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• We measured heavy metals and
identified plants from Atacama ro-
dent middens.

• Major differences are due to topogra-
phy and dominant plants/climate.

• Highest concentrations of Cu and As
occur in the most recent (modern)
middens.

• Rodent middens can establish past
ecological baselines of trace metal
contaminants.
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Mining is a major industry in the Atacama Desert, one of the world's leading regions for copper and other min-
erals. Intense industrialization of copper mining in the mid-twentieth century has likely led to significant envi-
ronmental pollution through the deposition of heavy metals in the hyperarid Atacama, but how heavy metal
pollution has changed over time in arid regions have rarely been assessed. Here, we analyzed both modern
and ancient fecal pellets from paleomiddens collected in the central Atacama for heavymetals and by comparing
current heavymetal concentrationswith pre-industrial ones, we establish ecological baselines for such pollution.
Sixteen paleomiddens spanning the last 1000 years from multiple localities in the eastern Calama Basin (22°S)
show elevated concentrations of Cu and As in modern compared to older middens, and that heavy metal, alkali
metals and alkaline earthmetals show positive correlationswith each other. Heavymetals also tend to be higher
in paleomiddens collected along perennial rivers in comparison to those collected from surrounding ranges, irre-
spective of sample age. Twenty paleomiddens spanning the last c. 16,000 years from a single locality (El Hotel)
between the Calama and San Pedro de Atacama basins were used to establish long term variations in plant com-
munities and associated heavy metals since the last glacial termination. Results show that heavy metal concen-
trations including Cr, Mo and B vary over time and tend to be higher in paleomiddens for which Cactaceae are
more abundant whereas those dominated by annuals show less of an effect from trace metals. Our results
imply that climate change-driven plant community composition plays a key role in explaining how contamina-
tion varies in these desert ecosystems and show that paleomiddens are a unique and unexplored source for un-
derstanding how heavymetals vary over time. Given their ubiquity inmany of the world's arid regions, they can
be used to establish long-term ecological baselines to compare against human alterations.
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1. Introduction

Heavy metals (or trace metals when concentrations are <10 mg
kg−1, or mg/L) (Nagajyoti et al., 2010), are metals and metalloids with
a density higher than 5 g/cm3 (Oves et al. 2012). Heavy metals in high
concentrations create severe problems in the natural environment
(such as lakes, rivers, lands, forests) and for humanhealth. Environmen-
tal pollution with heavy metals may have both natural and anthropo-
genic origins. Natural sources are mainly associated with parental
rocks and metallic minerals, whereas mining processes and agriculture
dominate the primary anthropogenic sources through smelting and/or
the use of chemical fertilizers (Bradl, 2005). The intensification of
these economic activities has led to pollution of vast regions around
the world, impacting air quality (Beavington et al. 2004), soils (Li et al.
2018), surface water (Ning et al. 2011), vegetation (Zhang et al. 2019)
and human health (Herrera et al. 2016). In recent years, ecological and
global public health concerns associated with environmental pollution
by these metals has increased significantly (Bradl, 2002). Indeed, The
World Health Organization (WHO) has includedArsenic (As), Cadmium
(Cd), Lead (Pb) and Mercury (Hg) among others in the top ten major
chemicals of concern (World Health Organization, 2011).

Mininghas been themost important industry for Chile since Colonial
times (1600 CE). During the 20th century, the Chuquicamata mine
(located at 2800 m above sea level (or m asl) and 16 km north of the
city of Calama) (Fig. 1), became the most important metallic deposit
for copper (Cu) extraction in Chile (SERNAGEOMIN, 2011). Although
Fig. 1.Map of the Calama basin in the central Atacama Desert, in (b) indicating geomorphologic
Major cities (grey polygons),mining operations (black triangles), major drainages (light blue lin
also shown. Midden site abbreviations are Cerros de Aiquina (CDA), Cordón de Tuina (CDT), E
(b) numbers allude to (1) Coastal escarpment, (2) Coastal plain, (3) Coastal range, (4) Atacam
(9) Cordillera de la Sal, (10) Salar de Atacama basin, (11) Altiplano, (12) Active volcanoes.
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pre-Columbian mining of this deposit was common, large-scale opera-
tions began in 1915. (Marinovic and Lahsen, 1984). In parallel to this
large-scale copper mining in northern and central Chile (18°–36°S),
mineral extraction and processing led to several negative environmen-
tal impacts in major operation areas, particularly concerning the con-
tamination of agricultural soils with metals (e.g., Cu, Zn, Pb, and Cd),
and metalloid (As) deposition. Typical mining processes include high-
temperature processing, such as melting and casting metals which in-
volves the formation of vapor. In this vapor, heavy metals such as As,
Cd, Cu, Pb, and Sn can combine with water in the atmosphere to form
aerosols. These can then be dispersed either by wind (dry deposition)
or precipitated in rainfall (wet deposition) polluting soil, water bodies
and snow (Fig. 2). Pollution of soil, water bodies and ice bodies can
also be produced through runoff from erosion of mine tailings, and
dust produced during the transport of crude oil, corrosion of metals,
and leaching of heavy metals into soil and groundwater (Nagajyoti
et al., 2010). These events decrease the quality and functioning of soils
(De Gregori et al. 2003), and have also led to concomitant increases in
respiratory (Herrera et al. 2016) and cancerous diseases (Pizarro et al.
2016) in communities near such mining operations. The undisputed
natural source of trace metals is the earth's crust. The earth's crust is
made up of 95% igneous and metamorphic rocks, and 5% sedimentary
rocks of which 80% are shales, 15% sandstones and 5% limestone (He
et al., 2005). Mafic igneous rocks generally contain higher concentra-
tions of heavy metals, such as Cu, Zn, Cr, Co, Fe and Ni (He et al.,
1998). In contrast, sedimentary rocks other than black shales typically
al units, and in (c) indicating geological units andmidden site locations used in this study.
es), and El Tatio Geysers, themain source of arsenic in the Salado basin (blue triangle), are
l Hotel (EHT), Quebrada Aiquina A (QAQ), Río Salado-El Sifón (RES) and Río Loa (RLO). In
a Desert, (5) Precordillera, (6) Loa depression, (7) Domeyko range, (8) Inter-range basins,



