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15.1 Introduction

Elemental analysis of obsidian by energy-dispersive X-ray fluorescence
(ED-XRF) has been an important tool for investigating ancient societies since
the landmark study by Cann and Renfrew." More recently, the development
of handheld or portable ED-XRF (handheld pXRF hereafter) instruments has
vastly increased access to elemental analysis for the study of archaeological
materials, with new applications in ceramic sourcing, pigment analysis, and
chemostratigraphy.” At the same time, however, the increasing application
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of handheld pXRF has raised important questions concerning scientific re-
liability, precision, accuracy, and validity.>”” Precision refers to low variation
as expressed by a low standard deviation and coefficient of variation (CoV)
between repeated measurements from the same instrument. Similarly,
accuracy is how well the results from one instrument accords with other
analyses such as Instrumental Neutron Activation Analysis (INAA). Simple
regression statistics can confirm an accurate result by comparing the ex-
pected value to the predicted value (i.e., 7* and slope close to 1). If analyses
are both precise and accurate then the measurement is reliable.*> Further-
more, when analyses are reliable, two levels of validity are evaluated. These
include the ability to distinguish between sources of obsidian and whether
the data are robust enough to answer archaeological inquiry. In other words,
does the study possess enough source information to assign an unknown
specimen to a geochemical source? These issues are derived from the need
to ensure the variation between instrumentation or repeated measurements
is less than the variation between two or more sources of obsidian. Because
of these issues we examine internal instrument consistency and the
consistency between instruments.” If instrument variation is too great,
then sources are indistinguishable. This issue is largely in the past with the
advent of higher resolution detectors and shared calibration sets.

These concerns stem from the central problem with XRF technology: the
primary analytic unit is the quantity of gross photon counts for each element
(more strictly speaking, the number of photons for a specific energy in the
spectrum), which contrasts with conventional reporting of elemental con-
centrations in weight % or parts per million (ppm). In this chapter, we report
both, and use each type of unit to explore variations between similar models
of handheld pXRF instruments manufactured by one company. While it is
possible for any handheld to be sufficiently consistent to answer archaeo-
logical research questions,” that cannot be an argument against appropriate
empirical calibration of systems and reporting of accurate geochemical
results.” This is because empirical calibrations are needed not only to report
results as relative weights, but also to account for inter-instrument and
laboratory variability. ED-XRF is an optical technique and as such has physical
variation from instrument components, e.g., X-ray tubes or bulbs, detectors,
and their geometric alignment. These variables are idiosyncratic to each
instrument and will manifest themselves in analytical results if not appro-
priately calibrated. Recent studies have demonstrated that employing
calibrations can resolve these issues and make XRF a viable and reproducible
quantitative technique.”’

In this study two regional obsidian assemblages were selected to compare
inter-instrument variability of two different types of Bruker Elemental
handheld portable ED-XRF instruments. These two types entailed nine
handheld portable ED-XRF instruments used in this study; five instruments
manufactured before 2011 contain pin-diode detectors and four instruments
manufactured in 2011 and 2013 contain silicon drift detectors (Table 15.1).
The configuration of these instruments means that they are capable of



426 Chapter 15
Table 15.1 Inventory of Bruker Elemental handheld ED-XRF instruments used in

the study.

Model Serial # Manufactured Owner Detector type kevV pA

Tracer IIIV+ K0465  4/2/2007 UC Merced  Pin-diode (mfg 1) 40 13

Tracer IIIV+ K0467  5/2/2007 Emery U. Pin-diode (mfg 1) 40 14

Tracer IIIV+ K0618  11/24/2008 Continuum  Pin-diode (mfg 1) 40 10
Energy

Tracer IIIV+ K0709  9/24/2009 Library of Pin-diode (mfg 1) 40 27
Congress

Tracer IIIV+ K0722  1/11/2010 Simon Pin-diode (mfg 1) 40 1.7
Fraser U.

Tracer IIISD  T3S1241 1/21/2011 U. Mass Silicon drift 40 15.3
Boston

Tracer IIISD T3S1331 3/7/2011 Continuum  Silicon drift 40 9.8
Energy

Tracer IIISD  T3S2429 1/16/2013 Bruker demo Silicon drift 40 30
instrument

Tracer IIISD  T3S2430 1/16/2013 Bruker demo Silicon drift 40 30
instrument

evaluating the effects of differing components while keeping software and
spectral analysis methods consistent. Through the analysis of 18 artifacts
and 13 quarry samples we show that inter-instrument variation is statistic-
ally insignificant in this study. We demonstrate this by accounting for four
key aspects: (1) critical operating instrument parameters (e.g., kV, current,
use of filters, and analysis duration), (2) the effects of artifact thickness
and variation in surface geometry, (3) the influence of portable ED-XRF
manufacturing parameters (e.g., tube and detector types), and (4) how
spectral data transformation methods (e.g., calibration) quantify the raw
data. Having accounted for these variables we conclude that within our
sample inter-instrument variability is insignificant. However, it is advisable
that should multiple instruments be used on shared archaeological
materials subject to geochemical sourcing, that these variables be evaluated
further within a localized research area (e.g., Mesoamerica, the Southwestern
US, the Great Basin, or the Mediterranean) to ensure the variation between
instruments is less than the variation between sources of obsidian.

