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Abstract

Results of recent health and ground sampling studies revealed extensive lead contamination within the
populace and around the city of Cerro de Pasco, Peru. Tailings excavated from a large open pit zinc mine in
the center of the city have been aggregated in four large stockpiles within close proximity to neighborhoods,
schools, and hospitals. Visual comparison of ASTER, (Advanced Spaceborne Thermal Emission and Reflection
Radiometer) imagery from 2001 and Sentinel-2 imagery from 2018 suggests a size increase in one tailing
stockpile in particular near the neighborhood of Paragsha. The hypothesis motivating the work presented here
is that Pb based minerals would be detectable through multispectral analysis and an increase in Pb mineral
percent abundance would be observed between 2001 and 2018. This hypothesis is tested using Spectral Angle
Mapper (SAM), Adaptive Coherence Estimator (ACE), and Jeffries-Matusita distance calculation on ASTER
(2001) and Sentinel-2 (2018) VNIR and SWIR bands. Volume and area estimates of tailing stockpiles were
calculated with 3D-PLOS (3D from PLanetary Observation Satellites), an Oak Ridge National Laboratory
developed photogrammetric point cloud reconstruction software. SAM mineral distribution maps were used to
calculate changes in Pb based mineral percent abundance between 2001 and 2018. ACE provided thresholds
were used to determine the separability between strategically placed Regions of Interest (ROI). SAM detected
the presence of five Pb based minerals around Cerro de Pasco and Paragsha. The results of the temporal SAM
analysis display an increase of approximately 17% of Pb based minerals around the greater Cerro de Pasco
city area and approximately 11 % for the neighborhood of Paragsha. Tailing stockpile volume was measured
to be approximately 200,300,000 m3. Volume for Pile 4 was estimated to have increased by approximately
46,000,000 m? between 2001 and 2018. These presented results will hopefully inspire and guide future remote
sensing campaigns, perhaps involving a UAV or aircraft-based hyperspectral instrument.
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1. Introduction

1.1. Cerro de Pasco

Cerro de Pasco, Peru (10°41°11”S 76°15’45”W) is located approximately 200 km northwest of Lima,
Peru and approximately 4300 m above sea level. The city is located around a massive open pit mine and
has been a major contributor to mining efforts in the region of Pasco since Spanish explorers discovered
rich silver (Ag) deposits in the early 17th century. In efforts to extract Zinc (Zn) and other minerals,
various mining companies have operated open pit mines in and around the city of Cerro de Pasco since 1901.
These mining operations appear to have been conducted without, or in disregard for, local and international
environmental regulation, especially regarding the dumping of mine tailings [I]. As of May 2019, satellite
imagery (WorldView 2) reveals at least four impressively large tailing piles (totaling 2,300,000 m? in the
immediate vicinity of the Cerro de Pasco). Because Zn, lead (Pb), Ag, and arsenic (As) are commonly found
together [2], these tailings contain high concentrations of such minerals, along with other heavy metals that
are toxic to humans. The close proximity of mine tailings to local communities have created a health crisis
within the population of approximately 80,000. The high percentage of civilians exposed to high levels of

toxins has even inspired efforts by local politicians to relocate the entire population [3] (see Figure 1).

1.2. Objective

Satellite imagery from 2001 from the NASA ASTER (Advanced Spaceborne Thermal Emission and Re-
flection Radiometer) and 2018 from the European Space Agency Sentinel-2 reveals an augmentation of tailing
deposits around Cerro de Pasco, especially on the citys northern border. Though several geologic, chemical,
and health studies have been conducted, a thorough remote sensing study has yet to be conducted. The
purpose of this investigation is to detect any possible changes in the distribution of Pb contamination in
and around the city of Cerro de Pasco, Peru between 2001 and 2018 by means of reflectance spectroscopic
mapping. This study will provide detailed spectral maps and quantify the percent abundance of Pb based
mineral species in the immediate vicinity of Cerro de Pasco. This investigation will also provide qualitative
image analyses of changes in the distribution of Pb mineral contamination in Cerro de Pasco, particularly
regarding the neighborhood of Paragsha. Finally, this investigation will provide volume estimates of tail-
ing deposits from a photogrammetrically constructed point cloud created by 3D-PLOS (3D from PLanetary
Observation Satellites), a 3D reconstruction software developed at Oak Ridge National Laboratory (ORNL).

