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the mass of the sample and all the chemically combined rehydroxylated water which has accumulated over the sample’s
lifetime; while the sample is at equilibrium with a conditioning environment at the ELT and at a ﬁxed relative humidity.
The mass m2 is labeled “initial” in the ﬁgure only in the sense
that it represents the initial step of the dating procedure. The
sample is heated to ~500°C for suﬃcient time to drive oﬀ all
of its chemically combined and molecular water until it
reaches constant mass, after which it is returned to the same
conditioning environment as was used for measuring m2. The
sample mass m4 represents the mass of the sample with all
the rehydroxylated water removed at the conditioning environment. With respect to rehydroxylated water, it corresponds to the ceramic mass at the moment that the ancient
craftsman removed it from the kiln.
The mass-time dependence due to the RHX reaction is
described by the following equation:

Determining the absolute chronology of ceramic artifacts has
signiﬁcant implications for archeological and historical
research. Wilson, Hall et al. recently suggested a new technique for direct absolute dating of archeological ceramics based
on a moisture-induced chemical reaction, called rehydroxylation (RHX) dating. RHX dating proceeds by measuring the
mass of chemically combined water in the ceramics in the form
of OH hydroxyls, and the mass gain rate at the Eﬀective Lifetime Temperature (ELT) that the ceramics experienced over its
lifetime. To date, ELT determinations have been based on estimates of the ceramic’s lifetime temperature history; taking into
account weather and climate data and the depth at which the
artifact was found. The uncertainty in determining the ELT
can be a major component of the overall dating uncertainty.
Here, we propose an alternative method which relies minimally
on weather and climate data, and provides more precise determinations of the ELT and the ceramic age. The proposed
method (SAS: Same Age Samples) involves a minimum of four
measurements of the RHX mass gain rate constant for two
ceramic samples of the same age at two temperatures. We
show via simulations that the proposed SAS method can determine the ELT with a precision of 0.2 K which is comparable
to the best ELT determination based on lifetime temperature
history, and also comparable to available microbalance temperature resolutions of around 0.1 K. The corresponding percent
age error is then 1.4%, or 43 yr for a 3000-yr-old ceramic.
The proposed SAS method should be tested with ceramic samples of diﬀerent ages, whose ELT are well-known.

I.

mðtÞ ¼ m4 þ aðTÞt1=4

(1)

where a is the RHX rate constant that describes the rate of
RHX mass gain (in units gh1/4) at temperature T, and the
constant m4 is the intercept on the mass axis, as shown in
Fig. 1. Note that in many RHX publications,4 the notation a
rather refers to a relative mass gain rate relative to m4 (in
units hr-1/4). Savage et al.1 showed that water sorption proceeds in two well-deﬁned stages. Figure 1 shows a rapid
Stage I, in which the macropore structure of the ﬁred ceramic body ﬁlls with molecular water in the form of capillary
or weakly bound H2O; and a much slower Stage II, in which
this molecular water chemically reacts with the adjacent,
dehydroxylated clay components of the ceramic fabric. The
transition from the ﬁrst to the second stage usually takes
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HE ﬁring of pottery during manufacture drives out all
chemically combined water in the form of OH hydroxyls
from the clay: 2OH?H2O + O. Rehydroxylation (RHX) dating relies on the fact that ﬁred-clay oxide materials begin
chemically reacting slowly with environmental water as soon
as they are removed from the kiln. The reaction has been
termed RHX and is a super slow special diﬀusion chemical
reaction. It causes a small increase in mass and appears to
continue indeﬁnitely. Wilson, Hall et al.1–8 established that
the kinetics of this reaction depends on the quartic (fourth)
root of the elapsed time (time)1/4; and suggested that the
RHX process may be used as an “internal clock” to establish
the age of archeological ceramics; that is, the time elapsed
since the ceramic pottery was ﬁred.
Figure 1 shows the notation and illustrates the RHX dating method.6 The measurements should be carried out at the
Eﬀective Lifetime Temperature (denoted Te or ELT) that the
ceramic experienced over its lifetime. The mass m2 represents
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Fig. 1. Schematic of RHX dating method. Data show characteristic
two-stage mass gain process, Stage II of which is used for the RHX
age determination.
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about one day. After this time, the RHX mass gain follows
the quartic root time dependence.
From Fig. 1, the mass of rehydroxylated water m(H2O)rhx
is as follows:
mðH2 OÞrhx ¼ ma ¼ m2  m4

