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Comparisons of ancient mortars and hydraulic
cements through in situ analyses by portable
X-ray fluorescence spectrometry
Mary Kate Donais,a∗ Bradley Duncan,a David Georgeb and Claudio Bizzarric

A portable X-ray fluorescence spectrometer was used to collect elemental data on various mortars and hydraulic cements at an
excavation site near Orvieto, Italy. Four cases are presented that use X-ray fluorescence data to differentiate among mortars:
(1) comparison of two mortars on one locus; (2) comparison of two layers of hydraulic cement on one locus; (3) comparison of
two hydraulic cement floors; (4) comparison among mortars on five walls from four trenches. The conclusions made from the
comparisons aided the site archaeologists in their assessment of the relationships of various loci at the site and establishment
of phasing. Elements found in measureable amounts in the mortars and hydraulic cements were Ca, Ti, Mn, Fe, Zn, As, Rb, Sr,
Zr, Pb, and Bi. Elements found to be different in the samples and used to differentiate among mortars were Ca, Fe, Zn, Pb, Zr,
and Rb. Graphical and statistical data evaluations are presented. Copyright c© 2010 John Wiley & Sons, Ltd.

Introduction

Portable X-ray fluorescence (XRF) spectrometry is a valuable
tool for the evaluation of archaeological materials such as
ceramics,[1 – 3] pigments,[4 – 6] metallic objects,[7,8] and stone.[6]

The non-destructive nature of the technique is well suited
to archaeological samples, and the speed and portability of
instrumentation is ideal for data collection in non-laboratory
settings such as excavation sites and museums. Samples that
would otherwise be unavailable for analysis due to size, location,
or protection of antiquities regulations can now be studied
by portable XRF spectrometry to determine their elemental
compositions.

Considerable quantities of mortar of various types are found at
most Roman archaeological sites. Previous characterization studies
of ancient mortars have focused on conventional techniques
such as grain-size distribution, lime-percentage analysis, optical
microscopy, X-ray diffraction (XRD), thermogravimetry, and fourier
transform infrared spectroscopy[9 – 12] performed in a laboratory on
samples removed from site. Laboratory-based XRF spectrometric
analyses of mortars and cements have been reported,[13 – 17]

although mostly with modern mortars for production and quality
control purposes as opposed to ancient mortars for research
purposes. XRD has been used to determine the major components
of ancient mortars such as calcite (CaCO3), quartz (SiO2), dolomite
(CaMg(CO3)2), and gypsum (CaSO4· 2H2O) but minor elemental
composition has had little focus. Trace amounts of elements
Mo, Zn, Rb, Pb, Cd, Mn, Co, Cr, Cu, Ni, and others in ancient
mortars as determined by inductively coupled plasma atomic
emission spectrometry and inductively coupled plasma mass
spectrometry have been previously reported.[12,18] These studies
were on a limited number of samples and required dissolution
of samples in acid prior to analysis. Similar trace metal profiles
were observed for mortars within the same site, however, thus
demonstrating elemental homogeneity in some mortars.[12,18,19]

Also, trace elements in mortars from differing historical periods
have been reported as they relate to identification of provenance
of the raw materials.[19] Use of a portable and nondestructive

instrument such as an XRF spectrometer could provide both major
and minor elemental composition information while leaving the
excavation site intact. The short analysis times with this instrument
also permit measurements on many samples, thus providing the
statistical degrees of freedom necessary for valid comparisons
among mortars.

A portable XRF spectrometer was used in the summer of 2008 to
collect elemental data on various archaeological samples related
to a site near Orvieto, Italy, Coriligia Castel Viscardo. The site is
8 km northwest of Orvieto overlooking the point at which the river
Paglia turns and widens. The location is important as it links easily
with the Tiber valley, the Via Cassia and the Via Traiana Nova,
a few hundred meters from it. It was discovered by agricultural
activity in the late 1980s and first explored in 1990 to 1993
by the Soprintendenza per i Beni Archeologici dell’ Umbria. The
current excavations began in 2006 with a combined team from the
University of Oklahoma and Saint Anselm College and continue
under the direction of Prof. David B. George and Dr. Claudio
Bizzarri. The site started as an Etruscan settlement and, with no
interruptions, ends with a Late Antique phase.

