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Abstract

The rehydroxylation dating of ancient pottery estimates the age of ceramic manufacture
based upon the total hydroxyl (OH) accumulation since initial firing. The diffusion of
OH is impacted by the structural porosity of the ceramic that becomes progressively, or
suddenly, closed with increasing temperature as the clay structure collapses. Changes in
ceramic mineral structure along the temperature continuum occur at certain thermal set
points. Infrared spectroscopic analysis of thermally treated kaolin, illite, and

montmorillonite reveals that shifts in the Si-O band correlate with the extent of structural

1

© 2016. This manuscript version is made available under the Elsevier user license
http://www.elsevier.com/open-access/userlicense/1.0/


mailto:cmstevenson@vcu.edu
http://ees.elsevier.com/yjasc/viewRCResults.aspx?pdf=1&docID=7089&rev=1&fileID=377525&msid={3E3D8070-4FCA-4198-984F-7E9BDE824F0E}

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

collapse occurring between 600-1000°C and the degree of structural collapse in
prehistoric earthenware ceramics may be estimated using this approach. Accelerated
rehydroxylation experiments reveal that the activation energy of rehydroxylation
decreases with greater structural collapse and indicates that the rate of rehydroxylation

will be faster for ceramics fired at more elevated temperatures.

Keywords: clay, infrared, firing temperature, rehydroxylation, dating, ceramic

1. Introduction

The ceramic rehydroxylation (RHX) dating of bricks, terracotta tiles and
archaeological pottery (Tosheva et al. 2010; Wilson et al. 2009, 2012, 2014) has captured
the interest of archaeologists who work diligently at developing and refining
chronological sequences using ceramic materials from archaeological contexts.
Chronology building is especially challenging in locations where earthenware, with
modest amounts of surface decoration, are part of the cultural assemblage. Any number
of regions in the world can be used as an example whether it is the Woodland Period of
the Southeastern United States (Smith and Neiman 2007) or the prehistoric ceramic
sequence of Fiji (Sand et al. 2000). In such contexts, chronological sequences may be
categorized simply as early, middle and or late, and constitute periods spanning 200-500+
years. On a larger regional basis, it is difficult to correlate multiple local chronologies or

to trace evolving historical ceramic traditions with such large temporal periods. Put
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simply, the poor temporal resolution restricts the ability to evaluate hypotheses about past

behavior and to easily engage in the emerging social archaeology of the present.

Ceramic rehydroxylation dating is a self-calibrating method that provides a rate
constant for hydroxyl (OH) diffusion intrinsic to the sample under study. It generates an
age assessment for the last heating, or dehydroxylation (DHX), event. This may reflect
initial firing, a cooking event, or the disposal and burning of pottery sherds with other
domestic refuse. As such, the method has the potential to provide absolute dates for
individual contexts and to enhance regional chronological sequences. A recent series of
papers have sought to refine the initial rehydroxylation model of Wilson et al. (2009) by
the examination of central issues such as environmental temperature estimation (Hall et
al. 2013), the impacts of mass gain during cooling (Barrett 2013), and the impacts of
humidity (Bowen at al. 2011; Drelich et al. 2013). In this study, we look at another key
aspect of the dating method; that of structural changes in the clay matrix induced during

firing and the impact it has on the rehydroxylation process.

2. Background to Ceramic Rehydroxylation Dating

As originally described by Wilson et al. (2009) the DHX/RHX process was
discussed for kaolin, montmorillonite, and chlorite clays. During the ceramic
manufacturing process raw clay may be fired within kilns at temperatures up to
approximately 1200°C. As the temperature is raised above ambient conditions,

physically adsorbed water is lost just above 100°C. Between 105°C and 500°C
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chemisorbed water, or bonded H,O, is removed from the interlayers and surfaces of any
mineral features (Drits and McCarthy 2007). At 500-900°C hydroxyl is removed as the
dehydroxylation of bonded water takes place 20H™ = H,O + O%). The temperature at
which DHX initiates is dependent upon the structure of the clay matrix. The removal of
water is likely a complex reaction that may include both diffusion and first-order kinetics

(Ortega et al. 2010).

Once a ceramic is removed from the kiln and allowed to cool, rehydroxylation
begins immediately and occurs in two stages. Initially, there is a rapid gain in mass as
molecular water and hydroxyl is adsorbed onto the surface and into the pore structure of
the ceramic (Stage 1). This process decreases with time and is replaced by a t"** gain
(Wilson et al. 2003; Wilson et al. 2009; Hall et al. 2013; Hamilton and Hall 2012) in
mass as a result of hydroxyl migration through the boundary layers between the ceramic
microcrystalline particles (Stage 2). The exact mechanism of this process is not known
but is assumed to be a single-file type of solid state transport. This would account for the
slow inward movement of water over time. In laboratory mass gain experiments, the
amount of available molecular water is arbitrarily restricted (Savage et al. 2008; Wilson
et al. 2014) during RHX by exposing the ceramic to a low relative humidity (e.g., 30-
35%) that inhibits the adsorption of excess surface water and allows the mass uptake of
OH to be tracked. In archaeological contexts additional water may accumulate in the
larger pore structure from rain but the excess water does not accelerate the RHX process

(Wilson et al. 2009).
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Encouraging dating results have emerged from the application of the RHX dating
method (Wilson et al. 2009). Follow-up investigations after the initial study have
identified significant deviations from the outlined protocols. Several investigations
(Bowen et al. 2013; Le Goff and Gallet 2015) have argued that the t*** power law that
defines the RHX rate is not always observed and that a variable exponent (t") is needed to
account for variation in the experimental data. In addition, others note that scrutiny of the
completeness of sample drying and dehydroxylation (Le Goff and Gallet 2014) and the

effect of contaminating carbon (Numrich et al. 2015) are needed.