(2)

The ceramic’s age is determined via:
ta ¼ ðma =aðTe ÞÞ4

(3)

Here a(Te) is the RHX rate constant at the ELT Te. The gradient dm/dt1/4 at temperature Te is tested until it becomes
constant with (time)1/4, after which a = dm/dt1/4. The value
ta is the deduced elapsed time (age) since the ceramic was
originally ﬁred. Although Eq. 3 is often written 4 in terms of
fractional mass (y = ma/m4) and a relative mass gain rate,
the form above is used here for simplicity.

II.

Determination of the Activation Energy

The RHX Arrhenius equation7 gives the temperature dependence of the RHX rate constant a, veriﬁed experimentally4
as:
aðTÞ ¼ A expðE=4RTÞ

(4)

The reaction rate depends on activation energy E. The
temperatures are measured in kelvin (K). The activation
energy is the minimum energy required to start the chemiThe
universal
gas
constant
is
cal
reaction.8
R = 8.3144621 J(Kmol)1. The prefactor A has been calculated9,10 as the product of the collision frequency of reactants and the reaction probability. The Arrhenius equation
that describes the temperature dependence of the reaction
rate of a chemical reaction is generally written without the
factor of 4 shown in Eq. (4). Hall et al.7 explain that the
factor 4 arises for the RHX reaction since [a(T)/ma]4 is the
eﬀective rate constant in inverse time units, for example,
h1. Typical activation energies for RHX in ceramics are
40 000–80 000
J/mol.
Equation (4) may be used to compare rate constants at
two diﬀerent temperatures. For example, for sample b, the
rate constant ab(Te) at temperature Te may be determined
from measurements of the rate constant ab(T1) at temperature T1, if the activation energy is known, via:
ab ðT1 Þ=ab ðTe Þ ¼ expðEb =4RT1 Þ= expðEb =4RTe Þ
¼ exp½Eb ð1=Te  1=T1 Þ=4R
(5.1b)
The rate constant ratios ab(T2)/ab(Te), ac(T1)/ac(Te), and
ac(T2)/ac(Te) are similarly determined by Eqs. (5.2b), (5.1c),
(5.2c), as given in Appendix 1. The Eq. (4) prefactors A factor out4 in these ratios.
The activation energy Eb of sample b could be determined
from the measurements of the RHX rate constants at two
temperatures T1 and T2 via3,4:
ab ðT1 Þ=ab ðT2 Þ ¼ expðEb ½1=T1  1=T2 =4RÞ;
Eb ¼ 4R lnðab ðT1 Þ=ab ðT2 ÞÞ=ð1=T2  1=T1 Þ

focus on how to determine activation energies, ELTs and
ages from measurements at only two temperatures.

III.