One of the goals of this investigation was to determine if in situ
XRF spectrometer data could be used to differentiate among
mortars. An a priori assumption was that the major elements in
mortar such as Ca and Fe would most likely not show significant
variation, but rather the minor elements could allow for differen-
tiation if their homogeneity and variety among mortar samples
was demonstrated. The portable XRF spectrometer was config-
ured to measure 41 elements per analysis. Of these elements, the
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ones found in mortar at significant levels that were considered for
statistical evaluation were Ca, Ti, Mn, Fe, Zn, As, Rb, Sr, Zr, Pb, and Bi.

During excavation at Castel Viscardo in the 2008 excavation
season, four separate cases were identified for which in situ
mortar analyses could aid in site assessment. These four cases
were as follows: (1) comparison of two different mortars on one
locus that appeared visually to contain ancient repairs over older
mortar; (2) comparison of two hydraulic cement layers on one
locus; (3) comparison of two hydraulic cement floors at different
elevations in the same room with subsequent comparisons of the
floors to a third area of hydraulic cement and to the hydraulic
cement layers in (2); and (4) comparison of mortars on five walls in
four separate trenches that were suspected to be part of the same
superstructure. Note that throughout the discussions of these
cases, the archaeological terms ‘locus’ and ‘trench’ will be used. A
trench is the area of systematic excavation; locus is a definition of
a space within the trench. A locus is defined by a change in the
soil caused by either human or natural action. It is recognized by a
change in color, composition, or consistency of the soil. Data and
statistical evaluations for each case are presented.

Experimental

An Innov-X Systems Alpha Series portable XRF spectrometer was
used for all data collection. The analyzer has an Ag anode X-ray
tube excitation source and Si Pin diode detector. The spot size for
the analyzer is approximately 170 square millimeters. Power is pro-
vided by rechargeable Li ion batteries. Control of the instrument
and data storage is through a Hewlett Packard iPAQ personal dig-
ital assistant. The instrument was operated in ‘Soil’ mode, which
uses a 40 kV excitation and a Compton Normalization algorithm.[20]

The analyzer was initially calibrated by the instrument man-
ufacturer using SRM 2709 San Joaquin Soil, SRM 2710 Montana
Soil, and SRM 2711 Montana Soil from the National Institute of
Standards and Technology, RTC-408 from Resource Technology
Corporation, and custom-mixed standards prepared by the in-
strument manufacturer. The linear calibration ranges for the six
elements of interest were 1.25–2.88% (w/w) Ca, 2.89–3.50% (w/w)
Fe, 0.0106–3.50% (w/w) Zn, 96–120 ppm (w/w) Rb, 160–230 ppm
(w/w) Zr, and 18.9–5532 ppm (w/w) Pb. Portland cement reference
materials, SRM 1881a and SRM 1886a from the National Institute
of Standards and Technology, and pure CaCO3 were also used by
this research group to adjust the factory-set calibration factors and
verify calibration accuracy.

For each analysis, a sampling location on the desired locus
was chosen such that it was as flat and smooth as possible and
was larger than the analyzer spot size. The sampling location was
scraped with a trowel until clean mortar was observed and then
cleaned with a brush to clear surface contamination. The analysis
site location was determined using a global positioning system
and recorded along with the trench letter, locus number, and
a general description of the sample type (i.e. mortar on top of
wall, lower floor hydraulic cement, etc.) in a field notebook. The
instrument window was cleaned with a cloth and the instrument
window positioned directly on the cleaned area. Fluorescence
signal was then collected for 30 s, holding the instrument with
two hands to ensure its steadiness throughout data acquisition;
any noticeable movements by the operator during data collection
resulted in exclusion of that individual analysis from the study.
The next analysis would then be started by finding and then
cleaning a new sampling location. The instrument output, a list of

elements found in each sample along with their concentrations
and one standard deviation errors, was consulted approximately
every ten sampling locations to look for trends, unusual results,
and outliers. These periodic data evaluations provided information
to the site archaeologists that at times contributed to discussions
on phasing and excavation approaches. At the end of each day in
the field, the XRF spectrometry data set for that day was uploaded
as a spreadsheet from the instrument personal digital assistant
to a laptop computer. The recorded field notebook information
was added to the spreadsheet along with calculated means and
standard deviations.

Results and Discussion

Instrument considerations

Analysis times of 30 s were chosen for data collection as a
compromise between acceptable precision for our purposes and
maximization of the number of data points collected per day.
Although longer integration times would undoubtedly lead to
better precision for each data point, the homogeneities were
much larger contributors to precision within each locus data set
compared to within each sampling location so a larger data set
was chosen as a higher priority.

