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We show that two different sources of calcite (geogenic flowstones and anthropogenic lime plaster) have complex, yet distinctive,
structural disorder signatures. It is effective to identify these differences by pairing a rapid, fieldwork-compatible technique
(Fourier transform infrared (FTIR) spectroscopy) with a robust laboratory-based technique (X-ray diffraction (XRD) peak width
analyses). We demonstrate that crystalline domain size, microstrain fluctuations, and lattice strain each affect the FTIR spectra of
calcite. To focus on each variable separately, XRD data and FTIR absorption spectra are compared among calcite samples formed
by different processes. Small crystalline domain sizes cause changes to FTIR peak intensity ratios (grinding curves). However,
larger microstrain fluctuations or larger lattice strain also produce similar changes. Thus, inferring structural differences from
calcite FTIR spectra alone is not advisable. Instead, we advocate using FTIR grinding curves in conjunction with analyses of
angle-dependent XRD peak widths using the Williamson-Hall relation. Thus, combining these two analysis techniques is more
powerful and informative than using either one alone. These findings are relevant for heritage science, including archaeology.

1 Introduction

The origin of a material is of critical importance for archae-
ological interpretations, yet it is often challenging to deter-
mine. Calcite is especially difficult because it has many pos-
sible sources, including lime plaster (mortar), ash from fires, !
speleothems (flowstones, stalactites, stalagmites), pedogenic
sources (calcrete), and mineralized tissue (shells, otoliths).2
This means that one must rely on subtle aspects of a mate-
rial’s structure, such as isotopic signatures,3 trace elements,
or heat-related changes to crystalline structure,* to determine
possible formation pathways. An increasing number of stud-
ies investigate how structural order differences might be ex-
tracted from the vibrational signatures of solids through their
Fourier Transform Infrared (FTIR) spectra.4‘10 In archaeo-
logical samples, there is strong empirical evidence that FTIR
analyses are useful for distinguishing between lime plaster,
ash, limestone, and sparry calcite. 48 However, the exact struc-
tural differences that cause changes in the FTIR spectra have
not yet been reported.

FTIR spectroscopy is an effective, non-destructive tech-
nique to characterize the composition of solid samples'!~14
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It offers the advantages of small sample size and portabil-
ity, including on-site use during archaeological excavations
and in art galleries.>>!>1® However, quantitative analyses
from FTIR data must be done carefully because peak inten-
sities are strongly affected by sample preparation and mea-
surement methods.*®17 In this study, we show that three sep-
arate factors can contribute to FTIR peak intensities for calcite
(CaCO3) samples. From these comparisons, we offer recom-
mendations for future analyses to use FTIR in tandem with
X-ray diffraction (XRD) data. Our recommendations are par-
ticularly relevant for archaeological investigations in calcite-
rich environments such as caves.

Several studies have used density functional theory (DFT)
in conjunction with group theory analyses to verify the en-
ergies and intensities of the IR-active vibrational modes ex-
pected for carbonate units in calcite. '%!° Other studies have
paired DFT calculations with experimental studies to inves-
tigate not only the mean vibrational energy for each mode
(peak position), but also how IR peak widths can change when
the calcite unit cell is distorted.”® These studies show that
calcite’s in-plane carbonate bend (v4 mode) is strongly af-
fected by deformation, which is consistent with experimen-
tal investigations of amorphous calcium carbonate from bio-
genic sources. Y More recently, experimental studies of cal-
cite showed that the same v, peak is also the mode that softens
(broadens) the most at high temperatures. '°

Although quantitative analyses of FTIR data are gaining
popularity, XRD is still the benchmark method for assessing
structural differences in solids. In powder XRD patterns, peak
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positions provide information about lattice strain: 2!
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= 1
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wherein &y is the average elastic strain for a given hkl direc-
tion based on the calculated (d) and initial (dy) plane spacings.
XRD peak widths are affected by both crystalline domain size

r as well as microstrain fluctuations o:23
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Here, 0 is the Bragg diffraction angle, and W; is the instru-
mental broadening. XRD peaks can be fitted with a Voigt
function to give the relative amount of Lorentzian contribu-
tion Wz, and Gaussian contribution Wg. This strategy has been
used successfully on high-resolution synchrotron XRD data
from powders of biogenic and geogenic calcite.?*?