Determination of the Eﬀective Lifetime Temperature
and RHX Age

Wilson, Hall et al.3,7 Calculate the ELT of a ceramic sample
from estimates of its lifetime temperature history, based on
regional meteorological records near the location where the
ceramic was recovered. The resulting ELT uncertainty contributes signiﬁcantly to the overall ceramic age uncertainty.
Here, we describe how to determine the ELT for ceramic
samples independently of meteorological records. That is, we
ask two diﬀerent ceramics samples (b & c) having the same
age but diﬀerent activation energies to reveal their common
ELT. The simplest version of the method is to measure the
RHX rate constants ab and ac at two temperatures (T1 and
T2, diﬀering for example by ~10 K) of two ceramic samples
of the same age, where the two samples have diﬀerent activation energies Eb and Ec. The samples may come, for example,
from the same archeological stratum; provided by an archeologist who determines, based on excavation information,
that they have the same age. Clelland et al.8 found that even
ceramic sherds broken from some particular plates had activation energies that diﬀered signiﬁcantly from one another.
This is hardly surprising considering the great mineralogical
variability in pedogenic clays and the diﬀerent ﬁring temperatures of the diﬀerent parts of the same vessel (e.g., the base
and the rim). Notice that this is not an obstacle to the standard RHX dating because the activation energy is measured
for each sample. In the case of SAS, it is especially beneﬁcial
as this method requires a few samples having the same age
and diﬀerent activation energies. When there is large variability in activation energies of diﬀerent parts of the same ceramic artifact, the SAS method age and activation energy
requirements are both conveniently satisﬁed.
The RHX rate constants of the chosen two samples (at T1
and T2) are labeled ab(T1), ab(T2), ac(T1), and ac(T2). Measuring the rate constants at temperatures T1 and T2, using
ta = [ma/a(Te)]4 from Eq. (3); with ab(Te) = ab(T1)exp
[Eb(1/T11/Te)/4R] and ac(Te) = ac(T1)exp[Ec(1/T11/Te)/
4R] from Eqs. (5.1b) and (5.1c), deﬁning mab = m2bm4b
and mac = m2cm4c, the ages tab(T1) and tac(T1) from samples b and c data at T1 are as follows:
tab ðT1 Þ ¼ m4ab exp½Eb ð1=Te  1=T1 Þ=R=ab ðT1 Þ4

(8.1b)

tac ðT1 Þ ¼ m4ac exp½Ec ð1=Te  1=T1 Þ=R=ac ðT1 Þ4

(9.1c)

The ages tab(T2) and tac(T2) from samples b and c data at
T2 are given in Appendix 1 as Eqs. (8.2b) and (9.2c).
Although these age equations are written in terms of Te, its
value is not necessarily yet known. Altogether, Eqs. (8) and
(9) comprise four equations to determine the age, all of
which should give the same age within the uncertainties. The
SAS age is then taken as the statistical average of the four
determinations.
We now derive an equation that gives Te (ELT and its
uncertainty) as a function of the variables ab(T1), ac(T1),
mab, mac, T1. Equating Eq. (8.1b) to Eq. (9.1c), and solving
for Te, one obtains:

(6b)
Te ¼
(7b)

In practice, activation energies have been determined from
measurements of RHX reaction rates at three or more temperatures.3,4,8 In this work, as described later, we rather
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Eb  Ec
ðT1 Þ
mac
4R ln aabc ðT
þ 4R ln m
þ ETb1  TE1c
1Þ
ab

(10.1)

Similarly, equating Eq. (8.2b) to Eq. (9.2c) yields a second
equation for Te, Eq. (10.2), expressed explicitly in terms of
T2, as given in Appendix 1.
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Equation (10.1) derived above is the key to the application
of the SAS method. It is appropriate therefore to list and
address here the implicit assumptions that enter the
derivation of this equation. These assumptions can be divided
into two categories: those relevant to the RHX method in
general, and those that are speciﬁc to the SAS method.
A discussion of the implicit assumptions of the RHX
method and the experimental evidence that support them is
behind the scope of this study. We therefore just list the
essential assumptions, as described, for example, in the most
recent RHX review article4: (1) The mass-time dependence
follows the power law given in Eqs. (1) and (2) The RHX
rate temperature dependence is described by the Arrhenius
Eqs. (4) and (3) The usual RHX Arrhenius equation prefactor does not depend on any possible heating-induced mineralogical changes in the sample as a result of RHX protocol
reheatings, (4) Any diﬀerent thermal conductivity or preferential exposure to sunlight of parts of the ceramic samples
do not change the ELT.
Regarding SAS implicit assumptions, it is assumed that
two samples with the same age and the same temperature
history have the same ELT [assumption used in Eqs. (8) and
(9)]. This assumption is precisely true only if both samples
were at a constant temperature over their entire lifetimes7 (C.
Hall, private communication, 2014). Actually, if two ceramic
specimens have diﬀerent activation energies and the same
variable temperature history, their ELTs will not be equal.
The reason is that the ELT rate constant is given as the
fourth power mean (FPM) of the diﬀerent rate constants at
the diﬀerent temperatures over the lifetime history.
Since a(T) = A exp(E/4RT) by Eq. (4), the FPM rate
constants ab(Te) and ac(Te) will diﬀer from each other if the
activation energies Eb and Ec diﬀer from each other, even if
the rate constants were equal to each other at one particular
measurement temperature.
A calculation for such a situation as given in Appendix 5
shows, however, that samples b and c would have ELTs that
diﬀer by ~0.06°C; if their activation energies diﬀer by
15 000 J/mol, and they were subjected to temperature variations of order 5°C. For most archeological ceramic samples,
away from the top few meters, the temperature variations are
less than 5°C. Therefore, the dependence of the ELT on activation energy eﬀectively increases the ELT uncertainty as
found from Eqs. (10) by less than 0.1°C in quadrature, which
comprises a very small eﬀect. Such a small diﬀerence does
not aﬀect the validity and applicability of Eqs. (10).
The SAS method requires using samples of equal age. This
can best be ensured by selecting the samples from exactly the
same vessel. This is a practical procedure, as there is often a
large variation in activation energy even between diﬀerent parts
of the same ceramic vessel. In archeological sites, the context
often allows obtaining ceramic samples from diﬀerent vessels
that have very high probability of being of the same age. This is
the case, for example, for simple cooking or eating pottery that
are found on the same living ﬂoor in the same location.
Note that in Eqs. (10), the activation energies Eb and Ec
are not independent variables, but are rather given by Eqs.
(7) as functions of ab(T1), ac(T1), ab(T2), ac(T2), T1, T2.
From Eqs. (10), data for each pair of ceramic samples gives
two determinations of the ELT. By measuring more samples,
one can gain precision, and also check for systematic errors.
Age determination via the SAS method is based on Eqs. (8)
and (9) in which Te, Eb, and Ec are not independent variables, but are rather given by Eqs. (7) and (10).

