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ARTICLE INFO ABSTRACT

Keywords: A series of well-characterized specimens, known as the Peabody-Yale Reference Obsidians (PYRO) sets, has been
Obsidian sourcing designed to aid with calibrating and assessing X-ray fluorescence analysis (XRF) data, including portable XRF
EDXRF (pXRF) measurements, for obsidian sourcing. Each of these ten matched sets consists of 35 specimens: 20 spe-
Portable XRF cimens for calibration and 15 specimens for evaluation. These sets include not only obsidians with common
Accuracy- o geochemical compositions (i.e., alkaline rhyolites) but also rarer ones (i.e., peralkaline rhyolitic, trachytic, and
Reproducibility is . . . . . s . .

Transparency andesitic specimens, including East African Rift obsidians). When used as described, the PYRO sets are suitable
Collaboration to calibrate and evaluate XRF data for obsidians worldwide. A set can be borrowed following loan policies of the

Peabody Museum of Natural History, which will also accession a set. Publishing all source information — from
their names and GPS coordinates to the datasets used for the recommended values — not only allows the sets to be
replicated by others but also fulfills the demands of scientific transparency. Their main purpose is facilitating
collaborations and “big data” projects, and the PYRO sets were designed to complement existing protocols for
calibration and evaluation. In short, the sets are intended as a tool for almost anyone (e.g., a student who
borrows an instrument to source artifacts) to meet — and even exceed — experts' practices involving transparency,
accuracy, and reproducibility.

1. Introduction

This paper introduces a collection of well-characterized obsidian
specimens designed to aid archaeologists with calibrating and assessing
quantitative X-ray fluorescence analysis (XRF) data for sourcing re-
search. Known as the Peabody-Yale Reference Obsidians (PYRO) sets,
each of these ten matched sets consists of 35 specimens mounted within
25-mm epoxy discs (Fig. 1): 20 specimens for calibration and 15 in-
dependent specimens for evaluation. These sets include not only ob-
sidians with common alkaline rhyolitic compositions but also peralka-
line rhyolitic, trachytic, and andesitic specimens, including five
obsidians that occur within the East African Rift region and sanukite
from Japan. Consequently, when utilized as described here, the PYRO
sets are suitable for calibrating and evaluating XRF data for obsidian
sources and artifacts throughout the world. A set can be borrowed
freely by researchers, following loan policies of the Peabody Museum of
Natural History, which will also accession a set. Publishing all of the
obsidian source information — from the source names and GPS co-
ordinates to the datasets used for the recommended values — not only
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permits the sets to be replicated by others but also fulfills the demands
of scientific transparency.

Soon after the pioneering work of Renfrew and his colleagues to
attribute Mediterranean and Mesopotamian obsidian artifacts to their
volcanic sources with optical emission spectroscopy (Cann and
Renfrew, 1964; Renfrew et al., 1965, Renfrew et al., 1966, Renfrew
et al., 1968), University of California-Berkeley researchers and Shell
Development scientists successfully used XRF to source American ob-
sidians (Heizer et al., 1965; Weaver and Stross, 1965; Jack and
Carmichael, 1968). This, however, was not “XRF” as most readers
would recognize it now. The instrument was a General Electric wave-
length-dispersive "XRF" (WDXRF) that needed two different hardware
configurations (i.e., different dispersing crystals and X-ray counters)
and two hours per artifact to measure a spectrum and produce its tra-
cing on paper (Weaver and Stross, 1965). The intensity of each X-ray
peak was approximated from such tracings in units of photon counts per
second, a procedure that, with practice, took another 15 min per spe-
cimen. These data, without conversion to elemental concentrations,
were used to make source identifications, which, according to Weaver
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and Stross (1965:91), were “suggestive but by no means conclusive.”
Today, the spectral computations are largely automated and almost
instantaneous. This should not come as a surprise given the processing
power available at our fingertips. NASA's Apollo Guidance Computer
during the late 1960s was capable of 40 operations per second, while an
iPhone is capable of over 600 billion operations per second. Never-
theless, five decades later, XRF remains a comparative method of ele-
mental analysis that is predicated on calibration.

The proliferation of portable XRF (pXRF) instruments in obsidian
artifact sourcing has been met with both caution and enthusiasm.
Regarding the former, as I have observed elsewhere (Frahm, 2014:115),
many criticisms of pXRF-based studies focus more on the users' methods
and knowledge than (perceived) technological limitations of the in-
struments. Regarding the latter, as I mentioned at a recent conference
(Frahm, 2019), pXRF is (literally) changing the faces of elemental
analysis in archaeological science. Measuring obsidian specimens and
artifacts no longer occurs only in expert analysts' labs. This, in turn,
creates opportunities for coordinated, international collaborations that
were not previously possible. In 2013, a colleague and I (Frahm and
Doonan, 2013:1427) suggested that pXRF had the potential to change
experts' roles within such projects:

This, however, is not to undermine the role of the expert analyst,
and we strongly contend that experts should not show distain for
these instruments because they appear to undermine their own ac-
crued expertise. On the contrary, the proliferation of [pXRF] in-
struments should, and most likely will, raise the demand for expert
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knowledge to ensure their effective deployment in archaeology. It
might not be the expert who actually pulls the trigger, but it will
almost certainly be the expert who decides when the trigger is
pulled and, more importantly, at what the instrument is aimed.

We also proposed that archaeological science should expect to see a
phase of initial experimentation before methods eventually become
more firmly developed. Shackley (1998:4) warned, years before the
first pXRF analyzers, that the field of obsidian sourcing should avoid
settling into an established and unchallenged framework — what Kuhn
(1962) termed “normal science” in his The Structure of Scientific Re-
volutions (1962) - and falling “into an abyss of tautological analyses”
(4). The pXRF “revolution” is not only technological but also metho-
dological and epistemological.

To realize the potential for “big data” in obsidian sourcing, as re-
cently discussed by Golitko (2019), there are lessons to be learned from
the past — specifically, the past of compositional analysis in archae-
ological science. During the 1980s and 1990s, elemental data from
ceramic analyses were compiled in the Smithsonian Archaeometric
Research Collections and Records (SARCAR) database, which was
meant to integrate and curate such datasets (Bishop et al., 1983). De-
bates began, though, when SARCAR advocates excluded data from
certain studies and techniques that they considered to lack sufficient
rigor (e.g., Bishop, 1992; Harbottle and Bishop, 1992). In a review
paper on the state of ceramic chemical analyses, including “growth in
laboratories providing compositional analytical services for archae-
ological” materials, Prudence Rice (1996:173) argued:
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Fig. 1. One of the ten PYRO sets: 35 well-characterized specimens 20 for calibration and 15 for evaluation mounted in 25-mm epoxy discs.
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Apart from questions of accuracy and interpretation, it is worth
noting that other recent critiques have targeted the suitability of
specific methods of compositional analysis... These authors... dis-
miss... these methods on the grounds that they represent ad hoc,
often cursory, single-purpose endeavors or pilot studies, and are
rarely adequate for database comparisons. It might be claimed that
at least some of these authors are arguing from a rather elitist po-
sition of enlightened self-interest, as they are ultimately advocating
that their own worldwide ceramic database (e.g., the existing
SARCAR database) be enshrined. However, the greater compar-
ability in ceramic data is of concern to all researchers, incorporating
basic, pragmatic questions... as well as loftier issues of scientific
legitimacy... The issue in the future will revolve around how to
achieve the desired comparable standards while, at the same time,
avoiding the appearance of arbitrarily dictating “good” versus “bad”
scientific paradigms and curbing the rights of researchers to select
their methods and carry out their investigations freely.

Her observations remain equally relevant now given that, as reported
by Grave et al. (2012:1674), the “archaeological applications of pXRF
continue to be cautiously treated, principally because of a perceived
lack of analytic rigor or understanding.” For example, Speakman — then
at the Smithsonian — and colleagues argued that “it is not the analytical
technique that is flawed, but rather the general lack of experience and
knowledge of the users” (Speakman et al., 2011:3484). These obstacles
must be addressed before “big data” obsidian projects can become a
reality, otherwise such efforts could face the unceremonious fate of
SARCAR (Blackman and Bishop, 2007:333).

Key points of contention regarding pXRF of obsidian artifacts sur-
round quantification of the elemental data — namely, the use (or not) of
standards not only to calibrate measurements but also to evaluate their
accuracy, which Shackley (2012b) has labeled “the ugly side of pXRF
applications in archaeology” (see also Shackley, 2010; Speakman and
Shackley, 2013). Experts' critiques have been, in general, more pro-
grammatic than pragmatic and were even, in at least one instance,
published in all capitalized letters (“WE CANNOT ESTABLISH VALID-
ITY IF WE DON'T PROVIDE... THE ANALYSIS OF STANDARDS,”
Shackley, 2010:19). Nevertheless, as discussed in Section 2.2, the recent
literature indicates that pXRF users are, indeed, listening and en-
deavoring to address these concerns, albeit to varying degrees of suc-
cess. Furthermore, the options that experts have advocated are not
without their own issues, as elucidated in Section 2.1, implying that
there is a lack of critical self-reflection in our field. In short, potential
collaborators have been presented with two basic options. The first is to
purchase what are known as certified or standard reference materials
(CRMs or SRMs), which (1) are sometimes prohibitively expensive (e.g.,
NIST SRM #278 [powdered obsidian] costs $442, while NIST SRMs
#610 and #612 [trace elements within glass] cost $539 each) and (2)
frequently are not particularly well-suited to obsidians. The second
option is to rely on an “obsidian” calibration that was developed at the
University of Missouri Research Reactor (MURR) in 2012 and is im-
plemented, installed, and sold by only one manufacturer of pXRF in-
struments. Its constituent obsidian sources have not been published, so
its use does not alleviate objections to taking a “black box” (Speakman
et al., 2011:3484) or “trust me” (Shackley, 2010:19) approach. Fur-
thermore, neither of these two calibration options are especially strong
with regard to data evaluation.

A cognate issue was recognized by scientists and conservators
working on XRF analyses of bronzes, brasses, and other copper alloys
(Heginbotham et al., 2011), and a working group led to the creation of
the Copper CHARM (Cultural Heritage Alloy Reference Material) Set
(Heginbotham et al., 2015), a collection of 17 SRMs that served as one
inspiration for the PYRO sets. The working group commissioned MBH
Analytical Ltd. to produce and distribute this set of SRMs. As of this
writing, the SRMs cost between $394 and $567 each (the mean is
~$500), so the total cost is ~$8500. This poses a barrier for most
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smaller projects. For example, one researcher, seeking advice, com-
mented online that “the cost of purchasing [a set] is expensive and
outside the budget of my project” (ResearchGate, 2019). In contrast, the
PYRO sets are not for sale. Nor does this project use a “cost recovery”
model, whereby direct and indirect production costs are recuperated
via fees. Instead, the PYRO sets were always intended to be freely
available for others to borrow or replicate.

The purpose of the PYRO sets is to facilitate a transition to more
settled protocols for pXRF-based sourcing and, in turn, more colla-
borations. It was designed to complement existing methods of calibra-
tion and evaluation, as discussed in the following sections. To give an
example here, various researchers report, as routine practice, mea-
surements of SRM RGM-1 (or its replacement, RGM-2) in order to de-
monstrate accuracy, and consequently, the PYRO check set includes a
specimen of Glass Mountain obsidian, the source material for RGM-1/2.
In 2012, a question occurred to me: “How do I, as a postdoc moving
from post to post, maintain the consistency of my data as I use different
pXRF instruments?” I discuss my earlier endeavors toward this end in
Section 2.3, but our students and I are increasingly faced with varia-
tions on this issue as we work and form collaborations around the
world. The PYRO sets reflect the newest development in my answer to
this question. In short, these sets are intended as a tool for almost
anyone (e.g., a Master's student who borrows an instrument to analyze
the obsidian artifacts in a museum collection) to meet — and even ex-
ceed - experts' practices and their assertions regarding transparency,
accuracy, and reproducibility.