It is also possible to extract microstrain fluctuation informa-
tion from lower resolution XRD data by assessing peak posi-
tion shifts through the Williamson-Hall relation: 26~

r=2d and 2)

3

KA
FWHM cos 6 = =~ +4 6 sin 6 )

Here, r is the crystalline domain size, o is the microstrain fluc-
tuation, A is the incident X-ray wavelength, and K is a dimen-
sionless shape factor with a typical value of 0.9 for particles
that are rough approximations to spherical. This expression
shows a convenient correlation between the full width at half
maximum (FWHM) of a given Bragg peak and the diffraction
angle at which it occurs (260). This analysis is a standard op-
tion in XRD software such as Jade (Materials Data Inc), yet it
is not often used in the literature.

In this paper, we demonstrate a clear link between lattice
strain, microstrain fluctuations, and crystalline domain size
(as obtained from Williamson-Hall analyses of powder XRD
data) and relative FTIR peak intensities. We focus on two
classes of calcite that are each relevant for archaeological ex-
cavations: lime plaster, and calcitic speleothem flowstones.
Our data uncover structural differences that are typical for
each class. These case studies provide guidance for future
investigations based on FTIR screening of calcite-containing
samples.

2 Experimental details

Calcite lime plasters were made from purchased calcite
(Merck) or naturally occurring chalk (Dead Sea, Israel) by

heating to 800°C for 12 hours and then cooling to room tem-
perature. The product was then mixed with water and aged for
various amounts of time (1-7 years) to produce plaster. ' One
ancient lime plaster (~ 10,000 years before present from Yif-
tahel, Isreal) was also studied.3° Additional comparisons were
made by heating a 7-year plaster to 400°C, which is well be-
low calcite’s decomposition temperature. Calcite flowstones
were obtained from Manot cave (Manot, Israel) during archae-
ological excavations in 2012 and 2013.3!

The XRD data were collected using either a Rigaku Ultima
IIT or Ultima IV system (each with Cu Ko radiation). All
XRD data analyses were completed with the Jade software
package (Materials Data Inc.),3? including lattice constant re-
finements as well as microstrain fluctuation assessments and
crystalline domain size values (Equation 4). For reliable anal-
yses, only well-separated XRD peaks with 26 < 70° were
used. No peak deconvolutions were necessary.

FTIR spectra were obtained using either a Bruker Vertex
70v vacuum spectrometer or a Nicolet 380 N,-purged spec-
trometer. The former was used for measuring commercial
calcite and fresh plaster samples (in Canada), while the latter
was used to measure all samples (in Israel). All measurements
were made in transmission mode over a wavenumber range of
4000 cm~! to 500 cm™! with a resolution of 1 cm~!. Samples
were ground with spectral grade KBr and then pressed (2 tons)
into transparent 7 mm diameter pellets. IR peak positions and
intensities were determined with Bruker’s OPUS 7.0 software.

In general, the relative intensities of IR absorbance peaks
are affected by the amount and distribution of sample parti-
cles in the KBr matrix. To compensate for these variations,
and to decouple these effects from changes due to structural
differences, we measured many FTIR spectra for each pellet
after successive regrinding. Then, we normalized the calcite
out-of-plane bend (v,) and in-plane bend (v4) peak intensi-
ties to the intensity of the asymmetric stretch (v3) within each
spectrum. Results for each spectrum can then be compared to
produce a “grinding curve.”* These grinding curves decouple
the sample preparation influences from factors related to dif-
ferences in the intrinsic structural order in the material. This
procedure and its theoretical foundations are described in de-
tail elsewhere. 8