Instrument calibration through a Compton Normalization
algorithm[20] and the experiment design are justified for these
studies on a number of points. Firstly, infinite sample thickness
and homogeneity are assumed for Compton Normalization. The
mortars and cements analyzed were expected to be of sufficient
thickness to ensure their analyses and not that of underlying
materials; this is nearly impossible to prove, however, without
removal of mortar at each analysis site, which would lead to
significant site destruction. A small number of mortar analyses
discussed in the Section on Old Mortar Versus Repair Mortar in
Trench A did show the possibility of a two-layer system; these
were the only analyses in the study showing such results and
thus provide further support to the infinite thickness assumption.
As well, mortar and cement homogeneity at our site had not
previously been studied. Precisions on individual analyses were
found to be less than 6% relative standard deviation (RSD) for most
samples and elements; the researchers determined these preci-
sions to demonstrate sufficient homogeneity for our purposes.
Another advantage to Compton Normalization is that the results
are not summed to 100%. This results in light elements such as
Si that were not determined having no effect on the calibration
algorithm, and thus other elemental data can be considered valid.

The experimental design for these studies required comparisons
among data collected on different days. To validate this approach,
samples removed from site and analyzed in the laboratory after
the excavation season were analyzed on multiple days and no
day-to-day instrumental bias was found at a statistically significant
level. Lastly, XRF spectrometry was used as a comparator for these
studies. While the absolute elemental values found in the samples
were in themselves valuable information, the goal of this work was
to evaluate the utility of a portable XRF spectrometer as a tool for
field archaeology. Many ‘A versus B’ and similar comparisons
present themselves to archaeologists on a daily basis while
excavating a site. Extensive calibration and validation approaches
therefore were not necessary for the scope of this research.

A study of the instrument’s accuracy using the cement reference
materials and field-collected samples was conducted after the
excavation season and verified to be sufficient for the data set
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Table 1. Means and 95% confidence intervals for data comparisons

Comparison Zn (ppm) Rb (ppm) Pb (ppm) Ca (%) Fe (%) Zr (ppm)

OM versus RM: OM 63 ± 5

RM 17000 ± 6000

OL versus IL: OL 80 ± 9 170 ± 20 100 ± 10

IL 65 ± 7 130 ± 10 73 ± 7

LF versus TF: LF 110 ± 20 16 ± 1 1.1 ± 0.1

TF 270 ± 20 22 ± 1 1.8 ± 0.2

QHC 260 ± 20 24.4 ± 0.8 1.8 ± 0.1

Four trenches A 30 ± 4 32 ± 1 58 ± 3

B 40 ± 8 31 ± 5 80 ± 10

C8 80 ± 10 34 ± 3 160 ± 30

C114 120 ± 30 48 ± 7 170 ± 30

E 32 ± 5 29 ± 5 48 ± 6

comparisons presented here. These reference materials contained
both light elements and elements found at significant levels in
the ancient mortars presented here. The Ca calibration range
used by the manufacturer was over a significantly different
concentration range to that of the mortars and hydraulic cements;
this necessitated manual adjustment of the instrument calibration
factor for Ca prior to in situ data collection using the reference
material certified values and pure CaCO3. The lowest Zr calibration
standard was approximately 100 ppm higher than the lowest
Zr level measured in the study samples, and no certified value
was reported for the reference materials; a more appropriate
reference material will be obtained for future studies to eliminate
this situation. The lowest Rb standard was approximately 70 ppm
higher than the lowest Rb level measured in the study samples,
and the highest Rb standard was approximately 150 ppm lower
than the highest Rb level measured in the study samples with
no reference material value to evaluate accurcy; again, a more
appropriate reference material will be obtained for future studies
to eliminate this situation. Lastly, the Fe, Zn, and Pb concentrations
found in the mortars and hydraulic cements all fell within the
calibration range and reference material values.

Instrument precision was evaluated in the field through five
replicate analyses of a number of individual sampling locations.
The following percent RSD ranges were found for the elements
of interest in hydraulic cements and mortars: 1.3–4.4% for Ca,
2.7–5.4% for Fe, 2.2–4.8% for Zn, 3.1–4.8% for Rb, 2.9–4.0% for
Zr, and 4.6–8.8% for Pb.

The means and 95% confidence intervals for each data set
presented in the next four sections are summarized in Table 1.