2. Past and current practices

Before discussing the intended protocols for PYRO use and the
choices made in developing the sets, it is necessary to consider (1)
calibration and data evaluation procedures used by XRF labs that spe-
cialize in sourcing obsidian artifacts, (2) methods used in pXRF-based
studies to address the same issues, and (3) my prior approaches to pXRF
calibration and assessment.

2.1. Protocols of EDXRF laboratories

How are recent benchtop energy-dispersive XRF (EDXRF) instru-
ments calibrated — and their calibrations evaluated - in laboratories
that specialize in analyses of obsidian artifacts? It is typical for these
instruments to be calibrated using powdered SRMs from agencies such
as the United States Geological Survey (USGS) and United States
National Institute of Standards and Technology (NIST). For example,
Shackley et al. (2016:63) list a set of 20 SRMs for calibration at the
Geoarchaeological XRF Lab (formerly at the University of California-
Berkeley, now in New Mexico):

A suite of 16 specific [USGS] standards are used for the best fit re-
gression calibration... G-2 (basalt), AGV-2 (andesite), GSP-2 (gran-
odiorite), SY-2 (syenite), BHVO-2 (hawaiite), STM-1 (syenite), QLO-
1 (quartz latite), RGM-1 (obsidian), W-2 (diabase), BIR-1 (basalt),
SDC-1 (mica schist), BCR-2 (basalt), TLM-1 (tonalite), SCO-1 (shale),
NOD-A-1 (manganese), NOD-P-1 (manganese). Four other standards
include: [NIST SRM] 278 (obsidian), BR-E (basalt) from the Centre
de Recherches Pétrographiques et Géochimiques in France, and JR-1
and JR-2 (obsidian) from the Geological Survey of Japan.

This list includes four obsidian SRMs, and while many of these other
rocks are volcanic (e.g., diabase, basalts), there are metamorphic (mica
schist) and sedimentary (shale) rocks as well. For example, the two
manganese nodules (NOD-A-1 and NOD-P-1) are rock concretions,
formed on an ocean bed, that consist of concentric layers of manganese
and iron hydroxide minerals — such nodules are very different from
obsidians, both in elemental composition and geological origin.

The McMaster Archaeological XRF Lab (MAX Lab) uses thirteen of
the same SRMs — or their direct substitutions (e.g., RGM-2 in place of
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RGM-1) - for instrument calibration:

These comprise AGV-2 (andesite), BCR-2 (basalt), BHVO-2 (ha-
waiite), BIR-1a (basalt), GSP-2 (granodiorite), QLO-1 (quartz latite),
RGM-2 (rhyolite), SDC-1 (mica schist), STM-2 (syenite), TLM-1
(tonalite), and W-2a (diabase) from the US Geological Service
[USGS], plus JR-1 and JR-2 (both obsidian) from the Geological
Survey of Japan (Carter et al., 2018:178).

The SRMs used at Geochemical Research Laboratory (GRL), located in
California, include “up to 30 international rock standards” from the
USGS, NIST, Geological Survey of Japan, Centre de Recherches
Pétrographiques et Géochimiques, and elsewhere (Hughes, 2015:295).
This is also the protocol for the Northwest Research Obsidian Studies
Laboratory (NWROSL) in Oregon. One reason that these labs use the
same or similar SRMs is that they are “related” in a sense. Shackley
(2011a) points out that “these laboratories are, in part, daughter labs of
the 1970s... instrument at Berkeley” (11). That is, the founders of these
laboratories either worked at (i.e., Hughes), studied at (i.e., Carter), or
worked near (i.e., Skinner at Biosystems Analysis) the University of
California-Berkeley. Therefore, it makes sense that these four facilities
constitute a distinct community of practice.

It should be no surprise, therefore, that calibration checks are
identical at these labs. All of them report their values with a mea-
surement of USGS RMG-1 or 2 (“RGM-1 is analyzed during each sample
run... to check machine calibration,” Shackley et al., 2016:64; see also
Skinner and Thatcher, 2003; Carter et al., 2013; Hughes, 2015). There
are two problems to this approach to evaluate data accuracy. First, as
illustrated in Figs. 2a-d, accurate elemental concentration data for one
standard do not mean that measurements are accurate for other con-
centrations. This is the reason that Hall (2016) recommends using more
than one known standard to monitor calibration. It takes analyses of
multiple standards to differentiate among those scenarios shown in
Fig. 2a versus 2b-d. Even two standards (Figs. 3a-d) might not reveal
accuracy problems in certain ranges.

This is a valid concern due to the second problem. Note that RMG-1/
2 is used not only as an accuracy check but also as one of the calibration
standards. It is typically recommended that check standards not be

Actual concentration

Measured concentration

Actual concentration

Measured concentration
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included among the calibration standards in order to act as an in-
dependent means of accuracy verification (e.g., Beckhoff et al.,
2006:393; Hibbert, 2007:133; Barrett et al., 2012:206). Checking ac-
curacy using a standard included within the calibration set can yield
false confidence in the measurements. Accuracy is expected to be
greatest when measuring a calibration standard and might not reflect
data quality across wider compositions. The solution is straightforward:
analyzing multiple known standards, not included in the calibration, as
unknowns.

2.2. Protocols of recent pXRF studies

A review of peer-reviewed articles published in the last few years
suggests that researchers are endeavoring, in a variety of ways, to eval-
uate and/or improve the quality of their pXRF data for obsidian sourcing.
Some researchers rely entirely on a factory-installed MURR/Bruker cali-
bration but report no means to assess its accuracy or reproducibility (e.g.,
Pintar et al.,, 2016; Reepmeyer et al., 2016; Fernidndez et al., 2017;
Grebennikov et al., 2018; Matsumoto et al., 2018). Others who rely on
this calibration, though, also measured either a SRM (e.g., USGS Glass
Mountain rhyolitic obsidian RGM-2 in Panich, 2016; USGS Hawaiian
basalt BHVO-2 in Gaffney and Summerhayes, 2018) or well-characterized
specimen (e.g., Sierra de Pachuca obsidian from Mexico in Neri et al.,
2015; Shirataki-Akaishiyama obsidian from Japan in Lynch et al., 2018).
Similarly, Mendelsohn (2018) utilized the MURR/Bruker calibration, but
she notes that “control samples were run at the beginning and end of each
day, so that any changes in the readout of the machine could be observed”
(640). Others chose to compare their measurements to those from an
obsidian-focused lab (e.g., NWROSL in Ebert et al., 2015; Geoarchaeolo-
gical XRF Lab in Liebmann, 2017). There is, on occasion, a more so-
phisticated approach. For example, McCoy et al. (2014) first used the
factory-set MURR/Bruker calibration and then applied their own regres-
sion analysis based on a set of nine SRMs, followed by measurements of
USGS SRM BHVO-2 alongside their artifacts “as a quality check” (471).

Without the MURR/Bruker obsidian calibration, those researchers
using pXRF instruments from other manufacturers have devised their
own procedures. At the Elemental Analysis Facility of Chicago's Field

b
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Fig. 2. Four fictional trends illustrate that reporting accuracy for a single standard (circular dot) could reflect not only (a) excellent accuracy across a range of values

but also (b and c) an undetected systematic error or even (d) nonlinear behavior.
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Fig. 3. Like Fig. 2, these four fictional trends illustrate that reporting accuracy for two standards (circular dots) could reflect not only (a) excellent accuracy across a
wide range of values but also (b) an undetected systematic error or even (c and d) nonlinear behavior.

Museum of Natural History, Millhauser et al. (2015) utilized two well-
characterized obsidians — Sierra de Pachuca, Mexico and Little Glass
Buttes, Oregon, USA — as a means to “provide a basis, albeit minimal,
for reporting the precision and accuracy” of their Innov-X instrument
(138). Riebe et al. (2018:27) explain that researchers at this museum
later developed a more sophisticated approach in order to correct and
calibrate their Thermo Niton instrument:

Building off of the [“Mining” mode that uses] fundamental para-
meters provided by the instrument manufacturer, Mark Golitko...
created a calibration correction to increase instrumental precision.
Golitko analyzed 21 in-house obsidian standards using both pXRF
and LA-ICP-MS (calibrated with NIST 610, NIST 612, and Glasses
Buttes and Sierra Pachuca obsidian; Glascock, 1999) and generated
linear regression lines to correct fundamental parameters output
[with “user factors™].

Abedi et al. (2018) and other GéObs Project researchers similarly adjust
the FP-based “Mining” data from their Thermo Niton instrument. Speci-
mens from five obsidian sources in Turkey (i.e., Bingol A and B, Nemrut
Dag, Meydan Dag, Pasinler) were measured with both pXRF and ICP-MS,
providing a means to derive custom “user factors” to bring the former into
line with the latter. At the University of Manchester, Campbell and Healey
(2016) likewise “fine-tuned” their Thermo Niton calibration for obsidian
sourcing in Southwest Asia. Specifically, they explain (380):

The raw results from the instrument are already subject to built-in
internal calibration. However, to provide data comparable to that
obtained from other techniques as well as control for potential in-
strumental variation through time, a further calibration is required.
For this, we used a composite reference set of international stan-
dards and obsidian artifact samples to provide an obsidian-specific
calibration. The former were analyzed as compressed powder pellets
and included NIST 278 (obsidian), BIR-1 (basalt), BCR-2 (basalt),
and W-2a (diabase), among others. The obsidian artifact samples
were thick with flat faces and had been previously analyzed... by
laser-ablation ICP-MS by Poidevin... and using EPMA by Frahm (for

technique see Frahm, 2010)... This comparative data was used to
create a custom calibration using a simple linear regression.

Thus, these three sets of archaeologists (Campbell and Healey, 2016;
Abedi et al., 2018; Riebe et al., 2018) all use FP-based correction to-
gether with a custom calibration based on regression analysis of ob-
sidian specimens and/or geological standards. In each instance, how-
ever, these researchers had to assemble their own calibration materials
due to the lack of an available set.

2.3. My calibration protocol development

In a review paper (Frahm and Doonan, 2013), a colleague and I
predicted that pXRF methods were entering a time of experimentation
and evaluation. Killick's (2015) “awkward adolescence” is also an apt
description for this period of methodological development. My own
calibration methods are no exception. When I first analyzed obsidian
specimens and artifacts with pXRF (Frahm, 2007), I relied entirely upon
the factory calibration and, as a result, found that the reported con-
centrations exhibited systematic errors, sometimes off by a factor of two
or three. In 2012, I tried two different calibration approaches. In one
study, I calibrated the data relative to the means of published values for
Aegean obsidians analyzed with other techniques, including NAA, ICP-
OES/MS, and XRF (Frahm et al., 2014a). In the other study, the initial
factory-calibrated values were “fine-tuned” using linear regression
analysis and 18 matched obsidian specimens also analyzed by NAA and
EDXRF at MURR (Frahm, 2013). I further developed this latter ap-
proach in time to bring a pXRF instrument (a Niton XL2) to Armenia for
the 2012 field season to conduct obsidian sourcing.

