In the case of hydrogen we obtained hydrogen diffusion
layer saturated with the isotopic water, angdi€the'®0 con-  coefficients from the SIMS data by using Eq. (1). The hy-
centration in the obsidian volume due to an intrinsic oxygendrogenated layer thickness was defined as the depth of the in-
Second, there is a top surface layer with a thickness oflection point, where a minimum in the first derivative of the
about 10 nm with high'®O and hydrogen (or, probably, hydrogen profile was observed [10]. This point was observed
water) concentrations (see Fig. 2D). A slight leaching inat the depth where the hydration curve changed from being
this layer is observed (see the sodium depth distribution irtoncave downward to concave upward. Figure 3B shows the
Fig. 2D). Arrhenius plot for the hydrogen diffusion coefficients. The
The experimental SIMS data can be interpreted if we asactivation energy for the hydrogen diffusion was found to be
sume that water molecules penetrate into the top surface lay&i7.6 kJ/mol,i.e., it was in a reasonable agreement with the
alone, and then water molecules decompose into oxygen arghrlier reported activation energies for “water diffusion” in
hydrogen atoms due to chemical reactions [14,15], and (obsidians which varied for different obsidians from 80 kJ/mol
due to the water electric dipole interaction with local chargedo 90 kJ/mol [8]. The pre-exponential coefficient for the hy-
in obsidians reported by Moritat al. [16]. After this the drogen diffusion wasD, = 8.78 x 10~* cnm?/s, which was
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FIGURE 2. SIMS depth profiles fotH and'®0 in the obsidians hydrated in vapors of isotopic O water at different temperatures. SIMS
depth profiles fot H and*®0 in the obsidians hydrated in vapors of isotopig HO water at 78C (A), 90°C (B), 144 C (C and D), 117C

(E), and 167C (F) in comparison with the “naturally” hydrated archaeological obsidian artifact from Teopancazco (G) and with a soda-lime
glass sample hydrated at3D (H) during two months.
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FIGURE 4. SIMS depth profiles of 1H and 180 in the obsidian
FIGURE 3. Arrhenius plot for'®O (A) and'H (B) diffusion coeffi-  sample hydrated in vapors of isotopig 1O water at 96C during
cients at temperatures from 75 to 2@ two months and then heated in vacuum (0.08 MPa) &aCafuring

two months (A). The same for another sample hydrated at00

. . . during two days and heated at 2@in high vacuum £ 10~ Pa)
four orders of magnitude higher than f610. The obtained during 8 hours (B).

differences in the activation energies and the pre-exponential

coefficients for hydrogen and®O confirm that different genated obsidian in vacuum during two months &®and
physical-chemical processes occur for these elements. eight hours in UHV at 200C led to a slight change in the hy-
Thus we established that the water-obsidian interactioirogen concentration in a top surface layer of 052 (see
results in the obsidian hydrogenation rather than hydrationti9- 4 A,B).
But it is still unclear: what is the mechanism of hydrogen  Second, many scientists use IR spectroscopy to analyze
penetration into the obsidian? There are at least two possebsidians and demonstrate a growth in the O-H and H-O-H
bilities: (i) a complex diffusion of hydrogen with the diffu- signals in the IR spectrum with hydration time [19]. After
sion coefficient depending on the H concentration; and (ii)Doremus [20], the interaction of water with silicate glasses
a solid state reaction between atomic hydrogen and a glass considered in terms of the diffusion-reaction model, which
network. At the moment we have two arguments speakingddresses water molecule interaction with silicon oxide with
in favor of a chemical reaction. The first is the absence othe formation of silicon hydroxide. In our case it could be
hydrogen effusion from hydrogenated obsidians. Riciptiti the reaction of atomic H with those,O ions of the glass net-
al. [10] mentioned that when hydrogenated obsidians weravork that are shared (bridging) between adjacent (Al,$i)O
kept over 300 hours under ultrahigh vacuurilQ—° Pa) at  tetrahedra to produce OH- ions [21]. From other hand we
room temperature, only a slight change in the hydrogen conshould take into account a possible interaction of NaAISIO
centration in the top surface layer of less than a 100 nm depttKAISiO,) complexes with H atom resulting in formation
occurred. In our study the heating of preliminarily hydro- of hydroxide of sodium and potassium [22]. We observed
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a growth in the hydrogen concentration in the hydrogenatedbr Chalco obsidians. This is, no doubt, an important and re-
layer with temperature. In our opinion, this indicates that aassuring result from the point of view of perspectives of the
change of the reaction type of hydroxides formation occursiew “archaeological equation” (4) for OHD.
at elevated temperatures 100°C). The last but not the least remark is as follows. We
We have found that the water-obsidian interaction is aobserved experimentally the low-temperature water decom-
more complex process than that suggested earlier. Duringosition at the obsidian surface and hydrogen accumula-
the initial period of the water-obsidian interaction the hy-tion inside the obsidian up to a concentration of about 10
drogenation rate should strongly depend on the water splitatomic %. These two experimental facts indicate that alkali-
ting reaction and atomic hydrogen formation in the top hy-aluminosilicate glasses can be regarded as promising mate-
drated layer of the obsidian. In this case the hydrogenatedals for hydrogen fusion cells due to their low cost as com-
layer thickness should be linearly proportional to the time ofpared with rare-earth oxides and noble metals used at present.
treatment. Whereas for a long enough time the hydrogena-
tion reaction becomes limited by the hydrogen diffusion to4
the hydrogenated layer - obsidian volume interface, and the”

growing layer thickness should be proportional to the roon conclusion we would like to summarize the obtained re-
square of the treatment time [23]. So, the “archaeologicakyts. We experimentally confirmed decomposition of water
equation” for the obsidian hydrogenation can be drawn as gyolecules at obsidian surface and atomic hydrogen penetra-
linear-parabolic equation: tion inside the obsidian with formation of the hydrogenated
2 layer. However, contrary to the conventional model this hy-
ky-L°+ks-L=t, 4 . ) . ) ;
drogenation layer is a result of a solid-state chemical reaction
wherek, is the constant characterizing the diffusion-limited between hydrogen and glass network. We found experimen-
reaction of atomic hydrogen with a glass network; apds  tally the activation energy for_the hyd.rogenation. process, as
the constant characterizing the surface water - glass reactioie!l as for'*0 self-diffusion in obsidian. And finally, we
kinetics and efficiency of the atomic hydrogen formation inSuggest the linear-parabolic equation as the new archaeolog-
the top surface layer. Equation (4) is well known in the chemdcal equation for Obsidian Hydrogenation Dating method.
ical community after Evans [24]; it is applied effectively,
among others, to the oxide growth kinetics description. It ispAcknowledgments
important to note here that the linear-parabolic equation was
already suggested for obsidian “hydration” dating [25,26].The authors thank Conacyt, Mexico for the financial support
Riciputi et al. [10] demonstrated that the linear-parabolic of this study, grant N 152340 and grant N 254903. The au-
equation fitted very well their experimental obsidian datingthors thank Natalie Nasina for her proofreading of the text.
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