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A B S T R A C T   

Applications of energy dispersive portable X-ray fluorescence (pXRF; Olympus Vanta M Series VMR) for the 
chemical analysis of ceramic fabrics are gaining importance for archaeology. In addition to the broad accessi
bility of the instruments and their ability to gain first-look chemical data without destroying archaeological 
samples, the ability to bring the instrument to the field may be the only option for researchers working inter
nationally. Through a systematic evaluation of quality control measures applied to multiple standard and in- 
house reference materials, we conclude that the pXRF employed in this study can precisely and accurately 
quantify many elements, some of which are not reported or possess high detection limits as measured by other 
instruments, including neutron activation analysis (NAA). We also demonstrate that analyzing ceramics in 
different states – intact sherds, homogenized powders, or pressed planchets – produce internally consistent re
sults within categories but yield different results across sample preparation techniques. Finally, we re-analyze an 
archaeological sample of Coarse Orange jars from the Classic period Tuxtla Mountains, Veracruz, Mexico pre
viously studied through petrography and NAA (Stoner, 2013; Stoner et al., 2008). Analyses of samples processed 
into homogenized powders yield the most accurate and precise results, rivaling the analytical capabilities of NAA 
for characterizing this particular sample of ceramics. Analysis of intact sherds and pressed planchets yields 
sufficient results to reproduce the main compositional groups identified through prior NAA, but loses some detail 
necessary to separate subgroups.   

1. Introduction 

Archaeologists and material scientists employ chemical analysis of 
ceramics to identify exchange relationships, raw material procurement 
strategies, and production processes of the past (Arnold, 2000; Arnold 
et al., 1991; Bishop, 1980; Neff et al., 1988; Stoner and Glascock, 2012; 
Weigand et al., 1977; Sayre and Harbottle, 1979). Instrumental tech
niques, typically housed at universities, have been developed to this end, 
including neutron activation analysis (NAA), inductively coupled 
plasma – mass spectrometry (ICP-MS), or energy dispersive X-ray fluo
rescence (ED-XRF). In cases of international research, samples are often 
exported, which can be a lengthy process with many countries limiting 
the number of specimens or prohibiting export entirely. In those cases, 
the ability to bring the instrument to the field, such as with portable X- 
ray fluorescence, may enable research that would otherwise be 

impossible (see Aimers et al., 2011; Scott et al., 2018; Xu et al., 2019). 
Further, in cases where NAA or another technique is applied, pXRF 
provides a quick way to generate first-look data useful for staged sam
pling procedures that can more effectively target the best sample to 
answer archaeological questions. Partly due to its ease of use, proced
ures for the application of pXRF to the study of archaeological ceramics 
have been applied in non-standardized ways. The proliferation of casual 
applications of pXRF creates data islands that do little to advance 
archaeological science (Speakman and Shackley, 2013). We focus our 
efforts to establish systematic calibration and sample preparation pro
cedures using an Olympus Vanta M series VMR pXRF. 

In this study, we use pXRF to run multiple replicates of reference 
materials and archaeological samples prepared into different sample 
states. These include standard reference materials (SRMs) with certified, 
reference, and information values (see May et al., 2000 for definitions of 
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standard, reference, and information values), secondary reference ma
terials that were prepared by the University of Missouri Research 
Reactor (MURR) (see JCGM, 2012:48)1; and archaeological ceramics2 

previously characterized via NAA and petrography (Table 1). We 
analyze three parallel datasets for the same archaeological samples 
divided into different sample states (Fig. 1). (1) Intact sherds (archae
ological ceramics and reference materials fired into clay pucks) were 
cleaned with water and the surfaces were burred with an aluminosilicate 
paper to eliminate surface sediment; (2) homogenized powders were 
created by first burring the surfaces of sherds, and then grinding them 
into powders using an agate mortar and pestle; (3) pressed planchets 
were created from powders created in stage 2, using a binding agent and 
pellet press3. (See Table 2). 

Our study indicates that all materials, including reference materials, 
analyzed in a powdered state yield the most precise and accurate results 

within material category. Those data closely replicate the results ob
tained by NAA for many elements and offer superior quantification of 
other elements that are near or below detection limits of NAA (c.f. 
LeMoin and Helperin, 2021). Analysis of reference materials as fired 
pucks and planchets yields lower precision and less accurate results. 
Analysis of intact archaeological sherds introduces variability due to 
their coarse textures and the need to average values obtained at different 
locations to estimate bulk composition. Other analytical factors added 
variability that were difficult to control: the position of sherds over the 
detector introduces variability in the angle of the sample and the air gap 
between sherd and detector. Analysis of archaeological specimens pre
pared as planchets also yield results with a lower precision than those 
prepared as powders, possibly due to the calibration of the machine at 
the factory with powder reference materials. With these cautions in 
mind, our methodological contribution to the application of pXRF 
demonstrates that it is a viable, independent method for elemental 
quantification of archaeological ceramics from the Tuxtla Mountains, 
Veracruz, Mexico. For more detailed compositional analyses, a small 
piece of the sherd should be homogenized into a powder. Alternatively, 
initial sample screening and coarse grouping procedures can be met by 
averaged assays over a cleaned and intact sherd. 

2. Benefits and limitations of PXRF for analysis of ceramics 
fabrics 

The benefits of pXRF are numerous: (1) the instruments have become 
widely available and affordable for purchase by archaeological re
searchers; (2) the primary benefit of pXRF in the hands of an archaeol
ogist is to conduct first-look data in the field, guiding research and 
sampling strategies in real time. Large research labs may not dedicate 
time and resources to such preliminary data collection, and dealing with 

Table 1 
Reference materials (n = 24) used to correct and test the Olympus Vanta pXRF 
calibration for 17 elements.  

Name Type Matrix Used For: 

SRM1645* Sediment Planchet Correction 
SRM2709* Soil Planchet Correction 
SRM97b* Clay Planchet Correction 
SARM46** Clay Planchet Correction 
SARM52** Sediment Planchet Correction 
SARM69** Pottery Planchet Correction 
OM4 Ball Clay*** Clay Planchet Correction 
Pikermi*** Clay Planchet Correction 
Talc Free*** Clay Planchet Correction 
Albany Clay*** Clay Planchet/ 

Powder 
Planchet Correction & Asses 
Powder LDR 

Alberta Clay*** Clay Planchet/ 
Powder 

Planchet Correction & Asses 
Powder LDR 

Cornwall Clay*** Clay Planchet/ 
Powder 

Planchet Correction & Asses 
Powder LDR 

Ohio Gold Clay*** Clay Planchet/ 
Powder 

Planchet Correction & Asses 
Powder LDR 

Red Art 2000*** Clay Pellet/ 
Powder 

Correction 

Red Art*** Clay Planchet/ 
Powder 

Correction 

SRM2711* Soil Planchet/ 
Powder 

Powder Correction & Test 
Planchet Correction 

SRM679* Clay Pellet/ 
Powder 

Correction 

SRM2711a* Soil Powder Test Powder Correction 
Barnard Clay*** Clay Powder Assess Powder LDR 
Bentonite + 25% 

CaO*** 
Clay +
Oxide 

Powder Assess Powder LDR 

Bentonite Clay*** Clay Powder Powder Correction 
CaO*** Oxide Powder Assess Powder LDR 
Hawthorne 

Clay*** 
Clay Powder Assess Powder LDR 

PV Clay*** Clay Powder Assess Powder LDR 

* NIST Standard Reference Materials. 
** South African Reference Materials. 
*** MURR Secondary Reference Materials. 
List of 17 elements used to correct the Olympus Vanta PXRF: Aluminum 
(Al), Silicon (Si), Potassium (K), Calcium (Ca), Titanium (Ti), Chromium (Cr), 
Manganese (Mn), Iron (Fe), Nickel (Ni), Copper (Cu), Zinc (Zn), Rubidium (Rb), 
Strontium (Sr), Yttrium (Y), Zirconium (Zr), Niobium (Nb), Lead (Pb). 