Specifically, in 2012, I selected 24 obsidian specimens from Turkey
(Sarikamis, Meydan Dag, Erzurum, and Kars-Digor 1), Georgia
(Chikiani), and Armenia (Aghvorik, Geghasar 1 and 2, Gutansar, Hatis,
Kamakar, Pokr Arteni, Satanakar, and Sevkar, among others) to use as
calibration standards (Frahm, 2014). Matched subsamples from all of
them were previously analyzed by NAA and EDXRF at MURR and by
electron microprobe analysis (EMPA) at the University of Minnesota
(Frahm, 2012). These obsidian specimens were mounted in epoxy discs
and, as a result, have survived numerous trans-Atlantic flights. In 2017,
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Fig. 4. Backscattered electron (BSE) microscopy of Glass Mountain obsidian reveals the presence of microscopic mineral inclusions that vary in grain size, amount,
orientation, and composition. The brighter minerals have a higher mean atomic number (e.g., magnetite, Fe30,4) than the darker ones (e.g., feldspar, KAlSizOg —
NaAlSi3zOg — CaAl,Si»Og). The large inclusion in the lower left corner of (d) exhibits intergrowths of titanomagnetite (Fe;_,TixO4) and ilmenite (FeTiO3), indicative of
a process known as oxy-exsolution, meaning that the obsidian was exposed to oxygen at a high temperature (i.e., to the atmosphere when it erupted). The black ovals
in the same image are bubbles in the glass. The field of view for all four BSE images is 1 X 1 mm. Images collected by the author at the Electron Microprobe

Laboratory, Department of Earth Sciences, University of Minnesota.

I streamlined this calibration set down to 20 specimens, occasionally
supplemented by powdered USGS SRMs (e.g., AGV-1 andesite, BHVO-1
basalt, G-2 granite; Frahm et al., 2017b; Frahm and Tryon, 2018a). This
calibration set allowed me to integrate the datasets from a series of
pXRF instruments (including five Niton models) over a six-year span.
There were two main shortcomings of this original calibration set.
First, there was only one set, which yielded logistical challenges for
collaborations. Second, it did not include obsidians with atypical geo-
chemical compositions, such as those created along the East African Rift
system (Brown et al., 2013). Consequently, to source obsidian artifacts
from Kenyan archaeological sites (Frahm et al., 2017a; Frahm and
Tryon, 2018b), a new calibration set was necessary. This took the form
of 27 matched specimens, generously contributed by Frank Brown and
Harry Merrick, from the obsidian source database in Brown et al.
(2013), which includes EMPA, NAA, and XRF measurements. These
specimens were divided between two groups: primary calibration
standards (n = 12) and secondary check standards (15). This two-fold

approach — calibration with one collection of well-characterized ob-
sidians and evaluation with another — became a model for the PYRO
sets.

3. FAQs about the PYRO sets and their development

The following sections consider four frequently asked questions
(FAQs) about the PYRO sets and choices made during their develop-
ment: (1) What are (and aren't) the PYRO sets?; (2) Why not use SRMs?;
(3) Is there an effect from microscopic minerals?; and (4) Are these sets
useful for other micro- and non-destructive analytical techniques?
Other topics, such as specimen preparation and data reduction in order
to derive recommended values, are addressed later.

3.1. What are (and aren't) the PYRO sets?

X-rays measured by XRF instruments must be corrected for a series
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Fig. 5. (a) Day plot (B.,/B. vs. M,/M;) of Glass Mountain obsidian specimens with magnetic domain boundaries (dotted blue lines) and magnetite mixing curves
(solid green lines) from Dunlop (2002). All specimens fall in the pseudo-single domain (PSD) region of the Day plot, not in the single domain (SD) or multi-domain
(MD) regions. Magnetite grains exhibit PSD behavior in the 0.1-20 um size range. (b) Glass Mountain obsidian data (B, vs. M,/M;) with the compositional line for
magnetite with zero Ti content (Fe304; TMO) is based on theoretical calculations by Wang and Van der Voo (2004). Measurements taken at the Institute for Rock

Magnetism, University of Minnesota.

of phenomena that occur within a specimen (e.g., absorption, at-
tenuation, secondary fluorescence) to convert the raw signals into
quantitative elemental concentrations. There are different approaches
to correction, including empirical methods in which the relationships
between (1) measured intensities of X-ray peaks and (2) their corre-
sponding concentrations are established via direct comparison to well-
characterized standards, often dozens of them, that are similar in
composition. This is the basis of the “obsidian” calibration that was
devised by MURR in 2012 (Glascock and Ferguson, 2012) — based on an
earlier set of obsidian specimens (Glascock, 2011:175) — and has been
implemented, installed, and sold by Bruker Corporation with their
Tracer instruments (Speakman, 2012). This MURR/Bruker obsidian
calibration and its constituent obsidians have been described, even
within the recent literature, in a range of ways: from “machine-specific
quantification protocols” (Gaffney and Summerhayes, 2018) derived
from “40 obsidian sources analyzed by multiple methods at MURR”
(Fernandez et al., 2017) to a “factory-installed calibration” (Liebmann,
2017) based on “40 international standards provided by MURR”
(Reepmeyer et al., 2016). The obsidian compositions, as determined by
NAA and ICP-MS, are reported in an unpublished “white paper” com-
missioned by Bruker AXS (Glascock and Ferguson, 2012), as are the
analyses by pXRF (Speakman, 2012). Their sources are not specified in
the white papers hosted on Bruker's website, nor are they published in a
peer-reviewed journal or elsewhere. The obsidian sources are specified
in an Excel file included among the documentation with a Bruker in-
strument, but will this information be widely available in a decade or
two? Thus, there is a dearth of transparency and reproducibility, and
this calibration is unique to one manufacturer, which is not healthy for
our discipline. Furthermore, as noted in Section 2.2, researchers can
become dependent on this calibration and overlook evaluating data
accuracy or reproducibility.

Another approach to correction is fundamental parameters (FP),
which uses a physics-based model to mathematically describe re-
lationships between measured X-ray intensities and elemental

concentrations, accounting for various parameters (e.g., attenuation
coefficients for scattering and photoelectric absorption, X-ray fluor-
escent and absorption edge energies, Coster-Kronig transition prob-
abilities, Rayleigh and Compton scattering cross sections). Based on
inter-laboratory tests that led to commissioning the Copper CHARM Set,
Heginbotham et al. (2011) found that the best-ranked XRF instruments
used FP correction calibrated with standards, whereas instruments with
empirical correction consistently ranked lower. Specifically, they point
out:

Through this study, one common characteristic of higher-per-
forming laboratories has become clear: the use of fundamental
parameters software calibrated with standards... For both major and
minor elements, it is very clear that laboratories using fundamental
parameters software calibrated with standards... performed con-
sistently more accurately than laboratories using other methods... In
comparison, all other factors examined in this study appear to be
relatively poorly correlated with laboratory accuracy. The consensus
of the group is that options should be explored for ways in which
existing instruments that currently use empirical or standardless FP
methods could be upgraded to use FP with standards... It seems
apparent that, as a first step, movement toward the wider adoption
of quantification methods utilizing FP with standards offers the
possibility of significant improvements in inter-laboratory re-
producibility. (185, 187)

Consequently, the PYRO sets are designed to be used as standards for
FP-corrected data. Specifically, for pXRF instruments such as the
Olympus Vanta or Thermo Niton, the instrument software allows the
factory calibration to be adjusted using linear regression (i.e., values for
the slope and intercept of the linear regression equation are input as
“cal factors” or “user factors”). No claim is made here regarding the
suitability (or lack thereof) of the PYRO sets for empirical approaches.
This has simply not been systematically investigated at this point, nor
has it been a priority given the demonstrated superiority of FP with
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Fig. 6. Backscattered electron (BSE) microscopy of obsidian from (a) Aghvorik, (b) Meydan Dag, and (c) Sarikamis as well as (d) sanukite from Japan. Brighter
minerals have a higher mean atomic number than darker ones. The sanukite image reveals the presence of two microscopic minerals — orthopyroxene (magne-
sium-iron silicate) and plagioclase (sodium-calcium aluminosilicate) — within a glassy groundmass. The field of view for all four of these images is 0.8 X 0.8 mm.
Images collected by the author at the Electron Microprobe Laboratory, University of Minnesota.

standards (Heginbotham et al., 2011; Frahm, 2017).

The 35 specimens in the PYRO sets are intended to be used in two
steps: (1) 20 specimens to derive the calibration equations via linear
regression and (2) 15 independent specimens to evaluate the mea-
surements that result from applying these calibration equations, as
discussed in Section 6. This is a sufficient number of calibration spe-
cimens given that FP tends to use fewer standards than empirical ap-
proaches. Specifically, Heginbotham et al. (2011:186) reported:

The data also suggest that increasing the number of standards used
for quantification does not necessarily improve the accuracy of re-
sults. In fact, the vast majority of the best performing laboratories
used 20 standards or fewer, and most used fewer than 10. Even
among the labs using empirical methods, increasing the number of
standards was not a guarantee of improved results.

It must also be stressed that the PYRO specimens are not “international
standards” (sensu Shackley, 2011a:13) or SRMs. One of the specimens —
Check-01 from Glass Mountain, California, USA - is close, though, be-
cause it is the raw material for the RGM-1 and -2 powdered SRMs from

the USGS. Instead, the intent with developing the PYRO sets was to
organize an “open-source” series of specimens, for which all available
data (e.g., source names, GPS coordinates, previous analyses) are
published and which could be freely borrowed, updated, and even
duplicated by others.

3.2. Why not use SRMs?

As discussed in Section 2.1, several EDXRF laboratories that spe-
cialize in sourcing obsidian artifacts routinely use SRMs — in the form of
finely powdered rocks — for calibration and/or accuracy checks. Various
studies mention use of “international standards” (e.g., Green, 1998;
Shackley, 1998, 2011a; McCoy and Carpenter, 2014; Newlander et al.,
2015; Nishiaki et al., 2019); however, in each case, the SRMs are ac-
tually products of national (e.g., USGS, Geological Survey of Japan)
rather than international (e.g., International Standards Organization)
bodies. Hence, SRMs such as USGS RGM-1 and NIST SRM #278 meet
the criteria of national standards, not international ones (Beckhoff
et al., 2006:400). More importantly, powdered SRMs are not necessarily
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Geological origins of the PYRO calibration and evaluation (“check”) sets.
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PYRO Calibration Set

Label Country Source name More info GPS coordinates Alternate names

Cal-01 Armenia Aghvorik Shirak Province 41.08° N, 43.71° E Ashotsk, Yeni-El, Sizavet, Kechut
Cal-02 Gutansar Kotayak Province 40.37° N, 44.68° E Djraber/Dzhraber

Cal-03 Hatis trachyte Kotayak Province 40.27° N, 44.72° E

Cal-04 Satanakar Syunik Province 39.82° N, 45.81° E Mets Satanakar, Syunik 2
Cal-05 Georgia Chikiani 1 Javakheti Region 41.48° N, 43.87° E Paravani Lake, Kojun Dag
Cal-06 Turkey Meydan Dag Van Province 39.20° N, 43.27° E Giirgiirbaba Tepe

Cal-07 Nemrut Dag, Cluster 6 Bitlis Province 38.60° N, 42.26° E Nemrut Dag F

Cal-08 Sarikamis 1 Kars Province 40.27° N, 42.72° E Sartkamis North

Cal-09 Ethiopia Balchit Upper Awash 8.75° N, 38.64°E Freo Amante Gurange
Cal-10 Bede Gebabe, Debre Zeyt Oromia Region 8.67° N, 38.95° E

