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ABSTRACT

Geochemical Analysis of Ancient Activities at Two Plazas in Cob4, Mexico

Eric G. Coronel
Department of Plant and Wildlife Sciences, BYU
Master of Science

Two plazas at Coba, Mexico, may have been the place of market activity during the
classic Maya period. The intense decomposition in the warm, moist soils of the Yucatan
Peninsula precludes the identification of organic artifacts in archaeological contexts, but
phosphorus and trace elements accumulation in soils may provide evidence of marketing
activities. The spatial patterns of P and trace element concentrations were used to elucidate the
types of ancient Maya activities that took place in those plazas. Phosphorus concentrations are
highly correlated (p-value <0.01) with Fe, Mn, and Zn levels in both Plaza B and D. Although
the soil geochemistry of Plaza B does not show a marketplace pattern in comparison with
previous studies, the elemental concentrations and distributions within Plaza D join other lines of
evidence to support the premise that marketplace activities took place at that location. Soil
samples were analyzed using DTPA extraction, Mehlich I1, Olsen, and Portable X-Ray
Fluorescence (PXRF). Experiments were performed to study the suitability of PXRF for field
studies. Aspects that were studied include granule size, soil moisture content, protective plastic
films that could interfere with the X-Ray signal when placing the samples on top of the analyzer,
and a comparison of certified soil standards to the PXRF elemental concentration readings. The
results suggest that a field laboratory could be set up to air-dry and sieve soil samples to a
minimum mesh size of #10 (> 2 mm).

Keywords: geochemistry, phosphorus, Archaeometry, trace metals, marketplace, Maya economy
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Abstract

Lines of evidence for ancient exchange plazas may include trade routes, open space,
public structures, and rock alignments, but regular patterns in soil chemical concentrations also
point to marketplace use. We applied geochemical and geospatial analysis of the floors of Plazas
B and D at Coba4, to discover the chemical residues of P and metals associated with the exchange
of foodstuffs and workshop items that may have been marketed there. The patterns of chemical
residues in the floor of Plaza B suggest ritual activities while the linear, parallel patterns of P and
trace element concentrations in Plaza D support the hypothesis of market exchange at that
location.

Keywords: Coba, DTPA, activity areas, marketplace, phosphorus
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Introduction

Ancient Maya markets left few identifiable archaeological traces. As a result, sites of
ancient activities are difficult to identify with certainty. Many items that were likely traded in
markets were perishable, especially in the warm, humid conditions of Mesoamerica, and are
almost certainly absent in the archaeological record (Cavanagh et al., 1988; Dahlin et al., 2009;
Middleton et al., 2010; Wells, 2004). Other common goods were also taken by the inhabitants in
events such as abandonment or moving (Manzanilla, 1996). Items made of organic materials
may represent up to 90 percent of the total quantity of Maya’s artifact record (Dahlin, 2007;
Dahlin et al., 2007). Temporary structures in contemporary markets, such as market stalls, posts,
and canopies leave only some traces at the end of the market day. Ancient markets, likewise, left
few traces in the archaeological record, unlike the patterns of non-degradable items. Moreover,
durable prestige goods such as obsidian, jade, and shells are found mostly in elite contexts and
do not say much of utilitarian artifacts that might have been part of market economies (Dahlin et
al., 2009).

Often-quoted letters by Cortes (1962) and Diaz del Castillo (1956) depict with great
details what the marketplaces of the pre-Hispanic era looked like. Both Cortes and Castillo are
astonished by the order and control of the markets, as well as with the quantity and variety of
items sold (Hirth, 2009). An additional account by the Conquistadors shares his amazement at
the size of the marketplace, daring to estimate that it could hold one hundred thousand people
(Lopez de Gomara, 1966), while Torquemada (1943) records peculiar marketplace transactions
customs and manners.

Historically, the role of marketplaces in ancient Mesoamerica has been downplayed by a
superficial treatment of the pre-Hispanic economies (Carrasco, 1978, 2001; Sanders et al., 1979),

3
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and many authors state that little attention has been given to market economies (Blanton, 1983;
Braswell, 2010; Feinman and Nicholas, 2004, 2010; Garraty, 2009; Hirth 1998, 2009; Smith,
2010; Stark and Ossa 2010).

Since marketplaces are hard to identify, archaeologists have attempted to recognize
market activities with a variety of approaches, such as the identification of physical remains or
the manner that the marketplace affected the distribution of goods at the site and at the regional
level (Dahlin et al., 2007; Garraty, 2009; Hirth, 1998; Hirth 2009; Minc, 2006). Another way to
examine marketplaces is by studying the configuration of the site, focusing on the physical
remains of market activity (Hirth, 1998), and it is the approach that this present study undertakes.

The configuration approach tries to determine the location of the marketplace by
leveraging on three lines of evidence: large-scale architectural remains that characterize the
general location of the marketplace, small-scale architecture that could help to identify the
internal arrangement, and any soil geochemical signatures imprinted by marketplace activities
(Dahlin et al., 2007; Dahlin et al., 2009; Hirth, 2009; Wurtzburg, 1991). In regards to large-scale
architecture, marketplaces are believed to have occurred in large plazas, situated in central
locations that were easily accessible, and linked by main roads and causeways. Some studies that
relied on architecture remains, among other lines of evidence, to recognize marketplaces include
Teotihuacan (Millon, 1973), Xochicalco (Hirth, 2000), Chichen Itza (Ruppert, 1943), Caracol
(Chase, 1998), Chunchucmil (Dahlin, 2003) and Coba (Folan et al, 1983). The small-scale
architecture includes features such as aisles, stalls, and corridors, where vendors displayed their
goods and through which buyers walked (Beals, 1975; Feldman, 1978; Warner, 1976; Wolf,

1959). Another characteristic to identify marketplaces is the immediacy to public structures (e.g.
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ball courts or palaces) and water wells (Bair, 2010; Dahlin et al., 2007; Dahlin et al., 2009;
Wurtzburg, 1991).

The third line of evidence is developed by analyzing the geochemical signatures in
surface soils. It is understood that marketplaces generated a great deal of organic waste that
would be assimilated into the plaza floors, thus increasing the chemical concentration of certain
elements. Chemical compounds and their associated human activity that produces them have
been reported in earlier studies, including: phosphorus (P) with food preparation, consumption
and disposal (Terry et al., 2000), sodium (Na) and potassium (K) with the generation of ash in
cooking hearths (Middleton and Price, 1996), along with iron (Fe) and mercury (Hg) compounds
with the utilization of pigments in rituals (Wells et al., 2000). The elements that are being
reported in this study are P, Fe, manganese (Mn), zinc (Zn), and copper (Cu), since evidence has
linked these respective elements to middens (garbage disposal sites), burials, household contexts,
and activities of ceremonies and feasting (Bair, 2010; Barba et al., 1996; Coronel et al., 2011,
Dahlin et al., 2007; Dahlin et al., 2009; Fernandez et al., 2002; Manzanilla and Barba 1990;
Parnell et al., 2001; Parnell et al., 2002a; Parnell et al., 2002b; Terry et al., 2000; Terry et al.,
2004;; Wells, 2004).

The recent development of geochemical methods to use as one line of evidence to
identify marketplaces in the Maya area will aid in the discovery of ancient systems of economic
exchange. The study and analyses of geochemical traces of phosphate and trace elements
persisting in soils and floors have proven to be reliable in the identification of ancient activity
areas that have been related to marketplaces. As organic materials were processed, consumed
and disposed of, the phosphate and trace element constituents released from the organic matter

became fixed in the surface soil (Barba, 1986; Barba and Ortiz 1992; Middleton, 1998;
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Middleton and Price, 1996; Parnell et al. 2001; Terry et al. 2000). Fixed forms of P are very
insoluble and resist oxidation, reduction and leaching (Holliday and Gartner, 2007; Wells, 2004).
As for the nature of P, it is a fundamental constituent of living tissues (in the form of nucleic
acids, phospholipids, nucleotides, etc.) (Sanchez, 2007), is present in products that households
use (wood, plants, bones, meat, etc.) (Middleton, 2010) and its concentration in soils can be
increased as organic materials such as plant and animal products are consumed and disposed of.
Metallic residues from the crafting of stone and mineral pigments for painting are also fixed in
soil surfaces (Holliday and Gartner, 2007; Parnell et al., 2002a; Parnell et al., 2002b; Wells et al.,
2000).

When P and trace metals are present in higher concentrations compared to the natural
background levels of the soil, this could indicate areas where activities centered on food stuffs or
mineral materials handling took place. Pathways and plazas that were likely swept clean of
organic materials or other types of waste have shown low phosphorus and metallic
concentrations (Bair, 2010; Parnell et al., 2002a; Terry et al., 2004; Wells, 2004).

The presence of P in soils and floors at elevated concentrations has been adopted as a
proxy for ancient food preparation, consumption, and disposal areas. Other minerals, such as Zn,
are often correlated with P concentrations at these activity areas (Dahlin et al. 2007). Several
studies of chemical analysis of Maya stucco floors have provided evidence of the effectiveness
of stucco floors in fixing chemical residues that are byproducts originated from repeated
activities that took place in that area (Barba, 1986; Barba et al., 1987; Barba and Manzanilla
1987; Manzanilla, 1996; Ortiz and Barba 1993; Wells, 2004). Plastered, artificial stucco floors
provided a clean slate to imprint a geochemical signature by the inhabitants of the sites, since

stucco floors are fairly homogenous and naturally low in P concentration (Bair, 2010; Barba et
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al., 1987; Holliday and Gartner, 2007; Manzanilla, 1996; Middleton et al., 2010). Furthermore, P
compounds bind easily with a calcium (Ca) matrix, creating insoluble P compounds (Bair, 2010;

Barba et al., 1996; Holliday and Gartner, 2007).

Objectives

As part of the field season 2010, two plazas in Coba were sampled to identify areas of
high phosphate and trace elements concentration. Patterns of high P and trace elements were
analyzed to compare with previous patterns of marketplaces found in other Maya sites. A better
understanding of the type of activities that could have taken place in these ancient Maya sites
was acquired. The identification of market economy at Maya sites could allow us to gain more
knowledge about the complex system of ancient Maya social organization, economy and trade.

In synthesis, the objectives of this study were to geochemically analyze gridded soil
samples, to plot chemical concentrations geospatially and perform statistical analysis that could
better elucidate patterns of P and trace elements within Plazas B and D of Coba. A key aspect
was also to map and take into account large and small-scale architecture in the configuration of

the suspected marketplace area to relate the data to other lines of evidence.

Study Area

The site is located in the northeastern area of the Yucatan Peninsula, under the
municipality of Cozumel (Figure 1). A portion of the ruins are within the boundaries of the
present-day community of Cob4, in the state of Quintana Roo. The Cob4 area is distinguished by
limestone karst topography, with a landscape spotted with outcrop bedrock projections, large
lakes, as well as small, linear depressions (Folan et al., 1983; Wilson, 1980). The average

elevation is 20 m above sea level.
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Coba has been designated as one of the most important ancient cities of the pre-Hispanic
Maya world (Benavides, 1981; Navarrete et al., 1979; Robles Castellano, 1990), because of the
following attributes (Morley, 1968; Navarrete et al., 1979): proximity to five fresh-water lakes,
prolonged Maya occupation (600-900-1200 AD), presence of 32 estelas (monuments sculpted in
standing stone shafts), as well as raised causeways known as sacbeob (plural of sacbe: ancient
plastered causeways; sac: white; be: road); at least 20 of them form a true web of roads that
connect the central section of the site with external groups (Figure 2).

