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ARTICLE INFO ABSTRACT

Keywords: This study presents the results of in situ portable X-ray fluorescence (pXRF) analyses of surface soils at the site of
Andes Trapiche Itapalluni, a Spanish colonial silver refinery located 15 km southwest of Puno, Peru in the western Lake
Colonial Titicaca Basin (4000 masl). Although the benefits of pXRF analysis are well known, such as its wide availability
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and rapid, non-destructive nature, there has been little applicability of this technique at colonial metallurgical
sites in the high-altitude Andes. The results of our analysis confirmed the introduction of the patio process
technique of silver refining from Mexico to the Puno Bay, and further clarified areas of intense metallurgical
production, including local Andean adaptations. This study highlights the advantages of in situ pXRF analysis of

surface soils at industrial archaeology sites, especially in marginal and high-altitude environments such as the

southern Andes.

1. Introduction

Field portable X-ray fluorescence (pXRF) spectroscopy has been
increasingly used for preliminary geophysical site surveys of surface
soils in metallurgical and historical contexts (Booth et al., 2017;
Coronel et al., 2014; Frahm et al., 2016; Hanks, 2013; Hayes, 2013;
Kincey et al., 2018; Lubos et al., 2016; Scott et al., 2016; Tighe et al.,
2018). Such pXRF soil surveys have been especially valuable where a
given metallurgical activity is associated with a specific element, es-
sentially providing a diagnostic elemental marker in the soil (Millard,
1999; Jones, 2001; MacKenzie and Pulford, 2002; White and
Dungworth, 2007). In addition to reconstructing past metallurgical
practices, this type of analysis also has the potential to inform day-to-
day objectives and decisions in the field by facilitating real-time data
processing.

One area of the world where the use of pXRF analysis in ancient
metallurgical contexts could be particularly useful is the south-central
Andes of Peru, where mining, smelting, and refining has had a long
history. The south-central Andes were a key location for the develop-
ment of early indigenous silver smelting technology (Abbott and Wolfe,
2003; Cooke et al., 2008; Schultze, 2013) and following the Spanish
conquest in 1532 CE, Andean mineral resources became critical to the
Spanish economy, especially silver, whose complex geological makeup
made it more difficult to extract than other precious metals. Silver is
usually found in a combined state in nature, within lead, iron, and
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copper ore (Guerrero, 2017), and in the Andes, most deep silver de-
posits were composites of silver sulfide ores (called negrillos). During
the 1570s, a complex method of mercury amalgamation with copper
sulfate called the patio process (beneficio de patio in Spanish) was
brought to the Andes from Mexico. Through this complex process, la-
borers were able to derive pure silver from silver sulfide ores at re-
fineries.

This paper presents the results of a pXRF soil survey conducted at
one of these colonial silver refineries, Trapiche Itapalluni (“Trapiche”),
located 15 km southwest of Puno, Peru, in the western Lake Titicaca
Basin (1650-1800 CE) (Fig. 1). pXRF results were used to identify
metallurgical activity areas at the site, clarifying the location and stages
of the patio process at Trapiche. High levels of mercury (Hg) were
identified in two main locations, establishing the location of multiple
stages of silver refining, including mercury amalgamation. High levels
of copper (Cu) and iron (Fe) were associated with roasting and heating
practices, revealing local Andean adaptations to the patio process.
While there was initial concern about the functionality of pXRF in high-
altitude, marginal environments, the instrument functioned well with
only some elemental concentrations affected by altitude.

2. Using pXRF for geochemical soil surface survey: advantages
and limitations

The introduction of pXRF technology has had a significant impact
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Fig. 1. Map of the study location, Trapiche Itapalluni, in the Puno Bay of southern Peru shown in relation to other colonial silver refineries and mines.

on archaeology, soil science, and public health over the past two dec-
ades. Originally developed for mineral and mining research, the many
advantages of pXRF spectrometers, notably their high portability, po-
tential for non-destructive analyses, relatively low cost, and commercial
availability, have since made them a powerful tool across a variety of
fields. The most successful of these studies have also considered the
limitations of this technique (Malainey, 2011). Recent arche-
ometallurgical studies have seen especially promising results using
pXREF to identify and assess copper levels in soils at ancient mining sites
(Rogan et al., 2019; Shalev et al., 2006; Tighe et al., 2018).

Methodological issues related to pXRF technology within the field of
archaeology have been widely detailed over the last decade (Aimers
et al., 2012; Hunt and Speakman, 2015; Killick, 2015; Shackley, 2010,
2011; Speakman et al., 2011; Speakman and Shackley, 2013). Many
archaeological studies have used pXRF analyses to chemically char-
acterize obsidian, metal, and ceramics. As our present study focusses on
the identification of heavy metals in soils, we summarize issues related
to soil-based pXRF studies below.