Fig. 1. Workflow of different sample preparation procedures. Grey boxes 
indicate the lowest %RSD, and the highest accuracy returned. 

1 Where we use the general term “reference materials” we refer to SRMs and 
secondary reference materials together. For a complete list of color-coded 
reference material sources, values, and links, see Supplemental Materials 2.  

2 All archaeological ceramics were previously permitted for permanent 
export for destructive analysis by the Instituto Nacional de Antropología e 
Historia, Mexico (Stoner 2002, 2011).  

3 Where we use the short term “sherds”, “powders”, and “planchets”, that 
refers to intact sherds, homogenized powders, and pressed planchet samples, 
respectively. 
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transport, permits, and delays to work up data can prolong decisions 
that archaeologists need to make quickly during short field seasons; (3) 
the ability to conduct analyses near project sites expedite research flows, 
and, in some cases, might be the only way to collect chemical data due to 
export restrictions or prohibition over destructive analyses. A great 
example of this is the recent pXRF analysis of Emperor Qin Shihuang’s 
terracotta army (Quinn et al., 2020). (4) Related, is the ability to conduct 
non-destructive analysis, but we caution that analysis of intact sherds 
carries a number of significant drawbacks that limit the utility of the 
data. 

Sample preparation has a dramatic effect on the measurement of bulk 
chemical composition with any instrumentation. X-ray fluorescence is 
sensitive to variations in sample texture, compaction, homogeneity, surface 
topography, and position of the sample relative to the detector (Forster 
et al., 2011; McCormick and Wells, 2014). Further, ceramics fabrics are 
often inhomogeneous materials with compositional variation deriving from 
diverse inputs, including the materials used (water, clay, natural aplastics, 
tempering materials), use, and post-depositional chemical changes (Arnold, 
2000; Arnold et al., 1991; Carpenter and Feinman, 1999; Golitko et al., 
2012; Neff et al., 1988; Stoner, 2016; Stoner and Shaulis, 2021). Addi
tionally, foreign particulates can cling to the surfaces and invade the pores 
of pottery. Without a standard protocol for processing samples and evalu
ating the results, the numbers that result from the application of any 
chemical technique might represent compositions that were not part of the 
original paste recipe. 

If a fabric analysis is desired, eliminating surface “contaminants” – 

dirt, slips, paints, glazes – must be done through burring or abrading 
(Aimers et al., 2011; Glascock, 1992; Neff, 2000; Glascock & Neff, 
2003). X-rays excite atoms at different depths into the material, up to 
several mm into the sample depending on their energies (Shackley, 
2011), with surface adherents included in the resulting data if not 
removed. Diagenetic chemical changes, however, can penetrate deep 
into the ceramic body such that even deep burring cannot remove all 
traces (Stoner and Shaulis, 2021). Another unknown is whether surface 
burring drives surface contaminants deeper into the ceramic bodies. 
Other sample extraction techniques might be better in this respect, such 
as drilling powders from the broken edges of sherds (Blackman and 
Bishop, 2007:324), but the use of metal drill bits also can introduce 
contaminants (Boulanger et al., 2012). 

Potters around the world often added materials to temper the fabric, 
particularly when using clays with high swell-shrink ratios that lead to high 
percentages of breakage upon firing. Aplastic particles halt crack propa
gation, enhancing the pot’s resistance to thermal and mechanical shock, 
and taking up volume within so they do not shrink as much with water loss 
(Arnold, 1985:23; Rye, 1981:27). Unless the chemistries of individual 
components of the ceramic paste are sought (Stoner, 2016), the ceramic 
fabric must be homogenized into a fine power, or in the case of pXRF, 
sherds analyzed at multiple locations to approximate the bulk chemical 
composition. If the tempering materials themselves are inhomogeneous in 
composition or texture, analysis of different parts of the same sherd may 
result in very different data. Naturally gritty/sandy clays present the same 
issues as tempered ceramics if not homogenized during sample preparation. 

Table 2 
Lower limit of detection (LLOD) and linear dynamic range (LDR) for powdered and planchet reference materials and CO samples. Upper LDR values represent the 
highest concentrations observed in the available standards.  

Element LoD for Olympus† Powdered RMs LDR Based on Powder RMs LDR CO (Powder) Planchet RMs LDR Based on Planchets RMs LDR CO (Planchets) 

N = 34 LLoD (ppm) LLoD (ppm) LDR (ppm) LDR (ppm) LLoD (ppm) LDR (ppm) LDR (ppm) 

Mg <3000 <2844 9385–32157 *** <2614 8626 – 21,537 *** 
Al <400 <20911* 69008–168528 74192–158867 <6906* 22792–189342 71414–150642 
Si <400 <53593* 176857–335665 178468–264427 <39388* 129981–338666 199304–317955 
P <50 <39 130 – 867 *** <60* 199 – 1899 *** 
S <50 <78 258–3336 ** <19 64 – 20,739 ** 
K <25 <18 61–74105 6851–18565 <157* 520 – 42,912 7598–21834 
Ca <25 <552* 2013–415378 4237–85567 <345* 1140–112677 2070–88567 
Ti <25 <57* 190–11785 4392–7243 <918* 3031 – 12,738 4380 – 7519 
V <25 <39* 131 – 415 *** <11 38 – 268 *** 
Cr <10 <9 32 – 251**** 98–596 <15 47 – 33,896 86 – 652 
Mn <5 <14* 47–51513 200–951 <8 28 – 8840 182 – 996 
Fe <5 <315* 1040 – (92440) 26501–63135 <330* 991 – 194,418 26504–71280 
Co <5 **   **   
Ni <5 <5 15 – 125**** 56–303 <5 15 – 172 50 – 320 
Cu <10 <2 7 – 111 14–47 <3 10 – 479 14 – 48 
Zn <5 <1 5 – 396 68–151 <2 5 – 6997 71 – 159 
As <5 <1 6 – 81 ** <2 7 – 488 ** 
Se <5 **   **   
Rb <5 <1 3 – 505 30–108 <6 21 – 466 30 – 107 
Sr <5 <10* 35 – 790 84–436 <7 23 – 749 87 – 452 
Y <5 <1 3 – 54 16–28 <2 5 – 61 14 – 26 
Zr <5 <5 18 – 333 114–217 <5 16 – 410 95 – 215 
Nb <5 <2 6 – 29 10–18 <2 6–46.1 11 – 18 
Mo <5 <2 6 – 115 ** <2 6 – 13 ** 
Ag <5 **   **   
Cd <5 **   **   
Sn <5 **   **   
Sb <5 **   **   
W <5 **   **   
Hg <5 **   **   
Pb <5 <9 30 – 1384 5–19 <5 15 – 14,287 5–19 
Bi <5 **   **   
Th <5 <2 8 – 37 *** <4 13 – 38 *** 
U <5 **   **   