15.2 Brief Overview of XRF Theory

X-ray fluorescence functions similarly to color fluorescence. As a photon is
emitted from a source, it interacts with outer-orbital electrons in molecules
(color fluorescence) or inner-orbital electrons in atoms (X-ray fluorescence)
in a material, and emits a photon characteristic of the material following
electron excitation. In color fluorescence, this is perceived by most humans
as color from red (1.91 eV) to violet (3.1 eV). X-ray fluorescence is the
same process, but the range is typically larger including sodium (1.1 keV) to
barium (32.2 keV) for K-alpha fluorescence and ranging up to uranium
(13.61 keV) for L-alpha fluorescence. While photons are typically reported as
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wavelengths of light (650 nm for red and 400 nm for violet), they can be
converted to energies using the following expression:

E=hc/) (15.1)

where E is energy in joules, £ is Plank’s constant, c is the speed of light, and 2
is the wavelength. To convert joules into electron volts, the energy in joules
must be multiplied by 1.602 x 10~ "°. In this sense, the spectra that result
from ED-XRF analysis are a continuation of the color spectrum. As each
photon is emitted as one K or L shell fluorescence, the spectral peaks
resulting from such fluorescence can be thought of as atom counts of sorts —
though the quantity of photons is determined by both the voltage of the
tube and the depth of beam penetration. The depth of penetration can be
calculated using Beer’s Law:

Iy =el~rH (15.2)

where I is the quantity of photons returning from the sample, I, is the
quantity of photons entering the sample, u/p represents the mass attenu-
ation coefficient of a given element for a particular matrix, and x represents
the density of the object. Assuming a limit of 1% returning photons from a
silicate matrix, the depths of analysis of key elements are illustrated in
Figure 15.1.

Elements that fluoresce with low energy, such as silica at 1.7 keV, will only
return photons from 20 pm deep into a SiO, matrix, while elements that
fluoresce at higher energies, such as zirconium at 15.77 keV, will return
photons from as deep as 3.4 mm. Consequently, elements with higher en-
ergies of fluorescence will be more easily identified in smaller concen-
trations. As energy in X-ray tubes is not evenly distributed,® there is further
discrimination against the fluorescence of elements on the extreme ends of
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Figure 15.1 Depth of measurement in a pure silicate by keV.
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an energy spectrum (near 1 and 40 keV). Furthermore, the fluorescence of
one element can influence that of another (i.e., secondary fluorescence, see
Figure 4.7, Chapter 4). A high concentration of zinc, with a K-alpha fluo-
rescence of 8.78 keV, sits on the absorption edge of copper, with a K-alpha
fluorescence of 8.01 keV. A high concentration of zinc will distort the
quantity of copper present in the spectra. In addition to these factors,
fluorescence efficiencies vary from element to element.

15.2.1 Calibration Overview and Instrument Components

XRF is a technique that obtains data on the energy of mass-less photons
which are then converted to units of relative mass of a sample via math-
ematical models and assumptions. This is because units such as ppm are
more easily understood concentration values and used to show the relative
difference between concentrations of elements. Mathematical transforma-
tions can be relatively simple and straightforward” or involve more complex
processing using physical parameters.'® Nonetheless, the analytic unit,
photon count rates, and the synthetic unit (weight % or ppm) are distinct by
source group. As defined by Ramenofsky and Steffan,'! a synthetic unit is the
combination of analytic units derived from instrumental data combined
with outside assumptions. Any quantification of XRF spectral data beyond
raw photon counts is a synthetic unit, placing profound emphasis on the
assumptions used to acquire that synthetic unit, and the need for stand-
ardization for replicability.

Based on their energetic properties, the spectra in X-ray fluorescence
cannot be considered a pure atomic measurement of elements in a sample.
The combination of variability of depth measurement, uneven voltage dis-
tribution, and overlapping elemental peaks precludes any simple analysis
of X-ray fluorescence data. Therefore, empirical calibrations were developed
and are used.” Empirical calibrations typically employ a variant of the Lucas-
Tooth empirical calibration equation:

Ci=ro+I{ri+ Y (Findn) + €q + €+ en +€; (15.3)

where C; represents the concentration of the element or elements. r, is the
intercept/empirical constant for element i, r; is the slope/empirical co-
efficient for intensity of element i, r,, is the slope/empirical constant for effect
of element n on element i, I; is the net intensity of element I, and I, is the net
intensity of element n. In addition, four uncertainty terms are included in
this equation, ey, which is the uncertainty originating in the quantification
procedure, e., uncertainty originating from the spectra acquisition, e,
uncertainty originating from heterogeneity in the sample, and e;, outside
uncertainty from other sources not anticipated. A full discussion of these
uncertainty terms can be found in Chapter 16. While e4 can be approximated
by using root mean square error (RMSE), mean absolute error (MAE), or
1—7 from the quantification model used, it is dependent on both the
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quality of the samples and the application of inter-elemental corrections.
By contrast, e. can be reduced by simply extending the measurement time.
For example, extending the analysis time for pin-diode detectors reduces
spectra counting uncertainty (see Figures 16.5-16.7 in Chapter 16). For
ED-XRF e, is simply the noise in count rates near the element in question
and can be estimated using the index of dispersion/fano factor (Chapter 16).
Heterogeneity in the sample, e, can be addressed by multiple observations
on the sample, though, for obsidian samples used in this study it should be
minimal. Finally, e; is the result of various causes, varying from sample
orientation to the beam, instrumental quality, and other variables which
cannot be quantified in advance. However, the design of a study should
reduce exposure to e;, as it will regress to 0 with sufficient replication of
measurements. Our study design employed multiple users with multiple
devices on the same standards to attempt to reduce e;.