A major issue affecting pXRF analyses of soils in the field is the
environment. Altitude, soil moisture, and soil matrix all affect pXRF

readings. High altitude has been shown to affect pXRF instruments,
resulting in higher concentration readings of certain elements at higher
altitudes, or total malfunction of the instrument due to internal con-
densation and unequal air pressure (Merrill et al., 2018). These effects
are particularly important when considering work in the high-altitude
Andes. Studies have shown that pXRF instruments without built-in
pressure corrections will overreport levels of low-atomic weight ele-
ments, such as sodium, magnesium, aluminum, silicon, phosphorus,
sulfur, chlorine, potassium, and calcium (Malainey, 2011; Merrill et al.,
2018). In turn, this may result in the pXRF instrument under-reporting
heavy elements (e.g., lead, mercury), and even where correction sys-
tems are in place, a check sample should be run at both low and high-
altitudes to identify any such problems with concentration data.

Soil moisture can also affect pXRF readings, with moisture changes
occurring over the course of a day, as well as over multiple days
(Padilla et al., 2019). Further, in situ, un-prepared soil samples will not
be homogenous, and differences in the presence of roots, stones, and
compactness, for example, can lead to high sample variability and
variations in measurements, particularly in relation to light elements.
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3. Silver smelting, mercury amalgamation, and the patio process
3.1. The early colonial silver production system

Prior to the introduction of the patio process to the Andes in the
1570s, silver was extracted from ore through smelting. This occurred
using indigenous technology called huayrachinas (wind or draft fur-
naces) and tocochimbos (cupellation hearths). Huayrachinas were used
to heat pulverized silver ore, which was mixed with a lead sulfide. Upon
heating, the lead and silver combined. The lead/silver bullion was
further refined in a tocochimbo, a small cupellation hearth used with a
blow pipe, to remove the lead and leave pure silver (Van Buren and
Mills, 2005). The scale of production with indigenous technology was
relatively small, as the furnaces and hearths could not be increased in
size without losing their functionality (Van Buren and Cohen, 2010). By
the 1560s, the easily smelted silver ores from superficial and weathered
deposits (colorados) were mined out, leaving the harder to process,
deeper silver sulfide ores (negrillos) (Guerrero, 2016:6; Guerrero,
2017:101).

The inability to extract silver from deeper deposits was a problem
for the Spanish government, which relied heavily on the colonial silver
mining economy for revenue. Fortuitously, an alternative to smelting
called mercury amalgamation was discovered in Venice in the mid-16th
century. This new process did not need high temperatures to extract
silver, offsetting much of the cost of charcoal fuel (Guerrero, 2017:101).
Through a series of chemical reactions, mercury was mixed with cru-
shed silver ore to form a bonded alloy, or amalgam, of mercury and
silver. The mercury/silver amalgam was then heated, which removed
the mercury through evaporation, leaving pure silver (Guerrero,
2017:55, 102-103).

Following the discovery of mercury amalgamation, Spain quickly
brought the technology to the Americas. Aided by German and in-
digenous refiners, Bartolomé de Medina is credited with the first use of
mercury amalgamation on American ores in Mexico in 1556 (Bargallo,
1969; Bigelow, 2020). However, the silver sulfide negrillos still proved
challenging to refine until Medina discovered that adding a copper
sulfate (the magistral) made refining possible (Bargall6, 1966, 1969;
Guerrero, 2016:7). When silver sulfide is combined with copper in a
saline solution, it produces silver chloride (AgCl), which can be broken
down to elemental silver when it reacts with mercury (Fig. 2)
(Guerrero, 2017).

Medina’s technique (patio process) was complex and included many
steps: grinding, drying and salting the ore; mixing it with mercury and
the magistral; leaving it to sit in the sun; washing it to remove the
mercury/silver amalgam; evaporating mercury from the amalgam;
heating the silver to remove any last impurities; and finally forming it
into bars (Bargallo, 1966; Bigelow, 2020). In Mexico, the only part of
the process that involved heat was the last steps. Otherwise, sunlight
was the only heat source. The process took place in large patios and
courtyards, hence the name patio process (Guerrero, 2017:103).

Often lost in the discussion of the patio process is how local refiners
adapted refining techniques in situ (Bigelow, 2020; Guerrero, 2016).
When Medina’s patio process was brought to the Andes by Fernandez de
Velasco in 1572, it was initially challenging to replicate due to the high
altitude, cold weather, and marginal environment. Heat from the sun
was not sufficient to initiate the necessary chemical reactions, and
wood, charcoal, and dried llama dung were needed as fuel to add heat
to the process. To offset costs, Andean refiners discovered that roasting
silver sulfide ores with salt at the beginning of the process converted the
ore to silver chloride without using the magistral (Barba, 1640). Iron
and copper were also discovered to reduce silver chloride to elemental
silver without adding mercury. These Andean developments (Fig. 2)
reduced the amount of costly mercury needed for the patio process
(Guerrero, 2017:121).
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3.2. Silver refineries, architectural layout, and pXRF analysis

Although a technological advancement, the patio process did have
its drawbacks, specifically the large increase of labor and materials
necessary to refine silver. The new process required additional miners,
and the extracted ores needed to be transported to refineries. Further,
the refineries needed to be constructed near water sources large enough
to power grinding mills. A large supply of men and women were needed
to work in the refineries themselves. A further drawback of this process
was the negative health effects workers and their families faced due to
inhalation of mercury vapor and dust (Robins, 2011; Robins and Hagan,
2012).