IV.
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Estimating ELT and Age Uncertainties

The ELT and age uncertainties of the proposed SAS method
are estimated via simulations. We consider ﬁrst the mass and a
rate resolutions. All r values in this report refer to standard
deviations (~68% conﬁdence intervals). The Aquadyne DVS
Gravimetric Water Sorption Analyzer has been successfully

used to produce published RHX dates.3,8 It comprises a double microbalance.11,12 It is designed to simultaneously measure
the mass gain of two samples (b & c for example). Each microbalance has a capacity of 5 g, a mass resolution of 0.1 lg, and
an accuracy of 1 lg  0.001% of the suspended mass (therefore, ~50 lg accuracy for a 5 g mass). The accuracy of the
instrument should not aﬀect the RHX dating precision
because only diﬀerences between mass measurements are relevant (for ma and a). That is, any constant mass bias should
cancel out. The quoted r(m) = 0.1 lg resolution is larger than
the smallest increment of the A/D converter scale division of
its readout. The relevant mass resolution is therefore expected
to be close to the quoted resolution. The instrument can
achieve a range of temperatures 10°C–80°C, for which the
temperature is controlled to  0.1°C. RHX Dating may alternatively be carried out with a high precision top loading
microbalance inside an environmentally controlled chamber,
in which a robotic arm or carousel is used to consecutively
manipulate a series of samples without any operator intervention.13 Here, we use the quoted Aquadyne instrument resolutions as a guide to estimate mass and mass gain rate
uncertainties in the simulation studies described below.
We now estimate the statistical precision that may be
achieved for the RHX rate constant a. The a resolution r(a)
scales with the r(m) mass resolution; and improves as the
total Stage II measurement period and the number of measurements N taken during the measurement period increase.
It is valuable therefore to take frequent measurements over a
longer period of time. The instrument continuously monitors
the sample mass and the user can determine the frequency
with which it records the mass, the shortest interval is
every 5 s. To help understand sensitivity limits, we conservatively choose a~0.26 mgh1/4 for the simulation. This value
is lower than the lowest published RHX rate constant2,3,12
by a factor of ~3, and therefore more challenging to measure.
Appendix 2 describes what a resolution can be achieved
via mass measurements over a typical 16 h time period
(Δt1/4 = 2 h1/4). The result is that r(a) ~ 107 gh1/4 if mass
gain measurements are made with r(m) ~ 0.1 lg. This r(a)
resolution is used in the following simulations.

V.

