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Abstract

More than 30 years after the first Electron
Spin Resonance (ESR) dating application to
optically bleached quartz grains by Yokoyama
et al. (1985), the absence of standardization for
reporting methodology and age results remains
an obstacle for the development and recog-
nition of the ESR dating method within the
Quaternary scientific community. To overcome
this issue, the present work proposes some basic
guidelines which should hopefully be useful not
only for the ESR dating community, but also
for any potential reviewers who may not be
familiar with the specificities of this field.

Keywords: Electron Spin Resonance (ESR)
dating; Quartz grains; Aluminium -centre;
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1. Introduction

In any scientific paper, regardless of the field considered,
the section dedicated to the description of the method is by
definition of crucial importance: it must contain the mini-
mum information about experimental conditions to provide
the reader a clear and precise understanding of the analytical
procedure that has been followed. This is a necessary requi-
site for not only evaluating the reliability and validity of the
methodology that has been employed, but also to open the
possibility to replicate the experiment under similar condi-
tions (e.g. Azevedo et al., 2011; Kallet, 2004).

In geochronology studies this section is especially im-
portant, and minimum information should be reported with
enough details so that the reader can correctly assess the re-
liability and interpret the meaning of the age estimates that
have been produced. The data set provided should also be
detailed enough to permit independent age re-assessments,
in light of methodological advances that will be progres-
sively made in the future (Duller, 2008). The importance of
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standardizing the reporting of methodology and age results
has already been carefully considered for many Quaternary
dating techniques, such as radiocarbon (e.g. Millard, 2014,
and references therein), Ar-Ar (Renne et al., 2009), U-series
(Dutton et al., 2017) and luminescence dating (Forman et al.,
2000; Duller, 2008). This is, however, somewhat contrasting
with the situation in ESR dating.

Four decades after the first use of ESR spectroscopy for
dating purpose (Ikeya, 1975), and 30 years after the first
applications to optically bleached quartz grains (Yokoyama
et al., 1985), the absence of a minimum standardization for
reporting research in this field is a concern. It remains an ob-
stacle for the development and recognition of the ESR dating
method within the Quaternary scientific community. So far,
the only attempt in this direction was made by Griin (1992)
who produced some general recommendations for most of
the materials that were then usually dated by ESR (mainly
tooth enamel and carbonates).

More than 20 years later, one may observe an increasing
number of ESR dating studies based on optically bleached
quartz grains, using aluminum (Al), titanium (Ti) or ger-
manium (Ge) paramagnetic centres, but the information re-
ported varies greatly among papers. As with luminescence
dating, an ESR age estimate based on optically bleached
quartz grains is basically derived from the determination of
two main parameters: the equivalent dose (Dg), which is the
laboratory estimate of the palaeodose, i.e. the total dose ab-
sorbed by the sample since the ESR signal has been last reset
to zero by sunlight exposure, and the dose rate (D), which
is an estimation of the mean dose annually absorbed by the
sample. However, there are several ways to evaluate these
two parameters, and so far there is no standardization of an-
alytical procedures within the ESR dating community to de-
termine the Dg or D term (notations from Griin (1992)). For
this reason, providing only these two values in a scientific
publication is not sufficient for the reader to gain a clear idea
of the meaning and implications of the age results that have
been obtained. It is frequently the case that the information
presented in publications is not sufficient for external critical
assessment. Given this situation, it now seems timely to de-
fine some minimum requirements for reporting methodology
and ESR age estimates based on quartz grains.

2. Reporting ESR methodology

The standard ESR dating analytical procedure is usually
made by five main steps: (i) sample collection, (ii) sam-
ple preparation, (iii) ESR dose response curve reconstruc-
tion and Dg determination, (iv) dose rate estimation and (v)
age calculation. The following sub-sections 2.1 to 2.5 de-
scribe step by step the minimum information that should be
reported, while an overview is given in Table 1.