Cal-11 Fantale Oromia Region 8.97°N, 39.93°E Mount Fentale

Cal-12 Kenya Mt. Eburru Naivasha-Nakuru 0.64° S, 36.25° E Eburu GsJj50

Cal-13 Mundui Lake Naivasha 0.78° S, 36.27° E Sonanchi

Cal-14 Japan Kanayama sanukite Kagawa 34.31° N, 133.87° E G-1

Cal-15 Suwa-Hoshigatou Nagano 36.12° N, 138.15° E

Cal-16 Tokachi Hokkaido 43.10° N, 143.41° E Tokachi-Mitsumata

Cal-17 Guatemala El Chayal Guatemala Dept. 14.71° N, 90.35° W

Cal-18 Mexico La Joya Jalisco Province 20.84° N, 103.96° W

Cal-19 Sierra de Pachuca Hidago Province 20.10° N, 98.42° W Pachuca, Sierra de las Navajas
Cal-20 Peru Lisahuacho Chalhuanca District 14.37° S, 73.36° W Andahuaylas B

PYRO Check Set

Label U.S. state source name More info GPS coordinates Alternate names

Check-01 California Glass Mountain Siskiyou County 41.59° N, 121.55° W RGM, Medicine Lake Highlands
Check-02 Bodie Hills Mono County 38.28° N, 119.11° W Rock Springs Canyon Rhyolite
Check-03 Buck Mountain Modoc County 41.72° N, 120.28° W Davis Creek, numerous others
Check-04 Mt. Konocti Lake County 38.97° N, 122.77° W Thurston Creek Rhyolite
Check-05 Panum Crater Mono County 37.92° N, 119.04° W Mono Craters, Panum Dome
Check-06 Rainbow Mines Modoc County 41.82° N, 120.30° W Lassen Creek, California Electric Blue
Check-07 Sawmill Ridge, Casa Diablo Mono County 37.64° N, 118.89° W

Check-08 Nevada Massacre Lake/Guano Valley Washoe County 41.82° N, 119.26° W Virgin Valley, numerous others
Check-09 Oregon Glass ButtesAlpha Lake County 43.57° N, 120.05° W Glass Buttes A

Check-10 Glass ButtesBeta Lake County 43.53° N, 120.08° W Glass Buttes B

Check-11 Glass ButtesDelta Lake County 43.54° N, 119.91° W Glass Buttes D, Sand Flat
Check-12 Glass ButtesEpsilon Lake County 43.56° N, 119.93° W Glass Buttes E, Potato Hills
Check-13 Round Top Butte Lake County 43.50° N, 119.96° W Glass Butteslota

Check-14 Wagontire Harney County 43.36° N, 119.73° W Egli Ridge, Egli Waterhole
Check-15 Utah Black Rock Area Millard County 38.74° N, 112.65° W Coyote Hills, South Twin Peak

ideal and have their own issues that must be acknowledged (even if one
ultimately opts to use them).

First, there is a long-running debate in the obsidian sourcing com-
munity — most of it outside the literature (e.g., at the bar after con-
ference sessions), but it is mentioned by Shackley et al. (2016) — about
the suitability of using powdered standards for calibration when ana-
lyzing solid obsidians. A key issue, at least theoretically, lies in differ-
ences — chemical and physical — between the standards and specimens
of interest, collectively known as “matrix effects.” Ideally, for quanti-
tative analyses, these differences are best minimized in order to attain
the highest accuracy, but some compromises are more acceptable than
others. The X-rays will interact, to greatly varying extents, with what-
ever matter is placed in front of the instrument. Powdered standards,
even when compressed, are likely to contain at least a little air, which
includes gases (e.g., nitrogen, oxygen) and water vapor, between the
particles. Pressed pellets for XRF often necessitate a binding medium
(e.g., wax, cellulose) that, in effect, dilutes the material of interest,
meaning that corrections are needed. Similarly, creating a fused bead
for XRF involves adding the powdered material to a flux (e.g., lithium
tetraborate), which yields a similar dilution effect. In each case, there is
extra mass that is not the substance of interest, and the addition of these
light elements introduces other effects (e.g., higher Compton scattering
of X-rays and lower Rayleigh scattering, two phenomena that XRF in-
strument software often uses as a means to estimate the mass present;
Margui and van Grieken, 2013). Thus, one expects an analysis of

powdered obsidian to yield lower trace-element values than a solid
specimen would. Conversely, using powders to calibrate could result in
higher values for a solid specimen. The debate is whether these effects
tend to have any practical — or even measurable — consequences.
Regarding this debate, Shackley et al. (2016) hold that the use of
powdered standards yields no problems for sourcing obsidian artifacts.
To support this claim, Shackley et al. (2016) analyzed a pressed pellet
of RMG-1 powder (99 analyses) and a flake from the original 135-kg
boulder of Glass Mountain obsidian (12 analyses). This pellet contained
not only air molecules trapped between the fine obsidian particles but
also a “borate mix” (presumably either boric acid or a similar com-
pound) used as a binder, all of which would have interacted with the X-
rays, even if the corresponding light elements were not measured.
Shackley et al. (2016) state that their results demonstrate that there is
no issue: “As one can see, the variability is within 1% or less in most
cases” (64). That, though, is not the case. Given the variability of mi-
croscopic magnetite (Fe30,4) crystals in obsidians, Fe would be antici-
pated to vary. Other elements, however, appear 3-6% higher in the
flake, consistent with expectations (the increase is too small to be
measured at very low concentrations; e.g., Nb at 9 ppm). For example,
Zr was measured at 219 * 2ppm in the pellet (n =99) and at
230 + 4 ppm in the flake (n = 12), and a Student's t-test shows that the
difference is statistically significant (p-value < 0.0001). The practical
implications, on the other hand, seem minor. That is, both sides of the
debate are, in a sense, correct: there is an effect, but its practical
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N 0N + o~ significance is questionable.
. Second, powdered SRMs pose practical challenges for portable in-
g H o HoH H HooH - - .
& struments and conducting analyses outside a laboratory environment.
o MmO N DO oo~ Pressed pellets are fragile, and while XRF sample cups are sufficiently
Z ~ = N = N = N [ R .
robust for repeated use in the lab, they do not travel well. The X-ray-
<+ = o <+ © transparent film over the front of a sample cup is thin (sometimes only
0.004 mm thick), so even a small puncture in the film could mean the
'é oA oA H * loss of $440 worth of powdered obsidian (i.e., the cost of NIST SRM
%‘ 0 o O o - . #278). Traveling with cups of white powder is also usually regarded
N ® O KN ® ® with suspicion by airport security and is likely to result in additional
+ [— N screening or disposal (Marsh and Park, 2018).
Third, the geological origins of SRMs are not always known as well
e oA HoA HooH as one might expect. For example, the obsidian for NIST SRM #278
& « we o o .o “was obtained from Clear Lake, Newberry Crater, Oregon” (Reed,
> mom s mo -8 1992). The problem is that Newberry Caldera does not have a “Clear
N oo <o Lake” — its two caldera lakes are named Paulina Lake and East Lake.
Furthermore, Newberry Caldera has several obsidian flows, including
e HoH HoH 4 Big Obsidian Flow, East Lake Flows (West and East), and East Lake
& Fissure, among others. Similarly, Smithsonian VG-568 is obsidian from
& RERY BBRBKR & “Yellowstone National Park” (Jarosewich et al., 1980). There are,
~ o Nooe oo o however, multiple obsidian sources within the park. Obsidian Cliff is
the best known source, but there are also the Cougar Creek, Park Point,
2 HoH HoH A H H 4 H and Tanker Curve obsidians, among others (Park, 2010). These are not
& insurmountable challenges, but such uncertainties are a product of SRM
2 S8I] "RAI=RIIR specimen collection during the 1970s, before the nature of obsidian
~ o R e B T B B R B
sources and their differentiation were better understood (e.g., Hughes,
<+ - O e 1984, 1988, 1989; Shackley, 1988).
’E{; oA AL A A 3.3. Is there an effect from microscopic minerals?
A yyss s« « USGS standard RGM-1 and its replacement RGM-2 originate from
§ E 5 E 2 Q g Glass Mountain, part of the Medicine Lake volcanic complex, in
northern California. Based on radiocarbon dating of trees caught in the
_ H HoHOHOH 4 "o lava as well as paleomagnetism, this obsidian formed only ~900 years
E ago (Donnelly-Nolan et al., 1990), making it a focus of studies into
% § g § § E E g § § rhyolitic volcanism (e.g., Eichelberger, 1975, 1981; Grove et al., 1997).
= o yeswes o vo® The original and replacement standards somewhat differ in the particle
S s o - sizes to which they were finely powdered. RGM-1 consists almost en-
tirely (> 97% by mass) of particles < 75um in diameter with only
e + + H o4 trace amounts > 150 um (Tatlock et al., 1976), whereas RGM-2 has
& particle sizes rather evenly distributed between 0.4 and 250 pm
< 03_ S E § § g § § § (Wilson, 2009). Otherwise, the RGM-2 material was collected from
roughly the same location as the original RGM-1 block (Wilson, 2009),
« 3 . and these two standards are indistinguishable in terms of their chemical
N e
Sy g compositions.
N
5 " 4B § < » The original USGS description of RGM-1 states that, like nearly all
k= g c S <1 . e . . .
5} = g é g g RGN g g “ 898 obsidians, Glass Mountain obsidian is not entirely free of mineral in-
= ¢ = —_ =) . g .
E w8885 2ES3g S clusions. Specifically, Tatlock et al. (1976) report that light and dark
& o — sl s . < qs .
S R IR i bands within this obsidian “seem to result from a concentration of
o E'c'c'u'u'Egou-c-cm'E>g . . . ) .
E EccSc22°22E 3223 microlites, too small to polarize light appreciably... Rare opaque crys-
5| §2EEEeieiEosii : : in thin section” :
& SEES S 952 ESE98s talht.e, probably magneutef may.b.e seen in thin section” (12). ThlrFy
specimens of Glass Mountain obsidian, collected by the Glass Mountain
g8 Archaeological Project to recognize any potential geochemical varia-
= § 4 =5 g bility, were examined by EMPA in the University of Minnesota's Elec-
s ¥y -~ .0 .0 2 . .
< B 8 Hg9gZESS o 8 tron Microprobe Laboratory and by rock magnetic analyses at the
& 5 85283 8§ o= w . . . .
o g g 58 ¢E Ez g %’ EREY University of Minnesota's Institute for Rock Magnetism. EMPA revealed
S - E & é oo EER & < ;2 microscopic mineral inclusions that vary in their size, amount, com-
L= = IS
£ é § ;é s § % % § é’f ‘g g § 5 position, and orientation (Fig. 4). Consistent with Tatlock et al. (1976),
=1 2 <
E| & e 5 g 22 cEEE~ gz tiny needle-shaped microlites, most likely feldspars, are abundant
S| & g Sm£E o s . . : .
é E s g g E EE § E g k= E g g within the obsidian, as are iron oxides. Magnetic analyses (Fig. 5)
5| S| g = Z EEEE22ESEE confirmed that the iron oxides are primarily magnetite, which, as a
| s “ result of their pseudo-single domain (PSD) locations on a Day plot
é ] % e (Fig. 5a), span a size range of 0.1 — 20 ym. More information can be
o 8 E g i < ﬁ g - g found in Frahm and Feinberg (2013) and in Frahm et al. (2014b). De-
22 8 E é % &g é % 2 spite variations in the mineral inclusions of Glass Mountain obsidian,
EX EDXRF at the Geoarchaeological XRF Lab revealed “remarkable
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Table 4
PYRO calibration specimens from Turkey.
Technique Laboratory Specimen/Publication Mn (ppm)  Fe (ppm) Zn (ppm) Rb (ppm) Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm)
PYRO Calibration-06: Meydan Dag, Turkey
Recommended values 519 £ 27 9520 * 310 74 = 8 200 =5 18 = 525 286 + 15 32 +
EDXRF JIAA, Kaman, Turkey Kobayashi and Mochizuki, 203 9 13 * 54 + 4 284 + 7
2007
MURR Archaeometry Lab Matched specimen 557 9470 202 20 53 31
Matched specimen 492 65 20 49 280 30
Frahm, unpublished 65 = 3 17 = 50 = 3 274 £ 15 29 =
NWR Obsidian Studies Lab Matched specimen 195 26 59 278 34
EMPA University of Minnesota Matched specimen 490 289
ICP-MS IRAMAT, CNRS, Orléans, Chataigner and Gratuze, 477 + 31 9564 + 726 76 + 13 12 + 43 + 11 32 +
France 2014
Khalidi et al., 2009 476 87 16 58 305 36
Khalidi et al., 2016 520 = 12 9792 + 700 8 +10 195 +8 15 32 +
MURR Archaeometry Lab Glascock and Ferguson, 514 9072 68 16 50 269 31
2012
UBO, Brest, France Poupeau et al., 2010 515 = 16 84 + 1 204 = 10 17 = 60 + 4 292 + 17 26 *
NAA MURR Archaeometry Lab Matched specimen 559 9477 73 24 295
Boulanger et al., 2012 544 = 10 9515 * 680 76 = 3 199 = 2 299 + 13
Glascock and Ferguson, 538 9349 74 196 299
2012
PIXE C2RMF, Paris, France Poupeau et al., 2010 68 1 206 = 1 21 + 50 £ 1 261 =1 37 +
WDXRF University of Freiburg Keller and Seifried, 1990 542 9930 21 51 30
PYRO Calibration-07: Nemrut Dag (Cluster 6), Turkey
Recommended values 1380 = 18 46,680 = 3860 237 = 10 233 +8 2 =+ 1 145 1308 + 82 76 +
EDXRF MURR Archaeometry Lab Matched specimen 39,119 235 223 73
Matched specimen 44,769 226 238 1 145 1296 71
Frahm, unpublished 45,516 + 22 255 + 22 233 = 19 145 + 17 71 +
EMPA University of Minnesota Matched specimen 49,538 *+ 226 1413 + 23
Frahm, 2010 50,052 = 614 1386 + 27
NAA MURR Archaeometry Lab Matched specimen 1379 45,495 227 225 1261
Matched specimen 1355 46,591 230 229 1152
Frahm, unpublished 1390 = 35 47,862 = 879 243 + 4 237 £ 5 1304 = 15
PIXE C2RMF, Paris, France Poupeau et al., 2010 44,517 = 445 242 £ 1 249 =5 1364 + 25
WDXRF University of Freiburg Keller and Seifried, 1990 1394 53363 230 3 1287 90
PYRO Calibration-08: Sartkamis 1, Turkey
Recommended values 325 = 14 5724 + 337 31 £2 130 £ 8 22 = 21 = 4 109 + 24 14 =+
EDXRF Inst. of Anatolian Archaeo. Kobayashi and Mochizuki, 126 £ 5 24 = 3 93 = 6
2007
MURR Archaeometry Lab Matched specimen 6054 29 126 27 22 112 16
EMPA University of Minnesota Matched specimen 315 = 18 5885 + 98 117 £ 7
University of Minnesota Frahm, 2010 315 £ 25 5966 + 24 112 = 5
ICP-MS MURR Archaeometry Lab Glascock and Ferguson, 327 5174 29 124 21 21 91 13
2012
IRAMAT, CNRS, Orléans Chataigner and Gratuze, 135 £16 17 2 19 *=1 106 = 6 15 =1
2014
Chataigner et al., 2014 323 = 14 335 119 +5 182 17 =1 76 = 11 13 +1
Khalidi et al., 2016 333 =6 5802 + 210 33+1 127 = 2 18 3 16 = 2 75 + 18 13 +1
NAA MURR Archaeometry Lab Glascock and Ferguson, 351 5465 30 131 26 141
2012
University of Pavia, Italy Oddone et al., 1997 146 =+ 6 23 =1 138 = 3 14 =1
WDXRF University of Freiburg Keller and Seifried, 1990 310 = 110 1339 234 26=*3 137 = 3 12 =+ 2