Simulation Results

We will compare the RHX dating uncertainty r(ta) that can
be achieved when the ELT (Te) is estimated using (1) the
ceramic’s lifetime temperature history, and (2) the proposed
SAS method. For the simulation, we choose the ELT to be
Te = 286 K for two samples that have age ta = 3000 yr. Simulation input data are summarized in Appendices 3a and 3b.
For comparison, some of the simulation data follow RHX
simulations of Hare,14 not related to determining the ELT.

VI.

ELT via Lifetime Temperature History

The standard RHX age determination uses ELTs calculated
from an estimate of the ceramic’s lifetime temperature history3,7. Regional meteorological records are ﬁrst used to estimate the mean annual air temperature. One must also take
into account that the mean annual ground temperature is
higher by approximately 1 K.15 Otherwise, the estimated
ELT will be too low, which would lead to a large error. A
correction should also be made to account for local and global climate variations16 over the past millennia. Also, as different samples come from diﬀerent depths, one should take
into account the time dependence of the depth and the depth
dependence of the average temperature. The cumulative ELT
uncertainty r(Te) considering all of these variables is, however, diﬃcult to estimate accurately.
How does the ELT uncertainty r(Te) aﬀect the RHX age
uncertainty r(ta)? This question can be answered by simulating the RHX age determination using Eq. (3) for measurements taken at Te and Eq. (8.1b) for measurements taken
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2 K higher at T1, with the simulation data of Appendix 3a.
Figure 2(a) shows simulation results for ta based on 107
samplings of Eq. (3). The age uncertainty is found to be
r(ta) ~ 5 yr, an artiﬁcially low value that reﬂects the uncertainty due only to mass and rate constant measurements at
Te, with no contributions from ELT uncertainties and from
related temperature extrapolations. Figure 2(b) shows simulation results for ta based on 107 samplings of Eq. (8.1b).
The result r(ta) = 65 yr corresponds to r(ta)/ta = 2.2% for
ta = 3000 yr. This uncertainty characterizes the lifetime history method, and is due mainly to the temperature related
uncertainties. Here, it is assumed as shown in Appendix 3a,
and following Ref. [8], that the activation energy is measured
separately by a series of mass gain measurements at typically
four diﬀerent temperatures.
The above simulations, however, do not take into account
that r(Te) may be signiﬁcantly larger than the estimated r
(Te) = 0.18 K, even as large as r(Te) = 1 K. In this method,
there is no way to test by measurements that the estimated
ELT is correct. Therefore, the age error could even reach as
much as 10%, 300 yr for a 3000-yr-old ceramic, as discussed
in the following section in greater detail.
Table I summarizes simulation results for diﬀerent uncertainties r(a) and r(Te). The r(ta) values shown are based
only on Eq. (8.1b). For r(Te) = 0.5 K, even if r
(a) = 107 gh1/4, the per cent age error is as large as ~5%,
or ~150 yr for a 3000-yr-old ceramic sample. This corresponds to approximately a 1% error per 0.1 K ELT error.

VII.
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ELT Via Proposed Same Age Samples (SAS) method

The new proposed SAS method requires a minimum of four
measurements of RHX mass gain rate for two ceramic samples (b & c) of the same age at two temperatures (T1 and
T2). Simulation data input are shown in Appendix 3b. We
selected simulation data to be Te = 286 K for two samples
having age Ta = 3000 yr: sample b and sample c. In practice,
one temperature (T1) would be chosen close to the ELT as
estimated by weather station data, and the second (T2)
roughly 6°C–10°C removed. This choice minimizes uncertainties associated with the temperature extrapolation based on
the Arrhenius equation.9,10 Note, however, that measure-

(a)

Table I.
r(a) gh1/4
7

10

106

Simulation Results r(ta) for Diﬀerent Uncertainties
r(a) and r(Te)
r(Te) K

r(ta) yr

r(ta)/ta (%)

0.18
0.5
1.0
0.18
0.5
1.0

*65
158
314
78
165
317

2.2
5.3
10.4
2.6
6.5
10.6

Figure 2(b) shows * results.