2. Background and Previous Work

2.1. Geologic Studies

Since 1640 [4], many studies have described the rich mineral deposits and the geology of Pasco, Peru.
These investigations have mainly focused upon structural geology [5], geologic history and stratigraphy [6],

and geochemical and mineralogical analysis [7), [8, []. The extensive work presented by Baumgartner et al



35

40

Figure 1: RGB Sentinel-2 image of Cerro de Pasco, Peru. The red polygons represent the four largest tailing piles. The blue

polygon within tailing pile 4 represents area of augmented tailings since 2001. PG represents the neighborhood of Paragsha,
CG represents the Cemetario General. OP represents the main Open Pit. TP represents the large tailing pond southwest of
the city. The white rounded and numbered polygons represent local highways. Lastly, ATA represents the neighborhood of Ah
Tupac Amaru.

(2008) [7] described the age, structure, composition, and mapped locations of the famous orebodies composed
of Pb, Cu, Ag, Zn, Au, Fe based metals. Within this work, Baumgartner et al (2008) [7] provided a description

of a massive pyrite (FeS) body, and the surrounding rock units as well.

2.2. Ground Sampling
Several studies have investigated the composition of soils in various neighborhoods of Cerro de Pasco over
the last 12 years. In particular, a Centers for Disease Control and Prevention (CDC - Atlanta) investigation

obtained 93 soil and dust samples from homes and public areas in the neighborhoods of Chaupimarca,
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Paragsha, and Ayapoto [10]. Their results suggest pervasive contamination in all three neighborhoods where
samples were obtained. Pb concentration was measured to be greater than 1200 ppm in the neighborhood of
Ayapoto. Pb levels greater than 400 ppm were found from dust samples taken from within houses in Paragsha.
Besides Pb, 11 other heavy metals have been detected at abnormal levels in these neighborhoods. These
metals included cadmium, mercury, barium, cobalt, molybdenum, arsenic, antimony, platinum, tungsten,
and uranium. A study by the Peruvian Department of Labor reached similar conclusions and found heavy
metal concentrations to be well above the Peruvian recommended standard5[11]. For example, arsenic was
found to be 10 times above the recommended standard, rendering soil contact to be completely hazardous.
Van Geen et al (2012)[[12] employed X-ray uorescence (XRF) spectrometry to measure Pb content at various
locations around Cerro de Pasco city. A majority of their samples were reported to be above 400 ppm and
up to 10,000 ppm. Approximately 17.5% of these measurements were obtained from samples collected near
the border of the open pit. The remaining samples were obtained from locations around the city including
roads, houses, and neighborhoods. No samples measured by van Geen et al (2012) [12] were taken directly

over tailing piles.

2.3. Health Studies

High concentrations of Pb have been detected in the blood of the population of Cerro De Pasco as early as
1990[13]. In 1999, a study by DIGESA-Pasco detected an average Pb concentration of 144§ / dl. This high
concentration was detected in approximately 45% of the sample group of 170 people. These alarming studies
have spawned other selected signi cant investigations by the CDC Atlanta [10], Bianchini et al (2015)[14], a
far reaching overview by Source International (2018])[1], and several other Peruvian studies. Studies on the
health e ects of Pb contamination and the associated epidemiology, mortality and morbidity are still ongoing
in Cerro de Pasco. The full extent of the environmental contamination and its impact on human health in

Cerro de Pasco is likely to yet to be fully realized.

2.4. Remote Sensing Studies

At the current moment, the number of peer reviewed remote sensing studies of Cerro de Pasco is not
abundant. A single study investigated the detection of Pb-based minerals with ASTER at several time steps
[15]. Building on previous work, we propose a more rigorous methodology. The absence of thorough remote

sensing studies focusing on Cerro de Pasco is a major motivating factor for this study.