The above equation assumes knowledge of the variation of other elements
(r, and I, in this equation); this is because some elements influence the
fluorescence of others. In obsidian sourcing, the k-alpha peak for zirconium
overlaps with the k-beta peak for strontium. If a quantification procedure does
not factor this overlap into its algorithms, then the reported quantity of zir-
conium will be influenced by the quantity of strontium. A key strength of the
Lucas-Tooth and Price’ algorithm is that it corrects for these effects by pro-
ducing linear models for the quantification of each element. Empirical cali-
brations following this algorithm will be accurate within the confines of the
regression line (i.e., minimum and maximum point). Thus, the accuracy of the
algorithms is contingent upon the elemental variation captured by the em-
pirical reference set and its appropriateness to the material being studied.

For an empirical calibration to work, four key assumptions must be met.
First, the analyzed material must be homogenous or, at the very least, suf-
ficiently well mixed to be practically homogenous relative to the beam (ey).
Second, the reference set must consist of the same type of material (e.g,
rhyolitic glass in the same form as the analyte) for the calibration to be gen-
eralizable. For example, the obsidian calibration cited herein is of un-
modified, not powdered, rock in the same form as archaeological materials.
Third, the reference set should encompass elemental variation in the samples
for all elements quantified. Fourth, the reference set must encapsulate the
expected minimum and maximum abundance of every element. In addition to
these four criteria, the analytical data must be taken with the same parameters
on both the standards and the unknowns. These include the same energy,
current, filter, and atmosphere (dry air, vacuum, He, etc.) within one instru-
ment, but may vary between instruments as is shown below.

A calibration is necessary to translate luminescence data (e.g., photon
quantities/intensities) to quantitative units. A calibration has the secondary
effect of reducing instrument-to-instrument variation by adjusting co-
efficients to match the composition of empirical standards. Every instru-
ment, even those which contain the same components, have slight variations
in photon excitation and detection due to manufacturing variation in bulbs
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Figure 15.2 Biplot of El Chayal sourced obsidian using ppm grouped by pXRF
instrument. Left: Rb by Sr. Right: Rb/Zr by Sr/Zr with 95% confidence
ellipses.

and very slight variance in internal geometries'” (Figure 15.2). These dif-
ferences manifest themselves in the elemental spectra.

The elements identified by XRF are determined by the energy range of
photons emitted from the sample and the reolution of the detector. Systems
with a pin-diode detector and a 200 eV resolution at Full Width Height
Maximum (FWHM) can see K-alpha peaks for elements ranging from mag-
nesium to barium and L-alpha peaks from barium to uranium when a range
of 40 keV photons is detected in the sample. Systems with a silicon drift
detector can include both sodium and neon, as those detectors have a
resolution of 141 eV FWHM. There is, however, no ED-XRF system that can
detect oxygen directly via a K-alpha fluorescence peak, the chief reason being
that the analytical depth for oxygen would only be 10 nanometers. As such,
only elements in the periodic chart from sodium to uranium are quantifiable
using modern portable ED-XRF systems. This is important, as the results of
XRF analysis are often erroneously reported in oxide form. For obsidian, all
elements detected via XRF are bound to oxygen, this is not true for all
sedimentary rocks. Many elements have multiple oxidization states. For
example, FeO Fe;0,, and Fe,O; can be present in a sample. Or, hydroxide
could be a possibility, Fe(OH),. And it is not the case that one state is pre-
dominant enough to justify the assumption that it exists exclusively in a
material. FeO forms about 3.8% of oxides in continental composition, while
Fe,0; forms 2.5%. An XRF system that interprets a Fe K-alpha peak only as
Fe,O; regardless of the sample is almost certainly inaccurate. Similar
problems exist for other geologically important elements, such as CaO and
CaCO;. ED-XRF cannot determine the molecular structure of a substance, it
can only identify elements and their quantities.

In some cases, an often standardless calibration approach, known as Fun-
damental Parameters, can be employed."” This approach typically relies upon
using physical variables to calculate weight % units from the spectra. In the
case of modern metal alloys or other industrial materials this approach can be
helpful because of the predictable chemical composition. For archaeological
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materials that can be much more chemically diverse and variable, this ap-
proach requires greater examination. As artifacts like stone tools and ceramics
are primarily composed of oxygen (SiO,), the possibility of different oxidization
states for elements precludes accurate estimation using the spectra as the only
independent variable. For obsidian, in particular, the source assignment of an
archaeological material can depend upon a difference of a few parts per mil-
lion of a trace element like strontium or rubidium. This low-level sensitivity is
why empirical calibrations are necessary as it can be evaluated externally to
determine if the method is appropriate.

While empirical calibrations can provide highly accurate results, a
calibration itself adds no new information that was not already present in the
X-ray fluorescence spectra — the calibration only translates the variation
present in the X-ray spectra into chemical weight-percent. As such, semi-
quantitative analysis should converge on the same conclusions. One frequently
used route is Bayesian Deconvolution, in which known inter-elemental effects
are used in multiple re-simulations of the data to produce a net photon count
for each element. Other, simpler methods can be used, such as normalizing
gross photon counts to either the Compton curve or valid-count rate.