In contrast to advanced ceramic production, prehistoric earthenware was
hardened through open firing within pits, or on the ground surface, where the surrounding
fuel of wood, or dung, generated temperatures that were several hundred degrees lower
than kiln environments. Ethnographic and experimental data indicate that firing
temperatures may range between 300-900°C (Shepard 1976; Gosselain 1992). In
addition, the thermal gradients associated with open firing can be highly variable
depending upon the fuel load, number of pots, and their physical separation. Careful
monitoring with thermocouples revealed that temperature variation within a firing event
may range up to 390°C (Maggetti et al. 2011). Under such circumstances, and with many
observed firing durations under two hours (Smith 2001), the clay vessels have the

potential not be full dehydroxylated, and variable in terms of clay crystalline structure.

This variability in clay structural states has the potential to impact the rate of

rehydroxylation for low fired ceramics. While the self-calibrating nature of the dating
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process compensates for this situation by developing a hydroxyl diffusion coefficient
specific to the material state, it is informative to explore the impact of structural collapse
on hydroxyl diffusion, since future research may explore the development of a predictive
model of RHX based upon ceramic molecular structure. Thus, we look at the
dehydroxylation of kaolinite, montmorillonite and illite to determine at what
temperatures critical structural changes occur and how we can identify these temperatures
in archaeological materials using infrared spectroscopic analysis. We then show how
these structural changes impact the subsequent OH diffusion process as reflected by the

changes in activation energy of RHX.

3. Dehydroxylation and Structural Change in Kaolinite, Montmorillonite, and Illite

Kaolinite, montmorillonite, and illite were some of the most common minerals
used in the manufacture of prehistoric ceramics, and as such, understanding structural and
mineralogical changes during heating is central to the process. The thermal treatment of
clay has been extensively investigated and reveals how the mechanisms of water loss
vary between kaolinite, montmorillonite, and illite. We summarize this previous research
to identify changes in ceramic molecular structure with temperature and hypothesize how

this might impact the RHX process.

Kaolinite
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Kaolinite, a dioctahedral 1:1 clay, with the formula Al,Si,05(OH)4 and its
dehydroxylation has been thoroughly studied with a variety of analytical techniques
including scanning electron microscopy [SEM] (Felicissimo et al. 2010), X-ray
diffraction [ XRD] (Marghussian et al. 2009) and Fourier transform infrared spectroscopy
[FTIR] (Frost 1996). This type of clay is known to be an inorganic polymer with a two-
dimensional layered structure (Frost et al. 2003). In each layer, a sheet of SiO, tetrahedra
is bonded at the apices of the tetrahedral to a sheet of aluminum (III) octahedra with four
of the six octahedral sites occupied by hydroxyl groups. Two of every three aluminum
octahedral sites are occupied resulting in lattice distortion which lowers the crystal
symmetry. A direct result of the low symmetry is the rich FTIR spectrum of kaolinite.
The intra-layer of the hydroxyls is located in the same plane as the apical oxygen, while
the remaining three hydroxyls are directed toward the interlayer space and hydrogen bond
with the silica of the adjoining layer. This accounts for the lack of water in the interlayer

space.

After the loss of physically absorbed water between 100-200°C, the hydroxyl
from the inner and inner-surface migrates to the surface and dehydroxylates
endothermically at temperatures between 450-600°C (Zemenova et al. 2014): This
temperature range applies to both ordered and disordered kaolinites (Bellotto et al. 1995).
Beginning in this temperature range there is a structural reorganization during DHX
where metakaolin is formed. A progressive distortion and collapse of the clay 1:1
structure occurs as OH is removed and the metakaolin nucleates. At this point the

interlaminar channels that allow water to be removed are blocked (Ortega et al. 2010;
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Sperinek et al. 2011). This results in some residual OH remaining in the ceramic. The

metakaolin becomes progressively a less layered structure as temperature increases.

The next phase transformation occurs at about 950°C when spinnel is formed.
This is followed by a transformation to mullite between 950-1100°C. At the end of this
process a nearly water free, highly vitrified ceramic is produced. For ceramics fired at
temperatures below 950°C, we can conceive of the kaolin molecular structure as a
continuum exhibiting varying degrees of deformation and channel blockage (Pesova et al.

2010).