Fig. 2. Simplified west - east section of the Calama and Salar de Atacama basins showing vegetation belts (e.g., Prepuna, Tolar, Steppe were modified from Latorre et al. 2003), major to-
pographic features and predominant lithologies. Both natural (parental rock andmetallic minerals) and anthropogenic emission sources of heavymetals are also shown. The Prepuna is a
sparsely vegetated belt dominated by desert annuals, salt-tolerant shrubs and cacti, the Puna is a diverse shrubland, and the Steppe is a high-altitude ecosystem dominated by tussock
grasses and cushion plants (see Díaz et al. 2019 for more details). Broad underlying lithologies and ages are also indicated.
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contain smaller amounts of heavy metals. Soils developed from these
parent materials tend to reflect their chemical composition due to
pedogenic processes. Soils derived from the weathering of coarse-
grained materials (e.g., sandstones) as well as felsic igneous rocks
(e.g., rhyolites and granites) tend to contain smaller amounts of metals,
including Cu, Zn, and Co than those derived from fine-grained sedimen-
tary rocks such as clays or shales, or soils derived from mafic igneous
rocks (He et al., 2005). In addition, volcanoes have been reported to
emit elevated concentrations of AI, In, Mn, Pb, Ni, Cu, and Hg along
with other toxic and harmful gases (Seaward and Richardson 1990).

Somemetals (Cu, Zn, Fe, Co, Ni, Mn, andMo) termedmicronutrients
(Reeves and Baker 2000) are required in low concentrations by all living
beings as these play an essential role in important biochemical and
physiological functions in both plants and animals. In contrast, other
metals have no established biological functions and are considered
non-essential metals. These include Al, Sb, As, Ba, Be, Bi, Cd, Ga, Ge, Au,
In, Pb, Li, Hg, Ni, Pt, Ag, Sr, Te, Tl, Sn, Ti, V and U (Chang et al., 1996).

Current methods to assess past deposition of trace metals in the en-
vironment includemeasuring the uppermost sediment layers from lake
cores (Cerda et al. 2019), ice cores (Boutron et al. 1995, Eichler et al.,
2017), fossil plant litter preserved in river terraces (Xu et al. 2014), bio-
accumulation patterns from soils and seeds (Ghosh and Sethy 2013;
Zhang et al. 2019), and tree-rings (Muñoz et al. 2019). Yet, a lack of
knowledge exists regarding how heavy metal pollution has changed
over time in arid regions, and if any natural variability occurs in their de-
position, possibly as dust sources shift due to climate/vegetation change
or exposure of ore deposits, through either natural or anthropogenic
processes. As vast regions of the Atacama Desert have been either
scarcely inhabited or uninhabited during the Holocene (but see
Santoro et al. 2017, Gayo et al. 2019), the recent impact of large-scale
human endeavors (mining and industrial development for example),
should leave a measurable footprint that could be distinguished from
a “baseline” of past natural variations.

This study aims to assess the comparison of past (pre-industrial) and
current levels of heavy metals in the Atacama Desert through the use
fecal pellets obtained from ancient rodent middens or paleomiddens
(Latorre et al. 2002). These are typically urine-hardened nests made
by rock-dwelling rodents containing abundant feces, plant matter and
other organic remains preserved in caves and rock shelters and are
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common in many arid regions of the world (Betancourt and Saavedra
2002; Pearson and Betancourt 2001). Four rodent families produce
paleomiddens in the Atacama Desert: Chinchillidae (Lagidium viscacia),
Sigmodontinae (Phyllotis spp.), Abrocomidae (Abrocoma cinerea), and
Octodontidae (Octodontomys gliroides) (Betancourt and Saavedra
2002; Latorre et al. 2002, 2003, 2006; Maldonado et al. 2005; Díaz
et al. 2011; Mujica et al. 2014). First, we analyzed 16 paleomiddens
from different localities across the eastern Calama Basin to compare 14C-
dated pre-industrial paleomiddens with modernmiddens formed during
the recent industrial period. For this, we examine the relationship be-
tween heavy metals, spatial distribution, and plant lifeform, and per-
formed several multi-variate statistical analyses on paleomiddens that
date to the last 1000 years.We then analyzed 20 paleomiddens spanning
the last 16,000 years collected from a single site (El Hotel, located in the
Cordillera Domeyko on the southeastern side of the Calama Basin) with
the goal of establishing natural baselines for variations in heavy metals
such As, Cd, Co, Cu, Cr, Pb, Ti and Zn.We further use this paleomidden se-
ries to explore integrated additional causes for variation of heavy metal
concentrations, such as comparing those that formed during dry periods
versuswet periodswhichwere established using changes in plantmacro-
fossil composition (Betancourt et al. 1990).

2. Study area

Our study sites are located in the highlands and ravines along the
eastern margins of the Calama basin in the central Atacama Desert
(22°S) (Fig. 1). The geography is characterized by two major mountain
ranges, the Cordillera Domeyko and the Cordillera de Los Andes, which
run from north to south across our study area, partially enclosing the
Calama (or Río Loa) Basin (Latorre et al. 2003). Several minor ranges
(Cerros de Aiquina, Cordón de Tuina) occur along the western front of
the Cordillera Domeyko.