2.1. Sample collection

The most crucial information to report here is any ba-
sic details regarding the position of the samples within the
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stratigraphic sequence, their depth, as well as the geographic
location of the sampling locality (including altitude). It may
also be mentioned whether additional sediment samples were
collected for water content or additional laboratory analyses.
Lastly, in cases where in sifu dosimetry measurements have
been carried out on site, the following should be briefly spec-
ified: (i) the relative position of the in situ measurement with
respect to the ESR samples, (ii) the technique that has been
used (e.g., thermoluminescence (TL) or optically stimulated
luminescence (OSL) dosimeter, gamma spectrometry), (iii)
how the calibration, if applicable, was performed, (iv) and
how the data were extracted and converted to dose rate val-
ues (e.g., “energy windows,” “threshold”). For points (iii)
and (iv), referencing of previous work that already details the
required information would be sufficient. Note that it may be
more convenient to include points (ii) to (v) in the methods
section dedicated to dose rate evaluation.

In particular, special emphasis should be given to the
stratigraphic relationship between the dating event of interest
and the sample being dated, i.e., whether the sample provides
a direct, indirect, minimum, maximum or equivalent age esti-
mate for the event/artefact/object/fossil under consideration.
Additionally, the physical proximity (distance) of the sample
to the event/artefact/object/fossil under consideration should
be stated. Often this information is overlooked but it is criti-
cal to interpret the meaning of the final age estimate.

Additional information may be especially useful for the
reader, like the sampling conditions (e.g., PVC tubes, blocks)
and the precautions taken to minimize exposure to sunlight,
if any (e.g., night sampling, day sampling under an opaque
plastic cover), as bleaching rates of the ESR signals are
known to be slower than that of the OSL signals (e.g., Du-
val et al., 2017). Brief description of the sedimentary context
and geological characteristics of the deposits such as their
origin (e.g., volcanic) or grain size could be provided as well,
as they may give some insights about bleaching conditions
during sediment transport (e.g., Voinchet et al., 2015). Pic-
tures of the samples in their sedimentary context could also
be used to provide complementary information for the reader.

2.2. Sample preparation

The main objective of sample preparation is the extrac-
tion of pure quartz grains from the raw sedimentary matrix.
This is usually carried out by combining wet sieving and sub-
sequent chemical treatment in order to remove carbonates,
organics and other minerals (e.g., feldspars, magnetic min-
erals). In particular, hydrofluoric acid (HF) is not only used
to remove all the minerals except quartz, but also to etch the
external layer of the quartz grains for eliminating (or at least
minimizing) the external alpha particles contributions. As a
result of this operation, the external beta particle contribution
to the dose rate may also be significantly impacted. Report-
ing full details of the analytical procedure should probably
not be considered as mandatory, as this information is not di-
rectly useful to evaluate data reliability. However, it will indi-
rectly affect the results as the preparation impacts the purity
of the prepared samples. Consequently, we would suggest
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that each step of the procedure is briefly reported at least in
supplementary material (e.g., conditions of laboratory illu-
mination, information concerning the wet sieving, details of
the chemical digestion, kind of magnetic and density sepa-
ration, post-HF sieving), preferentially in chronological or-
der. An example of a standard report for sample preparation
may be found in Liu et al. (2010), Duval et al. (2015b), or
Voinchet et al. (2007).

Instead, the basic minimum information that should be
known here is the selected initial grain size fraction after
sieving and the conditions of HF etching (concentration and
the duration of the etching), as they have a direct impact on
the final grain size of the grains (Bell & Zimmerman, 1978;
Bell, 1979; Yokoyama et al., 1985; Porat et al., 2015; Duval
et al., 2015a), and thus on the alpha and beta attenuation val-
ues (Bell, 1980; Mejdahl, 1979). Laboratory water content
evaluation of the sediment (i.e., current water content and, if
applicable, saturated water content) should also be described,
either here or in the dose rate evaluation section.