3 Results

3.1 X-ray diffraction analyses

XRD data show that samples used in this study have calcite
as the only crystalline phase. The one exception is the fresh-
est plaster (1-year-aged), which contains some Ca(OH), and
aragonite. We compare the indexed raw XRD patterns in Elec-
tronic Supporting Information.” Figure la shows the lattice
constant values refined from these XRD data, compared with
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3 (@) 5.02 For the data in Figure 2, both samples have y-intercepts close
4 to zero, which indicates large crystalline domain sizes. In
5 5.01 - such cases, the peak widths are dominated by other factors,
6 =z such as instrumental broadening from the diffractometer. Ta-
4 g 5007 ble 1 lists calculated crystalline domain sizes (r) and micros-
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° range of these microstrain fluctuation values are comparable to
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29 71244 and the y-intercepts are inversely proportional to crystalline domain
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31 ¢ lattice constant (A)
32
33 Fig. 1 (a) Correlations between a and ¢ lattice constants from XRD
34 data (circles), compared with JCPDS standard patterns for zero- and 3.2 Fourier transform infrared spectra
35 low-Mg content calcites (triangles). Pure calcite (CaCO3) is JCPDS FTIR Lo . .

05-0586, Mg,03Cag 97CO5 is JCPDS 97-008-6161, and spectra indicate sample compositions that are consistent
30 Mgg,06Ca0.04CO5 is JCPDS 89-1305. (b) Correlation between ¢ with XRD data. Peaks due to carbonate vibrational modes are
37 lattice constants (from XRD data) and FTIR vy4 peak position. present in all FTIR spectra: V3 (asymmetric stretching near
38 Sample labels are defined in Table 1 1430 cm™1), v, (out-of-plane bending near 875 cm™1), and vy4
39 (in-plane bending near 713 cm~!). Two additional peaks are
40 related to combined modes: 11419 v, + v, at 1799 cm™!, and
41 JCPDS standards. 32 Most flowstones have smaller lattice con- | + v3 at 2512 cm~!. Only the freshest plaster (P1) shows
42 stants. This is consistent with low levels of Mg incorporation some Ca(OH); (3643 cm™!) and aragonite (858 cm™'). No
43 (<6%). Table 1 gives a summary of all lattice constants and evidence of other phases, such as amorphous calcium carbon-
jg the corresponding lattice strains (&, from Equation 1). ate, was detected in any sample. We note that the presence of
46 All samples were assessed for angle-dependent XRD peak  aragonite can interfere with assessments of relative peak in-
47 widths using the Williamson-Hall relation (Equation 4). Two tens%ties, since it has a weak pegk at the same wavenumber as
48  representative examples are shown graphically in Figure 2. calcite’s V4 al}d V3 peaks. Iq this study,. we ensured thgt ther.e
49 The first important feature in this plot is the slope of the fits, was quantitative agreement in the relative FTIR peak intensi-
50 which are directly proportional to microstrain fluctuation val- ties for the freshest plaster (P1) and previously reported values
51 ues. For data in Figure 2, this means that the microstrain fluc- for phase-pure calcite plasters.*® A more detailed compari-
52 tuation value in sample F4 (a flowstone) is much larger than son of the raw FTIR data is included in Electronic Supporting
53 for sample PO (a purchased fine-grain calcite). The second im- Information.”
54 portant feature of a Williamson-Hall plot is the y-intercept of Like the XRD data, FTIR spectra also provide evidence of
55 the fit line, which is inversely proportional to crystalline do- Mg incorporation. The v4 peak positions in some samples
56 main size. Larger domain sizes cause narrower XRD peaks. show slight blue shifts (< 2 cm™!), as displayed in Figure 1b.
57
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Table 1 Crystalline domain size, microstrain fluctuations, and lattice constants calculated from XRD data. Domain size and microstrain
fluctuations are calculated according to Equation 4. For narrow XRD peaks, domain sizes cannot be quantified accurately, so they are listed as
”large.” Lattice strains are listed for {100} and {001} planes based on Equation 1, using the lattice constants from JCPDS 88-1807 (calcite) as
dp. Sample P1 has larger uncertainty values because it contains Ca(OH),, and its peaks overlap with some calcite peaks.