It was a city formed by a conglomerate of large-scale architecture (terminal sites) linked
by a web of roads between each other (Robles Castellano, 1990). These roads vary in length
between a few meters and more than 100 km (Thompson et al., 1932; Villa Rojas, 1934;
Benavides, 1976a; Robles, 1976). Coba was a major regional capital during the Late Classic and
Early Post Classic period (600-900-1200 AD), with an estimated 20,000 structures which housed
55,000 inhabitants. One of the first explorers of this area, Thompson et al. (1932), suggests that
Coba4, along with sites such as Zaclahtum, Chichen-Itza, Uxmal, and Kabah, was abandoned or
destroyed 300 years before the arrival of the foreigners (the Conquistadors), dating around 1212
AD (Navarrete et al., 1979).

Figure 3 shows Plaza B, which is located in the Group B of the archaeological site,
according to the most common nomenclature. It consists of a Main Plaza (Thompson et al.,
1932) delimited to the east by a sizeable structure called El Castillo (the castle) by Thompson et
al. (1932) and also La Iglesia (the church) in Folan et al. (1983); this structure was restored in
1975. To the south, structure VII runs in an east-west direction. It is nearly 100 m long by 25 m
wide, and up to 10 m tall. Structure Xl is a large mound that forms the southwestern corner of

the Main Plaza. To the north, structure XIII is 66 m long, running east-west, 25 m wide and close
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to 10 m tall. This plaza is approximately 10,000 m? in size. Archaeologists suggest that the main
purpose of the area within Plaza B was strictly ritualistic or ceremonial (Folan et al., 1983;
Thompson et al., 1932).

Plaza D (Figure 4) is delimited by the following structures: to the north, the structures 11
and VIII; to the west, the structures X, X, and the end of the very important Sacbe I; to the east,
structures 1V, V, VI, and VII; and to the south the structures of greater altitude XI and XIV to the
south. This plaza includes a very peculiar edifice called El Xaibe (also referred as the Cone) that
presents round corners. Restored in the year 1975 (Folan et al., 1983), its focal location also
originated another name for El Xaibe: the Crossroads Structure (Benavides, 1976b). Sacbe I is
the longest of all the sacbeob: leaving from Plaza D it arrives at Yaxuna, an archaeological site a
little over 100 km away (Navarrete et al., 1979). Sacbe | reaches a maximum height of 7 m and a
width of 10 m. It is important to note that while Sacbe | starts right next to the boundaries of
Plaza D, Sacbe 4, 6, and 8 also start very close to the borders of the plaza (Thompson et al.,
1932). This suggests that Plaza D was a much transited location. The function of El Xaibe is still
a mystery. However, Folan et al. (1983) suggested that rituals were offered at The Cone by
merchants coming in and out of the plaza.

Soils encountered in the Plazas at Cobé are formed from highly weathered stucco and
plaza fill. Outside the plazas, most soils are Leptosols (Bautista et al., 2005): a very shallow,
gravelly type of soil. In the Yucatan peninsula, the soils formed when calcareous parent material
weathered in the semi humid climate. For the most part, the soils in the Yucatan Peninsula are

well-drained through the permeable limestone.
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Methodology

Soil P is found in different forms (soluble and labile inorganic P, organic P, inorganic P
fixed to Al, Ca, or Fe compounds, etc.), and not all analytical methods are able to measure these
different forms at the same time. Thus, several methods exist to analyze for the different fraction
of soil P (Terry et al., 2000). In general, four types of analysis have been performed in
archaeology studies: chemical digestion of soil for total P concentrations, P fractionation, the
spot test or ring test, and the extraction of soluble P by weak-acid or basic solutions (Holliday
and Gartner, 2007; Terry et al., 2000). Often, extractable P does not correlate to total P. This lack
of correlation could be attributed to several variables; for instance, while the extractable P
method will not dissolve mineral and humus compounds that fix P, the total digestion will
(generally by means of strong acids such as nitric and perchloric acid). However, the absolute
concentration of soil P is not critical to know for archaeological studies, just the spatial
variability of P levels in the soil. In regards to weak-acid and basic solution extractions, Terry et
al. (2000) reported that the relationship between the weak-acid extraction (Mehlich Il) and the
basic solution extraction (Olsen) is strong (r = 0.91) and significant (p < 0.05). It must be
mentioned that calcareous soil samples analyzed by the Mehlich Il method tend to yield higher
extractable P concentrations than the Olsen method, but these methods are correlated among

each other nonetheless (Terry et al., 2000).

Phosphorus Analysis
A field laboratory was set up in the city of Cobé to analyze samples taken from Plaza B
during the day. Timely and rapid soil P analysis allowed us to inspect more closely areas with

high P concentrations before returning to the United States. All the samples from Plaza B were
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analyzed for P in Cobé using the Olsen method. In Plaza B, the following procedure was used to
extract and analyze soil phosphorus: 2 g of air-dried and sieved (< 2 mm) soil was mixed with 20
ml of Olsen bicarbonate extraction solution (0.5 M NaHCO3 buffered at pH 8.5), using 50 ml
jars attached to a board allow analyze of six samples at a time. The samples were shaken for 30
minutes, after which they were filtered through a 15-cm diameter filter paper, collecting the
filtrate in a similar group of six 50 ml jars. Then, 1 ml of the solution was dispensed into a
colorimeter vial and diluted to 10 ml with deionized water, for a total dilution factor of 100. A
packet of PhosVer 3 Reagent (HACH reagents, Ames, 1A) was added to each sample, shaken for
60 seconds, and allowed to settle for four minutes for color development. Finally, the samples
were measured with a HACH DR/850 Colorimeter, using the % Transmittance function at a
wavelength of 690 nm. Phosphorus was calculated in mg kg™ by means of a standard curve
developed with known P levels.

Samples collected in Plaza D were delivered to the Brigham Young University Soil and
Plant Analysis Laboratory (Provo, Utah, USA). In the formal laboratory setting, the Mehlich |1
extraction solution was used instead of the Olsen solution primarily because Mehlich 11
extraction time is 5 minutes instead of 30 minutes for the Olsen method. All other steps remained
the same as described in the paragraph above. The relative standard deviation for the standard
soil sample analyzed by the Mehlich 1l method was 4.4% (n=12), and for the Olsen method was
13.5% (n=10). The samples from Plaza D (n=376) were collected on a 10 m grid. However, from
these 376 samples, only 354 samples had enough soil weight to perform DTPA analysis.
Consequently, the results from the analysis of these 354 samples were reported in this study.
Detailed information about the modifications in the Mehlich Il method can be found in Terry et

al. (2000). Plaza D covered a much bigger area than Plaza B. Structures, paths, rock alignments,

11

www.manaraa.com



and other features were recorded using Magellan MobileMapper™ units. Except for the
contemporary paths built to accommodate tourist transit, the entire area was covered with thick
vegetation. Transects were cut through the vegetation in a north-south, east-west direction.
Grids of 10 m and 5 m intervals were established by mean of flags and measuring tapes.
Compasses and GPS units were also used to aid in the sampling and architecture mapping. Soil
surface samples of 0-10 cm were collected using a plastic trowel following the removal of leaf

litter layer and placed in a sterile plastic bag.

DTPA Analysis

At the Brigham Young University laboratory, samples for both Plaza B and D were
analyzed for extractable trace metal concentrations using the DTPA
(diethylenetriaminepentaacetic acid) chelate extraction procedure developed by Lindsay and
Norvell (1978). Ten grams of air dried, sieved (<2 mm) soil were extracted with 20 ml of 0.005
M DTPA solution buffered at pH 7.3. The samples were shaken for two hours, after which the
extracting solution was separated from the soil by centrifugation and filtration. The
concentrations of Cu, Fe, Mn, and Zn were determined simultaneously on a Thermo ICPAES
(Inductively Coupled Plasma Atomic Emission Spectrometer). DTPA solution was used as a
blank and one quality control soil sample was analyzed with each run. The relative standard
deviations for the extractable DTPA elements of the standard soil (n=10) were 3.8% for Cu,
3.1% for Fe, 9.4% for Mn, and 5.5% for Zn. The repeated analysis of the standard soil sample
shows the high reproducibility of the obtained results.

Extractable element concentrations of study site soils were plotted with Surfer Software

(Golden, CO) using a variogram analysis to determine spatial variability between different
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samples. The krigging model and variogram analysis were used to map the concentration
isopleths. Correlation matrices of concentrations were produced to determine similarities among
chemical concentrations of different elements within each plaza.

The samples collected in this study were from anthropogenic plaza fill and weathered
stucco. There is no appropriate control for these soil samples. Background samples are usually a
reason of concern among archaeologists (King, 2008; Wells, 2004). To address this issue,
previous geochemical studies have determined background concentrations by averaging the 10%
of the lowest concentrations in the samples (Bair, 2010; Dahlin et al., 2007; Fernandez et al.,
2002; Hutson and Terry, 2006; King, 2008; Parnell et al., 2001; Terry et al., 2004; Wells et al.,
2000). The plaza samples lowest in P and trace elements may represent areas of lowest chemical
enrichment by ancient human activities. All the statistical analyses were performed using the

software JMP (SAS Institute Inc., Cary, NC).

Results and discussion
Plaza B

In total, 299 surface samples were collected in Plaza B. The maximum, minimum,
averages, and background values of DTPA extractable elements in Plaza B are shown in Table 1.
The site workers regularly use machetes and rakes to maintain the eastern third of Plaza B free of
understory vegetation to accommodate tourists close to the structure called La Iglesia. The first
six rows of samples were taken in the area clear of understory vegetation. The debris line that
separated the vegetated from the non-vegetated area is all the organic material from trees nearby

that has been raked into a pile approximately 0.5-1 m high, and appears to have accumulated for
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a long time. Through walking and scouting, we spotted, followed, and recorded rock alignments
and structures (Figure 3).

The P concentration isopleths in Plaza B is shown in Figure 5. The areas of elevated P
were on the north side of the plaza, with a highest P concentration of 109 mg kg™*. Sample P
concentrations were very low (4-6 mg kg™) close to La Iglesia and other structures that delimit
the plaza. The P levels were also high along the contemporary line of debris, which was expected
and most likely not related to ancient Maya activities. Background level of Olsen extractable P
was approximately 7.5 mg kg™.

DTPA extractable Fe was highest in the non-vegetated area, relatively close to La Iglesia
on the east side of the plaza (Figure 6). The highest Fe concentration was 24 mg kg™*. Iron was
found in concentrations of 10 to18 mg kg™ close to the west side of the plaza. Clearly, some Fe
concentrations were high also next to the debris line. Iron background level was of 2.8 mg kg™. It
Is possible that contemporary, long-term activities with Fe-based machetes and rakes contributed
to these elevated Fe levels. Terry et al. (2004) reported high Fe levels in the earthen floor of the
contemporary guard’s house at Aguateca, Guatemala; the high Fe concentrations were aligned
with the benches where the guards sharpened their machetes.

Among the trace elements, Cu concentrations were very low, with the highest sample
concentration around 1.6 mg kg™ (Figure 7). The only noticeable pattern of Cu was located in the
southwestern corner of the Plaza, close to structure VII and XI. Other spots with concentrations
just above the limits of detectability of the ICPAES (~ 0.5 mg kg™) were distributed around the
plaza without a clear pattern.

The Mn concentration isopleths is shown in Figure 8. The highest concentrations were

around the southwestern corner of the plaza, ranging from 22 to 29 mg kg™*. Manganese
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concentrations of 17-22 mg kg™ were also distributed mostly in the west side of the plaza.
Background level of Mn was of 5.9 mg kg™. Manganese is a common element associated with
pigments (Bair, 2010; Wells, 2000), and elevated concentrations of Mn could be attributed to its
presence in pigments used in ritual, workshop, and painting activities.

