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Site Usage and the Patio Process
pXRF survey data were also used to
determine activity areas at Trapiche
related to the stages of silver
amalgamation. By the late 16th century,
the patio process, which used large
amounts of mercury to extract silver
from low-quality ore, was widespread in
the Andes and likely present at Trapiche.

In the patio process, large batches of
low-quality ore were ground with mills
stones. The ground ore was then mixed
with water, salt, copper sulfate, and

Hierarchical cluster analysis (Figures 14 and 15) and principal components analysis (Figures 16 and 17) 
both revealed groupings of elements that could be related back to areas of Trapiche that were used 
for distinct parts of the patio process. 

Figure 14: Cluster tree depicting results of the hierarchical cluster analysis
of elements across 103 sample locations, with accompanying table at right.

Figure 18: Location of mercury at
Trapiche, indicating the intensive use
of the southern patio .

Figure 15: Locations of high element readings, showing groupings across
the site of Trapiche.

Figure 16: Scree plot depicting
most variation explained by
three components.

Figure 17: PCA scores
plots for the first three
components. Ca, K,
and Hg do not cluster
with the majority of
elements. Ag and Mn,
both present in iron
ore, are not as tightly
clustered.

mercury. The mixture was spread out in patios where it was left in the sun to form an amalgam, or
an alloy of bonded mercury and silver. The silver/mercury amalgam was then separated and heated,
driving off the mercury and leaving pure silver.

Mercury was present only in the 
southern patio (Figure 18). Sulfur and 
antimony were present in only in areas 
near the mill, ovens, and amalgamation 
patio (Figure 15). Calcium and 
potassium did not group with the 
majority of elements and  are present 
in high levels throughout the site and 
control samples (Figures 15 and 17). 

Survey Methods
We established a survey grid across Trapiche, with in situ soil sampling occurring at 5m
intervals (Figure 5). Each sampling location was recorded using a total station. Prior to
analysis, each sample location was cleared of 3-5 cm of surface debris and photographed
(Figure 6). Sample areas were approximately 10 x 10 cm in size. A polypropylene film was
placed over the sample area before placing the window of the pXRF on the analysis spot to
ensure the pXRF window was kept clean. The film was cleaned with a microfiber cloth
between each sample location. The detector was pressed to the soil surface for approximately
1 minute 30 seconds (Figure 7).

The results of the pXRF survey were available immediately and were used to make real-time
decisions about archaeological excavation. The pXRF survey took three days (34 samples/day).
Output was in parts per million (ppm), and the collection units were mapped spatially in
ArcGIS.

Figure 7: pXRF instrument pressed to the
soil, with the polypropylene protector film
in place.

Figure 6: pXRF
sample collection 
area.   

Recalibration
We took duplicate soil samples (15 g/sample) for laboratory recalibration and factor correction as some element values were beyond the “Soil Mode” calibration
range. These samples were sieved, ground, and analyzed on an XRF laboratory spectrometer (Axios Advanced WDXRF) equipped with a Rh tube. A soil standard was
run every 10 analyses to check for error and instrument performance. These results were compared to pXRF observed values and relative error for each element was
calculated. High values of Fe, Pb, S, and Hg required recalibration. S values appear to have been affected by high altitude, with higher values achieved at higher
altitudes. The recalibrated data are reported here.

Figure 5: Trapiche pXRF grid with 103
samples, including 3 control points
outside the site boundary.

pXRF Settings
We used an Olympus Delta Premium (model DP-6000-C) portable XRF spectrometer,
equipped with a Rh-anode tube, with the factory-set “Soil Mode.” The “Soil Mode” operates
three beams using a Compton normalization method for calibration. Beam 1 is run at 40kV,
72μA (150um Cu filter). Beam 2 is run at 40kV, 73μA (2mm Al filter). Beam 3 is run at 15kV, 132μA (100um Al filter). Each of the three modes were run for 30 seconds
for an average of 1 minute 30 seconds/sample. A standard was also run throughout the day to check for changes that might have affected the instrument readings.
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Hierarchical Cluster Analysis

Distance Metric: 1 - Pearson Correlation Coefficient

Complete Linkage Method (Farthest Neighbor)

Clusters 
Joining

at Distance No. of Members

Sb S 0.016 2

Pb As 0.051 2

Pb Cu 0.095 3

Ag Mn 0.167 2

Ag Sb 0.204 4

Fe Pb 0.255 4

Fe Hg 0.368 5

Ca K 0.559 2

Ag Fe 0.618 9

Ag Ca 0.861 11

Background

Objectives:
This study highlights the applicability of in situ pXRF analysis of surface soils in
contaminated industrial archaeology sites. In this poster, we use pXRF to
assess:

1) potential effects of heavy metals on human health 
2) the location and relocation of excavation units
3) site usage and activity areas within a silver refinery

Field portable x-ray fluorescence spectrometry (pXRF) has been
increasingly used to test potentially toxic levels of heavy metals in modern
mining and industrial waste sites. Understanding the spatial variation of
pollutants in soil is necessary for identifying proper prevention measures
for soil contamination and long-term effects on human health. While this
technique is popular in modern contexts, it has seen little applicability in
archaeological contexts.

This poster presents the results of a pXRF surface soil survey conducted at
the site of Trapiche Itapalluni, a Spanish Colonial silver refining mill (AD
1650-1750) located 15 km southwest of Puno, Peru in the western Lake
Titicaca Basin (Figures 1-4). Hazardous levels of mercury (Hg), lead (Pb),
and arsenic (As) were identified in surface soils at Trapiche, necessitating
the relocation of several planned excavation units. Soil contamination
results were also used to identify metallurgical activity areas in locations
where excavation would have been hazardous.

Figure 1 Figure 2

Figure 3: Grinding mill stones at Trapiche. Figure 4: Study site of Trapiche looking south.

Effects on Human Health

Figure 12: Project archaeologists used protective
equipment during excavations, including coveralls,
protective goggles, gloves, and 3M N95 masks.

Figure 13: Project 
archaeologists use 
a total station to 
relocate 
excavation units 
that  were found 
to have hazardous 
levels of heavy 
metals. In total, 7 
excavations units 
were moved 
during the 2018 
excavations. 

pXRF testing of surface soils revealed high
levels of four hazardous heavy metals at
Trapiche: As, Hg, Pb, and Sb (Figures 8-11,
at right). These levels far exceeded the EPA
hazard standards for Pb in soil (1200 ppm),
Hg in soil (93 ppm), As in soil (0.039 ppm),
and Sb in soil (100 ppm).

The hazardous elements clustered around
(1) the principal grinding mill in the north,
as well as the (2) central and (3) southern
patios. All three areas were zones of
intensive metallurgical activity during
occupation of the site. Danger to human
health was assessed for daylong exposure
to dust from soil, as breathing is the main
pathway for ingestion during excavations.

Following EPA and OSHA guidelines, a conservative,
risk-based concentration calculation was used to
evaluate risk to workers during the 2-month
excavation. No excavations took place in areas with
high levels. During all excavations, workers were
required to use safety protective equipment (Figure
12) and boots and hands were cleaned before leaving
the site every day. In total, 7 excavation units were
relocated following the pXRF survey due to hazardous
levels (Figure 13).
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