* Actual LLoD lower than the calculated LLoD using reference materials. 
** Concentrations are too low to reach LLoD or LLoQ. 
*** Typical clay/sediment concentrations in SRMs are too low to create appropriate calibration needed to estimate the LDR of Coarse Orange archaeological samples. 
****NAA values of Coarse Orange Samples used to corroborate LDR due to low concentrations in SRMs. 
† https://www.olympus-ims.com/en/downloads/detail/?0%5bdownloads%5d%5bid%5d=276827648. 
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The positioning and shape of the analyzed surface can also generate 
variability not directly reflective of the material composition, and 
irregular surface topography can attenuate incident or fluorescent x-rays 
(Aimers et al., 2011; Desroches et al., 2018). Spacing of the incident x- 
rays from sample to the detector directly co-varies with fluctuations in 
the rate of returning photons, so an irregularly shaped sample will return 
different compositions from different parts of the sherd. Irregularly 
shaped samples, as is the case with most sherds, are difficult to position 
consistently in relation to the detector. 

Quantifications using unassessed factory pXRF calibrations are also 
problematic. Factory calibrations typically focus on quantifying heavier 
elements or metals associated with industrial or environmental issues 
(Hu et al., 2017; Hunt and Speakman, 2015; Jang, 2010). Higher voltage 
is required to fluoresce heavier elements, while lower voltage is 

appropriate for lighter elements occurring at greater concentrations in 
aluminosilicate clays. Calibrations focusing on heavier elements, or 
metals, may misrepresent or miss lighter elements (Lemier, 2018). Some 
light elements require a vacuum or helium atmosphere, and custom 
calibrations or empirical corrections, using multiple reference materials, 
are appropriate for archaeological ceramics (Johnson, 2014). 

Standardization errors are also introduced if standards and samples 
are not ‘matrix-matched.’ To limit such errors, the crystalline structures 
and chemistries found within reference materials and ‘unknowns’ 
should be similar (Aimers et al., 2011). Matrix-matching requires the 
particle size of both unknowns and reference materials be ground to <
50 µm. We used soil, sediment, and clay reference materials occupying a 
range of elemental concentrations. 

Table 3 
Relative standard deviation (%RSD) among the four overlapping reference materials prepared as homogenized-powders and pressed-planchets used for correction.  
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3. The sample 

In this study we use a sample of archaeological ceramics from 
Veracruz, Mexico as a test of the viability of pXRF to independently 
construct the same compositional groups previously identified via NAA. 
Of more generalized interest, though, we analyze a series of reference 
materials commonly used in instrument calibrations and standardiza
tion methods across multiple disciplines. 

4. Reference materials 

Materials commonly used by multiple laboratories across disciplines 
are examined here to evaluate: (1) the pXRFs capabilities and limitations 
for each element; (2) its precision and accuracy compared to reported 
consensus values; (3) to construct calibration curves to correct the data; 
and (4) to provide a test of the effects of sample preparation independent 

from the archaeological ceramics. Concentration values for all reference 
materials used in this study are transcribed in Glascock (2017; 2020) or 
GeoReM (http://georem.mpch-mainz.gwdg.de) (see Supplementary 
Material 3 for all values and citations). 

We examine three SRMs as powders, and two common secondary 
standards that have been widely used across a wide variety of labs and 
projects. An additional ten secondary and internal standards were 
assayed as powders (Table 1). 

We pressed five SRMs into planchets, as well as two certified stan
dards, and two common secondary standards used across a wide variety 
of labs and projects. An additional eight secondary standards were 
assayed as planchets (Table 1). 

4.1. Coarse Orange jars in southern Veracruz 

Fragments of Coarse Orange jars were recovered at Middle and Late 

Table 4 
Validation of elements (in grey) for planchet SRM271, powder SRM2711a, and NAA SRM2711.  

Table 5 
Breakdown of elements detected by the Olympus Vanta pXRF, NAA, and elements used for chemical group characterization in this analysis of the Coarse Orange 
dataset.  

Elements analyzed by Vanta pXRF (N = 34) Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, 
Sb, W, Hg, Pb, Bi, Th, U 

Elements analyzed by NAA (N = 33) As, La, Lu, Nd, Sm, U, Yb, Ce, Co, Cr, Cs, Eu, Fe, Hf, Ni, Rb, Sb, Sc, Sr, Ta, Tb, Th, Zn, Zr, Al, Ba, 
Ca, Dy, K, Mn, Na, Ti, V 

Overlapping elements Analyzed by pXRF and NAA (N = 18) Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, As, Rb, Sr, Sb, Zr, Th, U 
Elements used in NAA classification in this paper (N = 29), As, U, Ba, Zn removed La, Lu, Nd, Sm, Yb, Ce, Co, Cr, Cs, Eu, Fe, Hf, Ni, Rb, Sb, Sc, Sr, Ta, Tb, Th, Zr, Al, Ca, Dy, K, Mn, 

Na, T, V 
Elements near 10% RSD in Sherds, Powders, Planchets (except Th in sherds and 

planchets) (N = 20) 
Al, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Pb, Th 

Validated pXRF elements used in group characterization (near 10% RSD, <20% 
Error) (N = 17) 

Al, Si, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Pb 

Elements excluded due to narrow range in pXRF SRMs V, As, Th, U 
Elements excluded due to falling below the Limit of Quantification in all samples Mg, P, Co, S, Se, Mo, Ag, Cd, Sn, Sb, W, Hg, Bi 
NAA elements with lower %RSD (5 replicates of SRM2711) Cr, V, As, Th, Sb 
PXRF elements with lower %RSD (10 replicates of SRM2711) Al, K, Ca, Ti, Mn, Fe, Ni, Zn, Rb, Sr, Zr, U  
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Classic Period (A.D. 450–850) sites in the Tuxtla Mountains, Veracruz 
(Pool, 1990; Santley et al., 1989; Stoner, 2002; 2011; Stoner and Pool, 
2015); including the regional center of Matacapan, where it was man
ufactured most intensively (Arnold et al., 1993; Pool, 1990; Pool and 
Stoner, 2008; Santley et al., 1989; Stoner, 2013). Coarse Orange pottery 
factored heavily into the political economy of Matacapan, including the 
Comoapan production facility where the remains of 36 updraft kilns 
have been recovered, representing an independent community of 
specialized potters (Pool, 1990). 