Old mortar versus repair mortar in Trench A

Locus 2 in Trench A appeared to contain two types of mortar as
determined by visual inspection. The wall had a drainage pipe
(weeping tube) running through the wall about midway up the
extant elevation, and it appeared that repair work was done to the
wall near this pipe. The suspected repair mortar (RM) was redder
with more hues of brown than the surrounding mortar and was
flush with the wall’s stonework compared to the gray less flush
mortar on the majority of the wall. The different colors and depths
to these mortars thus allowed for their selective analyses by XRF
spectrometry. Analyses were also performed on what appeared to
be original older mortar along the run of the wall for comparison.

Figure 1. Trench A Locus 2 wall showing RM and OM.

These two mortar types are referred to as RM and old mortar (OM)
for the remainder of this discussion. A photograph of the area
containing both the RM and OM is provided in Fig. 1.

One hundred six analyses were performed on Locus 2 using the
XRF spectrometer. Thirty-five of these analyses were at locations
suspected to be RM while 71 locations appeared to be OM.
Significant amounts of Ca, Mn, Fe, Zn, Rb, Sr, and Zr were found in
all the mortar samples.

Upon inspection of the data, the Zn content in the suspected
RM was observed to be considerably higher than that of the
OM for all but five analyses performed in one area of Locus
2. All other elements found in both mortars showed significant
inhomogeneity and did not exhibit any trend upon comparison
between the OM and RM. Zn in the RM was found to range between
0.9 and 2.0%, while Zn in the OM ranged between 58 and 68 ppm.
No results fell between these two ranges. Clearly the two mortars
can be differentiated based on their Zn content.

The source of the Zn in the RM is unknown, although one could
surmise it is associated with one of the minerals used in the mortar
mix. Zn has been reported previously in ancient mortars[12,18,19]

but only at a trace level. The elevated Zn could be the result
of sphalerite (ZnS) or smithsonite (ZnCO3) in the material.[21] An
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average S content of 2.2% in the RM leads one to conclude the
likely source of the Zn is sphalerite.

A small area of Locus 2 was suspected to be RM but instead had
measured Zn concentrations of 66–84 ppm. No explanation for
this discrepancy has been determined other than improper visual
identification of this area as being RM instead of OM. Also, the
red color of the RM may not be related to its elevated Zn levels
but instead be associated with another component in this mortar.
This area of Locus 2 will be reinvestigated in a future season of
excavation to attempt to clarify the findings to date.

Three other areas on Locus 2 were identified to be RM but had
measured Zn levels an order of magnitude lower than the other
RM data (0.1–0.2% versus 0.9–2.0%). This observation may be
explained as thin layers of RM on the wall face which when analyzed
by a surface technique such as XRF spectrometry produced Zn
concentrations indicative of both the surface and underlying OM.
This hypothesis will be investigated in the future through removal
of some of the RM on Locus 2 to measure both its content by
an independent technique and the underlying material by XRF
spectrometry.

Outer layer versus inner layer of hydraulic cement in Trench C

The apse of Locus 143 in Trench C had hydraulic cement applied
to its inner face. Upon inspection of the top of this wall, two layers
of hydraulic cement were observed. These two hydraulic cement
layers are referred to as the outer layer (OL) and inner layer (IL) for
the remainder of this discussion. A photograph showing the two
layers of hydraulic cement on Locus 143 is provided in Fig. 2.

Thirty analyses were performed on Locus 143 using XRF
spectrometry. Fifteen of these analyses were on the IL while
15 were on the OL. Significant amounts of Ca, Mn, Fe, Zn, Rb,
Sr, and Zr were found in the samples. Upon inspection of the

Figure 2. Trench C Locus 143 showing OL and IL of hydraulic cement.

data the Zn, Rb, and Pb contents were found to differ in the
two layers. All other elements showed significant inhomogeneity
and no trend when results for each layer were compared. A
scatter plot of the Zn, Rb, and Pb data is shown in Fig. 3. The
mean and 95% confidence interval error bars are indicated in
black for each data set. Clustering of the OL and IL data is
observed, although some overlap is evident. The data set means

Figure 3. Scatter plot of OL and IL data for the elements Zn, Rb, and Pb.

X-Ray Spectrom. 2010, 39, 146–153 Copyright c© 2010 John Wiley & Sons, Ltd. www.interscience.com/journal/xrs
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Figure 4. Trench C Loci 190 (LF) and 172 (TF).

are separated when the 95% confidence intervals are taken into
account.