Silver ore was processed at both trapiches (small grist mills) and
ingenios (stamp mills with large stamp heads) (Galaor, 1998:144). Once
the ore was ground into a flour-like consistency, it was roasted with salt
in reverberatory furnaces. The mixture was then placed in mixing
containers (buitrones) in open-air patios. Salt, the magistral, and mer-
cury were added to the buitrones and the mixture was left to sit in the
sun to form the mercury/silver amalgam (pella). Heat and mercury were
added, and laborers walked upon the mixture with their bare feet, to
encourage the amalgamation process. Once the amalgam (pella) was
formed, the mixture was taken to watertight tanks (potros). Laborers
again agitated the mixture with their feet, and the heavy pellas sank to
the bottom and were collected. Extra mercury was squeezed out of the
pellas, which were then placed in pineapple-shaped molds and heated,
where the mercury evaporated, leaving behind pure silver (pifias)
(Galaor, 1998:144-145). The latter stages of the process were especially
dangerous for refinery laborers, as they were continuously exposed to
liquid and vaporized mercury (Robins, 2011).

Because the silver refining process had to be carried out in specific
stages at specific locations, activity areas within refineries are identi-
fiable. Architectural elements, such as grinding stones, ovens, and
water tanks, can be combined with soil pXRF analyses to further
identify metallurgical areas. In this study, we use pXRF to identify the
presence of mercury at Trapiche to confirm the use of the patio process.
Additionally, we use pXRF analysis to assess if roasting, a magistral
process, or both, were used to refine silver ore.

4. The Puno Bay
4.1. Laicacota and Cancharani

Our study took place in the Puno Bay, located in the western Lake
Titicaca Basin of Peru. The Puno Bay was a key location for the de-
velopment of early indigenous silver smelting and was an area of me-
tallurgical importance during Inka and Spanish colonization (Abbott
and Wolfe, 2003; Cooke et al., 2008; Schultze, 2013). Although the
silver rush of Potosi overshadowed the mineral potential of the Puno
region for a time, the discovery of silver ore at the Laicacota mine in
1657 initiated a boom in silver production for many decades (Schultze,
2013).

The Laicacota mine is located in Tertiary Sillapata volcanic forma-
tion within porphyry copper deposits (ESDAC, 2020; Schultze, 2008:24-
27; USGS, 2020). Modern mining reports detail the presence of lead,
zinc, and silver at Laicacota (see Fig. 1) (USGS, 2020). Other ores and
minerals at Laicacota include galena, sphalerite, barite, calcite, pyrite,
and quartz. The late 20th century reports state that Laicacota silver was
found in galena deposits, likely argentiferous galena (PbS with Ag). It is
unclear if the 17th century ore deposits were also argentiferous galena,
and we are unable to rule out the use of silver sulfide compounds and
other halides (Guerrero, 2016:5-6).

The first silver boom at Laicacota lasted between 1657 and 1670
and corresponded to a period of unrest known as the Laicacota Conflict.
Spanish Andalusian and Basque factions continuously fought for the
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Fig. 2. Visual representation of the patio process, with Medina’s original Mexican process illustrated at left, and Andean adaptations to the process illustrated at right.

control of the Puno mines, which reduced silver production in the area
(Dodge, 1984; Dominguez, 2006). By the 1670s and 1680s, Laicacota
silver mine operations were halted due to infrequent maintenance, re-
sulting in mine flooding (Cafete y Dominguez, 1952[1791]:650;
Galaor, 1998:134). The Puno Bay saw a second resurgence in silver
mining in 1744 at the Cancharani mine adjacent to Laicacota, which
lasted until the end of the 18th century. During this period, the Laica-
cota Conflict in the Puno Bay had ended, and many laborers eagerly
came to work at the mines. A 1753 mining report details over sixty
indigenous laborers working at a single silver refinery in the area.
Described as indios voluntarios (volunteers), these workers were in-
digenous men and women drawn to the Puno Bay for increased eco-
nomic opportunity, despite the known dangers of working in silver
refineries (Galaor, 1998:146).

4.2. Trapiche Itapalluni

Our present study concentrated on one Puno Bay silver refinery,
Trapiche, located 12 km southwest of Puno. The site encompasses
6000 m? and includes the remains of a large mill, thirty stone struc-
tures, a large work patio, and one midden. We have been unable to
locate definitive documents as to the original name and ownership of
Trapiche, and base many of our interpretations on documents that de-
scribe adjacent refineries. We estimate the site was occupied between
1660 and 1800 due to architectural style and presence of diagnostic
artifacts, such as beads and coins. Radiocarbon dating confirms this
period of use and indicates that Trapiche likely processed ore from both
the Laicacota and Cancharani mines. The pXRF survey took place
within the architectural core of Trapiche, which includes three main
sectors (Fig. 3). Sector A is the northern-most sector, housing the mill,
as well as seven smaller structures measuring approximately
3 m X 2.5 m, presumably used as residences for workers and for sto-
rage. Sector B is the middle and largest sector and functioned as a
metallurgical and administrative zone. It includes the remains of a large
reverberatory furnace, a metallurgical oven, cisterns, and the main
work patio. It also includes a mixture of residential and storage struc-
tures. Sector C constitutes the southernmost sector and likely served as
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Fig. 3. Trapiche’s architectural core, with pXRF survey locations.