Kaolinitic clays of the Concepción formation compose all Coarse 
Orange jars made in the Tuxtlas. Matacapan potters used clay sources 
located near the Comoapan production facility and outcrops further 
south along the Catemaco River that are high in calcium, strontium, and 
some other elements. Pool (1990) termed these “Group C” clays due to 
their proximity to Comoapan. They derive from deeper positions in the 
Concepción formation exposed through incision by the Catemaco River, 
the largest in the region. In other areas, including the Tepango Valley, 
the area around Teotepec north of Lake Catemaco, and the southern 
Tuxtlas Piedmont, Concepción clays display lower concentrations of 
calcium and strontium, diluted primarily due higher proportions of 
quartz minerals. Pool (1990) termed these “Group S” clays, after the 
modern community of Sehualaca, and noted that they derive from the 
upper Concepción formation closer to the contact with Filisóla quartz 
and feldspar sands. In these locations, erosion from smaller rivers did not 
incise as deeply into the Concepción formation. Group S clays also 
contain higher concentrations of Zr and Hf that derive from zircons 
commonly associated with quartz sand. 

Using NAA, Stoner distinguishes Coarse Orange ceramics made with 
Group C clays as the CO1 paste recipe (Stoner, 2013). Group CO2 ce
ramics, low in Ca and Sr, derive from the low-Ca Group S clays. Group 
CO3 ceramics, primarily recovered near modern Hueyapan de Ocampo 
in the southern Tuxtla foothills (Killion and Urcid, 2001), also utilized 
Group S clays but potters tempered those vessels with river sands, a 
multi-mineral material that includes volcanic ash, rather than bedded 
volcanic ash. CO3 samples contain lower concentrations of Ca, Fe, and 
Cr (Pool and Stoner, 2008:415-418). 

Volcanic ash was used to temper the paste of all Coarse Orange pots: 
the ceramic type is partly defined based on presence of these tempering 
materials. Volcanic ash in the region is on the mafic end of the volcanic 
compositional range (andesitic basalts), and is rich in Cr, Fe, Sc, and 
most other transition metals. Minerals encased in black volcanic glass 
include mainly calcium-rich plagioclase, olivine, and pyroxene (Stoner, 
2002). Accordingly, the volume of ash in pottery positively covaries 
with the concentrations of the elements mentioned above in the bulk 
chemistry of ceramics. Ceramics made in the attached production fa
cility near the core of Matacapan (Pit 6) contained visibly less volcanic 
ash than those produced at Comoapan (Pool, 1990; Stoner et al., 2008) 
and consequently separate as their own group due to lower transition 
metal concentrations (Stoner, 2013). CO1 ceramics were also sub
divided into CO1A, those with relatively high concentrations of Cr and 
associated transmission metals, and CO1B, those that display subtly 
lower concentrations on the same chemical axes. CO1B was separated 
mainly because that composition does not appear at the Comoapan 
production facility, which was the focus of distributional analysis in the 

Fig. 2. Regression of powder reference materials (Y-axis) and observed (corrected) values (X-axis) for 17 elements within the Vanta’s linear dynamic range, and used 
to characterize the CO datasets. 
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original study. 
Our expectations for the pXRF study are to see separation among 

chemical groups CO1, CO2, and CO3. Following NAA, we expect that 
these groups should be distinguishable based on Ca and Sr concentra
tions, differentiating between Group C and S clays used in their pro
duction, and a suite of transition metals which indexes the relative 
concentrations of volcanic ash to quartz sand in the ceramic fabric 
(Stoner, 2013). A minority of other elements are also important to 
differentiate Coarse Orange paste recipes (Pool, 1990). 

Silicon, the most direct way to chemically measure the relative 
concentrations of quartz in the sample, is an axis of chemical variation 
not reported by NAA but is routinely measured by pXRF. The coarser 

sand-sized quartz inclusions found in group CO2, and the higher 
amounts of quartz inclusions found in group CO3, should yield elevated 
levels of Si and Zr in those groups. Based on petrographic point counting, 
previous NAA and XRF analysis, and knowledge of the local geology, 
dilution in the concentration of Ca and other elements that are signifi
cant for group differentiation was proposed due to the inclusion of 
quartz and feldspar sands (Pool, 1990; Stoner et al., 2008). Similarly, the 
relatively higher proportions of volcanic ash proposed for subgroup 
CO1A (Stoner, 2013) should reflect lower amounts of Si and Zr, and 
higher amounts of Cr, in comparison to CO1B pots. 

Table 6 
Percent error among the four reference materials prepared as powders and planchets that were used for correction.  
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5. Methods: Sample preparation and data analysis 

5.1. Instrumentation and calibration 

The Olympus Vanta M series VMR pXRF utilizes a Rh anode X-ray 
tube. Rhodium tubes more easily excite lighter elements than W or Ag 
tubes. The Vanta alternates between high and low energy X-ray settings, 
utilizing 40 keV with 70 μA to fluoresce heavier elements and 10 keV 
with 90 μA to excite lighter elements. 

A 40 mm2 silicon drift detector measures returning energy, emitted 
after sample irradiation, as analog pulses proportional to the energy of 
the characteristic X-ray spectra emitted, and are counted at fixed in
tervals of eV values called channels. Most pXRFs count between 19 and 
21 eV per channel, with the Vanta counting 2048 channels total. The 
spectral resolution of the Vanta for the Full-Width-at-Half-Maximum of 
the Kα Fe peak (or the area where x-ray peaks are calculated for a given 
element) is ~ 140 eV (Frahm, 2017). 

A Fundamental Parameters calibration (FP), relying on absorption 
and attenuation coefficients, is used to calculate intensities as counts- 
per-second (Thomsen, 2007). A relative rate of intensity is then calcu
lated between an unknown analyte to a standard that has a known 
concentration for a specific element (Thomsen, 2007). A conversion 
factor, necessary to multiply photon counts quantified by the FP cali
bration, to reference materials, is then established to obtain concentra
tions as ppm. For the Vanta’s GeoChem calibration, “dozens of SRMs 
across a wide geochemical range” are used (Frahm, 2018:24). 

Olympus recommends that heterogenous materials, like ceramics, 
require three standards to correct the GeoChem calibration. Five matrix- 
matched reference materials were available to construct an empirical 
correction for the powdered dataset (Table 1); SRM2711a, not used to 
create the correction factor, was assayed to assess precision and accu
racy (see Speakman, 2012:13). To ensure the full range of chemical 
concentrations in the Coarse Orange dataset could be measured pre
cisely and accurately, 10 more powder reference materials were assayed 
(Table 1). 

For the planchets and sherds, the same five reference materials that 
had been used for the powders were prepared as planchets. However, it 
was noted early that this correction produced significantly higher errors 
in the planchets and sherds datasets. To increase the accuracy of the 
correction, 16 matrix-matched reference materials were used to create 
the correction; SRM2711, not used to construct the correction, was used 
to calculate precision and accuracy. 

5.2. Sample preparation and measurement 

Archaeological sherds were prepared by removing surface contami
nants with an aluminosilicate paper and rinsing with deionized water 
(Fig. 1). The reference materials and archaeological samples not 
analyzed as powders and planchets were ground and homogenized into 
a fine powder with a particle size of < 50 µm, using an agate mortar-and- 
pestle and sealed into XRF cups with prepared thin-film (Chemplex 

Prolene 4 µm, 3′′). Standards were fired into pucks at 850 ◦C (SRM679), 
and 1100 ◦C (NOR), or pressed into planchets to provide a more ho
mogenous matrix. Archaeological sherds were also prepared into 
planchets. 