A two-way analysis of variance (ANOVA) was performed on
the Zn, Rb, and Pb data for the two hydraulic cement layers. A
statistically significant difference was indicated between the IL
and OL samples at a 99% confidence level (F = 12.44, Fcrit = 6.95)
using the 28 degrees of freedom associated with the two samples.
No interaction between samples and elements was indicated
(F = 4.14, Fcrit = 4.87).

The differences in elemental composition between these two
layers as demonstrated by both the plot and the ANOVA is most
likely due to different raw materials and/or a different formula
being used to make the cements. This leads one to surmise
that the OL hydraulic cement was possibly applied as a repair
to the IL. The time between these applications has not been
determined, however. Zn and Rb have been previously reported
at trace levels in ancient mortars and are most likely in detritic
minerals used as aggregates in the mortar.[12,19,22] The Pb may be
present from water used in the hydraulic cement preparation; a
water system utilizing lead pipes was found partially intact at the
site.

Comparison of hydraulic cement floors in Trench C

Two hydraulic cement floors at different levels were discovered in
Trench C near the Locus 143 cements discussed in the Section on
Outer Layer Versus Inner Layer of Hydraulic Cement in Trench C.
Upon visual investigation of this area of Trench C, two explanations
for the differing floor elevations present themselves. The first is
that the lower floor (LF) is a collapse of the upper section. Visually
the two floors look very similar, thus providing support for this
first solution. Alternatively, the upper section could be a repair
of the whole apse. The fill that rests between the two sections
of hydraulic floor appears to have been put there purposefully
as a preparation to lay the second section of hydraulic floor. This
observation favors the second explanation indicating that the LF,
Locus 190, may be the original floor in the room with the upper
floor, Locus 172, being applied at a later time. A picture of this area
in Trench C is shown in Fig. 4. Figure 5 indicates the suspected
preparations for Locus 172.

XRF spectrometric analyses were performed on both floors for
comparison. Also, hydraulic cement was found on a wall in the
same area, Locus 140, located to the right of the LF in Fig. 4. A

Figure 5. Trench C showing suspected preparations of Locus 172 (TF).

comparison of this cement to the two floors was done to determine
if it was chemically similar to one or both of the floors. These three
hydraulic cement types are referred to as the LF, the top floor (TF)
and the questionable hydraulic cement (QHC) for the remainder
of this discussion.

Fifteen analyses of each hydraulic cement type were performed
using the XRF spectrometer in soil mode. Significant amounts of
Ca, Mn, Fe, Zn, Rb, Sr, Zr, Pb, and Bi were found in the floors and
QHC. Upon inspection of the data, the Ca, Fe, and Rb contents were
observed to differ between the two hydraulic cement floors. All
other elements were found to exhibit significant inhomogeneity
and no trend upon comparison between the hydraulic cements. A
scatter plot of the Ca, Fe, and Rb data is shown in Fig. 6. The mean
and 95% confidence interval error bars are indicated in black for
each data set.

As can be seen in Fig. 6, the two hydraulic cement floors can be
differentiated based on XRF spectrometric data. This observation
provides support for the two floors being constructed at different
times. Also, the QHC clearly has Ca, Rb, and Fe levels much closer
to those of the LF with significant overlap of confidence intervals
for both Rb and Fe. The Ca confidence intervals do not overlap
between the QHC and the LF; the Ca concentration in the QHC
is much closer to the LF than that of the TF, however. These
observations lead one to hypothesize that the QHC was applied
close to the same time as the LF using similar raw materials.

A two-way ANOVA was performed on the Ca, Fe, and Rb data
for the two hydraulic cement floors. A statistically significant
difference was indicated between the TF and LF samples at a 99%
confidence level (F = 24.64, Fcrit = 6.95) using the 28 degrees of
freedom for the two samples. An interaction between samples and
elements was indicated (F = 49.89, Fcrit = 4.87). Ca, Fe, and Rb
are all higher in the LF than the TF, suggesting the possibility that
these elements are associated with the same cement component
and that this component was used in a higher percentage in
construction of the LF. Calcium is a major constituent of mortars
in various forms such as calcite, dolomite, and gypsum so its
presence was expected. It was surprising, however, that the Ca
content within these loci showed homogeneity yet was different
enough between these mortars such that it could be used for
this data comparison. Percent levels of Fe and trace levels of Rb
have been reported previously in ancient mortars.[12,19] Elevated
Fe levels in mortar are associated with hydraulic effects and thus
confirms the visual identification of the floor material type as a
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Figure 6. Scatter plot of LF, TF, and QHC data for the elements Ca, Fe, and Rb.