Name Description r (nm) o (%) a(A) c (A) &, (%) & (%)
PO purchased powder large 0.00640.006 4.98740.004 17.07+0.01 0.0(2) 0.0(5)
P1 plaster, 1 yr 90+40 0.034+0.04 5.0+0.1 17.04+0.3 0.2(4) 0.3(5)
P7 plaster, 7 yr 350+80 0.13540.008 5.00+0.01 17.09+0.03 0.2(4) 0.1(6)
P7A plaster, 7 yr annealed 240+40 0.11340.008 4.98+0.01 17.0540.02 -0.1(6) -0.0(6)
P10K plaster, 10,000 yr 250430 0.006+0.006 4.983+0.005 17.054+0.01 -0.1(0) -0.0(6)
F1 flowstone large 0.03940.003 5.00+0.01 17.08+0.01 0.2(4) 0.1(1)
F2 flowstone large 0.05940.005 4.98+0.01 17.0440.02 -0.1(6) -0.1(2)
F3 flowstone large 0.141+0.007 4.982+0.006 17.034+0.01 -0.1(2) -0.1(8)
F4 flowstone large 0.16140.006 4.98+0.01 17.02+0.02 -0.1(6) -0.2(4)
F5 flowstone large 0.14640.008 4.98+0.01 17.0240.02 -0.1(6) -0.2(4)
F6 flowstone large 0.164+0.007 4.984+0.01 17.0240.02 -0.1(6) -0.2(4)
F7 flowstone large 0.19540.006 4.97+0.01 16.98+0.03 -0.4(7) -0.4(7)

These shifts correlate well with lattice constant contractions
(Table 1), both of which are consistent with low levels of Mg
incorporation. 3334

Relative FTIR peak height comparisons among selected
samples are shown in Figure 3. Each set of data points corre-
sponds to a range of different measurement preparations con-
ditions (grindings) for a single type of sample (as described
in Section 2 above). In general, higher normalized v4 val-
ues indicate better crystallinity.” Figure 3a shows that small
crystalline domain sizes (90+40 nm) correlate with a grind-
ing curve shift to lower normalized v4 values, when lattice
strain and microstrain fluctuations are both zero. We note that
these grinding curve shifts are quantitatively similiar to earlier
reports that compared large-grain spar calcite and pure cal-
cite lime plasters (though no crystalline domain sizes were re-
ported). *8

To emphasize that grinding curve shifts cannot be due solely
to crystalline domain size differences, Figure 3b shows that
large microstrain fluctuation values (0.113(8)%) also corre-
late with a grinding curve shift to lower normalized v, values
(when lattice strain is zero and crystalline domain sizes are
large). Figure 3b shows that annealing a sample to reduce mi-
crostrain fluctuations drives the grinding curve to higher v4/v3
values for a given v,/v3 range, even when the overall crys-
talline domain sizes remain comparable. In the case shown
in Figure 3b, the crystalline domain sizes for a 7-year plas-
ter shrink only slightly upon annealing (from 350480 nm to
240440 nm after 6 hours at 400°C), but the microstrain fluc-
tuations drop from 0.135(8)% to 0.113(8)% after annealing.

Thus, two different kinds of structural disorder (small crys-
talline domain sizes, and large microstrain fluctuations) are
correlated with the same kind of grinding curve shifts. Fi-
nally, Figure 3c shows that two samples with different kinds

of structural disorder can have identical grinding curve shifts.
A comparison of FTIR grinding curves for all samples is in-
cluded in Electronic Supporting Information®.

4 Discussion

Based on data in Table 1 and in Figure 3, it is evident that three
different kinds of structural disorder (o, €, and r) can affect
the relative peak intensities in calcite FTIR spectra. Further-
more, our results show that decoupling these three different
kinds of structural disorder is not possible from FTIR grind-
ing curves alone.