Planchets were prepared by pipetting 1 ml of Elvacite® solution into 
a beaker containing 3 – 5 g sample powder, stirring for 2–3 min using a 
glass rod, and then pressing in XRF cups at 25,000 psi for sixty seconds. 
Each use included cleaning preparation materials with acetone and ethyl 
alcohol. 

Time to fluoresce heavy and light elements for all samples was ninety 
seconds using high and low energy settings. Longer dwell times did not 
diminish estimated error or improve precision, using a shorter time did 
produce higher errors among some elements. Intact sherds were assayed 
five times at different locations, providing replicate values. Powders and 
planchet-samples were assayed four times. Reference materials were 
analyzed 10–17 times to calculate an average value and standard devi
ation to measure instrument precision. 

5.3. Empirical Correction and validation 

We employ a correction of the factory GeoChem calibration to in
crease the accuracy of measurements obtained in our analysis of 
archaeological ceramics. A linear ‘empirical’ correction was employed 
for both powder and planchet/fired puck corrections based on repeated 
assays of reference materials. Matrix-matched powdered reference ma
terials were used to correct the powder dataset, and planchet/fired-puck 
reference materials were used to correct the sherd and the planchet 
datasets. Because only two clays were available to create the fired puck 
standards, 14 reference materials prepared as planchets were used in 
combination with the fired puck standards to create the linear correction 
for sherds and planchets (Table 1). A linear equation proved to have the 
best result for the range of element concentrations in our dataset; other 
datasets, with varying elemental concentrations, may require a different 
correction equation. 

5.4. Validation methods 

To build confidence in the instrument’s ability to accurately and 
precisely quantify a suite of elements useful for addressing archaeo
logical questions involving ceramic compositions, we employ a four-step 
validation procedure (Taverniers et al., 2004). Step one entails calcu
lating percent relative standard deviation (%RSD) from replicate assays 
of reference materials, which reflects the machine’s ability to obtain 
similar results (Supplementary Materials 1a). Our analysis included 10 
to 16 replicate assays of reference materials. The more consistently the 
pXRF retrieves the same value over repeated measurements, the lower 
the reported %RSD, with the lowest %RSD representing the highest 
precision. 

Step two entails determining the lower limit where each element can 
be precisely quantified, also known as the limit of quantification (LoQ) 
(Desroches et al., 2018; Thomsen et al., 2003). 

Step three occurs by determining the upper LoQ, or the highest 
chemical value where each element can be precisely quantified. The full 
chemical range of concentrations that can be precisely quantified for 
each element, from lower to upper limits, is known as the linear dynamic 
range (the LDR). 

Accuracy is measured in step four by assaying many reference ma
terials as unknowns to determine the calibration range where each 
element can be accurately quantified. 

Determining the LDR, or the numerical range of elemental concen
trations that can be precisely quantified, can be calculated in several 
ways (Desroches et al., 2018; Thomsen et al., 2003). The Eurachem 
Method, applied here, relies on a calculation of %RSD, because %RSD is 
a direct measure of precision. Percent RSD values that greatly exceed 
10% are considered beyond the machine’s ability to quantify precisely, 
and thus, beyond the machine’s limit of quantification (LoQ); this 

Table 7 
Statistical comparison of percent error among the four standard and in-house 
reference materials using a Paired Samples T-test.  

Standard SRM679 OR NOR SRM2711 

Comparison Powder Vs. 
Planchet 

Powder Vs. 
Planchet 

Powder Vs. 
Planchet 

Powder Vs. 
Planchet 

K-S Test for 
Normality 

Normal 
Distribution 

Normal 
Distribution 

Normal 
Distribution 

Normal 
Distribution 

Test for 
Sample 
Comparison 

Paired- 
Samples t- 
test 

Paired- 
Samples t- 
test 

Paired- 
Samples t- 
test 

Paired- 
Samples t- 
test 

d.f. 19 13 19 26 
Test Statistic t = 2.08 t = 2.16 t = 2.08 t = 2.05 
p-value 0.01 0.11 0.01 0.04  
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Table 8 
Degree of material variation expressed as %RSD for each chemical group previously identified with NAA. Samples here were analyzed as sherds, powders, and planchets. Bold- pXRF has lower %RSD, Italics- NAA has lower 
%RSD.  

Element CO CO1A CO1B CO2 

N = 23 Whole % 
RSD 

Powder % 
RSD 

Planchet % 
RSD 

NAA % 
RSD 

Whole % 
RSD 

Powder % 
RSD 

Planchet % 
RSD 

NAA % 
RSD 

Whole % 
RSD 

Powder % 
RSD 

Planchet % 
RSD 

NAA % 
RSD 

Whole % 
RSD 

Powder % 
RSD 

Planchet % 
RSD 

NAA % 
RSD 

Mg  47.88  44.39  40.91   30.55  22.95  21.47   24.49  31.12  25.77   50.56  64.24  55.33  
Al 

(pXRF)  
24.14  16.23  15.06  15.04  9.42  4.92  5.37  5.77  8.35  4.31  3.28  5.29  10.46  4.74  3.27  5.68 

Si  9.14  9.39  9.63   6.72  4.14  5.50   5.97  3.44  3.52   11.03  12.88  12.69  
P  73.66  63.64  67.32   59.26  56.59  59.08   65.05  49.77  48.45   83.28  74.34  76.95  
K (NAA)  25.43  21.60  22.38  21.39  23.63  14.95  14.21  16.61  19.64  12.74  14.01  11.70  34.42  32.57  34.10  26.63 
Ca (NAA)  54.09  49.06  50.98  40.60  23.53  16.85  19.02  11.88  27.87  22.93  23.90  19.34  45.03  34.27  35.80  31.42 
Ti 

(pXRF)  
10.44  9.74  10.51  11.34  5.67  5.07  4.61  6.55  4.55  7.08  6.98  8.84  9.48  6.35  6.72  4.58 

V (NAA)  16.19  16.71  18.26  11.25  16.82  14.76  15.07  6.48  7.62  13.19  15.49  5.01  16.20  18.39  20.44  12.78 
Cr (NAA)  26.31  28.65  30.24  28.05  17.62  15.24  16.86  11.52  26.84  17.82  19.55  17.22  27.46  30.40  35.81  31.10 
Mn 

(pXRF)  
21.48  20.59  21.49  24.05  8.03  5.87  6.21  7.38  13.09  17.47  19.35  21.69  29.51  25.83  27.04  32.74 

Fe 
(pXRF)  

12.95  12.27  12.13  13.24  4.56  4.44  4.39  2.37  5.24  5.33  5.54  5.45  15.77  14.99  14.49  16.06 

Ni 
(pXRF)  

36.82  29.31  31.27  44.95  14.47  17.51  16.74  19.75  41.12  18.21  19.82  20.98  32.99  30.49  35.23  43.64 