Filtration of the beam is a critical component of heightening sensitivity to
trace elements useful in geochemical sourcing. A filter, among other po-
tential functions, reduces the Bremsstrahlung radiation for a given portion
of the spectrum, depending on its density. The filter used in this study
(informally known as the “green filter”’) was a 150 um Cu/25 um Ti/300 pm
Al filter designed to eliminate Bremsstrahlung radiation from 15 keV and
below. This allows for a maximum signal-noise ratio for mid-Z elements like
Th L-alpha, Rb K-alpha, Sr K-alpha, Y K-alpha, Zr K-alpha, and Nb K-alpha
emission lines that are critical to sourcing obsidian."* A secondary impact of
the green filter is that it reduces the variation in fluorescence from tube to
tube, making it possible to transfer one instruments’ calibration to another,
though this procedure is not recommended as it can introduce systematic
error in the range of ~5 ppm to quantitative results, enough to influence
geochemical source determinations in some cases.

15.2.2 Analytical Outputs of Bruker Handheld pXRF
Instruments

Raw data is recorded as a spectral file with metadata which captures the
resolution of the spectrum measured in the full width height maximum of the
Mn K-alpha line (FWHM), time of acquisition, count rate, and several sensor
variables capturing ambient detector temperature, air pressure, and other
potentially influencing factors. While Bruker software uses the proprietary
.pdz file format, data should be archived as open source .csv files. Quantifi-
cation of the data uses normalization between 19.4 and 22.1 keV, capturing
the Rayleigh scattering of the Rh tube, high-energy Compton scattering, and
fluorescence of the Pd detector collimator as an internal control. From here,
inter-elemental corrections to the elements follow the recommendations of
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Glasscock and Ferguson'* and Speakman.'” These spectral files are then
converted to ppm using the above calibration methods.

15.3 Materials and Methods

15.3.1 Handheld pXRF Instrument Configuration and
Analysis of Variation

A sample of 31 obsidian specimens chosen from existing and convenient re-
search collections (i.e., 18 artifacts from Caracol, Belize and 13 quarry samples
from Baantu, Ethiopia) were analyzed on nine portable ED-XRF instruments
with different rhodium tubes with either a pin-diode or silicon drift detector. As
such, each instrument had differences in microamps (1A) and was unchanged
throughout the study. As the artifacts’ surfaces were not uniform, some variation
was inevitably added due to differences in spacing between the artifact and the
detectors and the location scanned on each specimen. The project had four
fundamental constraints. First, each machine was manufactured by the same
company: Bruker Elemental. Second, each machine was operating within par-
ameters that best characterized obsidian (e.g, filter containing 150 um copper,
25 pm titanium, 300 pum Al, 40 kV, and 40 pA, though note that some older tubes
were not capable of producing this current and had to be run closer to 10 pA).
These were the same settings used to characterize the calibration of the
University of Missouri Research Reactor (MURR) calibration set, and any change
would affect the predicted ppm due to changes in counting statistics. Third, each
object was assayed for 60 seconds without the aid of a vacuum. Lastly, a standard
calibration method was used to calculate parts per million (ppm) values from net
photon counts normalized to the Compton peak of rhodium using the MURR 2
calibration.'* The instruments, pedigrees, and their relevant specifications as of
the 2013 study are detailed in Table 15.1.

All data was calibrated using the MURR 2 reference set'’> in Bruker
S1CalProcess software (2.3.8.1). While normalizing to the elastic scatter of
rhodium (18.5-19.5 keV) is generally recommended, this study included the
analyses of niobium, which has a kf peak located at 18.6 keV. To avoid
problems of covariance, data were normalized to photons from 19.5 to
22 keV. Additionally, all data were analyzed using Bayesian Deconvolution in
Bruker Artax software (version 7.4) using 10 stripping cycles between 1 and
40 keV to correct for Bremsstrahlung radiation (e.g., backscatter) and inter-
elemental overlaps in the spectra to produce net photon counts (e.g., spectral
intensity attributable to atomic abundance of the element in the analyte) for
each element present in the sample. This was done to independently assess
the appropriateness of the calibration reference set used.

Inter-machine variation or difference was assessed using the coefficient of
variation statistic for each artifact using both parts per million data and net
photon counts [CoV = (o/u) x 100 or standard deviation divided by a given
mean multiplied by 100 to express variation as a percent]. Artifacts were then
arranged by source and the CoV was averaged to provide a general statement
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of inter-instrument variation by element. Finally, a two-way analysis of vari-
ation (ANOVA) test was run to determine the proportion of variation between
instruments and artifacts. The objective of this study was to determine how
much an empirical calibration corrects for use-cases in obsidian studies.

15.3.2 Obsidian Specimens

For the 2013 study we used 31 obsidian specimens. Eighteen specimens
were from the Classic Maya site of Caracol, Belize. Thirteen were from the
obsidian quarry of Baantu in southwestern Ethiopia.