2.1. Regional geology

The Tuina mountains and adjacent Cordillera Domeyko (CD) to the
east is a thrust belt composed mostly of Permian and Cretaceous non-
marine and marginal marine sedimentary rocks. The entire formation
is capped by late Neogene ignimbrites and sandstones/limestones of
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the El Loa Formation. Several major Paleozoic intrusives occur to the
north and south of the CalamaBasin including the copper bearingOligo-
cene porphyritic granodiorites of the Chuqui porphyry that outcrop less
than 16 km to the north of the city of Calama (Marinovic & Lahsen,
1984) (Fig. 1).

At 2300 m above sea level, the Calama basin is a mid-elevation pla-
teau that covers an area of approximately 2000 km2. Three main sedi-
mentary formations fill up the present-day basin: the Middle to Upper
Miocene Calama Formation (although the age of the formation was
re-defined from Lower Eocene to Lower Miocene by Blanco et al.,
2003), the Upper Miocene to Lower Pliocene El Loa Formation, and
the Upper Pliocene to Pleistocene Chiu-Chiu Formation (Naranjo and
Paskoff 1981; Marinovic and Lahsen, 1984). The Chiu-Chiu Fm. is the
youngest depositional unit within the central part of the Calama basin
and the upper member forms the present-day land surface (May et al.
2005).

Along the Loa watershed, three sectors with distinct chemical prop-
erties can be defined: Upper, Middle, and Lower Loa. The upper Loa
comprises the zone between the origin of the river (at the foot of the
Miño Volcano) and the Salado River's confluence, near the Chiu-Chiu
village with a total As concentration of 0.2 mg/L. The Middle Loa com-
prises the zone between the confluence Loa–Salado River near the
Chiu-Chiu village and the confluence of Loa–San Salvador River in the
Chacance village with a total As concentration of 1.4 mg/L. The Lower
Loa comprises the zone between the Chacance village and the Loa
River's discharge to the Pacific Ocean with As concentration of 2.2
mg/L (Romero et al., 2003). The presence of As in the Middle Loa is at-
tributed to natural sources, notably the contribution from El Tatio Geo-
thermal field to the tributary Salado River (0.7 m3/s, As = 21 mg/L)
near the end of the Upper Loa, producing an average As concentration
of 1.4 mg/L (Romero et al., 2003).

2.2. Climate

The Atacama Desert is well-known for its extreme hyperarid cli-
mate, which was likely first established in the late Miocene (Jordan
et al. 2014). An extreme rain-shadow effect of the high Andes, which
blocks the advection of tropical/subtropical moisture from the southern
Amazon basin; the blocking influence of the semi-permanent South Pa-
cific Anticyclone, which limits the influence of winter storm tracks from
the south; and the generation of a temperature inversion at 1000 m asl
by the cold, north-flowing Humboldt Current, which limits inland (up-
slope) penetration of Pacificmoisture, are all factors that explain this ex-
treme hyperaridity (Borgel 1973; Caviedes 1973).

The Calama basin is characterized by pronounced aridity and lack of
surface water except for the perennial Loa and Salado rivers. Rainfall is
more common above 3500masl and occursmostly in summer fromDe-
cember to March, known locally as “Invierno Boliviano” (Latorre et al.
2002). Above 5700m asl, snow predominates. The average annual rain-
fall in Calama is 4.8 mm (DGA from 1985 to 2015), and temperature
ranges from 0° to 30 °C, with an average annual temperature of 10 °C
(Reyes 2012).

3. Materials and methods

Our study included a total of 43 ancient (or paleo) rodent middens
collected in the central Atacama (Table 1). Subsets of these middens
were analyzed for either plant macrofossils and/or heavy metals or
both (see Table 1). A subset of 31 middens was analyzed for heavy
metal analyses (Table 2). All these analyseswere done on rodent pellets
extracted from paleomiddens. All rodent middens analyzed here were
collected between 1997 and 2011 from the Calama Basin and processed
according to procedures described in Latorre et al. (2002). Twenty fossil
rodent middens (paleomiddens) were collected at the “El Hotel” (EHT)
site located at 3200 m ASL, four paleomiddens are from “Cerros de
Aiquina” (CDA) located about at 3150 m ASL, three paleomiddens
4

were collected in the “Cordon de Tuina” (CDT) located about at 3150
m ASL, one midden was collected in the “Río Loa” (RLO) canyon at c.
2700 m ASL, one paleomidden was found in “Quebrada Aiquina A”
(QAQ) located about at 2980 m ASL, and two paleomiddens are from
the “Río Salado” (RES) locality at 2950 m ASL (see Latorre et al. 2006).
Middens were inspected in the lab for major stratigraphic breaks and
then soaked in 10-liter buckets for 3–4 days to remove amber at (crys-
tallized urine). An unprocessed voucher sample was taken, re-sealed
and stored separately. After soaking, middens were wet sieved using
USGS meshes Nos. 10, 18 and 30 to separate macrofossils from urine,
sand and silt. Washed macro-remains (typically plant remains, bones,
insects and rodent feces) were then dried in an oven at 50 °C for 3
days, then sorted and classified underneath a binocular microscope.

3.1. Radiocarbon dating

Depending on when the sample was submitted, radiocarbon
dates were obtained from either 3–10 g of feces from the rodent
midden for conventional dating (mostly middens collected in the
late 1990s) or 30–100 mg if Accelerator Mass Spectrometry (AMS)
was used (all middens collected after 2000). Three paleomiddens
were submitted for bulk dates at Geochronology Laboratories Inc.,
Boston Massachusetts, USA. Additional dates were obtained at the
University of Arizona-National Science Foundation Accelerator
Facility (one date) or processed and analyzed at the W.M. Keck
Carbon Cycle AMS facility at University of California, Irvine (27
dates). Prior to AMS dating, fecal pellets were weighed on an analyt-
ical balance and grounded in an agate mortar, the remaining powder
was chemically cleaned with HCl (1 N) to remove carbonates.
Samples were then combusted under vacuum and the produced
CO2 was cryogenically trapped and purified in a vacuum line for
graphitization using H2 and Fe as catalyst. The graphite powder
was then pressed into AMS cathodes. Conventional radiocarbon
ages are reported according to Stuiver and Polach (1977) and
calibrated to calendar years with the Calib 7.0.4 program using the
SHcal13 calibration dataset, (Hogg et al. 2013). All dates are
expressed in cal years BP (calibrated 14C years before 1950 CE).