It is worth emphasizing for non-ESR dating specialists
that the relative slow, wavelength-dependent optical bleach-
ing properties of quartz ESR signals essentially preclude the
need for strict laboratory lighting protocols during sample
preparation. Both the Al and Ti centre ESR signals are ap-
parently mostly depleted by UV wavelengths, primarily UVA
and UVB (Tissoux et al., 2007), although mechanical reset-
ting processes might also play a role in sedimentary settings
(Liu & Griin, 2011). Laboratory bleaching experiments un-
dertaken using sunlight simulators have shown that the Al
signal reaches a minimum intensity after several hundreds
of hours of bleaching, while the Ti-Li signal is fully reset
in <50 h. In comparison, <4 h are required to zero the
ESR signal of the Ti-H centre (see Figure 1 in Duval et al.,
2017). However, it should be noted that these bleaching rates
may vary greatly (albeit within the same order of magni-
tude) depending on the sample analysed and the experimen-
tal setup. A complete discussion of ESR signal bleaching
may be found in Duval et al. (2017) and references therein. It
is clear from existing experimental datasets that quartz ESR
bleaching rates are significantly slower than those of quartz
OSL signals (see comparison in Duval et al., 2017), and that
short exposure of a few minutes to natural light, or several
hours to UV-depleted laboratory lights, will have no mea-
surable impact on the ESR signals. For this reason, ESR
lighting condition requirements are not as strict as those em-
ployed for luminescence dating, although some basic precau-
tions should nevertheless be taken (see some recommenda-
tions for sampling in Moreno et al., Accepted). Until further
evidence demonstrating the opposite emerges, it is not con-
sidered essential to detail sample preparation lighting condi-
tions in ESR papers.

2.3. ESR dose reconstruction

Acronyms usually employed in luminescence dating may
also be used for ESR, depending on whether Single or Mul-
tiple Aliquot(s) and Additive or Regenerative dose meth-
ods have been employed (e.g. MAA, MAR, SAR, SARA,
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MARA, SAA). It could also be specified whether single grain
or multiple grain analyses have been carried out, even if the
former remains experimental in ESR dating (Beerten & Stes-
mans, 2005).

In most cases, ESR dose reconstructions of quartz grains
are performed using a Multiple Aliquots Additive (MAA)
dose approach, which means that the Dg value is obtained
by back extrapolation of the fitting function to the abscissa
axis. It is thus crucial to specify the number and the distri-
bution of the irradiation dose steps (see discussions in Griin
& Rhodes, 1991, 1992), as well as some basic information
about the type and dose rate of the irradiation source (e.g.,
in Gy/h or Gy/s) that has been employed. Independently of
whether ESR measurements have been performed at room
temperature (for the Ge centre) or close to liquid nitrogen
temperature (for Al and Ti centres), the following basic de-
tails about Dg measurement conditions should be specified:

e Experimental setup (type of spectrometer, ESR res-
onator, temperature control system).

e Acquisition parameters (microwave power, resolution,
sweep width, modulation frequency, modulation ampli-
tude, conversion time, time constant, number of scans,
measurement temperature; see Griin (1992)).

e Number of rotations of the tube in the cavity for each
aliquot and/or number of repeated measurements for
each sample that have been carried out in order to eval-
uate the angular dependence of the signals due to grain
heterogeneity and the repeatability/precision of the ESR
data set.

Among the three main centres commonly used for dating
purpose, the Al centre is unique in having an unbleachable
component that gives rise to a residual ESR signal intensity.
This residual signal must therefore be evaluated in order to
avoid major Dg overestimation (Voinchet et al., 2003). Con-
sequently, it is important to describe how this residual ESR
intensity has been determined in the laboratory. For instance,
quartz samples are sometimes simply directly exposed to nat-
ural sunlight to assess the unbleachable signal component.
However, most of the time UV sunlight simulators are used
to artificially bleach one aliquot: in this case, the type of
simulator and lamps (electromagnetic spectrum covered), as
well as the duration of the bleaching experiment should be
specified.