15.3.2.1 Maya Samples

Caracol, Belize is located on the Vacca Plateau in west central Belize and is a
prominent Maya site spread over 200 sq km of terrain.'®>" During the Classic
period (AD 250-900) Caracol was a major consumer of obsidian from quarries
located in the highlands of current day Guatemala.*” Prior to this study it was
determined that 16 of our 18 artifacts align with geochemistry from the El Chayal
source and two share element concentrations with the Ixtepeque source.”>

The Caracol specimens were selected at random and included thinner
(<4 mm) artifacts, like prismatic blades and thicker (>4 mm) artifacts, like
macro core-shaping debitage, platform preparation debitage, and both com-
plete and fragmentary polyhedral blade-cores. These differing types generally
represent the size and morphological diversity in a given archaeological
assemblage from Classic Period Maya sites. One important feature of these
artifacts is that blades, platform preparation flakes, and core-shaping flakes
have thicker medial portions and pronounced bulbs of percussion/pressure
that provide thicker but narrower areas to place over a portable XRF detection
window. Blade-cores have wider flat surfaces that can cover the entire
detection window. The varied thickness and degree of coverage can influence
the beam intensity received by the detector (i.e., lower count rates); however,
the elemental ratios and peak percentages do stay consistent. In other words,
thicker specimens return higher net photon counts in contrast to thinner
specimens (2-3 mm), but the ratios and relative percentages of elements
remain consistent.>> However, when thinner specimens are analyzed and
photon counts are converted to ppm, some elemental variation will exist
(e.g., Zr). Notwithstanding, these slight elemental intensity variations do not
significantly affect the ability to assign artifacts to obsidian source groups in
the Maya area because the sources are highly distinct.>??

15.3.2.2 Ethiopian Specimens

The 18 Ethiopian samples are from the Baantu obsidian quarry, an extensive,
eroded area in the Ethiopian Main Rift~20 km SE of Mochena Borago Rock-
shelter in SW Ethiopia.>*** The samples represent a smaller sample of robust
spalls and chunks. These included samples that were purposefully struck off
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via direct freehand percussion from a larger random collection of natural,
cortex covered nodules obtained from the surface obsidian flows at Baantu.
They were initially used as geological samples for a pXRF study to determine
the source(s) of obsidian artifacts from Mochena Borago Rockshelter.>

15.4 Results and Use of Instrument Outputs

15.4.1 Archaeological Obsidian recovered from Caracol,
Belize (El Chayal and Ixtepeque Source-Groups)

Our analysis of obsidian artifacts from the site of Caracol showed that the
variation between instruments is not significant enough to confuse two
widely utilized obsidian source-groups in the Mesoamerican area. The two
Mesoamerican source groups exhibit low geochemical variability, ranging
from 119-165 ppm Rb, 106-157 ppm Sr, 9-28 ppm Y, 74-120 ppm Zr, and
3-14 ppm Nb when compared to the Ethiopian samples. Additionally, the
Guatemalan obsidian source-groups overlap with the Baantu Quarry site
samples from Ethiopia (see Table 15.2). For obsidian artifacts that were
sourced to the El Chayal source-group, yttrium and niobium showed the
most variation (CoV of 14 and 16% respectively), while other elements
showed less of a range in their respective coefficient of variation inclusive of
all source specific specimens analyzed by all instruments. The same is true
for artifacts sourced to the Ixtepeque obsidian source. The variation in
yttrium and niobium is likely due to the lower abundance and associated
lower photon counts for these elements. The other elements, however, have
lower coefficients because of the higher ppm values and greater photon
counts. Important here is that the CoV values are low (<17%), artifact ppm
ranges are minimal, and photon counts across instruments are consistent,
respective of instrument kV and pA current settings.

Our study included many specimens that are greater than 3 mm and, in
most cases, greater than 4 mm thick, i.e., they are “infinitely thick.””*” Small
and/or thin artifacts can influence ppm and photon values,***”*® but size
and geometry do not seem to have affected the ppm range or the ability of
each instrument to precisely produce ppm values in our samples, even when
photon counts are low. The major reason for this is that each instrument was
operating within the same parameters (kV and pA current) as the calibration
reference set, so the spread in ppm values is likely a normal variation in
source-group geochemistry as well as standard variation with regard to in-
strument variations. Although both obsidian test cases exhibit some vari-
ation in ppm values, this is not significant enough to alter source-group
assignments (Figures 15.2 and 15.3). In the case of El Chayal and Ixtepeque
obsidian, the introduction of a third element helps to further separate the
sources and mitigate any possible overlap due to artifact surface morphology
or geometry and inter-instrument variation (Figure 15.4 right). Hughes™
advocates that when specimen size is an important factor of consideration,
analysts may wish to focus their attention away from ppm values by utilizing
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Figure 15.3 Biplot of Ixtepeque sourced obsidian using ppm grouped by pXRF
instrument. Left: Rb by Sr. Right: Rb/Zr by Sr/Zr with 95% confidence
ellipses. Ellipses display as a line due to small sample size of fitting the
Ixtepeque source-group. Note that sample size is in relative proportion
to El Chayal in archaeological assemblages from Maya sites in this area
of Central America (e.g., about 1 in 10).
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Figure 15.4 Biplot of both El Chayal and Ixtepeque obsidian samples grouped by
source assignment with a 95% confidence ellipse included to show the
spread of variation.

semi-quantitative analysis using specimen photon counts or peak intensity.
This method of elemental photon ratios (Table 15.2) shows even less vari-
ation regarding specimen by source even though most artifacts were greater
than 4 mm thick. The focus on a photon count relationship between three
elements also diminishes the spread in variation seen in the ppm data (see
Figure 15.6).