3.2. Plant macrofossil analyses

Macrofossil abundances in rodent middens are typically measured
using a semi-quantitative approach which involves the use of relative
abundance scale (Spaulding et al. 1990). This scale involves sorting
and classifying leaves, seeds, flowers, florets, and other plant remains
by hand and then identifying to the highest taxonomic level possible
by direct comparisonwith an extensive- reference collection of modern
flora or by reference to specialist. Each taxonwas quantified using a Rel-
ative Abundance Index (RAI) where 0 = absent, 1 = very scarce, 2 =
rare, 3 = common, 4 = abundant, 5 = dominant. RAI typically uses
very broad general categories (e.g., “absent” is 0whereas a plant remain
present just once or twice is “rare” and labeledwith a 1) and tends to at-
tenuate very large differences (e.g., 4 for “abundant” vs. 5 for “domi-
nant” when these differences if actually counted on by one could be
100 vs 1000). Macrofossil abundances was plotted using Tilia software
(Version 1.7.16; Grimm, 2011).

3.3. Heavy metal analysis

A random sample of fecal pellets was then sorted from each of the 36
paleo rodent middens for heavy metal analyses. 200mg of fecal samples
were weighed on an analytical balance and then ground in a porcelain
mortar to be digested by an ETHOS microwave system to prepare the
sample for inductively coupled plasma-mass spectroscopy (ICP-MS).
The samples were digested with a concentrated Suprapur nitric acid
(Merk) and hydrogen peroxide p.a. (Merk) mixture (6:1), at 180 °C for
10min in ahigh-pressuremicrowave system. Tracemetal concentrations



Table 1
Site location, radiocarbon dates, calendar year BP, former agent and type rock for all 43 rodent middens analyzed here (see Fig. 1 for midden localities).

N° Site location Midden
code

Calendar year
(cal yr BP)

Radiocarbon date
(14C year BP)

Radiocarbon lab
no.

Midden
agent

Rock type Reference

1 Cerros de Aiquina CDA 517A 6 Modern UGAMS 8965 Unknown Conglomerate De Porras et al. (2015)
2 Cerros de Aiquina CDA 592 65 Modern UGAMS8972 Abrocoma Conglomerate De Porras et al. (2015)
3 El Hotel EHT 469 B 95 145 ± 15 UCIAMS 107902 Abrocoma Ignimbrite This study
4 Cerros Aiquina CDA 616 A 200 200 ± 20 UCIAMS 97090 Abrocoma Conglomerate De Porras et al. (2017)
5 Río Loa RLO 306 400 385 ± 70 GX 24754 Phyllotis Unknown This study
6 Cordon de Tuina CDT 440D 510 515 ± 15 UCIAMS 107890 Abrocoma Andesite/gap (gravel) This study
7 Río Salado/El Sifón RES 353 530 540 ± 50 GX 26571 Unknown Unknown Latorre et al. (2006)
8 El Hotel EHT 463C 670 770 ± 20 UCIAMS 107897 Phyllotis Ignimbrite This study
9 Río Salado/El Sifón RES 356A 700 800 ± 100 GX 26752 Phyllotis Unknown Latorre et al. (2006)
10 Quebrada de Aiquina QAQ 348 750 885 ± 40 AA-35150 Phyllotis Ignimbrite (Miocene) Latorre et al. (2006)
11 El Hotel EHT 454Y 770 915 ± 15 UCIAMS133897 Unknown Ignimbrite This study
12 Cordón de Tuina CDT 401 770 920 ± 15 UCIAMS 123135 Abrocoma Fluvial conglomerate and