Montmorillonite

Montmorillonites are a type of 2:1 dioctahedral phyllosilicates with the general
formula: (Alo-yyMgy)(Si4-—)Alx)O10(OH)2Mx+y)nH,O, where y> x an M represents
interlayer exchangeable cations. These clays are somewhat turbostratic (Viani et al.
2002), swellable, and have substantial capacity to exchange interlayer cations. Individual
clay layers consist of two sheets of tetrahedral silica covalently bonded through apical
oxygen to a middle sheet of aluminous octahedra. The bases of the silica tetrahedra form
hexagonal cavities, which face the interlayer space. One, out of every three, octahedral
sites is vacant. Hydroxyl group pairs can be located either cis- or trans-coordinated to the
cation in the octahedral layer (Drits et al. 1995; Tsipursky and Drits 1984). Two thirds
of the middle octahedra contain a metal ion, most commonly trivalent aluminum, but
frequently divalent ions like magnesium, which give the middle octahedral sheet an

overall negative charge. The charge is balanced through long-range interactions with



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

cations in the interlayer space.

Normally these exchangeable ions in the interlayer are hydrated. The interlayer
space can contain one to three layers of water molecules. The hydration of smectites
have been well studied (Grim and Bradley 1948; Muller et al. 2002) and is known to
depend on several factors including the type of interlayer cation, amount of layer charge
(Sato et al. 1992) and environmental factors like humidity (Ferrage et al. 2005), external
vapor pressure and temperature. At normal pressures montmorillonites dehydrate losing

interlayer water between 120°C and 200°C (Bala et al. 2000).

Montmorillonites dehydroxylate when a proton moves from one hydroxyl to an
adjacent hydroxyl to form a water molecule and aluminum cations coordinate to the
remaining oxygen. Trans-vacant montmorillonites dehydroxylate at temperatures around
500-550°C to form five coordinate aluminum cations. The dehydroxylation temperature
of cis-vacant montmorillonites is higher, around 700°C. An unstable mixture of five and
six coordinate octahedral forms and as a result aluminum cations migrate during the
dehydroxylation and the rehydroxylated montmorillonite will be trans-vacant (Drits et al.
1995). Over 900°C montmorillonites form various firing products. The actual firing
products and firing temperatures depend on the structure of the montmorillonite. Most
montmorillonites form a spinel over 1000°C. Other firing products may include B

quartz, anorthite, enstatite, mullite and cristabolite (Bradley and Grim 1951).

[lite
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Illite has the nominal formula (K¢ gg Al,(Si3.12 Alpgg)O10 (OH),. It is a non-
expanding 2:1 clay that is constructed from two tetrahedral sheets that sandwich a central
octrahedral sheet. The interlayer of K, Na, Ca, and Ba serve to inhibit the presence of
water molecules and prevent swelling except for K-deficient varieties which may allow
water into the interlayer region (Yates and Rosenberg 1997). The dehydroxylation and
phase transformations for illite are also well known. DHX begins with the condensation
of water molecules in the octahedral layer and results from Al-O bond breaking. This is
followed by a one-dimensional diffusion of water molecules through the tetrahedral ring
into the interlayer region that can occur at between 350-675°C (McConville and Lee
2005). The crystalline structure is still in place until 700°C but then begins to break
down between 700-850°C. Above this temperature there is a second endothermic
dehydroxylation. In K-deficient illites water molecules then make their way through the
interlayer region along two-dimensional pathways that are directed by K" ion vacancies.
This latter diffusion occurs between 875-1100°C (Gualtiere and Ferrari 2006). Also
above 800°C the octahedral sheet crystallizes a spinel which grows in crystal size and

then melts at 1300°C. Mullite crystals begin to form at 1100°C and melt above 1400°C.

In summary, kaolinite begins to dehydroxylate at 450-600°C and progressively
loses hydroxyl until a complete conversion to metakaolinite at 950-1100°C. Trans-vacant
montmorillonites dehydroxylate rapidly at 500-550°C and cis-vacant forms lose hydroxyl
at 700°C. Similarly, illites, other than K-deficient forms, also loose hydroxyl rapidly at

700-850°C while the K-deficient forms dehydroxylate at a higher temperature range of

10
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875-1100°C. Based upon these observations, we hypothesize that the gradual structural
collapse of kaolinite will incrementally block the OH diffusion pathways during RHX
and the rate of RHX should gradually decrease with higher firing temperatures. For illite
and montmorillonite, the more temporally restricted periods of structural collapse should
result in a substantial change in the rate of OH diffusion after the rapid structural collapse
event. Our ability to monitor the degree of structural collapse for experimental or

prehistoric ceramics depends upon establishing the thermal history of the sample.