15.4.2 Results of Ethiopian Quarry Sample Obsidian
(Baantu Quarry)

The Ethiopian quarry samples show high geochemical variability, ranging
from 145-250 ppm Rb, 0-8 ppm Sr, 138-220 ppm Y, 1307-2292 ppm Zr, and
234-393 ppm Nb. Strontium is effectively nonexistent in the sample (e.g.,
0-8 ppm). Some of this variation could be due to the presence of sub-sources
(i.e., punctuated obsidian formation events in one location), although the
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Table 15.3 Summary of CoV statistics expressed as a percent (CoVx100) of variation
for Baantu Quarry obsidian in southwestern Ethiopia analyzed on all
instruments.

Ratio of net photon

Quarry Parts per million (ppm) count”
sample ID Rb Sr Y Zr Nb Rb%  Sr% Zr%
Q109 2 1 218.7 3.1 181.2 1859.0 342.7 0.073 0.006  0.922
o 13.2 1.4 17.7 177.2 29.0  0.002 0.001  0.003
CoV 6.0 43.9 9.7 9.5 8.5 3.3 17.3 0.3
Q112 1l 219.6 2.9 179.3 1869.6 338.3 0.073 0.006  0.922
o 10.6 1.6 12.6 129.1 20.3 0.004 0.001  0.004
CoV 4.8 55.9 7.0 6.9 6.0 5.0 12.3 0.5
Q113 1 223.0 3.4 177.2 1886.2 345.4 0.073 0.006  0.921
o 13.2 1.6 16.0 156.2 23.6  0.004 0.001  0.004
CoV 5.9 46.2 9.0 8.3 6.8 5.8 19.4 0.5
Q114 1 219.4 3.3 180.7 1867.8 343.4 0.073 0.006  0.922
o 9.1 1.6 11.7 132.9 17.5 0.003 0.001  0.004
CoV 4.1 474 6.5 7.1 5.1 43 17.4 0.4
Q115 1 160.2 3.1 145.6 14319 246.4 0.069 0.006  0.925
o 7.3 2.4 11.0 94.2 10.0  0.004 0.001  0.004
CoV 4.5 77.8 7.5 6.6 41 5.2 21.1 0.5
Q2 1 221.3 4.0 178.8 1858.6 342.3 0.074 0.006  0.920
o 12.0 1.9 15.4 154.7 23.7  0.002 0.001  0.003
CoV 5.4 46.8 8.6 8.3 6.9 2.8 12.3 0.3
Q32 1 217.8 3.0 180.1 1853.0 339.1 0.073 0.005 0.922
o 14.8 1.5 15.9 154.2 20.8 0.004 0.001  0.005
CoV 6.8 50.0 8.8 8.3 6.1 5.8 15.2 0.5
Q33 1 213.9 3.7 174.8 1807.3 335.2 0.073 0.006 0.921
o 15.1 1.5 15.2 128.7 17.3  0.003 0.001  0.003
CoV 7.1 409 8.7 7.1 5.1 4.5 11.7 0.4
Q381 1 222.6 2.1 1819 1855.9 343.3 0.074 0.005 0.921
o 14.7 1.1 10.1 126.8 18.4 0.005 0.001  0.005
CoV 6.6 49.9 5.5 6.8 54 6.4 12.0 0.5
Q39 1l 226.6 2.9 186.1 1892.6 350.9 0.074 0.005 0.920
o 7.4 1.7 14.1 121.2 13.7  0.003 0.001  0.003
CoV 3.3 58.6 7.6 6.4 3.9 4.2 21.5 0.4
Q63 4 1 224.9 2.2 183.7 1881.4 343.8 0.074 0.005 0.921
o 10.3 1.1 9.0 128.8 20.7  0.003 0.001  0.003
CoV 4.6 49.2 4.9 6.8 6.0 4.0 14.2 0.3
Q65 6 u 226.0 1.9 187.8 1923.3 352.8 0.073 0.005 0.922
o 14.1 1.1 13.8 146.7 18.9 0.004 0.001  0.005
CoV 6.2 55.8 7.3 7.6 54 5.0 21.3 0.5
Q951 220.6 2.3 180.4 1829.4 339.0 0.074 0.005 0.920
o 10.9 2.0 13.1 159.1 15.0  0.003 0.001  0.004
CoV 49 88.1 7.3 8.7 44 4.1 16.2 0.4

“See Hughes 2010 for methodology.**

relationship between Rb, Sr, and Zr photon count might suggest otherwise
due to the relationship in photon count percentages (Figure 15.6). The co-
efficient of variation for strontium is high (e.g., 88.1% variation, Table 15.3)
and is due to overall low strontium ppm values. Other elements with higher
ppm values have much lower CoV values (<10% variation). Artifact surface
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variation is not a consideration in this sample set because all were thick,
blocky geological samples with flat surfaces, some of which retained cortical
surfaces; no cortical surfaces were scanned.

Again, all instruments performed similarly, with instrument K0722 pre-
forming slightly differently likely due to the lower energy pA current used
during analysis (see Table 15.1). Regardless, each instrument plots any two
elements (e.g., Rb and Y) similarly (Figure 15.5). Using semi-quantitative
photon ratios, the variation becomes even less apparent (Figure 15.6). We
cannot say how the variation in the Baantu Quarry source may influence the
XRF analysis of archaeological artifacts, but the low strontium ppm values and
the ranges in variation reveals a shortcoming in a calibration reference set that
does not account for near 0 ppm values for particular elements (see below).