It is a new finding that microstrain fluctuations affect grind-
ing curve shifts in a way that is similar to the effect of small
crystalline domain sizes. Prior studies compared FTIR spec-
tra, XRD data, and DFT for different sources of crystalline cal-
cite, but no explicit suggestions for the underlying structural
differences were proposed.® More recent studies of aragonite
suggested that microstrain fluctuations could influence FTIR
peak widths, but no verification was attempted. 3

Our work also shows that lattice strain, either compres-
sion or expansion, can affect grinding curve shifts. This re-
sult has support from other studies in the literature, but had
not been demonstrated explicitly. An earlier report used high-
resolution neutron diffraction data to assess structural differ-
ences in biogenic calcites, including comparisons with FTIR
v4 peak positions and widths.3* Their work used energy-
dispersive and wavelength-dispersive X-ray analyses to deter-
mine Mg content independently from the lattice constants de-
rived from the diffraction measurements. They used these data
to correct for Mg content in their FTIR data, and concluded
that all peak position differences can be attributed to Mg lev-
els. In our study, this is consistent with the correlation we see
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Fig. 3 Representative FTIR grinding curves highlight differences
among calcite samples with two distinct kinds of structural disorder.
(a) compares large and small crystalline domain sizes, while (b)
compares low and high microstrain fluctuation values. (c) shows
that two samples with different kinds of structural disorder can have
identical grinding curve shifts. These comparisons emphasize that
grinding curve shifts cannot be uniquely correlated to a single kind
of structural disorder. For clarity, plasters are shown in red,
flowstones in blue, and purchased (synthetic) calcite in black.

between XRD lattice constants and FTIR v, peak positions, as
presented in Figure 1.

However, this earlier neutron-diffraction study 34 also found
that FTIR peak width differences are not directly correlated
with Mg levels. Instead, they found a stronger correlation
between FTIR widths and the magnitude of lattice constant
changes. They observed lattice contractions in some samples
(suggested to be related to Mg incorporation), but reported lat-
tice expansions in other samples (suggested to be related to the
presence of an amorphous precursor).

In our study, we also find a correlation between lattice con-
stant changes and FTIR peak attributes. Here, we use grind-
ing curve shifts (normalized FTIR peak height changes) as a
proxy for FTIR peak width differences.® Since we have evi-
dence that microstrain fluctuations affect grinding curve shifts,
isolating the effect of lattice strain requires more careful com-
parisons. We provide one such example in Figure 3d among
flowstones that all have large crystalline domain sizes. This
Figure compares the grinding curve for a flowstone with an
expanded lattice and low microstrain fluctuations (F1) with
two flowstones (F2 and F4) that have zero lattice expansion
but higher microstrain fluctuation values. Based on micros-
train fluctuation differences alone, one would expect that F1
should have the smallest grinding curve shift. Instead, F1 has
a larger shift than F2 or F4, and we attribute this to its larger
lattice strain. We provide a comparison of microstrain fluc-
tuation values with lattice strain in the Electronic Supporting
Information.”

5 Conclusions

There is potential for wider societal impact whenever an anal-
ysis tool can be used to understand more about the conditions
under which a heritage material was likely produced, or al-
tered. This is certainly true for the work we present here, since
decoding the formation and diagenesis history of calcite-based
materials including geogenic, biogenic, and anthropogenic
sources plays a critical role in archaeological interpretations
and in heritage restoration efforts. Furthermore, the analy-
ses we describe here could likely be helpful to identify struc-
tural differences in other minerals. For example, aragonite >
and hydroxyapatite? have each shown shifts in their grinding
curves, but as of yet, no correlations between these grinding
curves and Williamson-Hall analyses of XRD data have been
reported.