4. Estimation of Firing Temperature by Infrared Transmission Spectroscopy

The estimation of ceramic firing temperature has been used in a number of studies
focused on the reconstruction of ceramic technology during manufacture (Cultrone et al.
2001; Mirti et al. 2006; Shoval and Beck 2005; Papadopoulou et al. 2006; Drebuschchak
et al. 2007; Krapukaityte et al. 2008; Trindale et al. 2009; Wolf 2002). Estimating this
parameter generally relies upon changes in the mineral composition, as determined by X-
ray diffraction of the ceramic, as temperature increases. These changes may include the
breakdown and disappearance of minerals, the crystallization of minerals, and the
appearance of new mineral phases. Charts of progressively changing mineral associations
developed from experimental firings guides the researcher in estimating a firing
temperature usually to within a 100-200°C range for the archaeological sample. In
addition, there are other approaches that may involve the use of electron paramagnetic
resonance (EPR) to follow spectral changes in Fe’" of Mn”" with temperature

(Felicissimo et al. 2010) or Mossbauer spectroscopy to track the oxidation states of iron

11
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oxides (Venkatachalapathy et al. 2002; Wagner et al. 1999). Investigations such as this
may jointly use scanning electron microscopy (SEM) to examine matrix structural
changes or X-ray diffraction (XRD) to document different mineral phases occurring
before and after firing (Mirti and Davit 2001; Venkatachalapathy et al. 2008). These

methods result in the estimation of temperature minima or broad temperature ranges.

A more frequently used tool is that of Fourier transform infrared spectroscopy
(FTIR) often in conjunction with some of the complementary analytical techniques
mentioned above (Shoval 2003; Odriozola and Martinez-Blanes 2007; Palanivel and
Rajesh Kumar 2011). In this approach, changes in the infrared spectra such as peak
minimization or disappearance, peak shape deformation, and peak wavenumber position
are tracked at unique firing intervals usually within the range of 400-1200°C. In
conjunction with XRD, and the identification of mineral peaks on the infrared spectra
(Benedetto et al. 2002), upper and lower firing limits that have a range of 50-200°C may
be established (Tite 1999). However, until recently none of the infrared based
investigations have researchers identified a mineral or hydroxyl band that shifts
continuously as a function of increasing temperature. In an early work, Shoval (2003)
came closest to this goal where he notes significant shifts in the Si-OH stretching band
and AI-OH/Si-OH deformation bands in ancient calcareous ceramics but these trends are
not quantified and numerically described in the form of a prediction equation. More
recently, he identified a linear increase in the SiO stretching band to higher wavenumbers
between 500-900°C for kaolinite and a more abrupt upward shift for smectite (Shoval et

al. 2011).
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In this study, we use FTIR spectroscopy to identify predictable shifts in the Si-O
infrared peaks for the refined kaolin, montmorillonite, and illite clays fired between 600-
1000°C. Gradual and abrupt transformations in the clay structure are identified as a
function of temperature. These results are compared to the process of structural collapse
in three naturally occurring clays from St. Catherine’s Island, Georgia, and the structural
states of a small sample of six prehistoric earthenware ceramics are examined to assess
the range of firing temperatures, since the latter materials will eventually be dated by

RHX and compared with independent radiocarbon chronometric data.

5.0 Analytical Methods

The refined source clays used in this analysis consisted of a high-defect kaolinite
(KGa-2) and montmorillonite (STx-1b) from the Clay Minerals Society of Virginia and
an illite from Wards Natural Science (Green Shale 46E0315). These clay types were
selected since prehistoric earthenware may contain one or more of these materials. These
clays have been thoroughly characterized and compositional analysis of the kaolinite and
montmorillonite is documented by Mermut and Cano (2001). The illite consists of shale
containing illite (85%) and quartz obtained in the vicinity of Rochester, New York.

Compositional information on this material has been published by Cloutis (2001).

13



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

Our eventual goal of dating ceramics from prehistoric sites on St. Catherine’s
Island, Georgia, prompted us to assess the clay sources that might have been used by
potters prior to European, and during, contact in the 17" century. Samples of three clays
identified during the island survey were obtained through shallow hand excavations.
These materials originated from the South End Field (SCI-RC-1), South Beach (SCI-RC-
2), and North Beach (SCI-RC-4) of the island (Figure 1). Their location within 2-7
kilometers of the Santa Catalina Mission and prehistoric sites on the island suggested
they might have been used in the ceramic manufacturing process. X-ray diffraction was
completed on one sample from each of the raw clays to provide a preliminary, yet not
fully representative, assessment their mineral structure in this exploratory study. The
clays were ground with an agate mortar and pestle and passed through a 43um sieve. An
Expert-Pro Pan Analytical diffractometer system scanned the powders between the 5.01-
79.97 °2-Theta positions with a step size of 0.0260. Mineral contributions to the clay
were identified based upon the position and intensity of 2-Theta intensity values using

published data bases (e.g., Bish 2010; Drits et al. 2010; Viani et al. 2002).

The ceramic heating experiments were conducted in a Thermolyne muffle furnace
between 600°C and 1000°C at 100 degree intervals for both the refined and raw clays.
Small porcelain crucibles held 0.1 gram of powdered clay for each exposure. The extent
of dehydroxylation is related to the time the material spends in the kiln (Criado et al.
1984). Biljana et al. (2010) found dehydroxylation of kaolinite to be complete after 60-
90 minutes. Ogloza and Malholtra et al. (1989) suggest a 24-hour residence time for

montmorillonite. In our experiments the clays of kaolinite, montmorillonite and illite

14



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

experienced a residence time of 24 hours (Table 1). The clays from St. Catherine’s
Island heated from 600-700°C remained at the set temperature for 24 hours, while
samples at the higher temperatures of 800-1000°C were left in the oven for 3-4 hours

(Table 2).