erosive gap (cretacic)
This study

13 Cerros de Aiquina CDA 506X 790 935 ± 20 UCIAMS 97080 Abrocoma Conglomerate De Porras et al. (2017)
14 Cordon de Tuina CDT 440C-2 850 1000 ± 15 UCIAMS 107889 Abrocoma Andesite/gap (gravel) This study
15 El Hotel EHT 469 C 860 1015 ± 15 UCIAMS 107901 Abrocoma Ignimbrite This study
16 El Hotel EHT 454X 860 960 ± 15 UCIAMS 133904 Unknown Ignimbrite This study
17 El Hotel EHT 463 A-1 610 700 ± 20 UCIAMS 189632 Phyllotis Ignimbrite This study
18 El Hotel EHT 463 B 760 905 ± 15 UCIAMS 189636 Phyllotis Ignimbrite This study
19 El Hotel EHT 463 A-2 840 955 ± 15 UCIAMS 189631 Phyllotis Ignimbrite This study
20 El Hotel EHT 469 A 1100 1250 ± 15 UCIAMS-107900 Abrocoma Ignimbrite This study
21 El Hotel EHT 464-3 5180 4585 ± 20 UCIAMS 189634 Abrocoma Ignimbrite This study
22 El Hotel EHT 468 8320 7575 ± 20 UCIAMS 107899 Abrocoma Ignimbrite This study
23 El Hotel EHT 383 9270 8320 ± 90 GX-24200-LS Abrocoma Rockfall Latorre et al. (2003)
24 El Hotel EHT 478 B 9379 8395 ± 25 UCIAMS 107905 Abrocoma Ignimbrite This study
25 El Hotel EHT 499 9355 8555 ± 25 UCIAMS 189635 Unknown Ignimbrite This study
26 El Hotel EHT 478 9345 8750 ± 25 UCIAMS 133902 Abrocoma Ignimbrite This study
27 El Hotel EHT 453 B-1 10,571 9395 ± 25 UCIAMS 133903 Abrocoma Ignimbrite This study
28 El Hotel EHT 462 10,930 9630 ± 35 UCIAMS-133896 Abrocoma Ignimbrite This study
29 El Hotel EHT 476 11,221 9945 ± 30 UCIAMS 133906 Unknown Ignimbrite This study
30 El Hotel EHT 453 B-2 11,290 9950 ± 25 UCIAMS-107896 Abrocoma Ignimbrite This study
31 El Hotel EHT 472 13,100 11,235 ± 35 UCIAMS 189637 Abrocoma Ignimbrite This study
32 El Hotel EHT 480 11,418 10,025 ± 25 UCIAMS 123138 Unknown Ignimbrite This study
33 El Hotel EHT 470 B 11,890 10,240 ± 20 UCIAMS-107904 Abrocoma Ignimbrite This study
34 El Hotel EHT 477 11,970 10,270 ± 30 UCIAMS-133905 Abrocoma Ignimbrite This study
35 El Hotel EHT 384 B 12,990 11,190 ± 120 GX-24202-LS Abrocoma Rockfall Latorre et al. (2003)
36 El Hotel EHT 384 A 13,280 11,480 ± 170 GX-24201 Abrocoma Rockfall Latorre et al. (2003)
37 El Hotel EHT 464-2 14,840 12,580 ± 40 UCIAMS-133899 Abrocoma Ignimbrite from El Sifón This study
38 El Hotel EHT 500 15,370 12,925 ± 35 UCIAMS-123139 Abrocoma Ignimbrite (ISN) This study
39 El Hotel EHT 475 15,459 12,980 ± 45 UCIAMS 133900 Abrocoma Ignimbrite This study
40 El Hotel EHT 464-1 15,532 13,030 ± 40 UCIAMS 133901 Abrocoma Ignimbrite This study
41 El Hotel EHT 466 B 15,532 13,030 ± 35 UCIAMS 107898 Abrocoma Ignimbrite This study
42 El Hotel EHT 466-A 15,740 13,155 ± 40 UCIAMS-133898 Abrocoma Ignimbrite This study
43 El Hotel EHT 470-A 15,870 13,245 ± 35 UCIAMS-107903 Abrocoma Ignimbrite This study
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weremeasured by ICP-MS in theMetals Laboratory, Department of Ecol-
ogy, Pontificia Universidad Católica de Chile using a Perkin-Elmer ELAN
6100 ICP-MS with an autosampler AS90. Metal concentrations were cal-
culated from five replicated readings of each subsample. Detection limits
are 0.01 and 0.03 μg of metal g−1 of dry wt for every metal respectively.
Analytic grade reagents were used to prepare relevant blanks and cali-
bration curves. The ICP-MS was calibrated using standard solutions,
and blank corrections were applied when necessary. The total contents
of elements in the fecal pellets were determined after the following
total mineralization. Briefly, dried pellet samples were attacked first by
10 mL of a concentrated HF solution for 2 h at boiling point, then, after
evaporation of these acids, by 10 mL of a freshly-prepared HNO3/HCl
mixture (1/2 v:v) to eliminate the remaining solid grains at boiling
point. The solutions recovered were afterwards diluted in a known vol-
ume of ultrapure water (Milli Q plus) and analyzed using ICP-MS. The
metals were measured in the 50.0 mL aliquot removed from the sample
extract by the same ICP-MS technique.

3.4. Statistical analysis and treatment

Three statistical tests using R Studio software (Version 1.1.383;
RStudio Team, 2016) were performed on a subset of sixteen paleo
rodent middens that dated to the last millennium. First, data were
transformed and normalized for incorporation into a correlation
5

matrix to measure covariance between metals without considering
outliers (p=0.05). Principal Component Analysis (PCA) was applied
to examine multivariate relationships and to explain the variance in
the data while reducing the number of variables in groups of sam-
ples. A canonical correlation analysis (CCA) was used to identify
and measure the associations between heavy metals and dominant
plant lifeform. These tests were used to examine for differences in
measured contamination between different sites (EHT, CDA, CDT,
RES, RLO, and QAQ) considering the outliers.

We first examined the correlation between trace metals and 16
paleomiddens (from CDA 517-A to EHT 454-X) dated to the last millen-
nium followedby the statistical relationship between these and their re-
spective collection sites (by PCA). A CCA was used to examine the
relation between heavy metals and plant lifeform, and between heavy
metals for all the paleomiddens of the “El Hotel” and “Cerros deAiquina”
sites spanning the last 16 ka.

3.5. Contamination index

To compare variations of themost toxic metals over time, we devel-
oped a “contamination index.” For this we chose seven heavy metals as
themost common contaminants: As, Cd, Co, Cu, Cr, Pb, Ti and Zn. The el-
emental concentration data from each of the 20 paleomiddens belong-
ing to the “El Hotel” were then normalized using z-scores (using the



Table 2
Heavy metals (Cu, Cr, Zn, As, Pb, Cd, Ni, Co and Mo) contents of 31 rodent middens analyzed in this report.