uniformity” in the composition of the specimens (Dillian, 2002:249).
That is, variability in microscopic texture had little, if any, effect on
elemental values.

3.4. Are these sets useful for other techniques?

It should be emphasized that the past decade has also seen the
continued development and application of additional non- and micro-
destructive techniques for obsidian sourcing. Two of these analytical
techniques use electron beams: EMPA (e.g., Frahm, 2012; Frahm et al.,
2016; Blegen, 2017; built on earlier studies, e.g., Merrick and Brown,
1984; Weisler and Clague, 1998; Tykot, 1996, 1997) and scanning
electron microscopy together with energy-dispersive X-ray spectro-
metry (SEM-EDS; e.g., Le Bourdonnec et al., 2010, 2015; Mulazzani
et al., 2010; Poupeau et al., 2010; built on earlier studies, e.g., Biré and
Pozsgai, 1984; Bir6 et al., 1986; Keller and Seifried, 1990). Other
techniques use laser ablation, notably laser-induced breakdown

12

spectroscopy (LIBS; e.g., Harmon et al., 2018, Syvilay et al., 2019) and
laser-ablation inductively coupled mass spectrometry (e.g., LA-ICP-MS;
Chataigner and Gratuze, 2014; Lee and Kim, 2015; Khalidi et al., 2016).
Several researchers have also combined the electron- and laser-based
approaches for obsidian artifact sourcing (e.g., Barca et al., 2012;
Brown et al., 2013; Foresta Martin et al., 2017; Orange et al., 2017).
The PYRO sets, which include obsidians and other igneous rocks in
their natural forms, were principally intended for pXRF/EDXRF cali-
bration and evaluation, and might not be as well suited to micro-
analytical techniques. As of this writing, the newer pXRF instruments
from Olympus, Thermo Scientific, and Bruker all have nominal ~8 mm
beams (~ 50 mm?) with the option to use ~3 mm (~7 mm?) collimated
beams. The analytical areas of electron beam techniques are con-
siderably smaller. For example, with EMPA, I analyzed obsidian using
an electron beam diameter of 30 pm (0.03 mm), corresponding to an
analytical area of ~700 pum? (~0.0007 mm?; Frahm, 2012). Similarly,
with SEM-EDS, Poupeau et al. (2010) measured 200-500 pmz on
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Q = S - o — obsidian specimens. The analytical areas for laser ablation techniques
are also small. Harmon et al. (2018) ablated a spot ~100um in dia-
E LU H o4 H H oA meter (~0.0001 mm?) with LIBS, and the ablation spots of Chataigner
f W 5 oRTSe N =g and Gratuze (2014) were ~60-100um in diameter with LA-ICP-MS.
z 8 BB ® o, = 22 Therefore, the area of a typical pXRF analysis is approximately half a
million times larger than that of a LIBS or LA-ICP-MS measurement.
3 A S8 == = Backscattered electron (BSE) images in Figs. 6a-d reveal the micro-
W ow N U, scopic heterogeneity of Aghvorik, Meydan Dag, and Sarikamis ob-
e sidians as well as Japanese sanukite. Heterogeneity on such microscopic
& N o2 2 " @ scales is not a significant issue for pXRF/EDXRF; however, use of the
N 2 I3 4 J IS PYRO materials to calibrate or evaluate microanalytical techniques,
© © whether based on electron beams or laser ablation, warrants caution.
oo o w = o The suitability of standards to one technique but not another is
" H HoH H HoH common. As established in Section 2.1, EDXRF facilities often analyze
£ USGS RGM-1, a powdered obsidian from Glass Mountain or its re-
f 5 § § § g Lo placement standard, RGM-2, as a calibration standard and/or accuracy
check (e.g., Skinner and Thatcher, 2003; Shackley, 2011a; Hughes,
S ~ - ) 2015). NAA labs tend to use a standard from NIST: SRM #278
(Glascock et al., 1998; Cherry et al., 2010; Elizalde-Rodarte et al., 2016;
g HooH H HooH H Rivero-Torres et al., 2017; Santi et al., 2017). Electron analytical
% techniques, such as EMPA and SEM-EDS, tend to use a standard from
i N w B o © the Smithsonian Institution — VG-568, an obsidian from “Yellowstone
e S ne ~ © o  ©m National Park” in Wyoming (Tryon et al., 2011; Frahm, 2012, inter alia)
— or various other materials (see Kuehne et al., 2011: Table 5). In
£ H HooHH H HH HH contrast, LA-ICP-MS analysts tend to use artificial glasses (e.g., NIST
& - N~ oo ~ ® o T~ SRM #610; Khalidi et al., 2009; Chataigner and Gratuze, 2014; Orange
= ] ] =822 N S8 && et al., 2016) or synthetic obsidian (de B. Pereira et al., 2001). Therefore,
8 mg w . N L it is not unusual to see researchers change standards when moving
- between one analytical technique and another (e.g., LA-ICP-MS in
3 HooHH 4 H HH HH Scharlotta et al., 2011 vs. pXRF in Scharlotta and Quach, 2015). Con-
& sequently, there is a clear precedence for tailoring the calibration
E ‘5 § § § = 88 258 standards to the strengths and weaknesses of a particular analytical
technique.
S
S S %
28 8 S
H o4 " H 4. Choosing and preparing the specimens
e . . o .
5 S g g § g & The following sections consider influences on how the specimens
o L ) ) o o were chosen for the PYRO calibration and check sets, including max-
imizing compatibility with other calibration schemes (e.g., the MURR/
®C EH g = Bruker set), and the preparation methods are also documented here.
- H o + H +
g
& S8 2 w b oo o~ 4.1. Obsidian specimen collection
§ =] o <Y NSO = %
~ N — N “ oM m N
- The obsidian specimens in the PYRO sets originate from my research
§ 3 collection, which was assembled via various means over the last fifteen
- 5 o 2 years. Several specimens originated from vintage rock and mineral
g 8w TEFwd §wmo 2oF collections collected decades ago. For example, the Bodie Hills obsidian
< /M o) — 3] 2 8 P
258 5a% 258 b
= E S8 E8 5 ] K 3 o <85 specimen came from the mineralogical collection of George E. Masimer
& 3ER&T s YEREREOREE (1917-1968). Similarly, the specimens from Mono Craters, Glass
- e D T = O T - ® . . . . .
g g§88g .88 §883 258 Mountain, and Casa Diablo all originated from older geological col-
E EggEeEgRe® fEees2e58¢ed . . .
B S22 253 S S22 g g gE lections that predate protections of the sources (e.g., creation of the
o, S T oo = O o oo oo L = . . . . .
g| @ XRAMdOE=da= XAddOndd= Mono Basin National Forest Scenic Area in 1984). Other obsidians are
é % 2 ; 2 widely available from knapping enthusiasts and suppliers (e.g., Buck
a < ; 5w = 2 = Mountain [Davis Creek] and Rainbow Mines, California; Wagontire,
B E =< g 835 < § 55 g & 5 Oregon), but all such specimens must be verified as misidentifications
% -:3’ 55 g S 25 5 55 g é’ E were encountered (e.g., most often the readily available Buck Mountain
. ©B8E8%BB E B8 E ©T idi idi
g el g = cizez S z2f oz obs@l'an was e.rroneously labeled as a more uncommon obsidian).
Bl 5|8 BE_EEE 6 EEL L Additional specimens were collected by myself and/or my colleagues.
1%)
5| 2| &5 £% E2zz £ =225 =2z For example, most of the specimens from Turkey were collected in 1991
E= mR 2B kS =22 5P by Tuncay Ercan, Directorate of Mineral Research and Exploration,
é g % % Turkey and by George “Rip” Rapp, University of Minnesota. Collection
o8 EF|Y L2 E 2 L2 & locations at Glass Buttes in Oregon are those best documented, having
solf|2 EZs3 g £3s & been published in Frahm and Feinberg (2015
',%5 S|z 5823 z EEZ g een published in Frahm and Feinberg ( ).
E A
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~ o ~ 4.2. Compatibility with other schemes
é A +' As discussed in Section 2.1, archaeological EDXRF facilities in North
= —_—N Ao - - America tend to use the USGS standards RMG-1 or 2 for calibration
“ IR - - and/or evaluation of obsidian analyses (e.g., Skinner and Thatcher,
o = 15 N+ o neg - 2003; Carter et al., 2013; Hughes, 2015; Shackley et al., 2016). The
source material of the two standards is Glass Mountain obsidian. It is
z HoA oA HoAH A +' the alkaline — specifically, calc-alkaline — geochemical variety of ob-
& . o NGO O @ « on sidian, which is typical of most obsidian sources within tectonic sub-
] RE=SSSS==SE 88= == duction zones such as the North American Pacific Coast, meaning that it
R e is broadly geochemically similar to most of the obsidians in the
American West. This, in turn, has made RMG-1 and 2 popular in these
— o4 O laboratories; however, Glass Mountain obsidian differs considerably in
é composition from, for example, phonolitic and trachytic obsidians of
= 28NS 8x82 the East Africa Rift. Nevertheless, given its prevalence as a standard,
Glass Mountain obsidian is included among the PYRO check specimens.