Cu  25.84  19.82  20.71   16.89  10.37  13.66   12.23  16.41  13.76   31.64  25.25  23.88  
Zn 

(pXRF)  
38.86  17.63  17.86  37.23  43.28  15.42  16.71  27.74  25.22  10.19  9.65  9.70  38.62  18.89  17.46  58.46 

As 
(pXRF)  

36.22  25.73  25.34  64.00  42.84  28.63  29.39  66.52  19.62  27.62  18.59  52.57  15.17  21.31  24.68  77.17 

Rb 
(pXRF)  

26.37  24.57  25.09  25.09  21.98  16.87  16.08  17.95  18.23  17.80  19.13  20.18  32.53  29.69  30.19  29.33 

Sr 
(pXRF)  

33.17  31.56  31.61  45.01  15.27  13.59  14.57  16.37  16.26  16.49  16.85  25.04  17.48  16.70  16.13  53.19 

Y  13.90  13.87  15.18   10.30  6.49  7.79   8.35  5.69  5.88   18.92  17.32  18.89  
Zr 

(pXRF)  
13.05  14.02  16.05  20.78  6.65  6.46  5.92  14.72  9.09  10.14  9.78  16.62  10.91  10.68  13.95  27.40 

Nb  9.06  12.41  9.49   7.24  12.42  5.26   6.79  14.72  10.10   11.96  11.20  13.09  
Hg  40.15  19.63  45.08   16.33  19.03  32.15   13.63  15.61  27.66   63.90  24.73  85.43  
Pb  19.17  18.76  21.57   19.57  19.96  22.25   13.41  9.65  12.14   16.53  10.15  11.26  
Th 

(NAA)  
26.40  16.03  25.09  7.11  17.27  9.44  14.22  6.25  9.17  12.79  17.57  5.74  29.27  14.92  17.91  5.85 

Avg  27.86  23.29  25.36   19.04  14.87  15.94   17.47  15.67  15.95   28.40  23.93  27.42  
Avg*  26.79  22.25  23.56  27.27  18.07  12.67  13.29  15.86  16.79  14.27  14.63  16.36  24.35  20.68  22.21  30.40 

* Average of Elements Collected with pXRF and NAA only. 

M
.D

. M
arino et al.                                                                                                                                                                                                                              



Journal of Archaeological Science: Reports 41 (2022) 103315

10

applies to both the lower and upper LoQ. Percent RSDs in excess of 33% 
represents the limit of detection (LoD), or the point beyond which the 
machine can distinguish (detect) an element from background noise 
(scatter) (Descroches et al., 2018; Thomsen et al., 2003). RSD values 
above 10% and below 33% can be detected but not precisely quantified. 

Step 4, determining accuracy, is calculated as a percentage of the 
observed error (%Error) between the measured value of each standard, 
and the actual reported value (Supplementary Materials 1b). The re
ported values are the certified or information values of the reference 
materials (Supplementary Materials 2) and the measured values are the 
averaged replicate values. Only after these measures are used to ‘vali
date’ a dataset can results be compared among laboratories with 
confidence. 

Table 9 
Regression comparing 42 Coarse Orange sherds obtained with pXRF and NAA 
(Note intact sherds have smaller R2 values in all cases).  

Elements Whole Vs NAA Powder Vs NAA Planchet Vs NAA 

Al  0.6657  0.8801  0.8647 
K  0.2995  0.7333  0.7546 
Ca  0.9284  0.9422  0.966 
Ti  0.4776  0.6191  0.567 
V  0.0004  0.00002  0.0004 
Cr  0.6565  0.8111  0.7348 
Mn  0.6978  0.8364  0.8286 
Fe  0.6897  0.7669  0.7704 
Ni  0.2388  0.5848  0.5885 
Zn  0.295  0.7055  0.6809 
Rb  0.746  0.9536  0.9508 
Sr  0.8416  0.9056  0.8906 
Zr  0.4115  0.4403  0.4576 
Th  0.0092  0.0772  0.0486 
U  0.112  0.1608  0.7836  

Fig. 3a. Principal components analysis of intact sherds, homogenized powders, 
and pressed planchets analyzed with pXRF on groups CO1A (Circles), CO1B 
(Squares), CO2 (Stars), CO3 (Triangles). 

Fig. 4a. Biplot of Cr (X-axis) and Fe (Y-axis) for pXRF data of sherds, powders, 
planchets, and NAA for sub-groups CO1A (circles) and CO1B (squares). 
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5.5. Calculating variation within Coarse Orange chemical groups 

After validating the analytical limits of the machine (Table 2), 
variability within the dataset of archaeological ceramics was assessed by 
calculating %RSD on the whole dataset and each chemical group as 
defined previously using NAA. 

Variation within each chemical group (CO1A, CO1B, CO2, CO3) was 
calculated and compared for the different sample preparation tech
niques (sherds, powders, planchets), and compared to the same mea
sures as calculated among the NAA dataset. As is true with any chemical 
analysis technique, the ‘real’ chemical variation that exists in nature for 
these groups of specimens can only be estimated by instrumental tech
niques. However, the relative variability within chemical groups be
tween the two instruments of variation may indicate the addition of 
instrumental error of one method over another. Increased analytical 
imprecision, with all else held equal, will increase variability within any 
group of unknown samples. 

To understand the cause of any observed divergence in variability 
among groups, a regression analysis was used to compare the compo
sitions of individual archaeological specimens, analyzed as sherds, 
powders, and planchets, with the corresponding NAA dataset, which 
was universally analyzed as a homogenized powder. This regression 
allowed for each sample preparation technique to be assessed inde
pendently, useful for corroborating whether variation was added in the 
form of instrumental error. 

6. Results 

6.1. Assessing precision of reference materials as powders and Pucks/ 
Planchet-samples 

To assess precision among the different analytical techniques and 
procedures, %RSD was calculated for each reference material and 
sample state. For the five powdered reference materials, 25 elements 
were able to be detected with LoDs below 33%. Of these elements 
detected, 20 had RSDs below 10%, and thus were precisely quantified 
with concentrations above the LoQ. 

For the sixteen reference materials prepared as sherds and planchets, 
23 elements were able to be detected, 19 had %RSDs near ten percent, 

Fig. 5a. Hierarchical cluster analysis of A). intact sherds, B). homogenized 
powders, and C). pressed planchets, as analyzed with pXRF on groups CO1A, 
CO1B, CO2, CO3. 

Fig. 6. (a). Contribution of quartz sands, represented in the chemical data most 
directly by Si, to groups CO1A (grey dot), CO1B (black square), CO2 (grey star), 
and CO3 (black triangle). Note group CO1A with the lowest overall amount of 
Si, with CO2 and CO3 having the highest amounts. (b) Further separation of 
subgroups CO1A and CO1B with pXRF, prepared as homogenized powders, 
using Cr and Si. 

Fig. 7. Principle components analysis demonstrating low levels of Ca, Sr, K, Th, 
and Mn in group CO2, and high levels of Ti, Al, Zr, and Si (most samples) 
compared to CO1. 
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and thus precisely quantified. Comparison of the precision measured in 
the different techniques indicate that powder reference materials pro
duce slightly lower %RSD values. Comparing the %RSD values for the 
four standards used in common to correct the pXRF across sample 
preparation techniques indicates that slightly more elements can be 
quantified with a higher precision among reference materials prepared 
as powders (Table 3). 