N° sample Code sample Calendar year (cal yr BP) Cu Cr Zn As Pb Cd Ni Co Mo

1 CDA 517A 6 90,52 2,64 21,64 8,24 1,30 0,29 4,67 1,20 5,32
2 CDA 592 65 27,55 1,69 28,68 5,09 1,22 0,24 4,08 2,36 2,25
3 EHT 469C 95 19,11 2,11 31,24 6,58 1,75 0,73 2,95 1,38 4,96
4 CDA 616 A 200 21,29 2,17 28,64 2,87 0,94 0,29 3,54 1,18 2,29
5 RLO 306 400 33,24 2,11 78,15 5,73 1,74 0,78 4,36 5,59 13,85
6 CDT 440D 510 21,14 5,00 31,14 3,84 0,81 0,12 7,29 2,02 2,39
7 RES 353 530 36,62 5,35 124,90 9,99 2,34 0,98 3,81 2,50 1,78
8 EHT 463C 670 16,04 2,07 20,98 2,91 0,94 0,27 1,73 1,59 3,71
9 RES 356A 700 30,69 3,54 124,00 7,23 1,45 2,02 2,90 3,35 7,44
10 QAQ 348 750 29,13 9,61 49,64 7,79 1,88 0,70 10,25 2,97 7,49
11 EHT 454Y 770 24,23 1,50 24,76 2,99 0,87 0,11 2,05 1,50 1,35
12 CDT 401 770 26,93 4,23 34,74 3,12 0,70 0,18 7,28 1,89 3,49
13 CDA 506X 790 18,76 18,27 33,05 4,11 0,95 0,30 28,96 2,79 13,91
14 CDT 440C-2 850 27,59 6,07 48,46 5,44 1,92 0,19 9,88 4,63 6,39
15 EHT 469 B 870 13,23 2,39 17,70 4,21 1,05 0,57 1,67 1,58 2,09
16 EHT 454X 880 18,57 1,37 20,66 1,92 0,70 0,17 2,07 0,93 1,34
17 EHT 463 A-1 620 2,63 8,02 8,43 1,42 0,72 0,05 22,64 0,81 5,84
18 EHT 463 B 760 9,55 3,67 10,87 0,95 0,71 0,30 5,95 0,56 3,47
19 EHT 463 A-2 840 2,89 1,90 11,98 1,04 0,83 0,10 1,55 0,74 0,80
20 EHT 464-3 5180 13,20 5,77 2,71 6,15 1,77 0,28 6,11 2,64 2,33
21 EHT 468 8320 4,15 3,07 11,59 2,08 1,2 0,29 1,44 1,06 2,02
22 EHT 478 B 9379 20,39 2,39 23,4 3,55 0,78 0,18 11,9 1,12 2,28
23 EHT 499 9400 6,12 3,89 12,97 1,69 1,22 0,18 2,54 1,77 2,72
24 EHT 478 9345 38,81 8,98 34,89 3,27 2,09 0,48 3,23 1,45 1,64
25 EHT 453 B-1 10,571 19,69 9,91 33,31 1,96 0,67 0,36 2,78 1,02 1,98
26 EHT 476 11,221 22,67 2,76 36,92 2,09 0,75 0,32 5,75 1,15 2,78
27 EHT 472 13,100 18,90 2,97 21,98 1,78 1,09 0,37 2,36 1,32 1,56
28 EHT 480 11,418 17,89 7,48 30,78 1,87 0,53 0,3 5,35 1,02 2,06
29 EHT 475 15,459 23,61 3,61 37,48 3,44 0,5 0,32 6,07 1,28 2,15
30 EHT 464-1 15,532 21,94 1,49 25,01 1,94 0,52 0,41 4,02 1,08 0,99
31 EHT 466 B 15,532 21,61 1,61 27,81 2,36 0,72 0,32 4,7 1,75 1,35

Heavy metals were reported in μg/g dry wt. Paleomiddens are sorted from the youngest to the oldest respectively.
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data from the youngest paleomidden of the entire series as a proxy for
the “industrial” period) to compare across elements in terms of contam-
ination “anomalies” (e.g., to show when significant deviations from the
average occur). The contamination index was then calculated based on
the average z-scores for these eight heavy metals.

4. Results

Table 1 provides further details regarding the paleomidden collection
metadata, including midden agent and rock type of all the paleomiddens
used in this study.

Table 2 shows all paleomidden chronology and selected heavymetal
concentrations spanning the last 15,870 cal yr BP. For the purposes of
this work, nine heavy metals were selected (Cu, Cr, Zn, As, Pb, Cd, Ni,
Co andMo) as themost important in terms of their contribution and im-
portance in environmental pollution.

4.1. Metal analysis: correlation

Sixteen paleomiddens collected from different localities around the
eastern Calama Basin (Table 1) and dated to the lastmillenniumwere an-
alyzed for heavy metal composition. Twenty-four metals (among heavy,
alkali and alkaline earth metals) were reported for every sample of fecal
paleomidden in μg/g dry wt. The results show (Fig. 3) that alkali metals
correlated well with alkaline earth metals showing a statistically signifi-
cant positive correlation coefficient (p = 0.05): K bound Mg (r = 0.8),
K bound Na (r = 0,6), Sr bound Li (r= 0.9), Sr bound Mg (r= 0.95), Sr
bound Ca (r = 0.85), Ca bound Mg (r = 0.85), Na bound Mg (r = 0.5),
and Na bound Li (r = 0.6). For heavy metals and abundant metal (Al)
(Duffus, 2002)with positive correlation coefficientwas statistically signif-
icant: Al bound As (r = 0.65), Pb bound As (r = 0.9), Pb bound Zn (r=
0,6), Cd bound Pb (r = 0.55), Cd bound Zn (r = 0.8), Cd bound Mn
(r = 0.85), Cd bound As (r = 0.6), Cd bound Al (r = 0.6), Zn bound Mn
(r= 0.6), Zn bound As (r= 0.6), Zn bound Al (r= 0.65).
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4.2. Metal analysis: PCA

The two first PCs explain 79.2% of the total variance in the original
dataset (Fig. 4). Fecal samples from paleomiddens 5, 7, 9, 10, 13 and
14 (see Table 1 for codes and sites) are grouped along the positive
PC1 axis and closer to the variables Pb, As, Mo, Zn, Cu, Ni, and Cr,
where Zn and Cu present the highest concentrations, and Cd the lowest
(Table 2). This group contains mostly middens collected along peren-
nial rivers (i.e., either the Loa or Salado rivers) although two middens
came from the Aiquina and Tuina ranges. In contrast, the modern ro-
dent middens (Nos. 1 and 2 in Table 1) along with paleomiddens 3, 4,
6, 8, 11, 12, 15 and 16 are all grouped along the positive edge of the
PC2 axis and closer to the variables Ca, Mg, Ba, K, Na and Se, showing
a low trace metal content. All of these middens come from the ranges
that flank the eastern Calama Basin and collected above 3000 m ASL.