Nwo v ® o2 2 Consequently, researchers, should they so desire, can still report accu-
_ oo N " racy relative to Glass Mountain obsidian.
g As discussed in Section 2.2, various researchers (e.g., McCoy et al.,
% *INSIENRTY a8 2014; Pintar et al.,, 2016; Reepmeyer et al., 2016; Fernandez et al.,
@ IR - 2017; Gaffney and Summerhayes, 2018; Grebennikov et al., 2018;
n o~ MM NW o~ NN ® Lynch et al., 2018; Matsumoto et al., 2018) have relied on the MURR/
Bruker calibration for obsidian analyses (Glascock and Ferguson, 2012;
z HoH A HoH H A A Speakman, 2012). Therefore, a factor in choosing obsidian specimens to
& o 0O o n O Do 5 include in the PYRO sets was continuity with the MURR/Bruker set. The
=2 yIBIIIonIIINasy final choice was that one in five (20%) obsidians should be common
between these two schemes. Hence, four obsidians in the PYRO cali-
A N © bration sets — La Joya (MURR/Bruker #16), Sierra de Pachuca (#30),
_ N T "o Meydan Dag (#36), and Sarikamig (#37) — and three in the PYRO check
é sets — Panum Crater (Mono Craters; #7), Sawmill Ridge-Casa Diablo
= ~ ¢+ & ©ouo (#10), and Buck Mountain (Davis Creek; #27) — function to increase
N ” o0 o0 compatibility with the MURR/Bruker calibration. In addition, thanks to
o = - 3 an inter-laboratory “round robin” organized and reported by Glascock
® © « (1999), Sierra de Pachuca obsidian became a de facto standard for re-
H H H o4 H searchers using InnovX pXRF instruments (e.g., Williams et al., 2012;
E Kellett et al., 2013; Moholy-Nagy et al., 2013; Millhauser et al., 2015).
% § § § § g § g% The inclusion of these obsidians in the PYRO sets will aid reproduci-
F © e @ L ow ©© bility with respect to these calibration schemes.
N8 Qe o any ° Other obsidians in the PYRO sets were used by researchers in pre-
vious decades to calibrate and evaluate XRF measurements. For ex-
. H o4 HH 4+ 444 H ample, Mt. Konocti obsidian was used by Stross et al. (1971) to check
g the repeatability of their data, and Davis et al. (1998) used Bodie Hills
g % S 8 BB FIsSI 3 obsidian to test the effects of surface irregularity on EDXRF analyses of
obsidian artifacts. El Chayal obsidian was used routinely as a calibra-
- ® § - tion standard at Lawrence Berkeley National Lab in California (e.g.,
% g % £ s § :§ £ 5 § g % 5 3 Burger and Asaro, 1977; Fowler et al., 1987; Andrews et al., 1989;
= E N EE = . 35 E 3 = j 42 Asaro et al., 1994). Consequently, these three obsidians also have long
§ 3 ) % 28°: g E i §T: it g = E = “pedigrees” as calibration standards used for sourcing.
g § gg E E S ¢ % E % 3 aé % 2 i Furthermore, I wanted the PYRO sets to be compatible with my
g 52:%8% %_50% £22 2 3£ g _g prior calibration set, which I developed in 2012 (see Section 2.3).
& REBEECTISEESDEE B Consequently, the PYRO sets include six duplicates from that original
o set: Saritkamig 1 and Meydan Dag in Turkey; Chikiani 1 in Georgia; and
T‘: z‘j g b B Aghvorik, Gutansar, and Satanakar in Armenia. I have, however, up-
£ R Kl 2 g o i s dated the recommended values from 2012 to include additional ana-
§ g = E P g % 3 § E % lyses of matched specimens as well as datasets from the literature.
S £ 2 F3s T E e
E © 8 E&7%F 2 g 283
El |E 2 g88% £% =83 N o
g g _;3 g —g E ; ng —g § TE @ 4.3. Designed to include the East African Rift
ElElg © o g 28 g
g _’g ; § E § % % g g E % The PYRO sets were designed, from the initial planning phase, to
g = 5 o =2zZ>b = = R include obsidians from the East African Rift, which are geochemically
'g s < distinct from most other sources around the world due to their tectonic
2| g % 2 setting (Brown et al., 2013). In short, the divergent plate boundary of
o 8| g g B == the East African Rift produces obsidians unlike those created by sub-
_':‘; 2 § £ R b § é duction zones. Ferguson (2012:406-407) notes what occurred when the
gxlTlr " = MURR/Bruker calibration was first applied to Kenyan obsidians:
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- <«
The initial calibration included samples from 40 well-known ob-
2 P sidian sources in the Americas. For these obsidians, iron rarely ex-
& ceeds 6-7 percent, zirconium is rarely above 1000 ppm, and nio-
2 o bium is rarely over 200 ppm. It was clear from the spectral overlay
that many of the Kenyan samples had abnormally high concentra-
Qo o tions of these three elements, yet the concentrations calculated by
the calibration produced lower concentrations as the peak areas
e Hoo A4 H increased... The problem was corrected by including a couple Kenya
S obsidian samples with high iron, zirconium, and niobium con-
— © — o LN < < .
& =828 32 centrations.
o o e The solution was adding two Kenyan obsidians — Eburu GsJj53 and
Kedong Road - to the calibration. In contrast, five (25%) of the 20
- HoOH 4 PYRO calibration specimens originate from Kenyan and Ethiopian ob-
g sidian sources. I previously used one of the five obsidians — Mt. Eburru
= RN (GsJj50, not GsJj53) — as a calibration check when sourcing Kenyan
obsidian artifacts (Frahm et al., 2017a).
n [ Te)
< @ — O
4.4. Compositionally beyond obsidians
- HOH A
£
g In anticipation of encountering geochemically atypical volcanic
& N3="sR% glass, two non-obsidians are included among the calibration specimens.
One is a trachyte (~65% SiOs, lower silica than rhyolite but more than
hooaes o dacite) from Hatis volcano in Armenia. This extrusive igneous rock is
aphanitic - that is, its texture is so fine-grained that the constituent
- HoOOHHHH . T .
g minerals appear indistinguishable to the naked eye. I found this tra-
& . s . . .
& No o ®®ooo chyte during a survey of obsidian outcrops at this volcano in a location
= SoL85838 that had previously been mapped as rhyolitic lavas (Karapetian et al.,
2001). This material flakes well, and a fresh surface has a somewhat
¥ “ N glossy appearance. It likely would have been exploited as a toolstone in
the past if not for abundant obsidian available only dozens of meters
'é * * * away. The other is sanukite from Kanayama in Japan (Higashimura and
& Warashina, 1975; Warashina et al., 1978). This extrusive igneous rock,
N 0 1w in b which was used to fashion stone tools for millennia, is an andesite with
b oo microscopic minerals (primarily orthopyroxene and plagioclase) in a
N ™ mn =) s 1s .
] =g A glassy groundmass. The two non-obsidians contain, for example, Sr at
higher concentrations than typically occur in obsidian (440 and
_ oA A 280 ppm, respectively); however, such levels can be encountered in
g N Moo East Africa Rift obsidians (e.g., 214 ppm in Mackinder 1 and 2 from the
e g 55E8ES Lake Baringo area in Kenya; Brown et al., 2013).
ooN 4N 4.5. Replicating an archaeological assemblage
2 HooH o+ 4 Another consideration that influenced the “check specimens” of the
& PYRO sets was creating a largely authentic archaeological test case.
g g g S § § 3 There is little point to assessing whether Mesoamerican obsidians can
be chemically distinguished from, for instance, East African or Central
g e 5 Mediterranean obsidians using a given instrument or analytical tech-
E ;§ g I g § g § nique. That is not a scenario one should expect to encounter. Hence, the
5 g 3 =39 3 o check specimens were selected, in part, to mimic a potential assemblage
5 LR at an archaeological site near the junction of Oregon, California, and
= - v . :
% § 28 % 585 Nevada in the northwestern United States. Reaux et al. (2018) report
929 %9 . 1 . . L .
g g é ST g g E their obsidian sourcing results from sites within the Catnip Creek Delta
@ . . O . 2
region, very near this junction. More than 30 obsidian sources across
g 5 2 2 these three states were recognized, including Buck Mountain, Massacre
z & ; E ﬁ ; Lake/Guano Valley, Rainbow Mines, and Wagontire as well as three
3 = 0) b= . .
S £ g é g Glass Buttes sources. Therefore, the check specimens were intended to
&
g _§ g 3 %; g double as a way to evaluate how an instrument would perform in a
Elpl& B8 &2°% “real world” scenario.
gls|23 < S¢8<
A&l B8 m ®8g
@ 8| q g S g . . .
g S| g E _S 2 E 4.6. Cutting and mounting specimens
2 = ‘g =
é g % The specimens were cut to their target size (10-20 mm diameter)
=78 E o B g using a Hi-Tech Diamond slab saw with a 25-cm diamond-embedded
_% e 8 E é & § saw blade. This size was considered adequate given that many recent
EX pXRF models have a standard 8-mm beam diameter (and optional
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Table 15