3. Methodology

3.1. Data Sources

This study was conducted by completing multispectral analyses from imagery obtained from NASA
ASTER (Advanced Spaceborne Thermal Emission and Re ection Radiometer)

(https://asterweb.jpl.nasa.gov/) space satellite and the European Space Agency Sentinel-2 satellite. ASTER
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imagery of Cerro de Pasco was captured on June 23, 2001, and Sentinel-2 imagery was captured on July 15,
2018. Analyses were conducted on imagery from the two di erent satellites due to the failure of ASTER SWIR
(short-wave infrared) bands in 2008. Sentinel-2 was chosen as a compatible instrument due to similarities in
spatial resolution and spectral bandpass. The employment of Sentinel-2 was also chosen because of the need
for a temporal study. ASTER VNIR (visible and near infrared) and SWIR bands were stacked in ENVI with

the Layer Stacking tool. Due to di erences in VNIR (15 m) and SWIR (30 m) spatial resolution, the output
ASTER image was down-sampled to 30 m. Sentinel-2 bands 5 (0.705m), 6 (0.740 um),7 (0.865 pm), 11
(1.610pm), and 12 (2.190pum) were chosen due to corresponding band coverage with ASTER. The Sentinel-2
bands used have a spatial resolution of 20m. Imagery for the photogrammetric point cloud reconstruction

was obtained courtesy of Digital Globe's WorldView-2 [16].

3.2. Spectral Analysis Work ow

After bands were stacked into single images with IDL (Interactive Data Language), the Forward Minimum
Fraction Noise Transform (MNF) tool in ENVI was used to visually and quantitatively inspect the delity of
the data (www.harrisgeospatial.com/docs). All bands displayed eigenvalues greater than ve; therefore, none
were discarded in these analyses. To map the distribution of Pb based minerals, we used several tools provided
by ENVI. These tools included Spectral Angle Mapper (SAM), and Adaptive Coherence Estimator (ACE).

To achieve this task, we rst created several Regions of Interest (ROI) to be used for spatial boundaries for
analysis. ROI were created over the city of Cerro de Pasco, and the neighborhood of Paragsha. This step was
taken so gathered percentages would re ect a localized area rather than the entire scene. The Cerro de Pasco
city ROl measured to be approximately 67 kn? and the ROI for Paragsha measured to be approximately
0.25 kn? (see Figure 2).

Potential endmembers for ACE, and ROI separability were also de ned as ROI. For the ACE analysis,
six ROI were created over strategic locations in the scene. Two ROIs were created over tailing stockpiles
to display any potential relationship between stockpiles and similar spectral species around the city. One
ROI was created over a section of Paragsha were Pb positive hand-samples were acquired by van Green et al
(2012). Two ROI were created over areas expected to have limited human foot or automobile tra c. And

nally, one ROI was created over a small body of water (see Figure 3).

3.3. Spectral Angle Mapper

SAM uses a supervised spectral classi cation method that matches the spectra in a pixel to the n-
dimensional angle of a reference spectra (NOTE: n is the number of bands used, and the angle is the angular
di erence in the projected pixel spectra and reference spectra). SAM is commonly used to identify minerals
or other materials in multispectral and hyperspectral imagery when the user has previous knowledge of the
composition in a scene and usually provides the best results when used in combination with a spectral library.
This tool identi es similar pixels to reference spectra speci ed within constraints of a user-provided threshold.

For this analysis, the default threshold of 0.1 radians was used. Any pixels found outside the threshold



(a) CDP Area ROI (b) Paragsha ROI

Figure 2: Regions of Interest (ROI) for greater Cerro de Pasco area (ASTER) and Paragsha (Sentinel-2). b) Cerro de Pasco,
ROl is indicated by red polygon. b) The ROI is indicated by the red polygon. ROIs were used to isolate SAM analysis to obtain
a percent of Pb mineral abundance for each area.