ments at any two appropriate temperatures would in principle determine the ELT.
The simulations are carried out by 107 successive random
samplings of all the independent variables: ab(T1), ac(T1),
ab(T2), ac(T2), T1, T2, mab, ma, taken to be normally distributed. The dependent variables are calculated from each sampling. Eqs. (8) and (9) are used to simulate ages, Eqs. (7) are
used to simulate activation energies, and Eqs. (10) are used
to simulate ELTs. The simulated distributions determine
mean values and uncertainties.
Activation energies and uncertainties were found to be Eb ~
70 000  1250 J/mol and Ec ~ 85 000  1500 J/mol. Note
that Eb and Ec may be determined via measurements that are
taken simultaneously or consecutively at each temperature for
both samples b and c. Errors in Eb and Ec for such measurement due to temperature uncertainties would therefore be correlated for both samples. This correlation reduces the
uncertainty of age and ELT determinations, compared to the
situation in which Eb and Ec are independent variables.
Simulations were carried out to determine the ELT uncertainty r(Te) as a function of the variables ab(T1), ac(T1),
ab(T2), ac(T2), mab, mac, T1, T2. The results Te = 286.00 and
r(Te ) = 0.18 are the mean values from Eqs. (10.1) and
(10.2). Figure 3 shows the corresponding Te distributions. Te
in Fig. 3 is calculated using random draws of all the variables in Eqs. (10), where Eb and Ec are functions of all the
variables, as given by Eqs. (7). In contrast, if Eb and Ec are
known from independent uncorrelated measurements with
uncertainties r(Eb) and r(Ec), then when Eqs. (10) are sampled, T1 and T2 are taken from separate draws for normal
distributions of Eb  r(Eb) and Ec  r(Ec). In that case, for
sample b for example, r(Te) = 0.3, 0.24, 0.17 K for r
(Eb) = 1250, 1000, 500 J/mol, respectively. The uncertainty r
(Te) may be slightly higher in this case, but still very good.
Simulations were also carried out to determine the r(Te)
uncertainty as a function of the rate constant uncertainty r
(a). For r(a) < 2.0 9 107 gh1/4, r(Te) is less than 0.2 K.
The corresponding age uncertainty r(Ta) is less than 45 yr
for ta = 3000 yr. The uncertainty r(Te) increases sharply for
r(a) > 2.0 9 107 gh1/4.
Figure 4 shows simulation results for ta based on 107 samplings of Eqs. (7–10). The sampled variables were ab(T1),
ac(T1), ab(T2), ac(T2), mab, mac, T1, and T2. The results

(b)

Fig. 2. Simulated values for age ta based on (a) Eq. (3) and (b)
Eq. (8.1b). Input data for the simulations are summarized in
Appendix 3a.

Fig. 3. Simulated ELT (Te) in K based on Eqs. (10) and
Appendix 3b data.
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study via simulations how well the SAS method can determine the ceramic age and ELT as a function of the uncertainties of mass r(m), mass gain rate r(a), and measurement
temperature r(Tm). The dominant uncertainty aﬀecting the
ELT and age precisions is r(a). For r(a) ≤ 2 9 107 lg-h1/
4
, the ELT is determined with a precision of order 0.2 K.
The corresponding per cent age error is then 1.4%, or 43 yr
for a 3000-yr-old ceramic. This new proposed SAS method
should be tested with diﬀerent microbalance setups and with
ceramics samples of diﬀerent ages, whose ELT are wellknown independently.
Fig. 4. Simulated Age (ta ) in years based on Eqs.(8) and (9) and
data of Appendix 3b.