the principal entrance to the site. It includes a midden, residential
structures, and a large multi-function building measuring
6.5m X 4.5 m. Sector C also includes an open area directly north of the
multiple-function building.
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5. Methodology
5.1. Survey methods

We established a survey grid across the site of Trapiche, with in situ
PXRF analyses occurring at 5 m intervals. We concentrated the survey
within Sectors A, B, and C and the analyses were taken from within
buildings and patios. Each sampling location was recorded using a total
station. Prior to analysis, each survey point was cleared of 3-5 cm of
surface debris and photographed. Roots and pebbles were avoided for
analysis, with the scraped earth visually checked and cleared before
analysis. 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.

In total, we analyzed 100 sample spots from Trapiche, with three
additional control locations taken outside of the site boundary, for a
total of 103 readings. The pXRF survey took three days, for an average
of 34 samples per day. Each night, the data was downloaded from the
PXRF instrument and stored electronically. Output was in ppm. The
results of the pXRF survey were available immediately and were used to
make real-time decisions during excavation.

5.2. pXRF setup

The field survey was conducted using an Olympus Delta Premium
(model DP-6000-C) portable XRF spectrometer, equipped with a Rh-
anode tube and borrowed from the Mark Wainwright Analytical Centre
(MWAQC), University of New South Wales. The factory-set Soil Mode was
selected as the initial basis for the work program covering the following
elements: P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr,
Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, W, Hg, Pb, Bi, Th, and U. Soil Mode
operates three beams at various voltage, current, and filter settings,
using a Compton normalization method for calibration: beam 1 at
40 kV, 72 pA (150 pm Cu filter); beam 2 at 40 kV, 73 pA (2 mm Al
filter); and beam 3 at 15 kV, 132 pA (100 um Al filter). Each mode was
run for 30 seconds live time and the total area of the spot analyzed by
the instrument was an ellipse approximately 8 mm by 10 mm. A stan-
dard was run daily to check for changes that might affect readings.

5.3. Factor correction

Field results indicated certain element values were beyond the
factory Soil Mode calibration range. As such, representative survey
points were sampled and the soils sent to the XRF Laboratory, MWAC,
for analysis and use as standards for factor correction of the Soil Mode
program. These soil samples were passed through a 500 pm sieve and
split into quarters using a riffle splitter. A quarter of each sample was
ground in a tungsten carbide mill for 90 seconds, with the remainder
kept aside for other analyses. Subsamples of the ground material were
analyzed by laboratory-based XRF using a PANalytical Axios Advanced
WD-XRF spectrometer, equipped with a Rh tube. Pellets were made for
trace element analysis by the Protrace program and in the case of Hg, a
selection of samples representative of the concentration range covered
were submitted for ICP-MS analysis. Glass beads were made for major
element analysis, which were measured using a WROXI-based program.
These major and trace results formed the expected standard con-
centrations for any required factor-correction. Another subsample of
ground soil was analyzed on the pXRF spectrometer in cups using
polypropylene film, and these values then formed the observed values
to be used in correction.

To determine if factor corrections were indeed needed, the observed
values to be used in correction were plotted against the WD-XRF la-
boratory results/expected results, using Microsoft Excel. A review of
each element was performed, and the relative errors were calculated for
the samples. Some elements were immediately excluded from analysis:
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Co and W were potential contaminants from grinding the subsamples;
Ti, V, Zn, Rb, Sr, Y, Zr, Nb, and Th were not considered significant to
the patio process and were excluded; Cl was excluded, as no values
were determined by WD-XRF and so correction could not take place; Ni,
Se, Mo, Cd, Sn, Bi, and U were excluded as many pXRF and WD-XRF
results were below levels of detection and not enough samples had
values above levels of detection to make a plot for correction. High
relative errors and high levels of detection also meant the exclusion of P
and Cr. The review also showed that some elements did not require
correction (K, Ca, and Cu) and some only needed corrections where
concentrations were above a threshold determined by inspecting plots
and relative errors (Fe levels over 10,000 ppm; Pb levels over
1000 ppm; Hg values over 100 ppm). For S, separate factor corrections
were needed for samples with high Fe, S, and Pb.

Where a correction was required, a factor was then applied to Soil
Mode based on the linear equation resulting from the plot of the ob-
served pXRF and WD-XRF values of the subsampled soils. The accuracy
and precision of the corrected pXRF subsoil data was determined by
comparing the data with the corresponding WD-XRF concentrations for
samples that had been purposely excluded from factor correction work.
Checks suggest that one could consider the level of determination for
Ag and Sb to be ~ 20 ppm. Once the accuracy and precision were
deemed suitable, all original pXRF data collected in the field were re-
calculated. As a result, the following elements were used in data ana-
lysis: S, K, Ca, Mn, Fe, Cu, As, Ag, Sb, Hg, and Pb.