Our results demonstrate that crystalline domain size, mi-
crostrain fluctuations, and lattice strain each affect the FTIR
spectra of calcite. We emphasize that the methods described
here can identify the effects of structural disorder, but not the
causes of structural disorder. This distinction is important.
Several common kinds of structural irregularities can change
calcites FTIR spectrum in similar ways. This underscores the

1-12 |5
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need to pair FTIR spectroscopy with another method (such as
XRD) if one wants to determine what kind of structural disor-
der is present in the calcite. It is true that many different fac-
tors during the synthesis and processing of calcite could cause
strains, microstrain fluctuations or other structural irregulari-
ties. It is also true that these structural irregularities could be
correlated with features such as porosity, crystallite size, or
morphology. In the present study, we did not undertake an ex-
tensive synthesis-based project to try to produce a full range
of different structural defects that calcite can accommodate.
Instead, we used sample types that would be relevant for the
archaeologists and geoscientists who might be the most likely
ones to adopt our method. In this context, it is important to
comment on how effective FTIR can be as an on-site identifi-
cation tool for archaeology.

The present work demonstrates that some kinds of archae-
ological sites, including caves, may be very challenging for
using FTIR grinding curve analyses. Most published reports
of grinding curve comparisons have focused on open-air sites,
or utilized samples made in laboratory settings.*%%30-35 The
flowstones analyzed in the present study were obtained from
recent excavations in Manot Cave (Israel). During these ex-
cavations, grinding curves were used in an attempt to iden-
tify calcitic ash, which is known to have a pronounced grind-
ing curve shift.* Flowstone fragments were prevalent in vir-
tually all sediments. As we demonstrate in this work, flow-
stones can have very different grinding curve shifts, so it is
challenging to distinguish ash signatures from the background
calcite. Therefore, it was more helpful to use techniques such
as optical microscopy and polarized light microscopy to give
additional information (on-site) to help distinguish between
ash and flowstones.> We note that the heterogeneous chemi-
cal composition of ash prevents a thorough investigation of the
lattice strain and microstrain fluctuation values in this source
of calcite.

Even though this work shows that it is helpful to support
FTIR measurements with XRD data, the reality is that many
archaeological samples are too small in volume, or too pre-
cious, to obtain the powder XRD data required for more de-
tailed structural information. For such samples, the best op-
tion is to compare with grinding curves for common sources
of calcite, including samples with high degrees of structural
perfection. This procedure provides a baseline for compar-
ing relative degrees of structure differences, even if the exact
type of disorder cannot be identified from the FTIR data alone.
In this way, the grinding curves can be an effective means of
rapid on-site screening for samples of possible interest, even if
the detailed analyses would benefit from more extensive off-
site analyses.
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Fig. S1 Representative XRD diffraction data for different calcite samples, and
JCPDS standards for calcite (88-1807) and Ca(OH), (87-0674).32 S1 is the
only sample that shows Ca(OH),. Weak peaks in S1 near 27° and 32° indicate
the existence of aragonite, which is consistent with FTIR data. Sample labels
are defined in Table 1 in the main text.
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Fig. S2 Representative FTIR spectra compared using absorbance values that
are scaled to the largest (v3) peak. Normal mode assignments for each peak
are made based on literature reports. '"141® The broad peak near 1650 cm ™!
is from water adsorbed by the KBr matrix during sample preparation. Sample
labels are defined in Table 1 in the main text.
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Fig. S3 Grinding curves for all samples. Sample labels are defined in Table 1
in the main text. Color coding differentiates plaster samples (red in (a): P1,
P7, P7A, P10K) and flowstone samples (blue in (b): F1-F7) from purchased
(synthetic) calcite (black: PO).
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Fig. S4 Comparison of microstrain fluctuation values with c lattice constants.
Sample labels are defined in Table 1 in the main text. Microstrain fluctu-
ation values can show considerable variation among different samples even
when there are no statistically significant differences in their unit cell sizes.
The dotted lines indicate approximate microstrain fluctuation values that have
been reported for calcite in an earlier report by Pokroy er al. >*
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An effective identification strategy for structural differences in archaeolog-
ically relevant calcite combines fieldwork-compatible and lab-based tech-
niques.
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