Figure 3: ROI placement for ACE analysis. The red polygon represents the Paragsha ROI. The maroon polygon represents
the Pile 4 ROI. The green polygon represents the Pile 1 ROI. The magenta polygon represents the Cemetario ROI. The cyan
polygon represents the Land ROI. The blue polygon represents the Water ROI.

are not classi ed. The USGS ASTER Spectral Library: Beckman 826 (speclib.jpl.nasa.gov) was used as a

1o reference spectrum for the SAM analysis. Pb based minerals including anglesit® pSQ,), cerussite (P bCGs),
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galena (P bS), mimetite (P bs(AsO.)sCl), and plumbojarosite (P ky.sF 3*2 (S04),(OH )g) were chosen from
this library due to identi cation in previous geologic endeavors [17, 5, 7, 18]. Three spectral examples were
chosen for each collected mineral by the USGS (United States Geological Survey) at ne, medium, and coarse
grain sizes, all less than 2 mm. These di erent grain sizes were chosen due to varying ability in transport
distance to nal deposition location as well as spectral variability. The SAM analysis provided a map that
displayed distribution percentages gathered from detected Pb minerals over the entire city of Cerro de Pasco

and the Paragsha neighborhood.

3.4. Adaptive Coherence Estimator

ACE is another popular statistical algorithm that is used in object detection. ACE's design was essentially
derived from Kelly's Generalized Likelihood Test (GRLT)[19]. The algorithm functions by determining the
cog where is the angle between user-provided known target vector (i.e., ROl endmembers and a sample
vector (i.e., pixels in the scene). This information was then compared to a background average of the scene
and a background covariance matrix. The end result is a value between 0-1. The visual output provided by
ENVI were represented as a grey scale image. Pixels that matched with ROI's were displayed lighter while
pixels that did not match were displayed darker. For these results, images were stretched to a threshold

0.78-1. This step was taken so that only the best pixel matches were visually displayed [20].

3.5. ROI Separability

To further test our results, ROl were created from band thresholds provided from ACE output. The
separability of the newly created ROIs were tested with the Compute ROI Separability (CRS) tool in ENVI.
The CRS provided a Je ries-Matusita distance report and a Transformed Divergence report that quanti ed
the relationship between commonalities in pixels. Je ries-Matusita reports a squared asymptotic distance
and the Transformed Divergence reports an exponential value related to class distance [21]. Within the
ENVI framework, both algorithms provide values between 0 and 2.0. Values that are reported above 1.9 are
regarded as highly-separable while values less than one are considered to vaguely distinguishable [22, 23]. We
expect this test to display a strong relationship for contaminated areas, the open pit, and tailing stockpiles.
We also expect this test to show correlation between areas not in uenced by mining operations or heavy

anthropogenic disruption.

3.6. 3D Reconstruction and Volume Analysis

To calculate volume estimates of tailing stockpiles, a photogrammetrically derived point cloud was con-
structed using 3D-PLOS (3D from Planetary Observation Satellites), a 3D product generating software de-
veloped at Oak Ridge National Laboratories (ORNL). Stereo imagery of Cerro de Pasco was obtained from
Digital Globe [16]. The stereo pair used to create the point cloud was captured by WorldView-2 on 2016-06-20
03:36 PM UTC and 2016-06-20 03:37 PM UTC (legacy ID 1030010058155A00,1030010057609700). Volume

measurements were conducted on the four largest tailing stockpiles that are located within the western half of
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Cerro de Pasco city with the Volume Analysis tool in Quick Terrain Modeler (http://appliedimagery.com/).

After stockpiles were outlined with the z-dimensional polygon tool, a custom di erence plane was tted to
align with the lower topographic boundaries that border this stockpile. This step was completed in attempts

to avoid the inclusion of any natural topographic volume in the stockpile volume estimation. Finally, dif-
ference calculations between the point cloud and the reference plane were used to estimate volume of each

tailing stockpile.