Figure 7. Site map.
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hydraulic cement.[19] The trace Rb is indicative of detritic materials
acting as aggregates in the mortar.[19,22]

The XRF spectrometric data for the TF and LF were compared
to data for the OL and IL on Locus 143. No similarities were
observed between any of the data that would indicate the OL, and
IL hydraulic cements were prepared from the same materials as
those of the TF and LF.

Chemical association among walls in four trenches

The last and most significant aspect to our in situ XRF spectrometric
data evaluations was to provide evidence of walls in four separate
trenches at our site being part of the same superstructure. XRF
spectrometric data from Trench A/Locus 2 (80 analyses), Trench
B/Locus 3 (20 analyses), Trench C/Locus 114 (20 analyses), Trench
C/Locus 8 (25 analyses), and Trench E/Locus 5 (30 analyses) were
compared. A site map showing the locations of these four trenches
and loci relative to each other is shown in Fig. 7.

Iron was very consistent among the five walls in the four
trenches, ranging from 2.14 to 2.39 ppm with the 95% confidence
intervals providing overlap of all data. A scatter plot of Ca, Rb, and
Zr is shown in Fig. 8. The mean and 95% confidence interval error
bars are indicated in black for each data set.

Figure 8 shows clustering of the Trench A, B, and E data along
with some of the Trench C/Locus 8 data. Locus 114 in Trench C has
a higher Ca content than all the other loci with no overlap of its 95%
confidence interval with the others. Rb content in the Trench A, B,

and E loci are clustered tightly and are clearly different compared
to the concentrations in both Trench C loci. Also, the homogeneity
of the mortar in the Trench A, B, and E loci appear similar and over
a smaller range than the mortar in Trench C loci. Other elements
such as Zn and Pb showed significant inhomogeneity in all these
mortars and differing average contents. Lastly, three locations in
the same region of Trench C/Locus 114 had significantly different
levels of Rb, Ca, and Zr compared to the rest of the data set;
these data points are in the lower right corner of Fig. 8. Two other
analyses in the same region of the locus were instead found to
cluster with the rest of the Trench C/Locus 114 data set, so very
likely there is a small region of the locus with a very different
composition in Rb, Ca, and Zr compared to the rest of the locus.

The clustering observed in Fig. 8 indicates that the exposed
retaining walls in Trenches A, B and E are associated but that the
Trench C walls are not, despite their apparent association, based
on visual inspection of the trenches. Three possible reasons are
proposed for the data. The first is that the Trench A, B, and E walls
may not continue into Trench C. Specifically, the wall ends in the
unexcavated space between Trenches E and C. The second is that
the walls in C have not been exposed to the degree that they
have in the other three trenches together with the possibility of
considerable contamination by the nearby excavations in Trench C.
The third possibility is that the walls in Trench C may reflect ancient
reworking and restoration. To attempt to better understand the
data, the excavation in Trench C will be expanded in subsequent
seasons to the south toward Trench E to see if the wall continues.

Figure 8. Scatter plot of walls in four trenches for the elements Rb, Ca, and Zr.
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The presence of Ca and Rb in ancient mortars was described
in previous sections of the discussion. The presence of Zr in
ancient mortars also has been reported previously[12,19] and is
often associated with pelitic materials.[19]

Conclusions

As demonstrated in the four scenarios just discussed, portable XRF
spectrometry can be a valuable tool for the field archaeologist.
XRF spectrometric data were successfully used to differentiate
between different mortars and hydraulic cements, thus aiding in
the assessment of the excavation site. Of the elements found to be
useful in the data evaluations, Fe was used only for the TF/LF/QHC
comparison, Pb was used only for the IL/OL comparison, Zr was
used only for the four trench comparisons, Zn was used for both
the OM/RM and OL/IL comparisons, Ca was used for both the
TF/LF and four trench comparisons, and Rb was used for all but
the OM/RM comparison.

Our continuing efforts in this research will include comparisons
of the XRF spectrometric data to independent techniques such
as inductively coupled plasma atomic emission spectroscopy and
inductively coupled plasma mass spectrometry and laboratory-
based homogeneity studies using XRF spectrometry. Also, we
plan to perform analyses at multiple sites in the Orvieto region
to compare mortars of different ages as well as raw material
sources.
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