Infrared analysis of the thermally altered clays was conducted by transmission of
sample material contained within KBr pellets. A Thermo Nicolet Avatar 360 FTIR with
a DTGS detector and KBr beamsplitter was used to collect spectra covering the
wavelength region between 4000-400cm™. Each spectrum consisted of 64 averaged
scans collected at a resolution of 4cm™ and a mirror velocity of 0.4747cm/s. The samples
were prepared using 200mg of dried KBr powder mixed with 2 mg of sample. A pressed
pellet was then prepared on a Spex 3628 bench-press under 10 tons of pressure. Single
samples were heated at each temperature to illustrate general trends in clay structural

collapse in this preliminary evaluation.

The estimation of firing temperatures on a sample of prehistoric ceramics also
utilized the same infrared analytical procedures. Six sherds were selected from Late
Mississippian/Mission Period (ca. AD1500-1700) contexts at sites 9Li8 and 9Li207.
Sherd 4079 (9Li1207) was a 1cm thick wide fragment and 2mg subsamples were taken
from across its profile to evaluate the variation in thermal history. The remaining five
sherds (9Li8) were 4-5mm wide and samples were extracted from well oxidized sections

using a steel blade.

15



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

Ceramic activation energies for the refined clays were determined by the
measurement of diffused hydroxyl by infrared diffuse reflectance. Each activation
energy was based on the measurement of five diffusion coefficients empirically
determined by RHX of clay samples reacted between 600°C and 900°C at 100 degree
intervals. A Pike Technologies Diffuse-IR temperature controlled reaction chamber
mounted in the compartment of a Perkin Elmer Frontier infrared spectrometer was used
to control the environment around the sample. Fine powders of kaolin (as recieved),
montmorilonite (<43um), and illite (<43um) constituted the starting material. Diffuse
reflectance spectroscopy is a technique that must be used and a uniformity of particle size

and compaction are essential to generate reproducible data.

The sample powder was placed within a 3mm diameter porcelain sample cup,
and packed to a uniform sample depth below the cup rim using the supplied tamper. The
cup was placed within the heating element of the reaction chamber and sealed with a lid
containing a ZnSe window. Infrared spectra were then programmed to be taken every 20
minutes for the life of the experiment using Temp-pro software. Individual spectra were
an average of 40 scans taken between 4000-400cm™ at a resolution of 8cm™and a mirror
velocity of 0.5cm/s. The reference spectrum was taken on a mirror immediately prior to

the experiment start-up.

For each experimental run the sample was dried under nitrogen at 200°C for one

hour. This was followed by a heating of the powder to a predefined temperature between

600°C - 900°C for a period of three hours under a nitrogen stream to dehydroxylate the
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clay. The sample was then cooled to the RHX temperature and an infrared background
measurement was taken to remove any absorption signal from the sample cup or
dehydroxylated clay. The chamber purge was then switched to a humid air stream set to a
relative humidity of 50% at room temperature (Forney and Brandl 1992). However, the
elevated temperatures within the reaction chamber would reduce the relative humidity to
between 3-6% (Vaisala 2012) thereby requiring a longer time for the Phase 1 portion of
the RHX to reach completion. This duration was approximately 6.5 minutes at >’
(Figure 7). The RHX time was set to 9000 minutes and infrared spectra were collected at
20 minute intervals. The amount of diffused water was determined by calculating the
peak area of the combination OH/H,O water band at 3570cm™. Excel software was used

to plot the water absorption curve and provide best fit trend lines and slopes of the data.

6.0 Results

6.1 Identification of Structural Change in Refined Clays
Kaolinite (KGa-2)

As kaolinite (KGa-2) is fired at temperatures between 600°C and 1000°C the peak
position attributed to Si-O stretching frequency gradually shifts from 1075cm™ to
1100cm™ (Table 1). Similarly, there is a steady shift to higher wavenumbers in the peak
near 1200cm™ (Figure 2a). These changes likely indicate the formation of amorphous

silica as the metakaolinite converts to mullite.

Montmorillonite (STx-1b)
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The Texas montmorillonite (STx-1b) shows a very different trend. The Si-O
stretching band location is steady between 600°C and 700°C at around 1042cm™ but then
jumps abruptly to 1090cmat 800°C and remains very close to this location up to 1000°C
(Figure 2b). The Si-O-Si deformation peak at 480cm™ (Madejova and Komadel 2001)
remains essentially the same during early heating and is within the resolution of the

instrument (4cm™') . Afterward, it drops to 474cm™ by 1000°C (Table 1).
Illite

Changes in band position for illite parallel that of montmorillomite (Table 1). The
Si-O stretch found at 1012cm™ for 600°C shifts dramatically to 1078cm™at 900°C-
1000°C. The Si-O-Si band at 482cm™ also remains stable until 900°C and then drops to

463cm™ indicating a structural change in the clay (Figure 2c).
6.2 Analysis of Structural Changes in Raw Clays

The XRD analysis revealed that the sediment samples from St. Catherine’s Island
are a mixture of clay types. Montmorillonite is expressed by a single peak at 6.04. Illite
is revealed by peaks at 8.99, 19.8, 25.68, and 35.08. Kaolinite is also present and
expressed by peaks at 12.39, 20.95, 25.04, and 38.44. The other dominant material is
quartz represented by numerous peaks throughout the sequence. Samples SCI-RC-2 and

SCI-RC-4 contain only kaolinite and illite while sample SCI-RC-1 contains all three clay

types.