Our analysis indicates that when variation is considered among all speci-
mens and all instruments, variation ranges from 4.9% to 14.9% for any a given
element (Table 15.4). Magnitudes range from 3 to 182 ppm in the Caracol data.
For many Mesoamerican samples Rb and Sr are used, and our study shows that

Srppm

Y ppm
2

Zr ppm

400 -|
350+
300 -

250 w . K0722°%
200 - Koae7

120160 200 240 105 0 5 10 120 160 200 240 500 1500
Rb ppm Srppm Y ppm Zr ppm

Nb ppm

Figure 15.5 Matrix plot of Baantu Quarry obsidian grouped by pXRF instrument
and 95% confidence ellipse to show variation by instrument.
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0

Figure 15.6 Ternary plot of all instruments and all analyzed samples using relative
percentages of photon counts for Rb, Sr, and Zr listed in above tables.
Note: obsidian sources are grouped by pXRF instrument and 95%
confidence regions are calculated and drawn using ggtern in R.”**°

Table 15.4 Average CoV statistics expressed as a percent of variation for each
source-group on all instruments.

Parts per million Photon count ratios

Rb Sr Y Zr Nb Rb% Sr% Zr%
El Chayal 5.1 5.6 13.7 4.9 14.9 2.9 2.4 3.3
Ixtepeque 5.5 4.9 13.4 5.1 12.9 3.1 2.0 2.2
Baantu Quarry 5.4 48.1 8.4 7.2 6.8 4.6 16.3 0.4

variation did not exceed 5.6% variation on average. The variation is greater
when including Sr for the Baantu Quarry sample (5.4-48.1% for the range
0-2292 ppm). Lower ppm results correlate with higher variability (i.e., CoV),
because smaller differences become more significant in lower abundance.
Elemental variation is dependent on the unique characteristics of a given
source and is not necessarily dependent on the instrument used in this study.
Variation is even less so when inter-elemental semi-quantitative analysis of
photon counts are utilized (Figure 15.6), signaling that photon analysis is a
useful data output in some cases [though this risks non-reproducible results
(Speakman and Shackley 2013)].



Reproducibility and Validity of Portable ED-XRF Instruments 441

15.4.3 Analysis of Variation (ANOVA)

Two-way ANOVA tests with the instrument and artifact as independent
variables were used to evaluate the proportion of variance each contributed
(i.e., dividing square errors by summed square errors). While our analysis of
both instruments and artifacts demonstrated statistically significant levels
of variation (p<0.05), the effect was magnitudes of order larger for geo-
chemical sources (>95%) than for instruments (<0.7%). Residual variance
was in all cases larger than instrument variance but was notably larger for Rb
(Table 15.5).

15.5 Discussion and Significance

Overall, all instruments performed to predictively identify trace element
concentrations with only minor variations in ppm outputs. Data from
Ethiopia showed low CoV for all elements except Sr despite differences in
trace elemental concentrations (Figure 15.5). The low CoVs and large data
spread indicate that variation is in the Baantu source and not instrumental
measurements. Data from the Belize samples show more variation for Nb
due to smaller concentrations (9-11 ppm).

The degree of difference in Sr CoV for the Ethiopian quarry samples is
larger (40.9%-88.1%) because Sr is at or below all instrument detection
limits. The magnitude of the shift in instruments is quite small, only
1.6 ppm. By contrast, Zr in the same deposit has on average 139 ppm dif-
ference, with a CoV of 7%. Higher concentrations of elements (~1800 ppm)
tend to increase uncertainty in the upper ranges in this calibration, likely
because there are few standards (n=1) that constrain the empirical cali-
bration, though the change in CoV is relatively modest.

Variance of photon data reveals the complexity of both photon-based
analysis (i.e., semi-quantitative) and statistically derived quantified data
(ppm). For example, photon count ratios in both El Chayal and Ixtepeque
source-groups recovered from archaeological contexts from Caracol showed
less variation overall when compared to ppm. In the Ethiopian source,
photons normalized to the Compton peak and photons per second out-
performed the quantitative calibration for strontium - these data were less
influenced by the low levels of strontium relative to quantified results.

Table 15.5 Proportion of variance calculated from two-way ANOVA tests. Instru-
ment variation is much lower than either source or residuals.

Element Instrument (%) Artifact (%) Residuals (%)
Rb 0.61 95.89 3.51
Sr 0.23 99.21 0.57
Y 0.26 98.80 0.93
Zr 0.37 98.97 0.66
Nb 0.18 99.42 0.40

Mean 0.33 98.46 1.21
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The question of whether instrument quantification uncertainty (e;) con-
tributes significantly to overall variation is addressed in Table 15.5; for key
elements the instrument in question contributes on average 0.33%, while
the artifact (eq + e.) contributes on average 98.6%. Unaccounted for variance
(e;) is 1.2% on average. The simple act of turning spectra into quantitative
data is not in itself sufficient for reproducibility; the key step in empirical
quantification is having an external control on instrumental variability.
While fundamental parameter methods offer the ability to produce quanti-
tative data,">"® many algorithms do not correct for instrumental variability.
It is incumbent on the researcher to demonstrate precision and accuracy -
citing the assurance of an instrument manufacturer is not sufficient.