Appendix 1: Supplementary Equations

ta = 3000 yr and r(ta ) = 43 yr are the mean values from all
four equations [Eqs. (8) and (9)], corresponding to
r(ta )/ta = 1.4% for ta = 3000 yr. Table II summarizes simulation results for diﬀerent uncertainties r(a). Table II results
are in good agreement with previous estimates7 of r(ta), as
described in Appendix 4.
Note that the SAS age resolution in Table II for
r(a) = 107 gh1/4 is r(ta ) = 43 yr, while the corresponding
lifetime history method age resolution in Table I is
r(ta) = 65 yr. The diﬀerence reﬂects the fact that the SAS
method result is based on two sample measurements at two
temperatures, whereas the lifetime history method result is
based on one sample measurement at one temperature. A more
signiﬁcant diﬀerence is that the SAS method actually measures
Te  r(Te); whereas the lifetime history method is not able to
test by measurements that the estimated ELT is correct. This is
potentially a signiﬁcant advantage of the SAS method.
All error estimates considered above do not include systematic errors that may arise, for example, from nonlinearities of the measured mass gain data versus the quartic root
time dependence t1/4, the possibility that the time dependence
exponent is not exactly ¼, and that the temperature dependence does not exactly follow9,10 the RHX Arrhenius Eq. (5).

VIII.

ac ðT1 Þ=ac ðTe Þ ¼ exp½Ec ð1=Te  1=T1 Þ=4R

(5.1c)

ac ðT2 Þ=ac ðTe Þ ¼ exp½Ec ð1=Te  1=T2 Þ=4R

(5.2c)

ac ðT1 Þ=ac ðT2 Þ ¼ expðEc ½1=T1  1=T2 =4RÞ

(6c)

Ec ¼ 4R lnðac ðT1 Þ=ac ðT2 ÞÞ=ð1=T2  1=T1 Þ

(7c)

tab ðT2 Þ ¼ m4ab exp½Eb ð1=Te  1=T2 Þ=R=ab ðT2 Þ4

(8.2b)

tac ðT2 Þ ¼ m4ac exp½Ec ð1=Te  1=T2 Þ=R=ac ðT2 Þ4

(9.2c)

Te ¼

Eb  Ec
ðT2 Þ
4R ln aabc ðT
2Þ

IX.

Simulation Results for Diﬀerent Uncertainties r(a)

7

10
2 9 107
5 9 107
106
Figure 4 shows * results.

(10.2)

We ﬁrst estimate what resolution r(a) can be achieved with
this instrument via two mass measurements, one at the
beginning and the second at the end of the measurement
time period Δt1/4. We ﬁnd that if mass measurements are
made with r(m) = 0.1 lg, based on only these two measurements, r(a)~0.7 9 107 gh1/4 for a ceramic sample
for which RHX mass gain measurements are carried out over
a typical 16 h time period (Δt1/4 = 2 h1/4). The reason is
that the diﬀerence Δm of these two measurements is determined with resolution r(Δm) = 0.14 lg. Since a = Δm/Δt1/4,
r(a)/a = sqrt[(r[Δm]/Δm)2 + (r(Δt1/4)/Δt1/4)2]. Time intervals
are measured very precisely, with r(Δt1/4)/Δt1/4  r[Δm]/Δm.
Therefore, based on Eq. (1), r(a)/a ~ r[Δm]/Δm ~ 0.14/
Δm ~ 0.14/aΔt1/4, and therefore r(a) ~ 0.14/Δt1/4 9 106 gh1/4.
For a typical quartic root time measurement period of
Δt1/4 = 2 h1/4, Eq. (13) gives r(a) ~ 0.7 9 107 gh1/4.

Conclusions

A new Same Age Sample (SAS) method is proposed here
that allows a precise determination of the eﬀective lifetime
temperature of archeological ceramics for RHX dating. We

1/4

mac
þ 4R ln m
þ ETb2  TE2c
ab

Appendix 2: r(a) resolution

Burakov and Nachasova compared archeomagnetic and
RHX dating of ﬁred-clay ceramics to study climate change
over millennia. Referring to Eq. (8), ta = ma4 exp[E(1/Te1/
T1)/R]/a(T1)4, they calculate Te based on knowing E, T1, a
(T1), and knowing ta from archeomagnetic dating. Their
results represent a ﬁrst attempt to draw conclusions about
climate change based on RHX dating. Eqs. (10) in this work
are advantageous for climate studies as they allow a determination of the ELT without the need to independently determine the age ta of the ceramic being studied. For climate
studies, it is important to note, however, that the deduced
ELTs represent a log-time integral of environmental temperature since original ﬁring; and also reﬂect burial rates and the
depth dependence of temperature. Such considerations are,
however, beyond the scope of the present investigation.

r(a) gh

(5.2b)
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Table II.

ab ðT2 Þ=ab ðTe Þ ¼ exp½Eb ð1=Te  1=T2 Þ=4R

r(ta ) yr

r(ta )/ta (%)

*43
85
219
544

1.4
2.8
7.3
18.1

Table A2.