6.2. Empirical Correction and assessing accuracy using reference 
materials 

To validate the accuracy of the empirical corrections used for the 

different reference material preparation states, SRMs not used to 
construct the corrections were assayed. SRM2711a yielded 15 elements 
returning<10%Error compared to consensus values, and three elements 
returning<20%Error (Table 4). A cutoff of 20%Error was applied to 
filter out elements not accurately measured by the pXRF (following 
Dussubieux et al., 2007; Quinn et al., 2020). While Zr and Nb are not 
reported for SRM2711a, these elements have an acceptable %Error and 
%RSD in other reference materials and were thus included for further 
evaluation. A regression incorporating all 15 powdered reference ma
terials demonstrates a high correlation among expected and observed 
values after correction (Fig. 2). Thus, seventeen elements were available 
for characterizing the powdered archaeological samples into chemical 
groups and appropriate for interlaboratory comparison. 

Empirical correction of the sherd/planchet datasets was assessed 
using SRM2711 (Table 4). Fifteen elements yielded<10%Error, and two 
had errors between 10 and 20%; again, Zr and Nb were included despite 
consensus values not being reported. A regression utilizing the seven
teen elements with an acceptable %RSD and %Error, across all 16 
reference materials, demonstrate a high correlation among expected and 
observed values (Supplementary Materials 3). These same seventeen 
elements, used for the powder dataset also, were appropriate to char
acterize the sherd and planchet archaeological samples into chemical 
groups. 

Comparing all elements reported for the four reference materials 
used to correct both the powdered and planchet datasets (Table 6), 
demonstrate that powders return the lowest %Error values overall, a 

Table 10a-d 
MANOVA demonstrating statistical separation of groups CO1A, CO1B, CO2, and CO3 for samples prepared and analyzed with pXRF as homogenized powders and 
analyzed with NAA only.  

MANOVA Parameters NAA Whole Sherds Powders Planchets 

p-value* < 0.001 < 0.001 < 0.001 < 0.001 
Wilk’s Lambda 0.1077 0.0573 0.3994 0.3899 
df1 6 6 6 6 
df2 74 74 74 74 
F 25.25 39.09 49.38 49.38 

*all p-values with Bonferroni Significance. 

Table 11 
T-test showing contribution of Si and Zr to the Coarse Orange groups, using the 
homogenized-powders dataset analyzed with pXRF.  

Element Si Si Zr Zr 

Comparison CO1A - CO1B CO1A – CO2 CO1A - CO1B CO1A – CO2 
K-S Test for 

Normality 
Normal 
Distribution 

Normal 
Distribution 

Normal 
Distribution 

Normal 
Distribution 

Test for 
Sample 
Comparison 

Equal 
Variance t- 
test 

Equal 
Variance t- 
test 

Equal 
Variance t- 
test 

Equal 
Variance t- 
test 

d.f. 27 30 27 30 
Test Statistic t = -3.09 t = -2.12 t = -1.19 t = -4.46 
p-value 0.0005 0.04 0.24 0.0006  
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statistically significant outcome (Supplementary Materials 4a). When 
the 15 reported elements with an acceptable precision and accuracy are 
considered, this pattern remains. A t-test comparing %Error among 
samples prepared as powders and planchets again demonstrates a sta
tistical difference in three of four reference materials (Table 7). 

6.3. Linear dynamic range of Coarse Orange ceramics 

To ensure that every Coarse Orange sample remained within the 
LDR, the %RSD of each sample was calculated using the replicate assays 
of archaeological samples for each of the three preparation techniques. 
Sherds were assayed five times each, while powders and planchets were 
assayed four times each. 

For powdered samples, 20 elements had %RSD values below or near 
10%, and within the LoQ. Ten elements (Al, Si, P, K, Ca, Ti, Fe, Rb, Sr, Zr) 
had an average %RSD less than one. Eight elements (V, Cr, Mn, Ni, Cu, 
Zn, Y, Nb) had an average %RSD between one and five. Two elements 
(Pb, Th) had an average %RSD between five and ten. 

For comparison, in the planchets archaeological dataset, acceptable 
precision was achieved for 19 elements. Ten elements had an average % 
RSD value below or near one (Al, Si, P, K, Ca, Ti, Fe, Rb, Sr, Zr), nine had 
an average %RSD between one and five (V, Cr, Mn, Ni, Cu, Zn, Y, Nb), 
and none had a %RSD of 5–10. 

For the sherd sample, nineteen elements had acceptable precision. 
No elements had an average %RSD value less than one. Thirteen ele
ments (Al, Si, K, Ca, Ti, Fe, Cu, Zn, Rb, Sr, Y, Zr, Nb) had an average % 
RSD between one and five, and six elements (P, V, Cr, Mn, Ni, Pb) had an 
average %RSD between five and ten. Given their concentrations, Al, Si, 
K, Ca, Mn, and Fe should have precisions near or below one %RSD, 
because as concentration departs upward from the lower LoQ, precision 
increases systematically (Gustavo González et al., 2010; Schepers et al., 
2004). 

Thus, precision is significantly reduced in the sherds than in the 
powders and planchet-specimens. The combination of concentrations 
well above the lower LoQ, and comparatively low precision, indicates 
that this preparation method introduces errors into the analysis, hin
dering quantification. This observation is indicated with a chi-square 
test, as sherds offer the least precise results; and the powders dataset 
offers the highest precision (Supplementary Materials 4b). 

After applying these validation procedures, we identified that 17 
elements (Table 5) were within the Vanta’s LDR and calibration range. 
Chemical group characterization of the archaeological datasets then 
occurred using these 17 validated elements. 

6.4. Variability in the Coarse Orange dataset 

Examining the %RSD values among the Coarse Orange dataset as a 
whole, and separately for each chemical group shows variability across 
sample preparation techniques (CO3 contained two samples and was 
excluded). Intact sherds contained the highest %RSD values for each 
element of the three preparation procedures in the Coarse Orange 
dataset as a whole, and for each chemical group (Table 8). Counting the 
elements with higher %RSD values among each of the differently pre
pared datasets indicate that the sherds dataset contains the highest 
amount of %RSD values, a statistically significant outcome (Supple
mentary Materials 4c). Preparing and analyzing samples as powders and 
planchets indicate the %RSD values among the powdered sample are the 
lowest overall. Similarly, a chi-square test demonstrates that the low % 
RSD values among the powder dataset are statistically significant in 
comparison to the planchet dataset. Including only the fifteen elements 
that share an acceptable %RSD among powders and planchets (Nb, Zr 
removed) yields similar results, with sherds having the highest %RSD 
(containing more variation), and powders having the lowest %RSD (less 
variation), as indicated by a chi-square test (Supplementary Materials 
4d). 