5.4. In-field obstacles and adaptations

Although our results were factor corrected and the necessary con-
centration ranges for each element were covered, with checks made to
evaluate accuracy and precision, it is important to note that a variety of
other effects still played a role in our analysis in the field. For example,
moisture, homogeneity, particle size, mineralogy, and compactness can
affect in situ pXRF analysis of unprepared soil samples.

Trapiche presented numerous in-field challenges for collecting
samples, such as large boulders from rock fall, collapsed walls from
historic buildings, and high levels of vegetative ground cover. Some
obstacles made pXRF analysis impossible, and we avoided wall-fall to
obtain pXRF readings from “natural” ground levels of occupation. Local
vegetation included thick stands of ichu grass, which was present inside
all structures. Vegetation had to be cleared prior to sampling. Due to
these field obstacles, our discussion of the pXRF survey data is best
considered to be semi-quantitative only, and we combine the results of
the geochemical survey with data from surface architecture to arrive at
our interpretations. Further, P (phosphorus) values appear to have been
affected by analysis at high altitude, with higher values achieved at
high altitude (Puno, Peru) compared with experimental readings con-
ducted in low altitude conditions in both Lima, Peru and Sydney,
Australia.

5.5. Data analysis and interpretation

Following factor correction, pXRF values were imported into ArcGIS
and spatially mapped with ArcMap. All values were viewed in ppm. We
used proportional symbols and colors to represent variation and relied
on ArcMap’s natural breaks (jenks) classification method to char-
acterize the data, although in some cases we manually adjusted cate-
gories. To identify areas of intense metallurgical activity, we converted
each element’s 103 points to a raster with cell size 4, then reclassified
on a scale of 0-4, with 0 for no data, 1 for lowest values, and 4 for
highest values. The classes were based on natural breaks. The raster
values for each element were added together to produce a cumulative
raster, which was resampled (bilinear).

Hierarchical cluster analysis was conducted using SYSTAT (v.13.2)
software on non-standardized ppm values using complete linkage
(farthest neighbor) and the Pearson correlation coefficient (Pearson’s r)
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Table 1