The infrared analysis of the heated clay samples from St. Catherine’s Island show

a consistent shift in the Si-O peak location to higher wavenumbers (Figure 3, Figure 4).
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From 500-800°C the peak position remains stable within a range of 1031-1037cm™ but
then abruptly shifts to 1089—1095¢m at a temperature of 800°C and remains within this

range at 900°C (Table 2).
6.3 Firing Temperature of Prehistoric Earthenware

The infrared analysis of five sub-samples from a 1 cm wide cross-section of a
prehistorically fired ceramic fragment from St. Catherine’s Island reveales the firing
history of this item. The fragment (Sherd 4079) was excavated from a prehistoric
habitation site (9Li207) and is most probably a locally manufactured ceramic. Sub-
samples were extracted from the blackened interior and across the matrix to the patterned
exterior surface. In each case the infrared Si-O infrared band falls between 1034-
1054cm’™ (Figure 5), indicating that the original pot was fired at temperatures less than
900°C (Table 3). The additional analysis of five Late Mississippian/Woodland sherds
fron site 9Li8 (Table 3) also have infrared peak positions located below 1090cm™,

indicating that the prehistoric firing did not reach 900°C.
6.4 Activation Energy Determinations

The activation energy (E) for each of the three refined clays were computed from
the experimental data of rehydroxylation collected by diffuse reflectance on five samples
rehydroxylated between 110°C to 150°C from each of the three refined clays
dehydroxylated between 600-900°C. The natural logarithm (In) of each slope (Figure 6)
was regressed against the reciprocal of the reaction temperature (1/Kelvin) [Table 4].
The slope of the best fit line was multiplied by the universal gas constant (8.315) and the

product then raised to the forth power, and multiplied by a thousand to provide an E
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value in J/mol (Table 5).

The activation for kaolinite progressively declined with increasing firing
temperature. At 600°C the E value was 119, 218 J/mol and by 900°C it was reduced to
65,242 J/mol. Similarly, the starting activation energy for illite was 107,571 J/mol at
700°C and reduced to a lower value of 47,181 J/mol by 900°C. Montmorillonite followed
the same trend with an E value of 120,468 J/mol at 700°C and a value of 96,059 J/mol at

900°C.

6.0 Discussion

Our heating experiments on kaolinite, montmorillonite and illite clays document a
structural collapse of the chrystalline structure that is registered by a shift in the main
infrared Si-O peak position to higher wavenumbers. This shift is gradual in kaolinite as
the proportion of metakaolinite increases with higher temperature. For the other two
clays the structural collapse is much more abrupt and the transition occurs between 700-
800°C in montmorillonite and between 800-900°C in illite. This rapid collapse is also
reflected in the unrefined clay samples from St. Catherine’s Island that contain either a
mixture of all three clays or a combination of kaolinite and illite. In each case there is a
collapse of the clay structure between 800-900°C and the Si-O peak position increases by
about fifty wavenumbers. Even though kaolinite was present in each of the raw clays its
influence is not clear and is masked by the more radical shifts in peak position

experienced by montmorillonite and/or illite.

Prehistoric potters involved in the production of earthenware ceramics often used

open-ground firing to transform raw clay into finished ceramics. The lower (<1000°C)
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and variable temperatures inherent to this technology, compared to that of kiln firing,
may produce a range of dehydroxylation states depending upon the intensity of heat
exposure. Our infrared analysis of six prehistoric sherds from St. Catherine’s Island
indicates that ceramics were produced at temperatures below 900°C. Thus, the clays
within the sherds may not be completely dehydroxylated and the crystalline structure of

the clay that constitutes the ceramic body may be partially intact.

The presence of clay particles in different stages of dehydroxylation and structural
collapse has implications for the ceramic rehydroxylation dating method. The presence
of residual OH would not appear in itself impact the gain calculations for hydroxyl since
the dehydroxylation of the prehistoric sherd subject to dating removes only the
accumulated water gained after initial firing and does not cause any further structural
changes. The low temperature of dehydroxylation (500-550°C) does not remove the
hydroxyl that may remain attached to the preserved crystalline lattice. This can only be
removed by additional heating to 800°C or higher. The dehydroxylation of the ceramic
prior to ceramic dating serves to re-establish the state of the ceramic at the point of

manufacture.