Summary of recommended values for all PYRO specimens.
Label Mn (ppm) Fe (ppm) Zn (ppm) Rb (ppm) Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm)
PYRO Calibration Set
Cal-01 472 + 24 12,240 + 690 48 + 4 98 + 5 198 =+ 9 15 =+ 6 236 + 15 18 =+ 4
Cal-02 641 + 23 8250 + 173 44 + 4 140 + 5 129 + 6 22 + 7 171 + 13 37 + 3
Cal-03 623 19,940 * 700 54 70 443 + 24 19 + 7 243 * 12 27
Cal-04 522 + 20 4580 + 180 34 + 2 192 + 2 9 + 2 8 + 4 88 + 10 36 + 3
Cal-05 482 + 40 5000 + 280 41 * 4 130 + 7 75 + 12 14 + 4 81 * 4 19 + 2
Cal-06 519 + 27 9520 + 310 74 * 8 200 * 5 18 + 3 52 + 5 286 * 15 32 + 4
Cal-07 1380 + 18 46,680 * 3860 237 + 10 233 * 8 2 + 1 145 1308 * 82 76 + 9
Cal-08 325 + 14 5724 + 337 31 + 2 130 + 8 22 + 4 21 + 4 109 + 24 14 + 1
Cal-09 311 + 1 8625 + 130 40 + 3 179 + 5 75 + 3 30 + 3 211 + 7 53 + 5
Cal-10 1356 41,200 279 * 19 207 2 150 1282 + 134 230 + 4
Cal-11 2638 58,130 + 620 368 + 31 130 + 6 12 + 6 153 1075 + 65 185 + 14
Cal-12 1990 + 40 59,900 + 1500 436 + 35 204 + 13 7 + 2 235 + 58 1517 + 64 335 + 39
Cal-13 298 + 35 13,280 + 220 114 * 7 277 * 2 5 + 1 86 + 1 445 * 27 192 + 1
Cal-14 949 34,650 + 35 75 119 + 4 280 + 1 24 + 6 225 + 11 10
Cal-15 591 + 39 4410 + 25 25 * 1 141 + 4 41 + 3 24 + 3 76 * 1 7 + 2
Cal-16 391 + 27 7377 + 163 35 + 7 145 + 6 54 + 3 33 + 5 85 + 7 6 + 2
Cal-17 647 + 22 6080 * 80 37 * 4 145 * 5 148 + 7 19 + 2 104 * 9 11 + 1
Cal-18 583 + 13 19,220 + 210 135 + 9 161 + 7 3 + 4 69 + 7 811 + 8 62 + 1
Cal-19 1083 + 68 16,280 + 570 219 * 11 201 + 15 4 + 3 108 + 4 979 * 42 91 + 5
Cal-20 451 + 13 8607 + 92 55 * 4 152 + 5 271 + 45 12 + 3 178 * 19 16 + 1
PYRO Check Set
Check-01 278 + 16 12,930 + 290 34 * 2 150 + 3 108 + 2 25 + 1 222 * 4 9 + 1
Check-02 433 * 48 4655 + 548 30 * 5 184 * 12 96 + 7 12 + 2 98 * 6 15 + 2
Check-03 414 + 28 5380 + 160 28 + 2 109 + 6 66 + 7 18 + 2 94 + 5 11 + 2
Check-04 216 + 13 9444 + 112 32 * 8 212 + 10 74 + 6 37 + 2 200 * 11 12 + 2
Check-05 356 + 39 7737 * 841 43 * 2 183 + 9 8 + 4 26 + 3 110 * 6 23 + 5
Check-06 348 + 24 7354 * 153 25 + 4 127 * 6 70 + 6 20 + 1 138 * 6 11 + 1
Check-07 286 + 27 9495 + 504 33 + 3 150 + 3 121 + 11 18 + 2 194 + 9 13 + 1
Check-08 922 + 44 14,290 + 1450 135 * 6 215 + 9 4 + 4 89 + 4 582 + 13 31 + 2
Check-09 332 * 40 5738 + 131 36 * 5 85 * 3 25 + 4 50 + 3 93 * 6 11 + 2
Check-10 309 + 18 6510 + 130 38 + 6 72 + 2 49 + 5 45 + 5 117 + 11 12 + 1
Check-11 425 + 52 4750 + 70 43 * 11 116 + 7 8 + 3 66 + 4 84 * 6 14 + 1
Check-12 463 * 48 4805 + 30 45 * 10 126 * 8 4 + 3 69 + 7 83 * 8 14 + 1
Check-13 527 =+ 57 4596 + 166 27 * 12 131 =+ 6 28 + 6 31 + 3 69 * 2 12 + 2
Check-14 478 13,110 63 + 15 102 + 7 40 + 4 55 + 4 340 + 13 22 + 1
Check-15 445 + 56 6396 + 224 42 * 8 273 * 7 11 + 4 58 + 7 100 * 6 32 + 3

collimation down to 3 mm) and a built-in aiming camera. Similar beam
sizes are possible for benchtop XRF instruments (e.g., 1, 3.5, 9, and
15 mm for a Thermo Scientific ARL Quant'X). Additionally, to assuage
concerns about sufficient thickness for accurate analyses (see Frahm,
2016:448-450 and references within), these specimens were cut as
thickly as possible (~5-15 mm) given the available material. A greater
thickness is required to analyze Ba accurately in obsidian (~18 mm
using the Ka X-ray), and this is a reason that, in subsequent sections, Ba
is not reported for these specimens.

The obsidian specimens were encapsulated in epoxy resin to protect
them from chipping in transit (and users from small, fresh chips off the
specimens). Specifically, EpoxySet from Allied High Tech Products was
chosen for this purpose. It has low viscosity (300 cP), so it easily sur-
rounds and adheres to specimens. It also has high clarity, hardness (89
Shore D), and strength (7600 psi tensile strength). The resin consists of
Bisphenol-A [(CH3)>C(C¢H40OH)-] and epichlorhydrin [C3HsClO], and
the curing agent is triethylenetetramine [(CH,NHCH,CH,NH,),]. The
specimens were placed in two-part mounting cups (25 mm diameter),
and the liquid epoxy was poured over the specimens, filling the cups.
Hardened epoxy prepared without a specimen was analyzed by pXRF,
and as anticipated, these organic compounds contained no elements
that would interfere with obsidian sourcing. The prepared specimens
were cut using a diamond-embedded wafering blade on a Buehler
IsoMet saw and/or ground using silicon carbide paper on a Buehler
MiniMet 1000 polisher.

5. Data and recommended values

Whenever possible, the elemental data from multiple analytical
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techniques and laboratories were employed to establish the re-
commended values for the PYRO sets. Reference standards based on
chemical analysis in a single laboratory or by only one technique have
occasionally been shown to have inaccuracies in their data. Consider,
for instance, the previously mentioned VG-568 obsidian standard
(Jarosewich, 2002). In the official values reported by Jarosewich et al.
(1980), Ti is listed as 720 ppm (0.12% TiO,). More recent studies,
however, found consistently lower values for Ti: 480 + 180 ppm in
Streck and Wacaster (2006), 480 *+ 60 ppm in Rowe et al. (2008), and
450 = 55ppm in Frahm (2010, 2012). As argued by Hancock and
Carter (2010:245), “although analytical chemistry is not a democratic
process, the agreement of specific elemental concentration data” from
different laboratories and techniques “adds credibility to the relative
accuracy of their numbers.” Thus, there is great value in using stan-
dards that are not predicated on one value from a single technique or
lab, which might exhibit some sort of systematic error or bias. Instead,
it is better to seek measurements from independent labs, remove out-
liers, and find a consensus among them.

5.1. Comparative elemental data

Many of the PYRO specimens were analyzed at the MURR
Archaeometry Laboratory, thanks to Michael D. Glascock and Jeffrey R.
Ferguson, as well as the Northwest Research Obsidian Studies
Laboratory (NWROSL), thanks to Alex J. Nyers and Craig E. Skinner.
None of them, however, should be held responsible for my interpreta-
tions of their elemental measurements. NAA at MURR followed their
standard procedures for obsidian characterization (Glascock,
2011:174), including both short- and long-irradiation measurements.
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Example of Calibration and Evaluation: Nb

#1: Measured vs. expected for calibration set
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#2: Derive regression equation for calibration
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#4: Derive regression equation for evaluation
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Fig. 7. Four steps in use of the PYRO calibration and check sets with Nb. First, one measures the 20 calibration set specimens and compares them to the expected
values reported here. Second, one uses linear regression analysis in order to derive a calibration equation that can be input either into the pXRF software (e.g., “cal
factors” in Olympus terminology, “user factors” in Thermo terminology) or applied to the data in spreadsheet software (e.g., Excel). Third, one measures the check set
with the new applied calibration equations. Fourth, one again uses linear regression, but this time one is quantifying how well the measured values reproduce the

expected ones.

Their EDXRF data reflect measurements using either an older ElvaX
(Elvatech, Ltd., Ukraine) instrument (Glascock, 2011:174175) or a
newer Thermo Scientific ARL QuantX instrument (Maziar and
Glascock, 2017:34). EDXRF measurements at NWROSL were conducted
using a Thermo Electron QuantX-EC instrument. I also analyzed several
specimens using EMPA at the University of Minnesota using published
protocols (Frahm, 2012).

5.2. Published datasets

In addition to the MURR and NWROSL data, the literature — both
published and “grey” — was searched for other measurements of the
obsidians. For the North American obsidians, relevant data were often
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found in laboratory reports for clients of GRL and the
Geoarchaeological XRF Lab. For the Kenyan obsidians, datasets from
Brown et al. (2013) proved invaluable, as they have before (Frahm
et al., 2017a). As noted in Section 4.2, several of these obsidians have a
history of use as calibration and/or check specimens in obsidian artifact
sourcing, so there are existing data for them. Data from pXRF instru-
ments were avoided to prevent any bias from the protocols discussed in
Section 2.2. For datasets found in the literature or laboratory reports,
average values and standard deviations were calculated if multiple
measurements per source were given. Three specimens — Hatis trachyte
(which I identified while testing outcrops) from Armenia, Kanayama
sanukite from Japan, and Bede Gebabe obsidian from Ethiopia — have
no published measurements that could be located.
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Calibration of Olympus: Plotting Measured vs.
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Fig. 8. Use of the PYRO calibration specimens with Rb, Sr, Y, and Zr to derive linear regression equations to apply to the factory-set Olympus Vanta GeoChem

calibration.

5.3. Element selection and omission

Eight elements are reported here: Mn, Fe, Zn, Rb, Sr, Y, Zr, and Nb.
This list of elements was, in large part, limited by the availability and
agreement of comparative datasets. Ti was one element that I had to
omit for now. It was not until 2010 that MURR developed a procedure
to measure Ti in obsidian (Coleman, 2010). Several of the five Ti iso-
topes do not readily absorb neutrons to become radioactive, whereas
others result in radioisotopes also produced by other elements. Conse-
quently, NAA has relatively poor sensitivity for Ti (i.e., three to four
orders of magnitude worse than Mn), and as a result, it is often left
unmeasured or unreported (Glascock, 2017). In addition, with EDXRF,
there is a concern about an overlap of Ti Ka X-rays (4.51 keV) and Ba
La X-rays (4.47 keV). Ti X-rays also have much lower energies than
those for Rb (13.40keV) to Nb (16.62keV) and, therefore, are more
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sensitive to irregular surfaces (Forster et al., 2011). For these reasons,
the analyses at NWOSL and MURR did not include Ti, and the published
values for Ti were highly variable. Hopefully the list of recommended
values can eventually be expanded to include Ti, among others.