Zinc also was identified in high concentrations next to the southwestern corner of the
plaza, around 7-11 mg kg™ (Figure 9). The highest concentration (18 mg kg™) was identified in
the southeast corner of the plaza at the foot of the Structure VI staircase. Background Zn level
was of 0.9 mg kg™,

In the correlation matrix of extractable elements created for Plaza B, P was significantly
correlated to Zn (r = 0.36) but negatively correlated to Fe (r = -0.40), meaning that when P was
found, Fe was absent, and vice versa (Table 2). This negative correlation could show that

activities involving these elements took place at different locations within the plaza.

Plaza D

The maximum, minimum, average, and background values of extractable elements in
Plaza D are listed in Table 1. Phosphorus concentrations in the stucco floor of the plaza were not
as high as reported in previous studies of plaza soils, such as those in Ceibal Group A (maximum
P level: 533 mg kg™; average 81 mg kg™) (Bair, 2010), and Area D at Chunchucmil (maximum P
level: 272 mg kg™; average 57 mg kg™) (Dahlin et al., 2010), but there was a pattern in the
distribution of P in Plaza D (Figure 10). The linear, parallel patterns of elevated P concentration
were located in the northwest corner of Plaza D. Background P level was of 7.4 mg kg™. In
general, Plaza D has a pattern more closely related to other suspected marketplaces, such as the

ones mentioned above. The patterns of P appeared to form three parallel lines, in a NE direction,
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and perpendicular to both the SW-oriented structures and the course of Sacbe 1. These lines also
appeared to be confined to the NW area within the plaza. The spatial distribution of these lines
suggests that market aisles were erected and foodstuff were prepared, sold, and/or disposed of in
this area. A similar pattern where high P levels were cornered against the delimiting structures is
seen in Central Plaza Group A (Bair, 2010). The P distribution within Plaza D differed greatly
from the P distribution seen in the current study of Plaza B, where elevated P appeared at the
foot of structure XIII and along the contemporary debris line (Figure 5).

DTPA extractable Fe was found in high concentrations in several locations (Figure 11).
First, a group of samples with high levels (36-46 mg kg™*) were seen next to the start of Sacbe I,
in the west side of the plaza. Then, elevated concentrations were in samples slightly outside the
plaza, around the northeast area (41-46 mg kg™). A very interesting pattern was located around
El Xaibe, in the east corner of the grid. High Fe concentrations of 26-31 mg kg™ surrounded the
Cone. It could be possible that the stucco of El Xaibe was painted with iron oxide pigments, and
with time the stucco eroded down to form part of the soil. Another possible source of elevated Fe
was the modern implements used to maintain the tourist paths, to rake loose plant material, or to
cut vegetation. The highest Fe concentration was about 50.8 mg kg™ and background levels were
close to 2.9 mg kg™,

Copper was very low throughout the entire grid area (Figure 12). Concentrations did not
exceed 2.5 mg kg™*. A group of samples presented the highest levels of Cu (1.8-2.2 mg kg™)
close to the middle of the plaza. Another area of elevated concentrations was seen in the
northwest corner. However, the concentrations were so low that it is not possible to determine

how the Cu soil concentrations came to be.
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The element Mn showed a very interesting pattern in this plaza (Figure 13). The pattern
of Mn closely resembled the one produced by the Fe concentration. Its highest levels of 41-50
mg kg™ appeared in the southwest corner, close to the start of Sacbe I. Background Mn level was
of approximately 5.7 mg kg™.

Zinc also showed a resemblance of the patterns created by the other trace elements
(Figure 14). The group of samples with the highest concentrations was mostly located in the
southwest corner of the plaza (4-7 mg kg™), close to the start of Sacbe I. Then, the pattern moved
north and east of that area. Moreover, samples also exhibited high levels next to El Xaibe (4-7
mg kg™®). In general, the concentrations of Zn were not elevated, but the samples clearly showed
a pattern. Background levels were close to 0.8 mg kg™. The distribution of the Zn concentrations
at this location had a resemblance of the pattern exhibited by the P levels, being the P
concentrations shifted slightly northward in the grid. Phosphorus and Zn are generally known to
be associated with each other in plant uptake studies.

From the correlation matrix of extractable elements from Plaza D, P had a highly
significant negative correlation between Fe (r = -0.394), and Mn (r = -0.148), and a positive
correlation with Zn (r = 0.263) (Table 3). The negative correlation of P with Mn and Fe suggests
that specific activities were performed in different areas of the plaza, as it was suggested for the
East Palace Court (Group E) location in Ceibal, Guatemala (Bair, 2010). Except for the
correlation between Fe and Mn (r = 0.070), all the correlations between the trace elements were
highly significant (p-value <.01). The highly significant correlation between P and Zn is
important to notice, since it has been seen in other studies that P and Zn usually correlate with
each other (Bair and Terry, 2009; Dahlin et al., 2007). For example, the correlation for P and Zn

was also high in the following studies (correlations with * denote p-value significance at the 0.05
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level and ** at the 0.01 level): Antigua, Guatemala, Open-Air Contemporary Market (r = 0.407%)
(Dahlin et al., 2007); Group P-114 at Mayapan, Mexico (r = 0.366**), Group Y-45 (r =
0.412**), Square K (r = 0.720**), Central Plaza in Group A of Seibal (r = 0.187**), Group C in
Seibal (r = 0.294**) (Bair, 2010); and Platform 341, Structures 351 and 383 at Xtobo, Mexico (r
= 0.570**), Xtaabay Feature (r = 0.585**) (Anderson et al., 2011). This correlation between P
and Zn may have an explanation when looking at the concentration of these elements in crops.
For example, corn leaves have reported P concentrations of 220,000 mg kg™ and Zn
concentrations of 22 mg kg™ (Mills and Jones Jr., 1997). Furthermore, a ratio of 200:1 in plant
tissue between P and Zn is considered critical for growth in major crops (Jones Jr. et al., 1991). It
is possible that plant matter was the major source of P and Zn enrichment in the soil, but though
Fe and Cu are also micronutrients present in plant matter, mineral pigments constitute an

additional source of Fe and Cu likely used by the ancient Maya (Wells, 2000).

Sacbe samples

In total, 28 sacbe samples were collected. The sacbe soil samples were taken on both
sides of the path, as well as on top of the causeway, about 20 m west of the start of the sacbe
close to the boundaries of Plaza D. The maximum, minimum, and average concentrations of the
soil extractable elements are shown in Table 4.

Compared to the samples inside Plaza D, the elemental concentrations in the sacbe
samples were low. Phosphorus averages were 12.3 mg kg™ on top of the sacbe, and 5.8 mg kg™
on the edges. The concentrations for the element Mn were similar, i.e. 23.1 mg kg™ on top of the
sacbe and 23.6 mg kg™ on the edges. Copper concentrations were below 1 mg kg™, while Fe

averages were 8.2 mg kg™ on top and 14 mg kg™ on the edges of the sacbe. Zinc levels on the
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edges were also low (2 mg kg™) and on top were higher (8.4 mg kg™). These low values suggest
that activity related to foodstuff and craft production was probably nonexistent at this specific
location of Sacbe I. High traffic areas have usually shown low elemental concentrations, since it
is believed that any debris and organic matter would have been swept to the roadside (Bair,
2010; Barba and Ortiz, 1992; Dahlin et al., 2007; Fernandez et al., 2002; Parnell et al., 2001;

Parnell et al., 2002a; Terry et al., 2004; Wells, 2004).

Conclusions

Cobéa was one of the most important cities of its time, and its influence extended through
the network of sacbeob that converge at the site. The two plazas studied in this project, Plaza B
and D, are not the only plazas where ancient marketplace activities may have occurred at this
site. However, we believe that Plaza D does exhibit a marketplace pattern, such as having
clusters of extractable elements away from major causeways, being a central location where
many sacbeob converge, being close to public structures, and having amenities such as a water
reservoir north of Plaza D (Dahlin et al., 2007; Dahlin et al., 2009; Wurtzburg, 1991). Moreover,
the fact that there are two fresh-water lakes in the vicinity of the site cannot be overlooked,
considering that surface water is almost absent from the Yucatan Peninsula. These
characteristics, plus the geochemical distribution of extractable elements in association with
large and small-scale architecture, suggest that marketplace activities occurred at this plaza. A
pattern of elevated P, Mn, and Zn in the NW portion of the plaza suggests that activities of
medium intensity occurred in that area. Moreover, the NW corner is close to the very important
Sacbe | and could have been a place where vendors exhibited their items for people coming and

leaving the site through Sacbe I.
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In contrast, our data obtained in the study does not suggest any evidence that Plaza B was
a place where marketplace activities occurred. There are few sacbeob that converge at this plaza
or near it. As stated by archaeologists, this plaza was most likely used for ceremonial services
(Folan et al., 1983; Thompson et al., 1932). Phosphorus distributions within Plaza B do not show
a pattern of linear, parallel elemental concentrations that may represent ancient anthropogenic
activities, but rather modern activities of sweeping and cleaning organic material in the area,
related to the tourism at the site. We also believe that the Fe concentrations are more related to
modern anthropogenic activities of raking organic debris and cutting vegetation using machetes
than to ancient activities by the Maya. The distribution of Mn levels, by themselves, cannot hint
that activities occurred at the south portion of the plaza, and Cu levels are too low to make any
assumptions. The present study provides further evidence that human activities leave identifiable
traces imprinted in the soil chemistry, and these signatures can aid in the interpretation of

archaeological sites (Middleton et al., 2010).
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Tables

Table 1. Maximum, minimum, and average concentrations (mg kg™) of P, Cu, Fe, Mn, and Zn in soils from Plaza B
and D. The background concentrations are calculated by averaging the 10 percent of samples lowest in

concentration.

P Cu Fe Mn Zn
Plaza D, n= 354
Maximum 14.7 2.6 50.8 50.2 7.9
Minimum 6.5 <0.1 <0.1 <0.1 <0.1
Average 9.2 0.4 12.6 17.8 2.2
Background 7.4 0.1 2.9 5.6 0.8
Plaza B, n=299
Maximum 109.4 1.6 24.1 29.1 18.2
Minimum 6.3 0.1 0.7 3.7 0.6
Average 15 0.3 10.8 14.7 2.9
Background 7.5 0.2 2.8 59 0.9
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Table 2. Pearson’s correlation matrix of DTPA extractable P, Cu, Fe, Mn, and Zn for soil samples

collected within Plaza B.

Multivariate Correlations (Pair-Wise)

Cu Fe
P 0.2695 -0.4025
Cu -0.1783
Fe
Mn

Mn

0.2115

0.729

-0.0602

Zn

0.3601

0.5275

-0.1849

0.3006

Highly significant (<.01)
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Table 3. Pearson’s correlation matrix of DTPA extractable P, Cu, Fe, Mn, and Zn for soil samples

collected within Plaza D.

Multivariate Correlations (Pair-Wise)

Cu Fe Mn Zn
P 0.042 -0.394 -0.148 0.263
Cu 0.140 0.534 0.341
Fe 0.359 0.070
Mn 0.397
Highly significant (<.01)
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Table 4. Maximum, minimum, and average concentrations (mg kg™) of P, Cu, Fe, Mn, and Zn in soils

collected on top and on the edges of Sacbe I.