The methods used to extract ESR intensities from the
measured ESR spectra may vary from one centre to another.
While there is apparent agreement in the scientific commu-
nity regarding evaluation of the Al centre (Yokoyama et al.,
1985; Toyoda & Falgueres, 2003) or Ge centre (Falguéres
et al., 1991; Walther & Zilles, 1994), evaluation of the Ti
centres remains somewhat debated (see Duval & Guilarte,
2015 and reference therein). Consequently, it is important to
explain how the ESR intensities were evaluated (e.g. peak-
to-peak measurement, peak-to-baseline, deconvolution) and
which peaks were used for Dg determination. This may be
simply shown in a figure (see examples in Liu et al., 2010;
Tissoux et al., 2007).
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Finally, the data reduction and analysis procedures used
for Dg evaluation should be briefly described:

e Whether ESR intensities from repeated measurements
were averaged out and corrected (e.g., according to
weight, temperature variations, number of scans, re-
ceiver gain).

e Whether (and how) the residual ESR intensity has been
taken in consideration in the evaluation of the Dg value
(for the Al centre only). This is usually done follow-
ing the total bleach approach, as described in (Forman,
1989). A figure may simply be provided (see Figure 4
from Voinchet et al., 2003)

e Basic details about the fitting procedure: the function
that has been used (including preferably the equation or
at least citing a previous paper where this is specified,
as there may be slight variations of a given function,
e.g. Duval, 2012), the data weighting, the fitting pro-
gram, error evaluation and whether errors are reported
at 1 sigma or 2 sigma confidence levels.

This last point is of crucial importance. Indeed, because
of the use of the additive dose method for ESR dose eval-
uation, the Dg value is obtained by extrapolation of the fit-
ted function (unlike the regenerative dose method where the
Dg value is obtained by interpolation instead; see Forman,
1989). Consequently, the value of the Dg estimate is directly
and significantly dependent on the fitting function and op-
tions employed (see Duval, 2012 and Duval & Guilarte, 2015
and references therein).

2.4. Dose rate evaluation

Unlike fossil teeth for which uranium uptake in dental tis-
sue has to be modeled (e.g., Griin, 2009a), the internal and
external dose rate associated to quartz grains is usually as-
sumed to remain constant over time. Consequently, the basic
dose rate equation may be expressed as follows:

D= Dint + Dext + Dcosmic (1)
where D, Djy, Doy, and Doogmic are the total, internal, ex-
ternal and cosmic dose rate components, respectively. ESR
dating of quartz is mostly performed on grains whose diam-
eter is between 60 and 300 pum, which means that the in-
ternal component, if existing, mainly comes from the alpha
and beta particles contribution. Depending on the authors,
the internal dose in quartz grains is usually either neglected,
given the low concentrations of radioelements found in most
quartz grains (e.g., Vandenberghe et al., 2008), or an assumed
value is adopted (e.g., Duval et al., 2015a). Irrespective, the
treatment of internal dose rate components should be clearly
specified in the manuscript, particularly as it can constitute
an important variable in environments with low external dose
rates.

The external dose rate may be divided into several com-
ponents as follows (detailed equations may be found in Griin,
1989):

Dexl = [Da + DB + Dy] + Deosmic 2

ext.
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where Doy, Do, Dg, Dy, and D omic are the alpha, beta and
gamma dose rates, respectively. These components are di-
rectly calculated from the activities or concentrations of ra-
dioelements (mainly U-238, Th-232 and K-40) present in the
quartz grains and surrounding environment. The technique
used to obtain these values (ICP-MS and/or ICP-OES, High
Resolution Gamma Spectrometry, alpha counting) should be
specified, as they utilise very different amounts of material,
and results obtained may be of variable representativeness
for different components of the external dose rate. The mea-
sured radionuclide activities / concentrations are transformed
into dose rate values using conversion factors that are specific
to each element and the particle or ray emitted. The most
commonly used are those published by Adamiec & Aiken
(1998), recently updated by Guérin et al. (2011). It should be
specified whether dose rate calculation has been performed
by considering either secular equilibrium or disequilibrium
in the U-238 and Th-232 series. If apparent disequilibrium
is detected, then some discussion should also be provided
about the possible effects on the final ages of assuming dif-
ferent time-dependent dose rate scenarios. As previously
mentioned, the gamma dose rate may also be derived from
in situ measurements: in that case, the comments made in
Section 2.1 should be taken into consideration.