Paleomiddens closer to PC1 could possibly be further separated into
two “subgroups”. Ni, Cr, Cu, Mo, B, Co and V are the major contributors
that separate paleomiddens 5, 13 and14 from the rest of themiddens. Ex-
cepting the paleomidden RLO-306 (collected along the Loa river) the
other two middens are from the ranges that lie on the eastern side of
the basin. Other discriminating elements include Li, Fe, Ti, Al, Zn, As and
Pb, which were the major contributors for separating out middens 7, 9
and 10, all of which were collected along perennial rivers. Finally, mid-
dens 1, 2, 3, 4, 6, 8, 11, 12, 15 and 16were separated from the rest mostly
by the variables Ca, Mg, Ba, K, Na, and Sr and formed a sub-group of mid-
dens that were relatively free of heavy metal contamination.

4.3. Statistical and canonical correspondence analysis

Twenty-four metals and semimetal and four types of plant lifeforms
were analyzed from twenty-four rodent middens from two sites dating
to the last 16,000 years using a CCA to assess the correspondence (if
any) between these variables (Fig. 5a and b). The CCA biplot (Fig. 5a)
shows that “Cerros de Aiquina” site (CDA) is linked to high contents of



Fig. 4. Biplot for heavy metal concentrations measured in fecal pellets from 16
paleomiddens spanning the last millennia from the eastern Calama Basin. Axis PC1
explains 51,06% of the total variance, and axis PC2 explains 28,12% of the total variance.
Both PC1 and PC2 explain 79,2% of the total variance in the original dataset and
considering the outliers of the total content. Se, Cr, Ni, Co, V, B, Mo, Ba, Cu, K, Na, Li, Ca,
Sr, Mg, Ru, Zn, Cd, Mn, As, Pb, Al, Fe and Ti were used to generate the PCA. Paleomiddens
largely grouped into hillslope (orange) or valley (green) habitats. Numbers 1 to 16 corre-
spond to paleomiddens from the youngest to the oldest respectively: 1 (CDA 517A), 2
(CDA 592), 3 (EHT 469C), 4 (CDA 616A), 5 (RLO 306), 6 (CDT 440D), 7 (RES 353), 8
(EHT 463C), 9 (RES 356A), 10 (QAQ 348), 11 (EHT 454Y), 12 (CDT 401), 13 (CDA 506X),
14 (CDT 440C-2), 15 (EHT 469C) and 16 (EHT 454X).Fig. 3. Correlation matrix for fecal rodent midden data (p = 0.05) shows the covariance

between metals without considering the outliers for 16 paleomiddens dated to the last
1000 cal yr BP and collected from the central Atacama Desert. Each cell shows the correla-
tion between two variables, blue indicates a positive correlation coefficient statistically
significant, and red indicates a negative correlation coefficient (or an inverse correlation)
statistically significant. “X” indicates uncorrelated variables, which means covariance is
zero. Note the high degree of correlation among heavy metals, alkali metals and alkaline
earth metals.
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heavy metals, such as Co, Cr, Mo, Ni, Zn, As, Cu, B and Se, and less asso-
ciated with alkali and alkaline earth metals, whereas the “El Hotel” site
(EHT) shows a uniform distribution among all the variables. The Biplot
of CCA (Fig. 5b) shows that Cactaceae more associated with heavy
metals, such as Co, As, Cr, Mo, Ni, B, Zn, Cu, and Se and less associated
with alkali and alkaline earth metals, whereas perennial herbs are
linked to Cu, Zn, B. In contrast, annuals and shrubs appear to be unaf-
fected by the metal variables.

4.4. Heavy metals changes at El Hotel over the last 16,000 years

Nineteen metals and semimetals from twenty paleomiddens span-
ning the last 16 ka at the site El Hotel were analyzed for heavy metal
composition (Fig. 6). Eight heavy metals were identified as heavy
metal contaminants (As, Cd, Co, Cu, Cr, Pb, Ti and Zn). Cd was present
in the lowest concentrations (trace metal) (Duffus, 2002) in all of our
paleomiddens whereas Al was the most concentrated. For almost
every heavy metal analyzed in middens that date to the last 1000 cal
yr BP (including those from other sites) the concentration of heavy
metals was higher than those that date either to the late Pleistocene
or the early Holocene (between 16 and 9 ka). Of the twenty-fourmetals
analyzed from the El Hotel paleomiddens, Rb, Ba, Fe, Al, Ti, V and Co all
peak at 5.2 ka. In contrast, Mo, K, Cr, Ni, Mg, Li, Mn, Na, Sr, B and Ca all
peak in the last 1000 years, specifically between 600 and 700 cal yr
BP. Interestingly enough, Pb, Cu and Zn peak between 9000 and
11,000 cal yr BP, but all three heavy metals also show major increases
in their concentrations in the last 100 cal yr BP, overcoming on average
the “natural” concentrations exhibited over the last 1000 cal yr BP. Cd
and As are the only heavy metals that show their highest levels in the
last 100 cal yr BP. A particular case is Se, which shows several peaks at
different times in the timeline.
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4.5. Plant diversity changes at El Hotel over the last 16,000 years