P Cu Fe Mn Zn
Sacbe Top n==6
Maximum 17.9 0.5 114 27.2 16
Minimum 9.5 0.4 4.9 20.2 4.8
Average 12.3 0.4 8.2 23.1 8.4
Sacbe Edges n= 22
Maximum 6.5 0.5 18.9 29.2 3
Minimum 5.3 0.3 111 18.5 1.2
Average 5.8 0.4 14 23.6 2
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Figures

Figure 1. The archaeological site of Coba is located in the northwestern corner of the Yucatan Peninsula,

Mexico.
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Figure 2. The direction of the sacbeob (ancient roads) at the archaeological site of Coba.
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Figure 3. Structures and other features in Plaza B, Coba.
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Figure 4. Structures, location of soil samples collected on top and on the edges of Sacbe I, and other

features in Plaza D, Cob&. Image generated from GPS data taken in the field.
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Figure 5. Plaza B samples associated with structures and other features, along with modeling of P

concentrations (mg kg™).
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Figure 6. Plaza B samples associated with structures and other features, along with modeling of Fe

concentrations (mg kg™).
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Figure 7. Plaza B samples associated with structures and other features, along with modeling of Cu

concentrations (mg kg™).
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Figure 8. Plaza B samples associated with structures and other features, along with modeling of Mn

concentrations (mg kg™).
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Figure 9. Plaza B samples associated with structures and other features, along with modeling of Zn

concentrations (mg kg™).
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Figure 10. Plaza D samples associated with structures and other features, along with modeling of P

concentrations (mg kg™).
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Figure 11. Plaza D samples associated with structures and other features, along with modeling of Fe

concentrations (mg kg™).
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along with modeling of Cu

Figure 12. Plaza D samples associated with structures and other features

concentrations (mg kg™).
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Figure 13. Plaza D samples associated with structures and other features, along with modeling of Mn

concentrations (mg kg™).
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Figure 14. Plaza D samples associated with structures and other features, along with modeling of Zn

concentrations (mg kg™).
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Abstract

Portable X-Ray Fluorescence (PXRF) technology could be implemented at the Soil and
Plant Analysis Laboratory at Brigham Young University for faster and more efficient testing of
trace metals in soils, such as iron (Fe), copper (Cu), manganese (Mn), zinc (Zn), titanium (Ti),
strontium (Sr), and zirconium (Zr), among others. A description of the instrument is provided in
the present study, as well as analysis to test its capabilities under several routine circumstances
that are present during field work. The PXRF instrument is tested for accuracy at different levels
of soil moisture, granule size, and comparisons are made with certified soil samples using
samples from the National Institute of Standards and Technology (NIST) and other sources. The
PXRF showed good correlations with the certified soil standard reference materials for copper
(Cu), iron (Fe), manganese (Mn), zinc (Zn), titanium (Ti), strontium (Sr), zirconium (Zr), and
lead (Pb). The attenuation and contamination of the X-Ray signal by plastic films and Whirl-Pak
soil bags were also analyzed, with Pearson’s correlation coefficients of up to 0.999. The results
obtained in the current study showed that a field laboratory would be useful to air-dry, ground
and sieve soil samples to a #10 mesh size (< 2 mm) for better accuracy and reproducibility.

Keywords: portable X-Ray fluorescence, geochemistry, DTPA, activity areas, Coba
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Introduction

Over the last few decades, geology, chemistry, and soil sciences have been of great help
in the discovery and interpretation of archaeological features. Geochemistry is usually applied to
determine when a specific pattern in the soil is manmade or natural. As a consequence, the
chemical signatures of ancient human activities can be identified more precisely. Geochemistry
helps in the identification of elements and its concentrations. Soil science includes all the testing
for organic and inorganic elements that can help to determine if an area has been influenced by
human activities (Revenko, 2002; Shibata et al., 2009).

However, the addition of these sciences to support archeological research is expensive,
since laboratory work and trained individuals are critical. The current methods for soil testing are
time-consuming, and the work involved in taking soil samples from the field into the laboratories
is a burden (Zhu and Weindorf, 2009). Since many archeological studies are done outside the
U.S., mounting shipping costs and the cumbersome permitting processes to import quarantined
soils are specifically challenging in these times.

Cutting-edge technology could be used to ameliorate the burden of soil chemical analyses
and may facilitate the analysis in a field laboratory. The application of Portable X-Ray
fluorescence (PXRF) to perform analyses in a field laboratory or on-site can be a great tool to
make the work easier, cheaper, and faster than by the conventional soil testing methods (Radu
and Diamond, 2009).

If the Portable XRF device yields useful results in the field laboratory testing, the work of
scientists could be greatly accelerated because laboratory work would be reduced, results

obtained faster, and there would be no need for shipping soil samples.
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It is anticipated that the research protocol proposed in this report will be used by the
scientific community related to soil geochemistry, geology, archaeology, and environmental
testing fields. Establishing the reliability of the results of the PXRF device can only be done by

extensive research and statistical analyses of the results obtained from comparative analyses.

Portable XRF instrument

The PXRF instrument used in this study is a S1 Tracer IV-SD produced by Bruker AXS
(Kennewick, WA). It has a rhodium (Rh) target X-Ray tube excitation source and a silicon (Si)
Pin diode detector. The instrument, weighing ~ 1.5 kg, is powered by both a rechargeable Li-ion
battery or by an AC adapter. The instrument can also use a vacuum system to capture the signals
of elements as light as magnesium (Mg). The PXRF instrument can be run using a factory-
provided personal digital assistant (PDA) or a laptop computer, where calibration method and
elapsed time per sample are pre-programmed.

Although the instrument itself looks quite simple, the mechanism portion is complex. The
device is equipped with a probe window and X-Ray tube that irradiates the sample and the X-
Rays can either scatter or be absorbed by atoms in the sample and re-radiated as X-Rays of
specific energy in a photoelectric effect. A rearrangement of electrons happens as a consequence
of X-Ray irradiation, and every specific atom gives off energy during the process. X-Ray
fluorescence is the emittance of X -Rays by the atoms, since the atoms fluoresce at determined
levels of energy when irradiated with X -Rays (Jang, 2010; Kalnicky and Singhvi, 2001). The
concentration of elements is determined using an internal X -Ray fluorescence spectrometer. The
determined energy of the radiation by the atoms is specific for each element, and the amount of

radiation is proportional to concentration (Juvonen, 2009).
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The characteristics of the device allow for two forms of sample analysis: on-site and
intrusive. When samples are analyzed on-site, the probe window of the device is placed in
contact with the surface to be examined (soils, metals, or other solids). The capacity to study
samples on-site is one of the great advantages of the PXRF instrument. Samples can also be
analyzed by the intrusive mode. For this mode, soils or sediments are collected in the field or
study area, ground, sieved, and place in a container to be analyzed. The container is then placed
on top of the probe window with the aid of a protective film (Potts and West, 2008). The present
study will focus on intrusive soil samples after being air-dried, sieved, and bagged.

The sampling time can vary depending in the desired accuracy. Quick scanning for so-
called hot spots or high concentrations of an element of interest is usually performed in 60
seconds. If enhanced precision and accuracy are desired or required, the extended times for
analyzing can be up to 300 seconds as replicate scans are analyzed (Kalnicky, 2001; Juvonen,

2009).

Soil Sampling

The precision of the device is not the most significant source of error. Human errors or
interferences in the sampling are generally the causes of concern. Soil samples to be tested need
to be prepared in the same manner to avoid the introduction of errors. The physical character of
the samples is necessary to consider so both accuracy and precision in the sampling process are
achieved. There are ways to eliminate or at least ameliorate errors in measuring elemental
concentrations due to physical characteristics of various samples, such as grinding and
homogenizing the samples. Factors such as distribution uniformity and granule size need to be

the same to be able to compare one sample to another. One principle to consider is that the PXRF
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results will most likely vary according to the degree of mixing of the sample and the size of the
granules (from coarse to very fine particles and aggregates). For this purpose, grinding, sieving,
and mixing soils samples to the same degree will yield reproducible results. However, the
grinding and sieving to fine granule size comes at the cost of preparation time, labor, and
equipment. Minimal sample preparation in a field laboratory is limited to air-drying, crushing
and sieving samples to pass a 10 mesh sieve (< 2 mm). The grinding and sieving of soil samples
to much smaller sieves is beyond the scope and capabilities of a field laboratory due to time and
funding constraints.

Due to the nature of soils, another concern is the moisture content of the samples. It has
been reported that when water content is lower than 20-25 percent, the results obtained from
PXRF will not be affected (Lopez Avila et al., 1998; Potts and West, 2008). However, if

moisture content is greater, the source of error could be magnified.

PXRF and soil studies

Soil studies have greatly benefited with the capabilities of PXRF instruments. In the last
20 years, PXRF has evolved into a major tool that has the ability to provide quantitative
analytical data for workers in science and industry areas (Potts, 2008). A very common use of the
PXREF is to perform environmental assessment of contaminated sites due to past mining
activities, military use, or any other human activity that has left dangerous levels of pollutants in
the soil (Bernick et al., 1995; Carr et al., 2008; Crook et al., 2006; Hurkamp et al., 2009; Kodirov
and Shukurov, 2009; Jang, 2010; Melquiades et al., 2011; Peinado et al., 2010; Potts and West,
2008; Stark et al., 2008; Taylor et al., 2005; Vancott et al., 1999; Vanhoof et al., 2004; Weindorf

et al., 2011). However, traditional methods of soil testing require taking a considerable number
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of soil samples, hauling or shipping them to a laboratory for wet chemistry analyses that are
expensive and complex, and it takes a substantial amount of time to receive and process the data
(Jang, 2010; Taylor et al., 2005; Weindorf et al., 2011). Often, the factors of time and expenses
can reduce the number of collected samples, and the resolution of the contamination in soils in a
determined site is decreased; therefore, the true distribution of pollutants in the soil is not entirely
known. The capacity to take the PXRF instrument to the sample or to a field laboratory is one of
the most important capabilities of the device (Potts and West, 2008). The PXRF allows for
higher intensity analysis of soil samples in the field, with the results modeled on-site, and work
completed in a shorter period of time (Jang, 2010; Taylor et al., 2005; Potts and West, 2008;
Weindorf et al., 2011). Crook et al. (2006) reported that PXRF measurements are comparable to
the accuracy shown by samples also analyzed with ICPAES for dried and ground samples.
Weindorf et al. (2011) found reasonable correlations between PXRF and National Institute of
Standards and Technology (NIST) standard reference materials [except for cobalt (Co) and
mercury (Hg)]. It must be mentioned, nonetheless, that some soil guidance values or regulatory
toxicity levels are below the limits of detection of the PXRF (EPA 1998, Crook et al., 2006;
Peinado et al., 2010). This flaw may be corrected in future PXRF models that display even lower
limits of detection. Yet, Potts and West (2008) reported that the PXRF has levels of detection
low enough for elements such as barium (Ba), Co, chromium (Cr), copper (Cu), molybdenum
(Mo), nickel (Ni), lead (Pb), strontium (Sn), and zinc (Zn), among others. Researchers have
reported analytical precision of ~ 1% to up to 12% (Potts et al., 2008; VanCott et al., 1999), but
the precision of the PXRF readings can be affected by sample homogeneity and moisture content
found in the sample (Potts and West, 2008; Melquiades et al., 2011; Crooks et al., 2006). Crooks

et al. (2006) proposed that a mobile laboratory could be used to dry and sieve soil samples for
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analysis if a more complete quantitative investigation is desired; however, results will not be
obtained in one day if samples are dried overnight.
In summary, the PXRF offers practical, comprehensive, and economical screening of

elemental concentrations on-site or at nearby field laboratory facilities.