On the otherhand the presence of both intact crystalline material and structurally
collapsed clay could impact the movement of OH into the ceramic. As a result of this
variation in matrix states, a range of diffusion coefficients can be anticipated for an
archaeological assemblage. Contrary to our initial hypothesis where we thought that a
collapsed crystalline structure would block OH diffusion, we see that the activation
energy of RHX is higher for underfired clays. Thus, the diffusion coefficient will be

smaller compared to ceramics fired at temperatures closer to 1000°C. Activation energy
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determinations on bricks and ceramics reported by Clelland et al. (2014) range between
57,000 J/mol and 119,000 J/mol and these converge with the range of values reported for
our refined clays. Interestingly enough, activation energies on three subsamples from a
single sherd vary by almost 20,000 J/mol, a factor that she attributes to different thermal
histories even at this small scale. A similar conclusion was reached by Le Goff and Gallet
(2014) who attribute variation in the rate of RHX on ancient Syrian ceramics to variable
activation energies for sherds from the same archaeological context and for subsamples
from the same sherd. This variability may not be especially problematic for age
determinations made by current methods where diffusion coefficients are empirically
determined for each sample at the estimated archaeological temperature (Wilson et al.

2009, 2012).

Several different processes are ocurring during rehydroxylation of clays with
differing structural properties. As proposed by Clegg et al. (2012), the surface layer of
water is a sufficient reservoir for the formation of hydroxyls that supply the single-order
diffusion process within narrow channels of the meta-clay (Ince et al. 2014).
Experiments by Mesbah et al. (2010a) clearly show that as the firing temperature
increases between 700-1200°C for kaolinte that the rate of fractional mass gain during
Stage II water absorption declines between 800-1200°C, with the most significant decline
at 900°C, as the clay is hardened, declines in porosity, and becomes increasingly dense
(Baccour et al. 2009). At the higher temperatures (1200°C) the amorphous silica, or
metakaolinite, is converted to cristobalite and the reactivity of the kaolinite to moisture is
decreased. This is also reflected in the reduction of clay surface area which limits the

reactivity with moisture (Mesbah 2010b).
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At lower temperatures (600-900°C), amorphous silica, or meta-clays, dominate
but some amount of intact crystalline structure may be present. We interpret the
declining activation energies to reflect the change from reversible DHX to non-reversible
DHX (Shoval 1991), except for kaolinite which is non-reversible at temperatures below
600°C. At the very lowest temperatures, some of the fundamental structure is still present
and RHX may be able to reconstitute the original mineral structure. As temperatures rise,
the conversion to amorphous meta-clays increases and creates a strongly absorbing and
highly active surface (Shoval and Paz 2013) that contains the restricted diffusion
pathways. Even though there may less available total moisture there are many more
diffusion sites as the structure changes and meta-clays increase in concentration. This is
accompanied by a lowering of the activation energy as the number of reaction sites
increases. We can anticipate that activation energy values will later rise as the meta-clay
is converted to spinel, mullite and other crystalline phases at temperatures in excess of

1000°C.

Additional work is also needed to more fully quantify the relationship between
activation energies and firing temperture that have been started here. As the ceramic
RHX dating method progresses, two situations can be anticipated where where a
knowledge of the activation energy value is critical. The first is when an improved
lifetime temperature estimate requires a recalculation of the previous age determination
(Clelland et al. 2015; Hall et al. 2013). Second, if abbreviated OH gain procedures are
eventually developed and empirically developed diffusion coefficients are to be
extrapolated to other samples in an assemblage, it will be necessary to estimate an

activation energy value appropriate to the degree of structural collapse for a particular

23



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

clay composition. The infrared spectroscopic method developed here is a beginning step
to address these potential needs and the understanding of the many variables impacting

the RHX process.

7.0 Conclusion

The rehydroxylation dating of ceramic materials holds great potential for
archaeological studies and initial results have been encouraging. A number of
complicating issues are likely to emerge in refinement of the method and one potential
problem is the occurrence of low-fired earthenware ceramics where the clay crystalline
structure has not fully transformed into an amorphous matrix. Under such circumstances
a range of activation energies may contribute to structuring the rehydroxylation process.
It is recommended that the firing temperature of a ceramic be established by infrared
analysis of the Si-O peak position to better understand the role of clay structural

transformations and their impact on the RHX process.
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Table 1. Infrared peak positions for kaolinite (KGa-2), montmorillonite (Stx-1b), and illite
heated to 600-1000°C for 24 hours. Peak position resolution is 4cm.

Firing
Temperature (°C) | Peak Position (cm™) Peak Position (cm™)
KGa-2 Amorphous Si Si-O Stretch
600 1216 1075
700 1225 1081
800 1227 1086
900 1237 1096
1000 1242 1100
STx-1b Si-O Stretch Si-O-Si Deformation
600 1041 480
700 1043 483
800 1090 483
900 1094 475
1000 1093 474
Ilite Si-O Stretch Si-O-Si Bend
600 1012 482
700 1006 481
800 1013 482
900 1078 463
1000 1081 463




Table 2. Infrared peak positions at different temperatures for St. Catherine’s Island clays (SCI-
RC-1, SCI-RC-2, and SCI-RC-4). Peak position resolution is 4cm™. Peak position resolution is
4em’”.