These external dose rate values are then corrected accord-
ing to different factors related to the site history or to the sam-
ple preparation, such as water content or grain size. Water
content correction is crucial for the alpha, beta and gamma
dose rate components: it should be specified if the value
is expressed as a % of wet sediment weight or a % of dry
sediment weight, whether this water content of the sediment
has been measured or assumed, and how this has been taken
into consideration in the dose rate calculation. Further de-
tails about this issue may be found in Griin (1994) and refer-
ences therein. The reason/justification for using a particular
assumed water content value should also be clearly stated in
any study, i.e., the authors should specify what factors have
been considered in deriving a representative assumed long
term water content. The initial and final (after HF etching)
grain size fraction will determine the value of the attenuation
factors for the internal and external alpha and beta compo-
nents. If the grains are sufficiently etched, the external al-
pha dose rate component may be simply eliminated from the
external dose rate calculation. It is not mandatory to indi-
cate the values of these attenuations factors, since these can
be derived independently using initial and post-etching grain
sizes. It is, however, important to specify the source of the at-
tenuation factors used in the study. The values from Brennan
et al. (1991) and Brennan (2003) for spherical grains have
been widely used over the last decades. Updated values have
recently been presented by Nathan (2010) and Guérin et al.
(2012), taking into account grain size, shape, density, and the
radioelements that are involved. Finally, the alpha efficiency
value used for correction of the external and/or internal alpha
dose rate (if not null) should be specified.

For the cosmic dose rate, it should be specified whether
this component has been measured or estimated via exist-
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Minimum information that should be reported
S Table 1
ummary table e Radioelement concentrations (ppm or %) or activities (Bq/kg) of the surrounding sediment used for the
external dose rate calculation, depth below surface (in m), water content of the sediment (% dry or % wet
weight)
S Table 2
ummary table e Value and associated error for each component of the dose rate (internal, external alpha, beta and gamma,
cosmic), the total dose rate (in Gy/a or Gy/ka), the Dg (in Gy) and the calculated ESR age estimates (in ka
or Ma)

o When using the Al centre: the relative level of the residual ESR intensity in comparison with the natural ESR

intensity (in %)
Figure 1 .
e Examples of the ESR signal that has been measured
Fi 2
1eure e Some examples of dose response curves
Additional information that may be reported
Table ) ) )

e Numerical estimators to evaluate goodness-of-fit for each sample (e.g., adjusted r? value, least-square values,
chi-square values). This information can also be included in Figure 2 of the main manuscript and/or the
figure with the DRCs in supplementary material

Figure . . . . . . .
e A stratigraphic column presenting the ESR age results in stratigraphic position
Suppl t terial
upplementary matena e Figures showing all the dose response curves (ESR intensities vs. Dose + the fitting function)
e Numerical data (ESR intensities vs. Dose) in a spreadsheet

Table 2: Summary checklist detailing: (i) the minimum information that should be provided when reporting ESR dating results
based on optically bleached quartz grain; and (ii) additional useful information that may be reported.

ing tables. The latter is usually preferred, using the equa-
tion from Prescott & Hutton (1988). In addition, the cor-
rections factors considered for the calculation such as alti-
tude, latitude, depth, as well as the estimated ground density
(Prescott & Hutton, 1994), or the water content (Readhead,
1987) should be mentioned. In the case of samples from
caves/rock shelters, it is also useful to detail how additional
partial/complete shielding by bedrock has been factored into
the cosmic dose rate calculation.

Finally, the evaluation of the error on the dose rate should
be briefly described. Some guidelines on this issue may be
found in Aitken (1985) and Griin (1992). Error reporting
nomenclature should be specified, i.e. whether errors are re-
ported at 1 sigma or 2 sigma confidence levels.

2.5. Age calculation

ESR age calculation is quite straightforward when the
dose rate is assumed to be constant over time. In such cases,
an age is simply derived from the division of the Dg value by
the total dose rate. However, details should be given about
how the errors have been calculated and propagated to the
final age values. There is now a range of dose rate and age
calculation software available to the community (among oth-
ers, AGE, DRAC and DRC; see Griin, 2009b, Durcan et al.,
2015, and Tsakalos et al., 2016, respectively). Although
most of these have been designed for luminescence dating,
they may easily be adapted to the specificities of ESR dat-
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ing. Consequently, the age calculation process may simply
require citing the corresponding publications where basic in-
formation (error calculations, dose rate conversion factors,
correction factors) about the software is presented. Error re-
porting nomenclature should be specified, i.e., whether errors
are reported at 1 sigma or 2 sigma confidence levels.