Analysis of Soil Samples at Coba, Mexico

The Classic Maya are one of the most intensively studied ancient states and are
remarkably absent from comparative study of ancient state economies. Geochemical analyses of
soils have helped delineate activity areas within households by means of prospection and site
interpretation (Fernandez et al., 2002; Oonk et al., 2009; Terry et al., 2004), but this limited
context cannot tell us how soil chemical residues were deposited by ancient people. Mapping
patterns of soil chemical residues in other public spaces will also help identify economic
exchanges affected through redistribution and feasting (Dahlin et al., 2007; Dahlin et al., 2009).

The present study extended the use of geochemical techniques to two plazas of Cob4, one
of the largest and most heavily urbanized Maya cities in the Yucatan peninsula. Emphasis was
placed on phosphorus (P) as it is a component of marketed foodstuffs, and on several metallic
residues such as Cu, iron (Fe), manganese (Mn), and Zn, common constituents of mineral paints
and pigments that were highly prized and widely traded among the Maya. These P and metallic
residues became fixed to the soils and floors of ancient plazas and households and may represent
important exchange items of this ancient civilization at that specific location.

For the past twelve years, Richard Terry and his students have measured the extractable P
content of thousands of soil and floor samples in a field laboratory. The portable field laboratory

is equipped with battery-operated balances and colorimeters for measurement of Mehlich 11
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extractable P. However, the samples must be brought to the Soil and Plant Analysis Laboratory
at Brigham Young University for DTPA (diethylenetriaminepentaacetic acid) chelate extraction
and metallic elements concentration analysis by ICPAES (Inductively Coupled Plasma Atomic
Emission Spectrometer) (Parnell et al., 2002; Radu & Diamond, 2009; Weindorf et al., 2008).
Parnell et al. (2002) have compared these procedures with sample digestion by nitric and
perchloric acid and reported positive correlations. The transport of hundreds of soil samples in
airline luggage and by express delivery has become very difficult and expensive in the past few
years. The airlines have become much more restrictive on excess baggage and the costs have
skyrocketed. In addition, soil import permits are becoming more difficult to obtain as security

concerns increase.

Objectives

The overall objective of this study was to develop an analysis protocol for the sampling
and PXRF analysis of trace residues in the soils and floors of ancient activity areas, including
marketplaces. We compared the results of DTPA extraction for both Plaza B and D samples with
the PXRF instrument readings for the same soil surface samples. Elemental concentrations were
geospatially plotted with Surfer Software (Golden, CO) to compare the elemental distribution
within Plaza B and Plaza D.

Specific objectives included:
e Test the soil PXRF calibration against eight certified standard reference materials obtained

from NIST and other sources.

e Compare total digestion values of the certified standard soil samples by nitric and perchloric

acid to PXRF analysis of the same soil samples. The elemental concentrations of the total
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digestion procedure were determined by Inductively Coupled Plasma Spectroscopy
(ICPAES).

Test the attenuation of signal and contamination of results of the Whirl-Pak soil bags against
the plastic film recommended by Bruker (SpectroMembrane® Mylar® Polyester film, 3.6
pum).

Test for any differences related to soil granule size. While Bruker recommends analyzing
samples that were passed through a 100 mesh sieve (<149 pum), the grinding time required to
pass most soils through such a sieve size would limit the number of samples analyzed in the
field. We compared the differences in results in samples passed through a 10 mesh (<2 mm),
40 mesh (<425 pum), 60 mesh (<250 pm), and 100 mesh (<149 pm).

Test for any differences in elemental PXRF concentrations in relation to soil moisture
content at the time of analysis. Soil samples were tested at four moisture levels: oven-dry,

air-dry, field capacity, and saturation.

Methodology

The PXRF analysis of soil P is not adequate to differentiate soils with subtle differences

in human sources of P. The energy emitted by P is low; therefore, the error in P analysis by

PXRF is large. For this reason, Olsen extractable P (Olsen et al., 1954) analysis was performed

in the field for samples within Plaza B. Samples within Plaza D were extracted with Mehlich 11

solution and P concentrations determined at the Soil and Plant Analysis Laboratory at Brigham

Young University. The soils were air dried, crushed to pass a 2-mm sieve, and placed in plastic

bags prior to analysis procedures. The trace metal levels of soil samples were determined by

DTPA extraction and ICPAES analysis. The research allowed us to compare the results of PXRF

57

www.manaraa.com



and DTPA analyses in the identification of ancient Maya activities in plazas. It was hoped that in
the future, use of the portable P laboratory and the PXRF will provide useful information on
ancient activity areas and eliminate the need to transport hundreds of pounds of quarantined soil
samples to distant laboratory facilities.

All the surface soil samples were analyzed using the “Soils with Calcium Carbonate”
calibration developed by Bruker, and the fluorescence signal was collected for 120 seconds. In
regards to the calibration, it was developed by Bruker using 102 standards from various sources.
The calibration employs filter #1 (25 um Ti, 300 um Al), an excitation voltage of 45 kV, and a
current of 30 pA.

For the analysis performed to compare PXRF values to the standard reference materials
provided by NIST and other sources, and with the values obtained from the total nitric-perchloric
acid digestion, the soil standards were placed in a plastic vial (2.5 cm diameter and 5 cm long)
and covered by a Mylar film (SpectroMembrane® Mylar® Polyester film, 3.6 um). The samples
were placed on top of the PXRF window probe. The elapsed time for each sample was 120
seconds, and the analysis was repeated four times and the values averaged. The double acid
digestion procedure (Entwistle et al., 1997, 1998) was used to determine total trace metals.
Standard soil samples were already ground to pass a 60-mesh polyester sieve. Five ml of
concentrated nitric acid was used to digest a measured portion of the soil sample. The sample
was allowed to sit overnight in a ventilating hood and then heated in a digestion block at about
200° C to digest the organic material for about 15 minutes. One ml of concentrated perchloric
acid was added to the cooled solution. The mixture was again heated in the digestion block at
approximately 200° C for 1 hour. The solution was diluted, shaken, and allowed to settle prior to

ICPAES analysis. Distilled water was used as a blank. The reference materials included were:
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1. NIST SRM 1645: River sediment.

2. NIST SRM 1646: Estuarine sediment.

3. NIST SRM 2704: Buffalo river bed.

4. GXR-2: Soil from Park City, Utah. United States Geological Survey.
5. NIST SRM 2710: Montana soil.

6. NIST SRM 2711: Montana soil.

7. GFS 403: Dolostone. Reference carbonate rock.

8. NIST NBS 1b: Argillaceous limestone.

To study the attenuation of signal and contamination of results, the plastic films of the
standard soil samples were replaced with a circular film cut from the soil Whirl-Pak bags, and
repeated four times per sample, replacing the film with an unused one every time. Also, samples
of the protective SpectroMembrane film and soil Whirl-Pak bag films were analyzed by
themselves to determine what kind of contamination to the results could be introduced by the
films. If the attenuation and contamination are not significant, analyzing samples on the PXRF
without the need to transfer the soil samples out of the Whirl-Pak soil bag would increase
productivity.

For the soil granule size study, four surface soil samples (laboratory-coded A7, B10, B21,
and D4) were selected at random from the pool of samples obtained from Plaza B in Coba. All
four soil samples were passed through a 10 mesh (<2 mm), 40 mesh (<425 um), 60 mesh (<250
pm), and 100 mesh (<149 pum). These four granule size fractions were placed in plastic vials and
covered with a plastic film (SpectroMembrane) for further PXRF analysis. At the time of the

analysis, the soil samples were already air-dried.
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In developing the sampling protocol, we wanted to know if in the case of analyzing
samples in the field, it would be necessary to determine the soil moisture content to possibly
develop a correction factor. If the variability in results is too great with varying degrees of
moisture, then the sampling protocol would have to include air-drying the samples before PXRF
readings. To study any elemental concentration differences related to moisture content, the
following five soils were used: sand, clay, loam, high organic matter, and low organic matter.
Four plastic soil cores with a mesh screen in the bottom were filled for each of the five soils. The
PXRF readings were performed under four moisture levels: oven-dry, air-dry, field capacity, and
saturated. Field capacity was reached by means of a pressure plate (5-bar pressure plate
extractor, Soil Moisture Equipment Co., Santa Barbara, CA) where all the soil cores were under -
1/3 bar of pressure for 24 hrs, while oven-dry soil samples were placed in an oven at 110° C for
24 hrs. All the soils were air-dried at the time of the analysis, and the PXRF readings were done
first for this moisture level. To reach saturation, soil cores were left in a pan with sufficient water
to soak from the bottom up for one day. A plastic film was placed on the other end of the soil
core and set on top of the PXRF probe for analysis. Soil cores were weighed to calculate the
water content in the soil at the time of analysis.

For the analysis of the soil samples taken within Plazas B and D in the archaeological site
of Cob4, Mexico, the samples were collected at the intersection of a 5-m or 10-m grid. The
surface litter was removed and soil samples were taken using a plastic trowel from the first 10
cm, and subsequently stored in a sterile Whirl-Pak plastic bag. At the laboratory, the samples
were air-dried and sieved (< 2mm), and then placed on top of the PXRF window probe. The
samples were analyzed directly from the Whirl-Pak soil bag for time and funding constraints. All

the statistical analyses were performed using the software JMP (SAS Institute Inc., Cary, NC).
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Results and Discussion
Portable XRF values comparison with Standard Reference Materials and Total Digestion values
Pearson’s correlation coefficients (also known as r values) for PXRF and total digestion
by nitric-perchloric acid analysis correlated to the certified values for the standard reference
materials were calculated (Table 1). The element with the lowest correlation with both reported
values and total digestion values was titanium (Ti). The Ti PXRF had a correlation of r=0.962
with the reference materials (certified values), and r = 0.6494 with the total digestion values. In
the case of zirconium (Zr), the correlation with the standard reference material was r = 0.9871
but r = 0.1097 with the total digestion values. For the rest of the elements (Mn, Fe, Cu, Zn, Sr,
and Pb), the r with the reference materials ranged from 0.9871 to 0.999, and the r with the total
digestion values ranged from 0.9763 to 0.9997. In general, these results show that the PXRF
performed well using the calibration “Soils with Calcium Carbonate” to analyze soil standard
reference materials with a wide range of characteristics. The elements most widely used by the

Soil and Plant Analysis laboratory were reported in this study.

Attenuation and Contamination by Protective Films

Percent changes, Pearson’s correlation coefficient, and mean percent changes between
the PXRF readings of the certified standard reference materials using the SpectroMembrane and
the Whirl-Pak soil bag as protective films were compiled (Table 2). This study compared the
results from the standard reference materials analyzed with two different covers: the plastic film
recommended by Bruker (SpectroMembrane® Mylar® Polyester film, 3.6 um) and a plastic film

cut from the Whirl-Pak soil bags normally used at this laboratory.
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The task to transfer soil samples to a plastic vial and then to cover it with the
SpectroMembrane is time-consuming, and it would restrict how many samples could be analyzed
under the limited time in the field. In general, the values are very encouraging for our purposes.
All elements presented good correlations for the PXRF readings under both plastic films. The
lowest r value was shown by Fe (r = 0.95999). These correlations allow analysis of soil samples
directly through the Whirl-Pak soil bag as the elemental concentrations of samples were not
greatly affected.