5.4. Recommended values

Table 1 lists the 20 specimens in the PYRO calibration set and the 15
specimens in the check set along with their GPS coordinates and alter-
native names. Any outlier values were identified using standard techni-
ques (e.g., =1.5 times the interquartile range) and removed. Tables 2 to
10 give the recommended values and the corresponding measurements —
both published datasets and matched specimens — for the PYRO calibra-
tion set, divided by country. Tables 11 to 14 list them for the check set,
divided by state. Table 15 summarizes the recommended values for all
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Evaluation of Olympus: Plotting Measured vs. Expected for Check Set

Rb

300

y = 0.975x + 3.2
R? = 0.999

250

150

100

Expected (ppm): PYRO check set

50 . . . .

50 100 150 200 250 300

Measured (ppm): GeoChem w/ regression equation
Y
100
A
8 y =0.928x + 3.0
S s R? =0.992
<
o
o
o
g
L. 50
§ /
=
8 A
g 25
o
x
i
0 : : :
0 25 50 75 100

Measured (ppm): GeoChem w/ regression equation

Sr
150
y =1.004x + 0.7
R2 = 0.996

Expected (ppm): PYRO check set

0 . .
0 50 100 150
Measured (ppm): GeoChem w/ regression equation
Zr
750
5 y =0.947x + 6.6
2600
3 R?=0.998
<
o
8 450 [
>
o
E
&s00 |
e
2
[S]
s
150
& /
0 : : : :

0 150 300 450 600 750
Measured (ppm): GeoChem w/ regression equation

Fig. 9. Use of the PYRO check specimens with Rb, Sr, Y, and Zr to evaluate the PYRO-calibrated data for Olympus Vanta instrument.

PYRO calibration and check specimens in a single table. No claim is made
that these recommended values are equivalent in accuracy to the certified
values of SRMs. There is, though, much greater transparency in how these
data and the corresponding facilities are reported in comparison to many
SRMs (e.g., “a round robin study involving a select set of international
laboratories,” Wilson, 2009).

6. PYRO use and reproducibility

Measurements of the PYRO calibration and check specimens using
two pXRF instruments in different facilities can demonstrate the sets'
use. First, the PYRO specimens were analyzed using an Olympus Vanta
M-series pXRF instrument, which is equipped with a Rh anode, 4 W X-
ray tube, and 40 mm? Si drift detector (SDD) with a very high spectral
resolution (< 140eV). In the “GeoChem” mode, the voltage auto-
matically varies in combination with X-ray filters to fluoresce the heavy
(40kV) and light (10 kV) portions of the periodic table. This mode uses
the FP correction scheme (see Section 3.1) and has been calibrated by
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the manufacturer using a collection of ~40 geological SRMs (what is
called the “FP with standards” approach by Heginbotham et al., 2011).

Fig. 7 illustrates the calibration and assessment of Nb measure-
ments. First, the calibration specimens, which span a wide range of
concentrations (6-335 ppm) are analyzed, and the measured Nb values
are plotted against the expected values reported here. Second, regres-
sion analysis yields a linear equation that describes how the measured
values are best arithmetically converted into the expected ones. The
slope and y-axis intercept of the regression equation are then used to
adjust the factory calibration. In the Olympus Vanta software, these
numbers are input as “cal factors” for Nb, whereas they are input as
“user factors” in the Thermo Niton software. Next, the check specimens,
which cover a narrower range of values (9-32ppm), are measured
using the fine-tuned calibration. Lastly, a second regression analysis
describes how well measured values for these check specimens re-
produce the expected ones. This process brings the Nb measurements
into closer agreement with the recommended values. Figs. 8 and 9 il-
lustrate this calibration and evaluation process for other elements (i.e.,
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Calibration of Tracer 5i: Plotting Measured vs. Expected for Calibration Set
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Fig. 10. Use of the PYRO calibration specimens with Rb, Sr, Y, and Zr to derive linear regression equations to apply to the factory-set Bruker Tracer 5i “obsidian”

calibration.

Rb, Sr, Y, and Zr), which required less adjustment than Nb.

In September 2018, Jeffrey Ferguson at MURR analyzed 31 of the 35
PYRO specimens (17 of 20 calibration specimens, 14 of 15 check spe-
cimens) with a new Bruker Tracer 5i pXRF instrument. This model has a
Rh anode, 4 W tube, and 20 mm? SDD with a high resolution (5140 eV),
and it used the MURR-developed and Bruker-installed obsidian cali-
bration that Ferguson helped to devise and test in 2012 (Glascock and
Ferguson, 2012). The Tracer 5i consistently reported higher elemental
values relative to the Thermo benchtop EDXRF instrument at MURR.
Fig. 10 illustrates these trends for four elements (i.e., Rb, Sr, Y, and Zr).
Applying the same regression analysis protocol, as shown in Fig. 11,
reveals how these measurements can also align with the PYRO data.

Most importantly, Fig. 12 illustrates how the PYRO-calibrated
Olympus Vanta and Tracer 5i datasets reproduce each other. For
comparison, Fig. 13 shows the reproducibility between the MURR and
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NWROSL EDXRF datasets. Reproducibility between the PYRO-cali-
brated instruments compares favorably. Additionally, plotting the two
pXRF datasets together (Fig. 14) further demonstrates their compat-
ibility, despite considerable differences in their correction scheme (i.e.,
FP vs. empirical) and factory calibration (i.e., ~40 geological SRMs vs.
40 MURR-characterized obsidians).

7. Peabody loan policies and accession

The PYRO sets are intended to be freely available to researchers via
a loan (i.e,, a temporary physical transfer without an ownership
transfer) arranged with the Yale University Archaeological
Laboratories, where most sets will reside. The precise loan policies will
likely be refined over time; however, the guidelines reflect those of
Yale's Peabody Museum of Natural History. Specifically, the loan of a
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Evaluation of Tracer 5i: Plotting Measured vs. Expected for Check Set
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Fig. 11. Use of the PYRO check specimens with Rb, Sr, Y, and Zr to evaluate the PYRO-calibrated data for Bruker Tracer 5i instrument.

PYRO set will be subject to the following stipulations:

® Loans are made for non-commercial and scholarly purposes (i.e.,
without financial gain; e.g., a borrower cannot charge someone a fee
to calibrate an instrument with a loaned PYRO set). A loaned set will
only be sent to an accredited educational or research institution.

Loan requests should be made in writing on institutional letterhead.
A request should state the purpose of the loan, a brief project de-
scription, where and under whose responsibility a set would be
housed while on loan, and the requested length of the loan period.
A loan is made to institutions, not individuals. Students, post-
doctoral scholars, and visiting researchers cannot enter into formal
agreements on behalf of their institutions. Therefore, a permanent
faculty member or department head should submit a request on
their behalf and assume responsibility, as an institutional re-
presentative, for the care and custody of a set. A set cannot be
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transferred to a third party without prior written authorization.

e Specimens in the set should not be sampled, remounted, or altered
in any way. Many, but not all, of the PYRO specimens have corre-
sponding unmounted material that may be requested, if a sufficient
amount is available, for destructive compositional analyses.

As an alternative to a formal loan, qualified researchers may analyze
a PYRO set using their instrument during a scheduled visit to the Yale
University Archaeological Laboratories.

To aid the longevity of the PYRO sets, one set will be accessioned by
the Peabody Museum of Natural History. Founded in 1866, the museum
has been a center of geological, anthropological, and biological re-
search at Yale for > 150 years, and its collections will be available to
scholars for the next 150 years. Archaeological and geological interest
in obsidian at the Peabody dates to its nineteenth-century origins
(Dana, 1869; Iddings, 1885, 1888; Iddings and Penfield, 1890;
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Reproducibility of PYRO-calibrated instruments: PYRO check set
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Fig. 12. Reproducibility of two PYRO-calibrated pXRF instruments for Rb, Sr, Y, and Zr based on 14 PYRO specimens from the check sets, which are intended for

evaluating calibrated elemental data.

MacCurdy, 1900), and Yale researchers later played central roles in the
developing XRF techniques for obsidian sourcing. Following his work
on obsidian artifacts, technology, and sources in Guatemala (Coe, 1960;
Coe and Flannery, 1964), Michael Coe initiated a Mesoamerican ob-
sidian characterization program in collaboration with Robert Cobean (a
Harvard graduate student at the time) and Yale geochemists Karl Tur-
ekian, Edward Perry, and Dinkar Kharkar. The Guatemalan and Mex-
ican obsidian collected between 1969 and 1972 became known in the
literature as the “Yale Collection” (Vogt et al., 1982), and the specimens
were analyzed using XRF in the Department of Geology and Geophysics
(Cobean et al., 1971; Zeitlin, 1979, 1982; Zeitlin and Heimbuch, 1978).
Coincidentally, Cobean and colleagues later surveyed and sampled
obsidian sources across central Mexico, a project that eventually led to
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the creation of the Archaeometry Lab at MURR (Glascock et al., 2007).
Hence, researchers also have the option to access a PYRO set as a vis-
iting scholar at the Peabody Museum.

8. Concluding remarks

This project, which has been no small endeavor, is meant to facil-
itate, not mandate, a shift to more settled calibration and evaluation
protocols among archaeologists — especially those with less experience —
using EDXRF and pXRF to source obsidian artifacts. Falling back on
Killick's metaphor of the “awkward adolescence of archaeological sci-
ence,” adolescence is, of course, a time of difficult, sometimes painful,
developmental challenges, which, it seems, is what Killick (2015) had
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Reproducibility of EDXRF at MURR and NWROSL: PYRO check set
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described in Section 2.2), while the NWROSL instrument is calibrated using a collection of geological SRMs (as described in Section 2.1).

in mind. It is also, however, a time of experimentation and greater in-
dependence. As mentioned at the start of this paper, EDXRF experts'
critiques of pXRF use have been, on the whole, more programmatic
than pragmatic. Notably, Killick (2015) also cautioned about disparities
in access to the techniques and tools of archaeological science. Portable
instruments, such as pXRF, are certainly more accessible to archae-
ologists around the world than, for instance, varieties of mass spec-
trometry. Whether we are considering the adolescence or accessibility
of pXRF in obsidian artifact sourcing, experts have issued (sometimes
strongly worded) advice in the literature, at conferences, and in peer
reviews. Whether or not they are correct is beside the point. The point is
that we know, based on studies into learning and lithic technologies,
that such an approach can be largely ineffective (e.g., Tostevin, 2012;
Lombao et al., 2017; Ranhorn et al., forthcoming). It might seem ob-
vious that a novice flintknapper could not replicate a Levallois point or
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a Mesoamerican prismatic blade after simply encountering one on the
landscape. Nor can novices effectively replicate such tools by following
a list of instructions handed to them. Left on their own, novices would
be unlikely to select the proper implements to make such tools. Instead,
active guidance is much more effective for a novice to learn the proper
techniques and attain the desired outcome. This, we can predict, holds
true not only for making stone tools but also for conducting elemental
analyses of them. Consequently, the proximate goal of the PYRO sets is
to serve as a tool for almost anyone to meet — and to exceed — experts'
practices regarding accuracy, reproducibility, and scientific transpar-
ency, whereas the ultimate aim is to facilitate collaborations and “big
data” projects. Making the PYRO sets freely available and “open-
source” (i.e., all the source information is shared here) will hopefully
aid in the realization of these goals.
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