3. Reporting ESR results

ESR age estimates and associated results should be re-
ported in several tables and figures (see a summary in Ta-
ble 2). Usually, a series of summary tables including ra-
dioelement concentrations, and details of the dose rate and
DEg components are sufficient.

In addition to these numerical data, several supporting fig-
ures should be provided. It is recommended to show at least
one ESR spectrum for the signal that has been analysed, in-
dicating how the signal intensity has been evaluated (e.g.
see Toyoda & Falgueres, 2003 for the Al centre, Walther &
Zilles, 1994 for the Ge centre, and Beerten et al., 2008 for the
Ti centres) as debate remains over this issue within the com-
munity for some paramagnetic centres. Alternatively, it may
be possible to refer to a previous study where appropriate de-
tails have been provided elsewhere. The most important fig-
ure to provide is undoubtedly related to the Dose Response
Curves (DRCs). Because the reliability of the Dg values is
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highly dependent on whether the function is well fitted or not
through the experimental data points, some graphical exam-
ples of ESR DRCs must be presented in the main text (e.g.
Duval et al., 2017). Ideally, all DRCs should be included in
supplementary information (e.g., Duval et al., 2017) as this
is the best way for the reader to evaluate the quality of the
ESR data set and, thus, the reliability of the fitting results. In
addition, it may be particularly useful to provide some nu-
merical estimators (e.g., adjusted r? value, least square val-
ues, chi-square values) for the goodness-of-fit achieved for
each sample, since this may be quite variable from one sam-
ple to another, even within a given site or section (e.g., Duval
et al., 2017). Following on from these guidelines it may be
worth discussing within the ESR dating community the in-
terest of systematically providing the complete ESR data sets
(i.e., ESR intensities and corresponding irradiation doses) in
numerical format (spreadsheet).

4. Conclusion

To avoid misunderstandings it is worth mentioning here
that the purpose of the present paper is not to standardise an-
alytical procedures in the ESR dating community, or to pro-
vide recommendations for the most reliable analytical prac-
tices in ESR dating of quartz (see for example Moreno et al.,
Accepted for some fieldwork recommendations). We have
instead aimed to provide some guidelines for reporting ESR
methodology and results, in order to make sure that the basic
minimum information is available for external critical assess-
ment. A series of summary checklists are provided here in
Tables 1 and 2. These recommendations are open to revision
and should be considered as a starting point for further dis-
cussion. It is worth emphasizing that these recommendations
may also be used as guidelines when peer-reviewing papers
dealing with ESR dating results. In particular, they may be
useful for potential reviewers who are not familiar with the
specificities of this field.

It is common for ESR dating applications published by
a given laboratory to employ the same analytical procedure,
with very little variation from one study to another. Conse-
quently, for some aspects of the ESR dating procedure it may
be possible to refer to previous publications where the corre-
sponding information has been detailed. This may be partic-
ularly useful if manuscript length is an issue. However, most
journals now offer the possibility to include online supple-
mentary information, which means that the restricted length
of the main manuscript should no longer be a limitation for
providing all the required information. This approach would
ensure easy and direct access to the complete analytical pro-
cedure, and avoid the need to search through previous publi-
cations that may not be readily accessible.

Adhering to the suggested reporting requirements should
enable more straightforward age and data re-assessments in
light of progressive improvements in understanding of the
ESR dating method. This may occur, for example, via the
update of published parameters (e.g., dose rate conversion
factors, alpha and beta attenuations) or the identification of
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more appropriate fitting functions, thereby enhancing the sci-
entific vitality of the field.

Finally, it should also be emphasized that the recom-
mendations discussed in the present work are only intended
for ESR dating studies applied to optically bleached quartz
grains. ESR dating applications involving other materials,
such as fossil teeth, corals, carbonates, require the provi-
sion of different supporting information, as recommended by
Griin (1992).
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