Temperature (°C) | Time (hours) Peak Position (cm™)
SCI-RC-1 Si-O Stretch
500 24 1037
600 24 1034
700 24 1034
800 4 1034
900 3 1089
1000 4 1089
SCI-RC-2 Si-O Stretch
500 24 1037
600 24 1031
700 24 1033
800 4 1035
900 3 1095
1000 4 1090
SCI-RC-4 Si-O Stretch
500 24 1034
600 24 1032
700 24 1033
800 4 1034
900 3 1095
1000 4 1087




Table 3. Infrared peak positions for Saint Catherine’s Island archaeological ceramics. Peak
position resolution is 4cm.

Ceramic Sherd

Sample Location

Peak
Position (cm-)

Estimated Firing
Temperature (°C)

Site 9Li207 Si-O Stretch

4079 1: Interior surface 1034 <900
4079 2: Interior 1052 <900
4079 3: Interior 1054 <900
4079 4: Interior 1048 <900
4079 5 Exterior surface 1042 <900
Site 9Li8

29347 Feature 45 1039 <900
29672 Feature 68 1046 <900
30467 Feature 9 1083 <900
32011 Feature 11 1066 <900
36523 Feature 98 1051 <900




Table 4. Rehydroxylation slope values between 110-150°C used for the activation energy

determinations of kaolinite, illite, and montmorillonite.

Kaolinite

(KGa-2)

Experiment RHX Temp (°C) Slope 1/Kelvin Ln Slope
DHX 600°C

NSF-46 150 0.0506 2.3632 -2.984
NSF-46 140 0.0423 2.4204 -3.163
NSF-46 130 0.0338 2.4804 -3.387
NSF-46 120 0.0299 2.5435 -3.510
NSF-46 110 0.0200 2.6099 -3.912
Experiment RHX Temp (°C) Slope 1/Kelvin Ln Slope
DHX 700°C

NSF-12 150 0.0379 2.36 -3.273
NSF-13 140 0.0360 242 -3.324
NSF-15 130 0.0271 2.48 -3.608
NSF-16 120 0.0259 2.54 -3.654
NSF-17 110 0.0188 2.61 -3.974
Experiment RHX Temp (°C) Slope 1/Kelvin Ln Slope
DHX 800°C

NSF-18 150 0.0853 2.3632 -2.462
NSF-34R 140 0.0907 2.4204 -2.400
NSF-20 130 0.0784 2.4804 -2.546
NSF-22 120 0.0615 2.5435 -2.789
NSF-24 110 0.0512 2.6099 -2.972
Experiment RHX Temp (°C) Slope 1/Kelvin Ln Slope
DHX 900°C

NSF-25 150 0.0968 2.3632 -2.335
NSF-26 140 0.1112 2.4204 -2.196
NSF-28 130 0.0991 2.4804 -2.312
NSF-29 120 0.0886 2.5435 -2.424
NSF-48 110 0.0764 2.6099 -2.572
Ilite

Experiment RHX Temp (°C) Slope 1/T*1000 Ln Slope
DHX 700°C

NSF-103 150 0.0325 2.3632 -3.4265
NSF-107 140 0.0283 2.4204 -3.5649
NSF-109 130 0.0284 2.4805 -3.5614




NSF-127 120 0.0178 2.5436 -4.0286
NSF-116 110 0.0152 2.6099 -4.1865
Experiment RHX Temp (°C) Slope 1/T*1000 Ln Slope
DHX 900°C
NSF-104 150 0.0599 2.3632 -2.8151
NSF-106 140 0.0569 2.4204 -2.8665
NSF-108 130 0.0500 2.4805 -2.9957
NSF-113 120 0.0469 2.5436 -3.0597
NSF-123 110 0.0426 2.6099 -3.1559
Montmorillonite
(Stx-1b)
Experiment RHX Temp (°C) Slope 1/T*1000 Ln Slope
DHX 700°C
NSF-180 150 0.0840 2.3632 -2.4769
NSF-181 140 0.0680 2.4204 -2.6882
NSF-199 130 0.0585 2.4805 -2.8387
NSF-195 120 0.0403 2.5436 -3.2114
NSF-194 110 0.0357 2.6099 -3.3326
Experiment RHX Temp (°C) Slope 1/T*1000 Ln Slope
DHX 900°C
NSF-174 150 0.1065 2.3632 -2.2396
NSF-204 140 0.0883 2.4204 -2.4270
NSF-173 130 0.0762 2.4805 -2.5744
NSF-179 120 0.0604 2.5436 -2.8068
NSF-166 110 0.0528 2.6099 -2.9412




Table 5. Activation energies (J/mol) for kaolinite, illite, and montmorillonite between 600-

900°C.

Temperature (°C) Kaolinite Ilite Montmorillonite
(KGa-2) (STx-1b)
600 119,218 -- --
700 93,718 107,571 120,468
800 76,731 -- --
900 65,242 47,181 96,059
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