Soil bags and the SpectroMembrane were also analyzed to quantify the amount of
contamination found in the chemical composition of these materials. Table 3 shows a summary
of the elements found in these supplies. In addition, the soil bag paint strip was analyzed, and
high concentrations of various elements were found (data not shown). The painted area of the
soil bags should not be placed on top of the windows probe while performing analysis. In regards
to the non-painted area of the Whirl-Pak soil bag, it also presents various elements in different
concentrations, being the most notorious Ca (605 mg kg™), Ti (71 mg kg™), Fe (114 mg kg™),
and Zn (145 mg kg™). The SpectroMembrane contained high levels of most elements reported
for the Whirl-Pak bag. However, when most of our soil samples from Yucatan contain several
thousand mg kg™ of Ca, Fe, and several hundred mg kg™ in Zn and Ti, the low concentrations
found in these materials are relatively insignificant and do not represent a serious source of
contamination. The PXRF readings were done on a single layer of a SpectroMembrane, Whirl-
Pak soil bag, and the windows probe with nothing placed on top of it (Table 3). The correlation
between the SpectroMembrane with the Whirl-Pak bag and no sample was of r=0.9866 and
r=0.9945, respectively. The correlation between the Whirl-Pak soil bag and no sample was of

r=0.9833. Also, these differences were not statistically significant, and these interferences do not
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pose a serious problem in the integrity of the data. However, the PXRF windows probe should
not face the paint strips or metal ties in the Whirl-Pak soil bags. The PXRF allows for
measurements with both SpectroMembrane and Whirl-Pak soil bags with high levels of

confidence in the results.

Granule Size Analysis

Tables 4 through 7 summarize the data obtained from the granule size study. Each one of
the four samples (laboratory-coded A7, B10, B21, and D4) was sieved to four mesh sizes. The
tables present the mesh number, letters to denote significant differences among the results
obtained for each sieve, and the standard deviation (SD) of the four replicates.

For the soil sample A7 (0 E 35 N Plaza B; 19% sand, 47% clay), sieve sizes made a
significant difference in measurements of five elements (Ti, Mn, Fe, Sr, and Zr) but not for two
elements (Cu and Zn) (Table 4). The impact varied among elements, but generally lower
concentrations were measured for the coarser granule sizes. Both Sr and Zr presented greater
concentrations with smaller sieve size.

On the values obtained from soil sample B10 (-5 E 50 N Plaza B; 8% sand, 50% clay),
there were no significant differences between any of the sieves for elements Ti and Cu, but there
were significant differences for Mn, Fe, Zn, Sr, and Zr (Table 5). For Sr and Zr, the
concentrations increase with smaller mesh size.

Table 6 presents the data obtained from the PXRF analysis of sample B21 (-5 E 105 N
Plaza B; 25% sand, 42% clay), one of four samples chosen at random to represent the types of
soils analyzed from Plaza B and D in order to test the effect of granule size in the PXRF

elemental concentrations. The elements titanium, manganese, iron, copper, and zinc presented no
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significant differences between the results obtained from the four sieves. However, Sr and Zr
presented significant differences between the different sieve sizes. The pattern of increasing
PXRF values with finer granule size for Sr and Zr is displayed as before.

The last soil sample to be analyzed as part of the granule size study was sample D4 (-15
E 20 N Plaza B; 22% sand, 45% clay) (Table 7). The elements Ti, Fe, Cu, and Zn showed no
significant differences between the four treatments. On the other hand, manganese, Sr and Zr,
presented significant differences among the measurements with different sieve sizes. Moreover,
both elements Sr and Zr showed increasing PXRF concentrations with finer granule size.

In summary, the granule size study showed that, for the soil samples included in this
study, the PXRF concentrations for strontium and zirconium increased with finer granule size.
The results for Ti, Mn, Fe, Cu, and Zn were fairly reliable, and the spread of the range of
concentrations was never extremely high, particularly for Cu and Zn. Grinding soil samples to
pass a 100 mesh (<149 um) in the field would be very time-consuming and restrict the amount of
samples analyzed per field season. However, samples analyzed after passing a 10 mesh (<2 mm)
showed reliable results for most elements of interest, and it would be more practical for field

work.

PXRF results attenuation or enhancement of signal at different moisture levels

Moisture content could easily impact the PXRF instrument readings and this study tests
the impacts of four soil moisture levels on five unique soils. This knowledge would help
determine whether soil drying in the field is needed — a time consuming factor which would slow
field analyses. The four moisture levels were oven-dry, air-dry, field capacity, and saturated.

Elemental concentrations of the elements Mn, Fe, Cu, Zn, Sr, and Zr for the five soils at four
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moisture levels showed significant differences among the moisture levels (Tables 8-12). The
statistical significance of differences among the four moisture levels (denoted with letters), and
the percent change of the means in comparison to the oven-dry level are shown (Tables 8-12).
Water content at the time of analysis is shown in kg kg™* of H,O in the top right corner of Tables
8-12. The mean of the four repetitions and the percent change of the air-dry, field capacity, and
saturated moisture levels in comparison to the oven-dry levels are displayed to discern if there
are any departures from the reference value (the oven-dry moisture level), and if this departure is
either an enhancement (a larger value) or an attenuation (a smaller value) of the PXRF signal in
comparison to the oven-dry mean levels.

The PXRF readings for the elements Mn, Cu, Zn, and Sr presented significant differences
among the moisture levels for the sand soil (90% sand, 6% clay) (Table 8). The measurements of
Fe and Zr showed no significant differences between the moisture levels. Moreover, oven-dry,
air-dry, and field capacity moisture levels were not significantly different for any of the six
elements read in this study at any given moisture level. In general, the air-dry moisture levels
showed an enhancement of the X-Ray signal in comparison to the reading for the oven-dry level,
except for Cu.

Table 9 shows the results of the PXRF readings under four moisture levels for the clay
soil (19% sand, 54% clay). Except for Zr, all the other elements (Mn, Fe, Cu, Zn, and Sr) showed
significant differences between the moisture levels. In addition, the oven-dry and air-dry
moisture levels were significantly different for Mn and Sr, presenting the air-dry moisture level
lower values than oven-dry for both elements. In the case of Mn, the air-dry moisture level was
60 percent lower than the oven-dry moisture level PXRF reading. The remaining elements

presented moderate variations.
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Table 10 shows the PXRF readings for the four moisture levels in a soil with high organic
matter content (5.5% organic matter, 20% sand, 42% clay). Only the PXRF readings for
manganese presented no significant differences between the four moisture levels. This soil also
showed significant differences between the oven-dry and air-dry PXRF readings for the element
Zn. Percent changes between the oven-dry and air-dry measurements presented relatively low
variations.

Table 11 presents the PXRF reading results for the soil with low organic matter (1.2%
organic matter, 45% sand, 35% clay). While Mn and Fe presented no significant differences
between all four moisture levels, the other elements (Cu, Zn, Sr, and Zr) showed significant
differences between the moisture levels. Oven and air-dry levels showed statistical differences
for the Sr readings only. In general, the percent changes are quite low between the oven-dry and
air-dry PXRF readings.

The last soil analyzed in this study was a loam soil (51% sand, 19% clay) (Table 12). The
elements Mn, Cu, and Zr showed no significant differences between the readings of any moisture
level. Percent changes were also relatively low, except for Cu, where the oven-dry PXRF
readings gave a Cu level more than twice as high in comparison to the other moisture levels.
Significant differences were seen for iron, zinc, and strontium; the greatest attenuations were
seen for the saturated moisture level. Moreover, no significant differences were detected for the
oven-dry and air-dry, except for the Sr PXRF readings, where the air-dry measurement was six
percent lower than the oven-dry PXRF readings.

This study has shown that different elements react in various manners under changing
moisture contents, and the PXRF readings for various elements most likely had a strong

dependence on factors such as soil type and texture. It is not possible to suggest or encourage an
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ideal method to run the PXRF on-site, since the needs of various researchers may not be similar.
The method of analysis used on-site will depend on the elements desired to read, the precision
and accuracy required, and the speed at which results are wanted. Oven-dry and air-dry samples
will require an extra day to achieve these moisture levels, plus the need of an oven and the
collection and transport of soil samples to a field laboratory. It is clear that soil samples should
not be analyzed under saturated conditions, while the field capacity moisture levels produced
results comparable to the oven-dry and air-dry readings. From our field experiences, most soils
will be between field capacity and air-dry moisture levels, thus allowing the researchers to

perform on-site PXRF analysis with a high level of confidence on the results.

PXRF total concentrations for Plaza B and Plaza D

Plaza B

There were 299 samples collected using a plastic trowel from Plaza B in a combination of
a 5-m and 10-m grid after the surface organic litter was removed. Soil samples were then stored
in sterile Whirl-Pak bags.

The Cu concentration isopleths within Plaza B was plotted (Figure 1). These
concentrations showed a minimum PXRF Cu level of 35, a maximum of 63, and a mean of 44
mg kg ™. The location of the highest values in the southwest corner of the plaza was the same as
the high spot identified using the DTPA extractable Cu isopleth (see Chapter 1, Figure 7).
However, the PXRF Cu concentrations were higher (~ 1 mg/kg of DTPA extractable Cu vs ~ 60
mg/kg PXRF Cu). The Cu was also semi linearly distributed in the east side of the plaza.

The Fe concentration isopleths is shown in Figure 2. The minimum, maximum, and mean

PXRF Fe concentrations were 1561, 16170, and 4777 mg kg™, respectively. The PXRF Fe
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isopleths and the isopleths created from the DTPA extractable Fe were almost opposite images of
each other (see Chapter 1, Figure 6). DTPA extractable Fe was persistent throughout the east
side of Plaza B, while PXRF Fe was found mostly on the west side of Plaza B. We believe that
this sharp difference may be due to the form of Fe in the soil. The east side of the plaza is
regularly swept of organic materials using metallic rakes; plants and trees are also chopped or
trimmed using machetes. Overtime, these activities will likely increase Fe concentrations, and it
appears that DTPA is better at extracting this fraction of Fe. The high PXRF Fe levels found in
the west side of the plaza may probably be due to the natural constituents of the soils, and not
related to human activities.

The Mn concentration isopleths created with the distribution of PXRF Mn is shown in
Figure 3. These concentrations showed a minimum of 67, a maximum of 614, and a mean of 296
mg kg*. The distribution of PXRF Mn was very similar to the distribution found for DTPA
extractable Mn (see Chapter 1, Figure 8), although the range of PXRF Mn levels was much
higher as would be expected since it represents total Mn concentrations. DTPA extractable Mn
concentrations never exceeded ~ 28 mg kg™*. The PXRF Mn distribution was prevalent in the
west side of the plaza, and less predominant along the east side. As observed in the DTPA Mn
concentration isopleths (see Chapter 1, Figure 8), there was a high spot of PXRF Mn in the
southwest area of Plaza B. Another high spot was located about 10 m east of the debris line in
the area cleaned up of understory vegetation.

The PXRF Zn concentration isopleths was plotted (Figure 4). The minimum, maximum,
and mean averages for PXRF Zn were 40, 171, and 72 mg kg, respectively. There were two
similarities in the distribution of Zn between the PXRF and the DTPA extractable Zn (see

Chapter 1, Figure 9). Two hot spots were identified in both concentration isopleths, one being
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located in the southwest side of Plaza B, and the other about 20 m east of the debris line, in the
area that is swept clean regularly. However, PXRF Zn showed a much more interesting pattern.
In the north half of the plaza, there was a very clear difference in concentration distribution. In
the very east side, there was a linear pattern of Zn concentration that went from the northeast
corner to about half of the plaza, stopping right at the feet of the stairs of the structure called La
Iglesia. Then, there was an absence of high Zn content between coordinates 0 and -20 East. After
-20 East, the high Zn content increased and drew a rectangle in the north side of the plaza with
very distinct linear concentrations, especially in the south side. The cause of these sharp patterns
could be related to many things: if the plaza floor at this area ever had stucco floors, if there were
any construction period differences between the north and south sides of Plaza B, if the material
obtained to stucco the north and south sides came from the same quarry, and if a specific human
activity caused this distinct Zn loading in the north side of the plaza. We do not believe that these
Zn concentrations were due to ancient or modern anthropogenic activities, since no other element
analyzed in this study followed a similar pattern. However, we suggest that, in the most
conservative sense, this PXRF Zn pattern was due to differences in the stucco floor of the plaza,
or the lack of it. It could be that the materials used to build or repair the north side of La Iglesia

were also used to fill, fix, or consolidate the north side of Plaza B.