4, Results

4.1. Visual Comparison

Visually, comparison of spectral maps displayed an increase in the distribution coverage of Pb material.
These changes are observable over augmented tailing stockpiles on Cerro de Pascos northern border (adjacent
to highway 104), two moderately circular features north of the Cerro de Pasco (adjacent to highway 104),
Paragsha and immediately to the northwest, and near the southern border of the city (adjacent to highway
101). Besides tailing piles, the most noticeable changes are observable in the neighborhood of Ah Tupac
Amaru (southwest of Laguna de Patarchocha) and near Cemeterio General. For Paragsha, the resolution
of ASTER (30 m) and Sentinel-2 (20 m) imagery was challenging to interpret due to image pixelation
that occurred with increased viewing perspective. Nonetheless, a percentage abundance was gathered by

computing pixel statistics from the ROI.

4.2. ASTER, 2001

The SAM analysis over the entire Cerro de Pasco city scene detected the presence of all Pb minerals at
all grain sizes except for coarse grained galena. The total of all Pb mineral species contributed 18.27 % of
the scene, while the remaining 81.73 % was unclassi ed. The larger percentages of minerals detected were
plumbojarosite (8.41 %), then anglesite (5.34 %), and nally mimetite (4.02 %). The remaining species were
measured at less than 1 % abundance.

The SAM analysis on the ROI for the neighborhood of Paragsha classied 73.5 % of the scene and
detected all reference Pb minerals except for Galena, and coarse grained plumbojarosite. The most abundant
species detected was medium and ne grained plumbojarosite (46.32 %), then anglesite ( 19.61 %), mimetite
( 7.37 %), and nally ne to coarse grain cerussite ( 1 %). The remaining 26.50 % of the image remained

unclassi ed.

4.3. Sentinel-2

For Sentinel-2 data from 2018, the SAM analysis on the ROI for Cerro de Pasco scene classi ed 36.16
% of the image and detected every Pb mineral and grain size tested. The mineral species most abundant

were plumbojarosite (19.75 %), then anglesite ( 11.61 %), mimetite (2.87 %), and galena (1.43 %). Cerussite
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(a) 2001 ASTER (b) 2018 Sentinel 2

Figure 4: SAM results for the 2001 ASTER (a) and 2018 Sentinel-2 (b) over Cerro de Pasco, Peru. Red represents distribution
anglesite, magenta represents cerussite, blue represents galena, yellow represents mimetite, and purple represents plumbojarosite.
NOTE: mimetite in cloud coverage of gure (a) should be considered a false identi cation. A single color represents each grain

size.

detection was minimal and only contributed less than 1 %. The remaining detected minerals measured at
less than 1 % (see Fig 4a and 4b, and Appendix material).

The SAM analysis for the Paragsha ROI detected most reference minerals and classi ed 88.60 % of the
scene. The spectra of galena and cerussite were undetectable. Plumbojarosite at all three grain sizes was
found to be the most abundant mineral species in the scene (58.53 %). Anglesite was found to be second
most abundant (28.99 %). Mimetite measured contributed only approximately 1 %. Galena, and cerussite
were not detectable within this scene (see Figure 5a and 5b, and Appendix material).

Based on these presented results for the SAM analysis, the percent change between detected mineral
species, as well as the spectral maps produced, display an increase of the abundance of Pb based minerals
from 2001 to 2018. Quantitatively, the SAM analysis on both the larger ROI that encloses the city of Cerro
de Pasco as well as the Paragsha ROI show an increase of 17.88 % and 15.11 % respectively. A change in the
distribution of mineral species within both ROIs can be observed as well. Visually, the spectral map displayed
an increase in the distribution coverage of Pb material. These changes are observable over augmented tailing
stockpiles on Cerro de Pascos northern border (adjacent to highway 104), two moderately circular features
north of the Cerro de Pasco (adjacent to highway 104) (see green arrow, Fig 4), Paragsha and immediately to
the northwest, and near the southern border of the city (adjacent to highway 101). Besides tailing piles, the
most noticeable changes are observable in the neighborhood of Ah Tupac Amaru (southwest of Laguna de
Patarchocha) and near Cemeterio General. For Paragsha, the resolution of ASTER (30 m ground sampling

distance) and Sentinel-2 (20 m ground sampling distance) imagery was challenging to interpret due to image
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