The results presented here demonstrate the importance of quantitative
calibrations in examining precision and replicability. Quantitative values
typically outperform photon-based materials analysis due to significant
differences in count statistics between instruments. Nonetheless, these re-
sults also indicate that photon-based analysis can be replicable between
different components, including tubes and detectors, with appropriate
normalization. It is important to note that this would only be replicable as
far as ED-XRF instrumentation is concerned for the same optical parameters
(energy, current, filter, collimation). This is not viable for questions like
obsidian sourcing, where relevant literature and other techniques use
weight %/ppm as a standard unit. However, in non-destructive applications
such as analysis of pigments, residues, and corrosion, this method might
prove useful.

As illustrated here, even a well-established obsidian calibration, developed
by MURR" in conjunction with Bruker Elemental (Nano), need to be taken
as a starting point; any calibration’s continuing utility should be based on
additive processes which address research questions. All pXRF users should
bear in mind that instrument manufacturers necessarily make choices about
the flexibility of expanding calibrations to satisfy economic concerns; the
mere existence of a calibration by a manufacturer does not guarantee
instrument suitability to a research question.” For example, the occurrence
of strontium concentrations below 0.2 ppm at or below the detection limit
of XRF suggests a technical limitation. It is not sufficient to only have an
internationally accepted reference set of materials, but also to possess
the ability to revise and make available updated calibrations as needed to
answer new questions or incorporate new regions. This means a large,
sharable, and reliable set of global reference standards, that are possibly
linked to internal laboratory standards via ICPMS or other instrumental
data. It is up to the individual researcher to demonstrate XRF results of a
reference set is reliable. Any set of reference materials for empirical cali-
bration must be evaluated as appropriate by the researcher and augmented
or refined as needed. In practice, a reliance on fundamental parameters and/
or a reliance on factory calibrations may be appealing, as they ultimately may
reduce the accuracy of analysis, and likely the precision as well. Arguably,
they may invalidate determining the geochemical source of artifacts.®’
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The broader theoretical issue is how to reconcile validity, in which data is
appropriate to a research question in archaeology,’ and reliability, in which
data of measurements are precise and accurate reflecting the true com-
position of an artifact or geological specimen. Here, we argue that validity
and reliability are only accomplished if precision and accuracy is possible.
For XRF analysis, validity and reliability is attained via the Lucas-Tooth
equation in conjunction with an elementary diverse and representative
reference set. This approach will most reliably and accurately produce values
that correspond to the true chemical composition. The only way to do this is
to ensure that results are reliable, or in other words, not dependent upon
one machine or instrument but rather dependent upon a set of accepted
international reference standards.®> For non-uniform materials, a normal-
ization procedure for net or gross photons may be appropriate. However, we
acknowledge that such results are not as replicable between instruments as
quantitative values.

15.6 Conclusion

Handheld and portable ED-XRF systems have the capability to produce
precise and accurate results across a range of X-ray tube and detector
components, thus being able to distinguish between obsidian sources and
answering archaeological inquiries.>>?' As the handheld portable XRF
community grows, it becomes increasingly important that further inter-
instrument comparisons continue, specifically, those from a single manu-
facturer should be performed within a regional context with systematically
assayed source rock. Concentrating scrutiny on different models of a single
XRF instrument type from manufacturers of XRF instruments should ensure
the science is reproducible, reliable, and methodologically transparent.

We also argue that this study further reinforces the procedures for disclosing
and sharing data between obsidian handheld portable XRF analysts. This is
especially true for analysts who do not have access to source rock materials.
Sharing data between analysts who use the same analytical techniques should
be better than extracting quantitative data from published manuscript tables
or appendices. This is particularly true when semi-quantitative analysis is
conducted using photon counts rather than ppm. We encourage analysts to
publish both ppm and photon count data.

Lastly, XRF technology, like other analytical techniques continue to develop
in various aspects. First, portable XRF instruments manufactured after this
study show greater resolution (<140 eV @ 250 000 counts per second Mn Ka)
and analytical speed (<60 seconds for obsidian with infinite thickness).
Perhaps more importantly, various calibration procedures are available beyond
manufacturer defaults. At least two developments in this regard are available.
The first is CloudCal, which offers an open-source multi-linear regression
option based in R.*> The second is the introduction of the Peabody-Yale
Reference Obsidians or PYRO offering another matrix matched reference
set to customize an existing calibration or to fine-tune an existing method
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(e.g., Fundamental Parameters) via post-analysis slope correction.**?*

Recently, this set along with the calibration set used herein (MURR/Bruker)
was evaluated by several instruments to examine accuracy, precision, and
validity under nominal operating conditions recommended by manufactures
to analyzed rhyolitic glass.*>” The Johnson et al. (2021) study offers an effective
method for evaluating systematic error in predicting ppm values via various
calibration procedures prior to the analysis of unknown archaeological
materials. The advent of multiple obsidian calibration sets coupled with
alternative algorithms should allow greater transparency and further expand
open-source data sharing that is not necessarily bound by manufacturer
presets. As archaeologists continually search for non-destructive analytical
techniques, these developments, while requiring more knowledge by the user,
do improve inter-comparability and data transparency.
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