Resolutions r(a) as a Function of r(m) and Δt1/4

r(m) lg

Δt1/4 h1/4

Δt h

r(a) 107 gh1/4

0.1
0.2
0.5
1.
0.1
0.2
0.5
1.

2
2
2
2
3
3
3
3

16
16
16
16
81
81
81
81

0.7
1.4
3.5
7.0
0.47
0.94
2.4
4.7
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Table A2. shows uncertainties r(a) as a function of r(m)
and the measurement time Δt1/4.
In fact, for a 16 h Stage II measurement, taking a mass
measurement every 6 min, a total of N = 161 data points
would be taken. Determining r(a) by a least-square ﬁt of all
these data points, rather than only two, considering only statistics, would improve r(a) resolution by a factor of √N ~ 9.
However, systematic uncertainties associated with the intrinsic microbalance resolution would impose limitations that
cannot be overcome just by increasing the number of
measurements N. Still, increasing N should help to approach
the ultimate a resolution possible with this instrument,
a value estimated to be in the range r(a) ~ 0.5 9 107–
7 9 107 gh1/4.
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SEðta Þ=ta ¼ E  SEðTe Þ=RT2e

(4.2)

where SE(Te) = Te0 - Te.
For ta = 3000 yr, Te = 286 K, R = 8.3144621 J(Kmol)1,
E = 70 000 J, Te = 285.5 K corresponding to SE(Te) = -0.5 K,
SEðta Þ ¼ 0:0515ta ¼ þ154 yr

(4.3)

The negative sign in Appendix Eq. (4.2) signiﬁes that
when SE(Te) is negative (ELT underestimated), SE(ta) is
positive (age overestimated). Table II for r(Te) = 0.5 K and
r(a) = 107 gh1/4 gives r(ta) = 158 yr, in agreement with
the Eq. (4.3) estimate, considering that Eq. (4.2) does not
include the statistical error due to mass uncertainties.

Appendix 3a: Simulation Data for Lifetime History Method
m2b ¼ 5:118342  106 g; m4b ¼ 5:1000  106 g;

Appendix 5: Weak Dependence of the ELT on Activation
Energy

6

mab ¼ m2b  m4b ¼ 0:0183426  1:414  10 g

Consider a temperature history where a sample is at
T1 = 10°C (283.15 K) and T2 = 15°C (288.15 K) for fractions f1 and f2 of its lifetime, respectively. The ELT rate constant a(Te) is given as the FPM over the lifetime history7 of
a(T1) and a(T2), as follows:

ab ðTe Þ ¼ 0:256142  103  107 g  h1=4
ab ðT1 Þ ¼ 0:269573  103  107 g  h1=4
ab ðT2 Þ ¼ 0:3284  103  107 g  h1=4



E
E 1=4
Þ þ f2 expð
Þ
aðTe Þ ¼ A f1 expð
RT1
RT2

Te ¼ 286:00  0:18 K
T1 ¼ 288:0  0:1 K
T2 ¼ 296:0  0:1 K

Since from Eq. (4), a(Te) = Aexp(E/4RTe), it follows
that:

Eb ¼ 70; 000  1250 J/mol

Te ¼

Appendix 3b: Simulation Data for SAS Method
m2b ¼ 5:118342  106 g; m4b ¼ 5:1000  106 g;

E
h



i
E
E
R  ln f1 exp  RT1 þ f2 exp  RT
2

(5.2)

which depends on the activation energy E. For f1 = 0.5 and
f2 = 0.5, for example, the ELTs are 12.80°C, 12.86°C for
E = 70 000 J/mol, E = 85 000 J/mol, respectively.

m2c ¼ 4:017077  106 g; m4c ¼ 4:0000  106 g
mab ¼ m2b  m4b ¼ 0:0118342  1:414  106 g
mac ¼ m2c  m4c ¼ 0:0170776  1:414  106 g
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