Trapiche corrected pXRF values in ppm unless otherwise indicated.
Sector Survey Location S K (%) Ca (%) Mn Fe (%) Cu As Ag Sb Hg Pb
A 0A 897 1.87 1.43 3418 6.05 408 160 127 123 5 1942
A 1A 237 1.89 1.31 2435 6.14 151 60 20 < LOD' 10 639
A 2A 253 1.42 1.34 1475 4.03 104 61 38 < LOD 11 592
A 3A 298 1.95 1.90 1500 5.72 95 67 32 31 10 620
A 4A 238 2.04 1.28 1240 6.19 127 55 32 < LOD 12 580
A 5A 202 1.67 1.29 1352 4.56 95 40 26 < LOD 9 557
A 6A 519 1.41 1.20 1852 4.03 126 80 49 < LOD 16 956
A 6B 140 1.63 0.80 886 3.40 88 35 22 < LOD 6 435
A 5B 427 1.81 0.90 1572 4.78 219 90 58 < LOD 28 1121
A 4B 249 1.97 0.94 1294 4.54 131 69 53 < LOD 18 783
A 3B 232 2.08 0.81 1872 4.36 169 77 83 < LOD 21 979
A 2B 146 1.76 0.76 1323 2.99 113 37 48 < LOD 5 626
A 1B 155 1.79 0.89 993 3.20 88 43 24 < LOD 3 473
A 0B 609 1.72 1.21 3666 4.64 541 159 180 90 5 1774
A 0oC < LOD 0.72 0.38 462 1.14 33 27 < LOD < LOD < LOD 89
A 1C < LOD 1.11 0.42 575 1.59 30 26 13 < LOD < LOD 100
A 2C < LOD 1.19 0.42 519 1.87 21 25 < LOD < LOD < LOD 57
A 3C < LOD 1.37 0.54 613 1.99 25 24 < LOD < LOD < LOD 70
A 4C < LOD 1.80 0.85 802 2.69 41 31 13 < LOD < LOD 209
A 5C 192 1.63 1.21 1060 2.75 74 42 34 < LOD 10 494
A 6C 130 1.82 0.73 955 3.33 85 42 23 < LOD 8 450
A 7C 121 1.53 0.75 1017 2.84 58 39 12 < LOD 5 266
A 7D < LOD 1.81 0.80 859 3.30 45 30 < LOD < LOD 4 152
A 6D 73 1.79 0.78 969 3.57 44 34 < LOD < LOD 5 149
A 5D < LOD 1.51 0.92 783 2.59 43 33 < LOD < LOD 3 183
A 4D < LOD 1.31 0.59 796 2.18 27 26 < LOD < LOD < LOD 105
A 3D < LOD 1.29 0.57 820 2.10 23 24 < LOD < LOD < LOD 69
A 2D 61 1.50 0.74 749 2.49 26 26 < LOD < LOD 2 75
A 1D < LOD 1.91 1.09 763 4.08 32 27 < LOD < LOD < LOD 85
A 0D < LOD 218 1.01 1323 3.78 50 36 < LOD < LOD 3 167
A mill 3 88 1.54 0.65 1098 2.68 41 33 < LOD < LOD < LOD 124
A mill 2 585 1.19 0.65 4197 3.57 201 636 169 40 25 2024
A mill 1 145 0.45 0.79 759 0.91 35 < LOD 39 < LOD < LOD 384
A SM4 < LOD 2.20 1.14 1898 5.03 284 34 < LOD < LOD < LOD 102
A SM1 4368 2.27 1.31 8091 8.59 800 359 459 223 < LOD 7880
A horno 976 1.61 0.82 2479 4.21 402 176 147 86 38 2938
A SM2 11,376 2.70 0.88 11,513 8.21 1547 974 698 635 13 16,397
B 0oC 51 0.29 0.43 168 0.75 30 22 14 < LOD < LOD 99
B 1A 69 0.64 0.45 467 1.18 69 32 12 < LOD 2 219
B 1B 61 1.31 0.75 914 2.50 59 29 13 < LOD < LOD 169
B 1C < LOD 1.54 0.70 444 2.75 69 37 13 < LOD 6 244
B 2B 317 1.29 0.63 1431 3.55 177 80 49 25 19 970
B 2C 793 1.83 0.98 1509 5.08 331 153 920 < LOD 43 1726
B 3B 59 1.51 0.99 708 2.98 37 27 17 < LOD < LOD 107
B 3C 212 1.86 1.00 1156 4.29 141 65 96 32 28 765
B 4B 153 1.23 0.72 650 2.40 38 30 < LOD < LOD < LOD 110
B 4C 257 1.64 0.94 1179 3.72 127 68 59 < LOD 63 885
B 5C 626 1.16 0.91 1476 3.17 262 114 103 37 89 1955
B 5B 64 1.52 0.94 694 2.90 28 27 < LOD < LOD < LOD 76
B 6C 7240 1.89 1.39 1860 7.09 1287 674 575 291 779 12,201
B 6B 284 1.21 1.12 1077 2.93 144 66 39 < LOD 15 827
B 7B 223 1.40 1.01 746 3.24 915 48 31 < LOD 28 1317
B 7C 459 1.21 1.07 745 2.56 253 55 47 < LOD 23 1538
B 8C 318 1.51 1.07 1155 3.47 206 71 48 < LOD 33 1131
B 8B 403 0.58 1.21 1120 1.37 94 < LOD 44 < LOD 15 603
B 8A 1943 1.48 1.05 1934 4.46 621 273 159 103 361 4681
B 9A 163 1.73 0.80 956 4.30 377 35 14 < LOD 6 982
B 9B 4610 1.66 1.00 3298 7.82 2425 699 201 229 418 9076
B 9C 320 1.30 0.96 658 2.87 316 58 34 < LOD 31 1054
B 10C 1864 1.36 0.87 1848 4.03 995 334 244 62 266 4832
B 10B 645 1.73 1.04 1768 4.81 279 140 82 < LOD 64 1754
B 10A 1312 1.71 1.73 3734 5.31 1408 128 36 55 53 4481
B 11A 422 1.02 0.88 1212 2.32 268 85 54 < LOD 30 1457
B 11B 772 0.99 1.38 2573 2.57 303 81 61 45 38 1652
B 3A 437 1.57 1.08 1366 4.09 275 126 77 41 39 1175
B 5A 370 1.09 0.73 733 2.52 290 91 54 < LOD 27 916
B 9D < LOD 0.85 0.61 525 1.93 22 22 < LOD < LOD < LOD 61
B 10D < LOD 0.18 0.40 397 0.29 16 19 13 < LOD < LOD 27
B 11D < LOD 1.02 0.98 519 2.31 25 25 < LOD < LOD < LOD 73
B 8D < LOD 1.07 0.91 600 2.57 29 25 < LOD < LOD < LOD 59
B 7D 84 1.51 1.16 976 3.53 37 28 < LOD < LOD 3 96
B 7E < LOD 1.06 0.89 618 2.58 28 25 < LOD < LOD < LOD 49
B 5D < LOD 0.29 0.97 441 0.52 19 19 15 < LOD < LOD 23
B 3E 169 1.13 0.90 977 3.07 105 47 26 < LOD 62 458

(continued on next page)
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Sector Survey Location S K (%) Ca (%) Mn Fe (%) Cu As Ag Sb Hg Pb

B 3D 226 0.83 0.69 1198 2.13 79 45 28 < LOD 24 515

C 0A 2041 1.20 0.90 2810 4.92 1339 373 169 214 93 4749
C 0C 11,222 1.80 1.32 7768 11.21 2999 888 225 615 272 10,622
C oD 10,272 1.67 1.31 5761 7.89 3822 1051 396 583 556 14,923
C OE 427 0.98 0.99 1187 2.86 167 75 59 23 46 1060
C 1G 81 1.08 0.99 637 2.97 37 28 11 < LOD < LOD 78