The greater variability presented by analysis of sherds over other 

sample preparation techniques likely derives from analytical error 
rather than either natural material composition or cultural variation in 
the production process. The high %RSD values in the sherds dataset are 
probably due to curved ceramic surfaces, inconsistent orientation, 
positioning at variable distances from the detector, an inhomogeneous 
ceramic body, variable particle sizes, and variable sampling locations. 
The lower %RSD among the powder dataset indicates less variation is 
detected because the aforementioned factors can be more easily 
controlled and consistently applied across repeated assays. 

6.5. Interlaboratory comparisons of pXRF and NAA 

Regression analysis involving fifteen elements measured by both 
pXRF and NAA was used to compare the concentrations obtained using 
each sample preparation technique to the values obtained with NAA. 
The weakest correlation was observed between the sherds and NAA 
(Table 9), suggesting that analysis of intact sherds using pXRF does not 
accurately quantify many elements and those data cannot be compared 
directly to other data collection techniques. Overall, the powders show 
the strongest correlation with NAA, likely due to a more uniform sample 
topography and sample homogeneity in comparison to sherds, produc
ing more reliable and replicable results. When elements with a high % 
RSD and %Error are removed from all three datasets, powders still show 
the strongest correlation with NAA (Supplementary Materials 4e). 

Further, SRM2711 (assayed 5 times by NAA) demonstrate that 
eleven elements (Al, K, Ca, Ti, Mn, Fe, Ni, Zn, Rb, Sr, Zr), yield lower % 
RSD values when assayed with pXRF compared to NAA (Table 4), and, in 
our case study, are more precisely measured using pXRF than NAA. 
Percent RSDs for elements Cr, V, As, Th, and Sb are lower as measured 
using NAA. These patterns of comparative instrumental precision for 
measuring elements in SRM2711 should be replicated in the measured 
variability of the Coarse Orange dataset. 

6.6. Evaluating the capacity of pXRF to reproduce established chemical 
groups 

The datasets for the three pXRF sample preparation techniques were 
used to evaluate the degree to which pXRF can independently reproduce 
chemical groups first identified using NAA (Stoner, 2013). Seventeen 
elements that had an acceptable precision and accuracy (near 10% RSD, 
<20% error) as powders and planchets were used to construct chemical 
groups of Coarse Orange pottery (Table 5). Eighteen elements were 
excluded because their values fell below an acceptable level of precision 
and accuracy among reference materials. Based on previous analysis 
(Stoner et al., 2008; Stoner and Glascock, 2012) data exploration began 
with a log-10 transformation, followed by a Principal Components 
Analysis (PCA) to determine which elements contributed the most 
variation to the dataset (Supplementary Materials 5a-c). 

The PCA for each dataset indicated that PC1 was most strongly 
affected by elements Ca, Cr, Mn, and Sr; PC2 was most strongly affected 
by K, Cr, Ni, and Rb. Plotting the composition that resulted from 
measuring samples prepared through different techniques on Compo
nents 1 and 2, demonstrate separation of the 3 main groups (CO1, CO2, 
CO3) (Figs. 3a-c). Establishing the separation of sub-groups CO1A and 
CO1B is best achieved using measurements on samples in the powder 
dataset. This becomes clearer when group CO1 alone is plotted from 
data collected on sherds, powders, and planchets. The data generated 
from the powdered sample reproduced the clearest separation among 
subgroups based on bivariate scatter plots of Cr and Fe: two elements 
that are concentrated more highly in volcanic ash than in the clays. Data 
derived from the sherds dataset resulted in the least amount of separa
tion (Figs. 4a-d). 

While the three main chemical groups were distinguished using a 
hierarchical cluster analysis (HCA) (Figs. 5a-c), subgroups CO1A and 
CO1B were not clearly differentiated among any of the pXRF sample 
preparation techniques, nor the NAA dataset consisting of the same 
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sherds. A multivariate analysis of variance (MANOVA) using Compo
nents 1 and 2, did demonstrate a significant difference between all 
groups and subgroups (CO1A, CO1B, CO2, CO3) for the NAA dataset and 
the powdered pXRF dataset only (Table 10a,c). Subgroups CO1A and 
CO1B were not distinguished with MANOVA among the sherds and 
planchet datasets (Table 10b,d). 

The influence of variable inclusions of quartz among CO1A, CO1B, 
and CO2 were examined using Si and Zr concentrations. A biplot of Cr 
and Si concentration values illustrates separation of subgroups CO1A 
and CO1B (Fig. 6a, b). A t-test indicates that when concentrations of Si 
and Zr are examined individually, a statistical difference exists across all 
groups (Table 11). However, Si does not account for all the variation 
between groups CO1A, CO1B, and CO2. Instead, Al, Ti, and Zr are also 
relatively high while Ca, Sr, and K are relatively low in group CO2 
(Fig. 7) (also Pool, 1990). 

7. Discussion and conclusion 

The pXRF analysis in this study demonstrates that the same groups 
and subgroups identified previously through NAA can be reproduced, 
and subregional production recipes of Coarse Orange pottery differen
tiated. The study, therefore, provides validation for the use of recent 
generations of pXRF analyzers for compositional sourcing of archaeo
logical pottery. 

Statistical separation of subgroups CO1A and CO1B using pXRF data 
was only possible with samples prepared as powders, though even 
among the NAA chemical data, these subgroups are only subtly distin
guished. Given that CO1B ceramics have a statistically higher amount of 
Si and Zr than group CO1A ceramics, the proportion of quartz to vol
canic ash in those CO1B ceramics may be interpreted to be higher than 
in CO1A ceramics (Table 11). These new pXRF data therefore suggest 
that the slightly lower transition metal composition found in CO1B ce
ramics also resulted from dilution from a higher quartz fraction. Being 
able to measure Si directly, therefore, helps to develop a nuanced un
derstanding of the compositional differences among the reference 
groups not previously identified among the NAA data. 

Multiple assays of reference materials is necessary to determine 
precision, LoD, LoQ, accuracy, and LDR in achieving proper validation 
of calibrations or corrections, these quality control procedures should be 
applied to any instrument before analysis of unknown samples. Applying 
such protocols to our sample of Coarse Orange pottery lead us to several 
significant conclusions. (1) At least seventeen elements could be pre
cisely and accurately quantified in the reference materials and archae
ological samples. (2) The validation and correction of reference 
materials in our case study indicate that powdered standards offer better 
precision and accuracy than planchet standards (without a vacuum/He- 
flush atmosphere). (3) The averaged concentration derived from anal
ysis at multiple locations on sherds failed to produce precise and accu
rate results that are comparable with NAA. This is attributable to both 
sherd heterogeneity and that the movement of sampling locations to 
create an averaged bulk estimate adding variability in the positioning of 
the sample relative to the detector. (4) Analysis of archaeological ce
ramics prepared as powders produced accurate and precise results 
comparable to NAA for many elements (c.f. LeMoine and Helperin, 
2021). Proper validation requires replicate assays of unknown analytes 
to determine if obtained concentrations are precise, within the LoQ, and 
within the LDR, to produce accurately calibrated or corrected datasets. 
Utilizing such methods indicate that pXRF analysis can be used for in
dependent analysis of Coarse Orange ceramic fabrics from the Tuxtlas 
Region of Southern Veracruz, and possibly elsewhere. 
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