Plaza D

Soil surface samples collected within Plaza D totaled 376 samples. The entire plaza was
sampled on a 10-m grid, and transects were cut along the vegetation to gain access to the soil
surface. Isopleths were created with the distribution of the elemental concentrations of PXRF Cu,

Fe, Mn, and Zn.
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In regards to Cu, Figure 5 shows the concentration isopleths with the PXRF readings. The
pattern of DTPA extractable Cu and PXRF Cu slightly overlapped in the middle of the plaza (see
Chapter 1, Figure 12). However, there was little resemblance between each other. Copper
analyzed with the PXRF presented a minimum, a maximum, and a mean concentration of 24, 53,
and 42 mg kg, respectively. The DTPA extractable Cu did not exceed ~ 2 mg/kg, and had less
spots with high Cu. The PXRF Cu presented a somewhat linear pattern in the southwest side of
the plaza. The conical structure El Xaibe also presented high PXRF Cu in the east side and to the
north of it. Other spots with high PXRF Cu were visible throughout the plaza, with no
identifiable pattern.

Iron concentration isopleths was plotted (Figure 6). Portable XRF Fe levels ranged from
2632 to 86800 mg kg™, with a mean of 15887 mg kg™. While DTPA extractable Fe was
relatively high close to El Xaibe (see Chapter 1, Figure 11), the PXRF Fe concentrations near the
structure were not high. The high PXRF Fe spots were ~ 20 m south of El Xaibe, off the center
of the site about 10-20 m south, and in a group of samples in the north corner of Plaza D. These
distributions of PXRF Fe did not represent a very clear pattern, and we believe that the
differences encountered here were due to natural Fe levels in the soil constituents.

Figure 7 shows the PXRF Mn concentration isopleths. The readings for PXRF Mn in
Plaza D presented a minimum Mn level of 111, a maximum of 1870, and a mean of 484 mg kg™.
The DTPA extractable Mn ranged from 1 to 50 mg kg, and its distribution within Plaza D was
quite different from the patterns shown by PXRF Mn (see Chapter 1, Figure 13). The area with
the highest PXRF Mn enrichment was located on the north corner of the plaza, with a
considerable PXRF Mn spot off the center of the plaza about 10-20 m south. These two high

PXRF Mn spots actually resembled the pattern presented by PXRF Fe.
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Concentrations of PXRF Zn are shown in Figure 8. There was some overlapping
between PXRF and DTPA extractable Zn close to the middle of the plaza, but no other
similarities were found between these two isopleths (see Chapter 1, Figure 14). Portable XRF Zn
presented a more or less linear pattern that almost completely divided Plaza D in two. This linear
pattern ran north-south, and it is 20-50 m wide. The minimum, maximum, and mean PXRF Zn
concentrations were 38, 171, and 70 mg kg™*. It is very unlikely that these concentrations of
PXRF Zn were related to ancient or modern human activities, but rather related to the natural

constituents of the mineral fraction of the soil.

Cluster Analysis of DTPA and PXRF concentrations for both Plazas

A cluster analysis of elements was created and plotted on Surfer Software to compare the
trace metal concentrations by DTPA extraction and PXRF measurements of the soil samples
collected within Plazas B and D of Cobé (Figures 9-12). It is important to notice that on top of
Cu, Fe, Mn, and Zn, the PXRF measurements included Sr, Zr, Rb, and Ti, while the DTPA
extraction did not. All P levels were measured using Mehlich-11 extraction method for Plaza D
and Olsen extraction method for Plaza B. Three hierarchical clusters were determined with JMP
Software and plotted.

The PXRF elemental clusters within Plaza B were plotted on Surfer Software (Figure 9).
Cluster 1 included low levels of P, Cu, Mn, Zn, Fe, and high levels of Sr and Zr. Cluster 2
consisted of high concentrations of Ti, Cu, Mn, Zn, Fe, and low P, Sr, and Zr. Cluster 3
presented high P and Zn, and low Ti, Mn, Fe, Cu, Sr, and Zr. Cluster 1 was found mostly in the
southeast corner of Plaza B. Cluster 2 was predominant in the south portion of the plaza, west of
the debris line. In regards to cluster 3, it was found in the majority of the area west of the debris

line, and on the northeast portion of the surface close to the structure.
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The three hierarchical clusters for DTPA concentrations for Plaza B were also plotted in
Surfer (Figure 10). The patterns identified for the DTPA clusters were similar to the ones
presented by the PXRF clusters. Cluster 1 was still found mostly on the east side of Plaza B.
Cluster 2 was identified in the south portion of the plaza, but slightly shifted to the west in
comparison to the PXRF cluster. Lastly, cluster 3 was predominant in the soil surface west of the
debris line, as seen in the PXRF cluster.

In regards to the PXRF clusters for Plaza D (Figure 11), cluster 1 included high levels of
Cu, and medium P, Sr, Zr, and Zn. Cluster 2 showed high PXRF Ti, Mn, Fe, Zn, Rb, Zr, and low
P, and cluster 3 presented high P, medium Zn, and low trace metal concentrations. Cluster 1 was
found along the southern edge at the foot of structures. Cluster 2 was identified close to the
southern corner of Plaza D, and was also found outside the plaza in the northernmost edge, while
cluster 3 was predominant in the north corner of Plaza D.

The DTPA extracted elements clusters for Plaza D were plotted (Figure 12). Cluster 1
consisted of medium P, and high Cu, Mn, and Zn. Cluster 2 included high Fe and Zn, and low P,
while cluster 3 showed high P and medium Zn. Cluster 1 was not very predominant, but it was
identified in the southwest area within Plaza D. Cluster 2 was found in the south corner and
outside of the plaza in the northernmost corner, and cluster 3 was predominant in the north
corner, as with the PXRF clusters.

In summary, although the PXRF and DTPA methods showed a different elemental
fraction, these results hint that future geochemical studies could potentially include analysis of
soil samples in the field for phosphates and PXRF concentrations, without the need to take the
soil samples to a distant laboratory. Clusters for PXRF and DTPA concentrations in Plaza B

(Figures 9-10) showed low P, Cu, Mn, Zn east of the debris line, and medium-high Cu, Mn, Zn,
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and Fe in the south area west of the debris line. Clusters for PXRF and DTPA concentrations
within Plaza D (Figures 11-12) presented high P and medium Zn in the north corner, and low P

and high trace metals in the south portion of Plaza D.

Conclusions

The PXRF instrument worked well and produced reliable results for the elements
included in this study, except for very few values. There were no significant differences in the
results of the readings using different protective films. Results from both the SpectroMembrane
and the Whirl-Pak soil bags were reliable and did not present a serious source of contamination.
The granule size study results showed that samples could be passed through a #10 mesh (< 2
mm) and still produce reliable PXRF reading values. In regards to moisture content in soil
samples, the data showed that for the archaeological site of Coba, it was necessary to have soil
moisture at or drier than field capacity. However, soil texture has to be taken into consideration
also. A field laboratory is recommended to aid with minor preparation of samples, such as air-
drying and sieving soil samples to pass a #10 mesh size.

The PXRF study of the soil samples collected at both Plaza B and D in the site of Coba
also showed that the PXRF analysis captures a different fraction of trace elements in comparison
to DTPA extraction. However, the cluster analysis presented that the areas of high and low
concentrations presented very similar distributions for the PXRF and DTPA methods, although
the PXRF levels were much higher for all elements. In addition, the PXRF total elemental
concentrations could help to interpret sources of stucco, spatial differences in the chemical
constituents of plaza floors, and possibly different construction periods if sharp elemental

concentration differences are found in the soils or plaza floors.
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Tables

Table 1. Pearson’s correlation (r) for the comparison of eight soil standard reference materials (certified
values) against values obtained from PXRF readings and total nitric-perchloric acid digestion. All of the r

values are positive.

-- Pearson’s correlation coefficient (r)

Element PXRF with certified values PXRF with total digestion
Ti 0.962 0.6494
Mn 0.9999 0.9986
Fe 0.9942 0.9832
Cu 0.9998 0.9996
Zn 0.9996 0.9847
Sr 0.9958 0.9763
Zr 0.9871 0.1097
Pb 0.999 0.9997
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Table 2. The percent change between individual certified standards comparing the PXRF values analyzed through the Whirl-Pak soil bag and the
SpectroMembrane plastic film. The average percent attenuation or enhancement of values per element and Pearson’s correlation coefficients (r)

are listed. All of the r values are positive.

Certified Standard Reference Materials

Element 403 2710 1646 GXR-2  NBS1b 2704 1645 2711 Average CZ‘ifgf;tTosn
---------------------------- PercentChange - - - - -------------------------- r
Ti 1 31 25 8 27 26 0 30 18 0.98195
Mn  -13 6 44 63 11 16 13 17 17 0.9961
Fe  -12 23 32 34 7 23 a7 22 12 0.95999
cu 6 -13 20 36 10 12 14 3 17 0.99995
Zn 4 9 8 2 3 a1 9 5 6 0.99996
ss 9 11 8 5 11 6 A1 7 9 0.99995
7z 4 3 -1 3 34 3 16 2 10 0.99125
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Table 3. PXRF elemental concentrations found in a single layer of a soil bag, a single layer of the
SpectroMembrane (protective plastic film supplied by Bruker Elemental), along with PXRF readings

without a sample, with a bag, or with a SpectroMembrane placed on top of the PXRF windows probe.

Element Specg‘c])gn;;r_q? rane (Srﬁél kBg 5%9) No Sample (mg kg™)
K 248 225 226
Ca 817 605 628
Ti 70 71 69
Cr 19 18 20
Mn 1 0 0
Fe 98 114 96
Ni 33 19 28
Cu 218 128 221
Zn 98 145 101
Br 4 3 3
Rb 24 16 22
Sr 27 19 23
Zr 6 4 0
Pb 121 89 129
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Table 4. PXRF measurements of Ti, Mn, Fe, Cu, Zn, Sr, and Zr from the readings for soil surface sample

AT testing soils screened with sieve sizes 10, 40, 60, and 100 mesh. The mean concentrations, standard

deviations (SD) and significant differences (denoted by letters) are given. Within a given element, values

with same letter are not significantly different.

Mean

Element Mesh # 1 SD
mg kg
Ti 10 B 438 44
40 A 622 65
60 A 594 88
100 AB 509 33
Mn 10 A 277 1
40 A 267 18
60 B 233 7
100 C 205 13
Fe 10 B 3371 96
40 A 3743 257
60 B 3327 121
100 B 3203 168
Cu 10 A 55 9
40 A 46 1
60 A 49 3
100 A 50 3
Zn 10 A 61 15
40 A 53 2
60 A 50 2
100 A 51 1
Sr 10 D 3413 71
40 C 3618 26
60 B 4173 70
100 A 4368 57
Zr 10 D 167 4
40 C 178 2
60 B 206 4
100 A 214 2
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Table 5. PXRF measurements of Ti, Mn, Fe, Cu, Zn, Sr, and Zr from the readings for soil surface sample
B10 testing soils screened with sieve sizes 10, 40, 60, and 100 mesh. The mean concentrations, standard
deviations (SD) and significant differences (denoted by letters) are given. Within a given element, values

with same letter are not significantly different.