C 1F 68 1.66 1.53 1156 4.26 90 38 25 < LOD 19 506

C 1E 163 1.42 1.20 941 3.59 88 41 34 < LOD 12 543

C 1D 14,565 2.01 1.64 8913 12.06 3302 1245 542 791 698 15,960
C 1C 425 1.34 1.26 1230 3.78 318 94 40 30 28 1110
C 1B nol 1062 1.22 1.18 2864 5.41 791 267 129 128 182 3461
C 1B no2 751 1.11 1.16 1559 4.56 440 237 80 90 31 1785
C 1A 199 0.89 0.80 1060 2.31 247 72 46 < LOD 37 1030
C 2A 1469 1.57 1.05 1210 4.97 610 122 176 156 194 4153
C 2C 233 1.32 1.10 798 3.02 140 33 33 < LOD 21 820

C 2D 258 1.46 1.41 988 4.21 143 62 44 < LOD 22 865

C 2E 430 1.49 1.41 1969 4.36 234 77 81 34 59 1505
C 2F 347 1.56 1.84 1819 6.49 230 76 54 < LOD 57 1045
C datum 169 1.45 1.39 901 4.35 125 53 32 < LOD 26 651

C 4D 131 1.32 1.02 861 3.28 91 44 26 < LOD 10 361

C 4C 128 0.83 0.65 577 1.86 71 43 24 < LOD 8 353

C 4B 580 0.87 0.75 1340 3.33 332 102 73 39 70 2134
C 4A 111 1.17 0.84 759 2.75 76 37 14 < LOD 10 385

C 3D 892 1.16 0.97 1762 4.42 547 190 87 77 105 2738
C 3C 212 0.67 0.62 478 1.55 120 44 31 < LOD 19 956

C 3B 63 1.31 1.08 856 3.71 58 32 15 < LOD 13 125
N/A Control 1 130 1.93 2.00 1184 5.74 57 39 < LOD < LOD 13 165
N/A Control 2 86 1.79 1.04 1070 5.14 98 46 12 < LOD 9 267
N/A Control 3 < LOD 2 1 779 3.97 32 27 < LOD < LOD 4 58

! Below “Level of Detection.” < LOD values: S (50 ppm), As (3 ppm), Ag (11 ppm), Sb (13 ppm), and Hg (2 ppm).

with a distance metric of 1. It is common to use complete linkage on
measurements of chemical elements within samples that have similar
baseline composition. Principal component analysis was conducted
using Statistica (v.7) and JMP Pro (v.14) software, with data logio
transformed before analysis.

6. Results and discussion

The corrected pXRF results are presented in Table 1.

6.1. Control samples

Three control samples were taken outside of the site boundary to
determine a natural soil level baseline for the area (Table 2). Natural
soils from the controls included relatively high levels of K, Ca, Mn, and
Fe, consistent with normal soil values in this area of the Andes. Sulfur
(72 ppm), copper (62 ppm), arsenic (37 ppm), mercury (8 ppm), and

Table 2

Corrected pXRF values for control samples in ppm unless otherwise indicated.
Element Control 1 Control 2 Control 3 Average
S 130 86 < LOD” 72
cl’ < LOD < LOD < LOD < LOD
K (%) 1.93 1.79 2.11 1.94
Ca (%) 2.00 1.04 0.98 1.34
Mn 1184 1070 779 1011
Fe (%) 5.74 5.14 3.97 4.95
Cu 98 57 32 62
As 46 38 27 37
Ag < LOD 12 < LOD 4
Sb < LOD < LOD < LOD < LOD
Hg 12 9 4 8
Pb 165 267 58 163

1 Chlorine values listed here were not factor corrected.
2 Below “Level of Detection.” < LOD values: S (50 ppm), Cl (n/a), Ag
(11 ppm), and Sb (13 ppm).

lead (163 ppm) averages for the three controls indicate their relatively
low levels in natural soils. Chlorine and antimony were below levels of
detection in the control samples. Further, of these control samples,
Control 3 was taken from the same side of the Itapalluni River as the
site, at a higher elevation than the site itself, and has generally lower
values of S, Cu, As, Ag, and Hg. The other two controls were taken from
the western side of the riverbank and have relatively higher values of
the aforementioned elements, possibly due to wind-blown con-
taminants from the nearby mill.

6.2. Presence of patio process elements

Because prehispanic, indigenous silver smelting technology did not
use mercury, we were able to confirm the patio process at Trapiche by
the presence of high mercury levels (> 10 ppm) in over 50% of the
PXRF samples. We also identified a reverberatory furnace, confirming
the Andean technique of roasting ground ore to convert silver sulfides
to silver chlorides. Although we were unable to factor correct for
chlorine (Cl), an examination of uncorrected Cl concentrations reveals
high levels (> 1000 ppm) near the mill and main patio, as well as the
reverberatory furnace (369 ppm). These results indicate salt (NaCl) was
added during the early roasting stages and later amalgamation stages.
Further, the combined presence of mercury, salt, and a reverberatory
furnace confirm the use of Andean refining techniques at Trapiche.