Mean

Element Mesh # 1 SD
mg kg
Ti 10 A 496 78
40 A 523 66
60 A 521 70
100 A 564 104
Mn 10 B 253 16
40 A 287 9
60 AB 277 6
100 AB 266 21
Fe 10 B 3260 138
40 A 3544 40
60 A 3535 21
100 A 3514 100
Cu 10 A 50 3
40 A 48 1
60 A 47 1
100 A 51 3
Zn 10 B 50 3
40 A 55 1
60 AB 53 2
100 B 50 1
Sr 10 C 3360 60
40 C 3378 28
60 B 3583 29
100 A 3728 15
Zr 10 C 162 4
40 BC 167 3
60 B 173 3
100 A 182 1
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Table 6. PXRF measurements of Ti, Mn, Fe, Cu, Zn, Sr, and Zr from the readings for soil surface sample
B21 testing soils screened with sieve sizes 10, 40, 60, and 100 mesh. The mean concentrations, standard
deviations (SD) and significant differences (denoted by letters) are given. Within a given element, values

with same letter are not significantly different.

Mean

Element Mesh # 1 SD
mg kg
Ti 10 A 673 60
40 A 705 50
60 A 719 54
100 A 727 60
Mn 10 A 302 17
40 A 299 14
60 A 287 15
100 A 297 18
Fe 10 A 5163 95
40 A 5086 103
60 A 5093 50
100 A 5052 72
Cu 10 A 48 3
40 A 48 3
60 A 49 2
100 A 49 3
Zn 10 A 49 1
40 A 47 2
60 A 48 1
100 A 48 1
Sr 10 B 3030 65
40 A 3343 43
60 A 3403 39
100 A 3415 27
Zr 10 B 150 4
40 A 167 3
60 A 170 2
100 A 170 3
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Table 7. PXRF measurements of Ti, Mn, Fe, Cu, Zn, Sr, and Zr from the readings for soil surface sample
D4 testing soils screened with sieve sizes 10, 40, 60, and 100 mesh. The mean concentrations, standard
deviations (SD) and significant differences (denoted by letters) are given. Within a given element, values

with same letter are not significantly different.

Mean

Element Mesh # 1 SD
mg kg
Ti 10 A 419 39
40 A 418 54
60 A 318 74
100 A 401 72
Mn 10 B 143 6
40 A 171 10
60 AB 152 20
100 B 143 9
Fe 10 A 2219 125
40 A 2443 70
60 A 2427 226
100 A 2240 86
Cu 10 A 48 2
40 A 46 3
60 A 49 2
100 A 48 3
Zn 10 A 51 4
40 A 50 2
60 A 50 2
100 A 50 2
Sr 10 C 3393 101
40 B 3698 95
60 A 4230 53
100 A 4243 36
Zr 10 C 163 5
40 B 182 5
60 A 205 5
100 A 205 2
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Table 8. Elemental concentrations, significant differences, and percent change for the sand soil for the
effect of moisture on PXRF readings. Four readings were performed for each soil moisture level: oven-
dry, air-dry, field capacity, and saturated. Moisture levels with same letter are not significantly different at
the 0.05 level. The percent change is in comparison to the oven-dry values. Water content in kg kg™ at the

time of the analysis is displayed in the top right corner.

Water
Moisture  Content
Moisture Level Mean % Change Level kg kg
Mn Oven Dry B 185 0 Oven Dry 0
Air Dry B 208 12 Air Dry 0.013
Field Cap B 182 -2 Field Cap 0.055
Saturated A 354 91 Saturated 0.28
Fe Oven Dry A 10955 0
Air Dry A 14770 35
Field Cap A 12005 10
Saturated A 14473 32
Cu Oven Dry A 36 0
Air Dry A 34 -6
Field Cap A 36 0
Saturated B 24 -33
Zn Oven Dry AB 46 0
Air Dry A 51 11
Field Cap A 50 9
Saturated B 42 -9
Sr Oven Dry A 306 0
Air Dry A 340 11
Field Cap A 324 6
Saturated B 222 -27
Zr Oven Dry A 111 0
Air Dry A 161 45
Field Cap A 133 20
Saturated A 95 -14
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Table 9. Elemental concentrations, significant differences, and percent change for the clay soil for the

effect of moisture on PXRF readings. Four readings were performed for each soil moisture level: oven-

dry, air-dry, field capacity, and saturated. Moisture levels with same letter are not significantly different at

the 0.05 level. The percent change is in comparison to the oven-dry values. Water content in kg kg™ at the

time of the analysis is displayed in the top right corner.

Water
Moisture  Content
level kg kg™

Oven Dry 0
Air Dry 0.017
Field Cap  0.323
Saturated 0.629

Moisture
Level Mean % Change
Mn Oven Dry A 1320 0
Air Dry B 533 -60
Field Cap A 1228 -7
Saturated B 537 -59
Fe Oven Dry B 74550 0
Air Dry B 83825 12
Field Cap B 82775 11
Saturated A 104125 40
Cu Oven Dry AB 133 0
Air Dry A 144 8
Field Cap B 120 -10
Saturated C 76 -43
Zn Oven Dry A 87 0
Air Dry A 86 -1
Field Cap A 81 -7
Saturated B 58 -33
Sr Oven Dry A 19 0
Air Dry BC 12 -37
Field Cap AB 16 -16
Saturated C 8 -58
Zr Oven Dry A 200 0
Air Dry A 163 -19
Field Cap A 116 -42
Saturated A 86 -57
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Table 10. Elemental concentrations, significant differences, and percent change for the soil with high

organic matter for the effect of moisture on PXRF readings. Four readings were performed for each soil

moisture level: oven-dry, air-dry, field capacity, and saturated. Moisture levels with same letter are not

significantly different at the 0.05 level. The percent change is in comparison to the oven-dry values.

Water content in kg kg™ at the time of the analysis is displayed in the top right corner.

Water
Moisture Content
level kg kg™
Oven Dry 0

Air Dry 0.123
Field Cap 0.416
Saturated 1.017

Moisture Content Mean % Change
Mn Oven Dry A 791 0
Air Dry A 751 -5
Field Cap A 871 10
Saturated A 618 -22
Fe Oven Dry AB 29645 0
Air Dry A 32848 11
Field Cap B 26513 -11
Saturated B 26600 -10
Cu Oven Dry A 55 0
Air Dry AB 53 -4
Field Cap B 48 -13
Saturated C 28 -49
Zn Oven Dry A 131 0
Air Dry B 117 -11
Field Cap C 111 -15
Saturated D 62 -53
Sr Oven Dry A 251 0
Air Dry A 250 0
Field Cap B 213 -15
Saturated C 106 -58
Zr Oven Dry A 184 0
Air Dry A 195 6
Field Cap B 154 -16
Saturated C 77 -58
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Table 11. Elemental concentrations, significant differences, and percent change for the soil with low

organic matter for the effect of moisture on PXRF readings. Four readings were performed for each soil

moisture level: oven-dry, air-dry, field capacity, and saturated. Moisture levels with same letter are not

significantly different at the 0.05 level. The percent change is in comparison to the oven-dry values.

Water content in kg kg™ at the time of the analysis is displayed in the top right corner.

. Water
M;;'\ig:re Content
kg kg™
Oven Dry 0

Air Dry 0.015
Field Cap 0.187
Saturated 0.373

Moisture Mean % Change
Level
Mn Oven Dry A 325 0
Air Dry A 243 -25
Field Cap A 266 -18
Saturated A 264 -19
Fe Oven Dry A 14893 0
Air Dry A 14805 -1
Field Cap A 14368 -4
Saturated A 16083 8
Cu Oven Dry A 52 0
Air Dry A 51 -2
Field Cap A 52 0
Saturated B 33 -37
Zn Oven Dry AB 89 0
Air Dry A 102 15
Field Cap AB 87 -2
Saturated B 65 -27
Sr Oven Dry A 296 0
Air Dry BC 224 -24
Field Cap AB 284 -4
Saturated C 162 -45
Zr Oven Dry A 190 0
Air Dry A 189 -1
Field Cap A 188 -1
Saturated B 139 -27
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Table 12. Elemental concentrations, significant differences, and percent change for the loam soil for the
effect of moisture on PXRF readings. Four readings were performed for each soil moisture level: oven-
dry, air-dry, field capacity, and saturated. Moisture levels with same letter are not significantly different at
the 0.05 level. The percent change is in comparison to the oven-dry values. Water content in kg kg™ at the

time of the analysis is displayed in the top right corner.

Water
Moisture Content
Moisture Level Mean % Change level kg kg™
Mn Oven Dry A 390 0 Oven Dry 0
Air Dry A 374 -4 Air Dry 0.019
Field Cap A 326 -16 Field Cap 0.174
Saturated A 377 -3 Saturated 0.413
Fe Oven Dry AB 21053 0
Air Dry AB 22120 5
Field Cap B 17868 -15
Saturated A 23678 12
Cu Oven Dry A 149 0
Air Dry A 60 -60
Field Cap A 61 -59
Saturated A 41 -72
Zn Oven Dry AB 86 0
Air Dry A 90 5
Field Cap B 76 -12
Saturated C 65 -24
Sr Oven Dry A 280 0
Air Dry B 263 -6
Field Cap AB 279 0
Saturated C 184 -34
Zr Oven Dry A 211 0
Air Dry A 199 -6
Field Cap A 172 -18
Saturated A 142 -33
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Figures

Figure 1. Concentration isopleths of Cu in surface soils collected on a gridded area of Plaza B, Cob4, and

analyzed by PXRF.
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Figure 2. Concentration isopleths of Fe in surface soils collected on a gridded area of Plaza B, Coba, and
analyzed by PXRF.
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Figure 3. Concentration isopleths of Mn in surface soils collected on a gridded area of Plaza B, Coba, and
analyzed by PXRF.
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Figure 4. Concentration isopleths of Zn in surface soils collected on a gridded area of Plaza B, Cob4, and

analyzed by PXRF.
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Figure 5. Concentration isopleths of Cu in surface soils collected on a gridded area of Plaza D, Cob4, and

analyzed by PXRF.
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Figure 6. Concentration isopleths of Fe in surface soils collected on a gridded area of Plaza D, Cob4, and

analyzed by PXRF.
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Figure 7. Concentration isopleths of Mn in surface soils collected on a gridded area of Plaza D, Coba, and

analyzed by PXRF.
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Figure 8. Concentration isopleths of Zn in surface soils collected on a gridded area of Plaza D, Cob4, and
analyzed by PXRF.
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Figure 9. Plot of three clusters of PXRF elements created for Plaza B, Coba. The elements included in the

clusters were P, Ti, Cu, Mn, Zn, Fe, Sr, and Zr.
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Figure 10. Plot of three clusters of DTPA Extractable elements created for Plaza B, Coba. The elements

included in the clusters were P, Cu, Mn, Zn, and Fe.
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Figure 11. Plot of three clusters of PXRF elements created for Plaza D, Coba. The elements

the clusters were P, Ti, Cu, Mn, Zn, Fe, Sr, Rb, and Zr.
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Coba. The elements

Figure 12. Plot of three clusters of DTPA Extractable elements created for Plaza D

included in the clusters were P, Cu, Mn, Zn, and Fe.
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