Relatively high readings of iron (> 110,000 ppm) and copper
(> 3000 ppm) were recorded in Sector B’s main patio, indicating their
probable use for the reduction of silver chloride to elemental silver, also
an Andean technique. The distribution of antimony (Sb) at Trapiche
was also informative, as Sb only occurs naturally in combination with
sulfur, copper, silver, and lead (Anderson, 2012). Sb was present in only
28% of Trapiche samples and was not recorded in any control samples.
Sb was identified in the reverberatory furnace (86 ppm), the me-
tallurgical oven (100 ppm), the main patio (> 200 ppm), near the mill
(635 ppm), and in Sector C (500-800 ppm) (Fig. 4). Our results indicate
that occurrences of Sb at Trapiche are related to processes that sepa-
rated it from its combined state in ore through grinding or heat.
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6.3. Distribution and correlation of elements

To spatially visualize zones of intense metallurgical activity, we
created a cumulative raster from pXRF values (Fig. 5). Three high-in-
tensity metallurgical areas were identified. These corresponded to the
mill, the main patio, and Sector C. Locations with little or no me-
tallurgical activity corresponded to domestic structures. The highest
levels of mercury (Hg) (> 500 ppm) were recorded near the me-
tallurgical oven in Sector B. This confirms the evaporation and collec-
tion of Hg in this area. Further, pellas were washed in tanks and canals
directly north of the oven, also likely contributing to higher levels of Hg
in this zone. The main patio in Sector B was another area of intense
metallurgical activity and was the likely location where various agents,
such as copper sulfate and iron, were mixed with silver ore in heated
buitrones. The highest readings of S (14,565 ppm), Sb (791 ppm), Fe
(120,631 ppm), and Cu (3822 ppm) occurred directly south and
downhill of the main patio. We interpret these high values in Sector C
as the result of runoff. However, we cannot eliminate the possibility
that Sector C was used for amalgamation processes.

Hierarchical cluster analysis with complete linkage was used to
compare and group similar elemental values and is represented in a
dendrogram (Fig. 6). The most similar elements clustered first, on the
far-left of the graph. Sulfur and antimony grouped together for the first
linkage, indicative of their closely combined state in nature (Anderson,
2012). They also group with silver in the first cluster, likely re-
presentative of silver sulfide ore, such as argentite (Ag,S), mined in the
Puno Bay (Schultze, 2008). Arsenic, copper, and lead also form an early
cluster. This may indicate use of a lead ore combined with copper,
silver, and antimony, possibly in pyrite, sphalerite, or barite. However,
galena (PbS) has also been identified as a common Puno Bay lead
source (Schultze, 2008). Perhaps the arsenic, copper, and lead cluster
indicate the composition of copper ore brought to Trapiche for use in
the magistral.

Mercury and iron also join the arsenic, copper, and lead cluster,
although many linkages later. In fact, mercury is one of the very last
elements to join a cluster during the hierarchical cluster analysis. This
highlights mercury’s unique use and importance as it was added to
multiple stages of the patio process. It also highlights how ubiquitous
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mercury was at the site (in 75% of all samples). Calcium and potassium
form the final cluster of the analysis and represent natural elements
present in soils throughout the site.

Principal component analysis was conducted to evaluate potential
groupings of survey locations by elemental concentrations across the
site. The first three principal components accounted for over 90% of the
variation in the sample population. Many samples taken from Sector A,
as well as some from Sector B, form a group. They are distinguished
from the remainder of the locations due to higher K and Ca values and
relatively lower amounts of Hg, Pb, As, Cu, S, Ag, and Sb. These results
are consistent with areas of the site not being used for intensive me-
tallurgical activities in comparison with the remainder of Trapiche. This
group includes locations outside of the mill area in Sector A, apart from
one mill building sample, buildings in both Sectors A and B, and some
patio areas of Sector B. In some cases, this association might be due to

failing to reach the ‘natural ground’ due to rock fall and rubble, parti-
cularly in some areas of Sector B where higher amounts of mercury
might be expected.

Other locations at Trapiche had relatively high amounts of Pb, As,
Cu, S, Ag, and Sb, correlating with grinding activities, and to a lesser
extent run-off from canals. Group associations with relatively higher
amounts of mercury were found in the main patio, the reverberatory
furnace, and Sector C. The high values of mercury in Sector C correlate
with the area in front of the multipurpose building, noted earlier as
related to run-off from the main patio, as well as a small structure
which may have been used as storage for silver and mercury.
Descriptions of refining mills from this period indicate guarded ware-
houses of mercury near the principal entrance (Arzans de Orstia y Vela,
1965). The lack of Sector A group associations with mercury suggests
that mercury was likely imported to Trapiche in its final form to be
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added in the amalgamation stages and was not involved in ore grinding
or processing.

7. Conclusion

This study identified the use of the patio process silver refining
technique at Trapiche Itapalluni, a colonial period silver refinery lo-
cated in the western Lake Titicaca Basin of Peru (1650-1800 CE). Using
a pXRF spectrometer, we conducted a site-level soil survey and iden-
tified high levels of mercury, copper, and sulfur, confirming the use of
mercury amalgamation and copper sulfate during the patio process of
silver refinement. We also identified multiple local, Andean adaptations
to the patio process, such as roasting ore, adding heat during amalga-
mation, and using copper and iron to reduce silver chloride to ele-
mental silver. Finally, our pXRF survey revealed that P was affected by
high-altitude in the field. Our study shows the applicability and feasi-
bility of using pXRF technology for geochemical site prospection in
archeometallurgical sites in the Andes and other high-altitude, marginal
environments.
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