Thirty plant taxawere identified from32 rodentmiddens from the El
Hotel site, most to the species level (Fig. 7, Table 3). The lowest number
of taxa present in any given paleomidden was two (EHT 466-A, 15.47
ka) and the highest was fifteen (EHT 384-A, 13.28 ka and EHT 383,
9.27 ka). The distribution of taxa composition breaks out into two
large groups, with a large gap in the record from 9.27–1.12 ka to
which only two middens were dated (8.36 ka and 5.16 ka). The first
group includes paleomiddens dated to the late Pleistocene and Early
Holocene (between 15.87 and 9.27 ka), which on average (6.3 taxa),
have greater species richness (especially annuals and extralocal Puna
and Steppe taxa) than the second group, which includes all the Late Ho-
locene middens. These much younger middens, all dated to the last
1100 cal yr BP to the present, contain lower taxa richness (average of
5.5 taxa), are dominated by local Prepuna and Puna shrub species and
steppe or other extralocal taxa are absent. Based on present distribu-
tions, midden species richness and presence of extralocal taxa, we esti-
mate that periods from 15.87–15.37, 13.28–10.57, 9.38–9.27 and
1.12–0.77 ka were on average wetter than today whereas middens
dated to 14.84, 13.07, 9.65–9.51, 8.36, 5.16 and from 0.67–0.6 ka were
on average periods as dry or drier than today (compared to midden as-
semblages present at 0,1 ka BP).

5. Discussion

5.1. Spatial distribution of trace metal pollution over the last 1000 years

Over the last 1000 years, paleomiddens from perennial river valleys
(i.e., RLO, RES andQAQ sites) overall showed a stronger associationwith
heavymetal concentrations (Pb, As,Mo, etc.) than those that came from
our hillslope sites (e.g., EHT, CDA and CDT sites) (Fig. 2). It is a well-
known fact that the Loa river is highly enriched with As, and that it's
tributary the Salado river is partly fed by the “El Tatio” geyser field,
the geothermal waters of which also have a high As content. Overall,
thewholewater in the basin is very saline and highly enriched inmetals
such as B and Li (Romero et al., 2003). Alternatively, we speculate that
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the major N-S and E-W trending valleys could be acting as upwind dis-
persal corridors for dust compared to the hillslope sites.

Our correlation analysis shows a positive correlation between heavy
metals (Fig. 3), indicating that these covary with each other. This result
suggests that heavymetals tend to appear in groups and not separately,
indicating the likelihood of certain specific unions that could be gener-
ated within a living organism (plant). Plants tend to accumulate trace
metals in the roots and transfer them to the shoots (Voutsa et al.
1996) and some trace metals can also reduce the uptake for other
trace elements (Verdejo et al. 2016).

Our results further show that rodent middens from Cerros de
Aiquina (CDA 616A, CDA 517A, and CDA 506X) were considerably
more contaminated by heavy metal pollution (Zn, B, Cu, Cr, Mo, Ni
and Co) than the other middens. This result suggests a clear connection
between heavy metal concentrations and a site-specific effect. On the
other hand, three of the four middens were collected in a small range
which is located at c. 3150 m ASL (Fig. 1) and directly faces the Calama
Basin to the west and is thus directly exposed to wind dispersion and
Fig. 6.Heavymetal concentrations (As, Cd, Co, Cu, Cr, Pb, Ti andZn)measured by ICP-MS in20 ro
yr BP. All concentrations are in ppm (μg/g).
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wet/dry deposition. Indeed, our biplot analysis (Fig. 4) shows two
groups, one grouped along the positive PC2 axis and closer to the vari-
ables Ca, Mg, Ba, K, Na and Sr, showing a low content of heavy metals,
so we can assume that this group of rodent middens are not contami-
nated by heavy metals, and a second group of rodent middens along
the PC1 axis closer to the variables Pb, As, Mo, Zn, Cu, Ni, Cr, and there-
fore these rodentmiddens appear to be contaminated. Nevertheless, the
variables that appear to drive this division into two groups are Ca, Mg,
Ba, K, Na, and Sr, all of which are naturally abundant in the Atacama
Desert.

Of the nine heavy metals selected as the most important in terms of
environmental pollution (Cu, Cr, Zn, As, Pb, Cd, Ni, Co and Mo) (see
Table 2) only Cu shows elevated concentrations (90,52 μg/g dry wt) in
the modern rodent midden (CDA 517, Table 2). Other heavy metals
(As, Cd, Co, Cr, Pb, Ni, Mo and Zn) do not show this same temporal
pattern. At first glance, this could be due to an increase of major mining
activities in the area (e.g., Chuquicamata). Midden CDA 517A was col-
lected in Mesozoic conglomerates, which often contain intrusive rocks
dentmiddens only from the ElHotel site in theAtacamaDesert spanning the last 16,000 cal



Fig. 7. Vegetation changes from the El Hotel (EHT) site spanning the last 16,000 cal yr BP based on twenty-eight plant taxa identified frommacrofossils obtained from 32 rodentmiddens.
Annual (green) and perennial (black) taxa are shown for reference. The relative abundance scale is 0 (absent), 1 (very scarce), 2 (rare), 3 (common), 4 (abundant) and 5 (dominant).

B.D. Vargas-Machuca, N. Zanetta-Colombo, R. De Pol-Holz et al. Science of the Total Environment 775 (2021) 145849
as clasts in their parent material. These may be contributing to elevated
Cu concentrations as intrusive rocks are rich in heavymetals such as Cu,
Cr and Co.

Finally, Cactaceae appear to be more prevalently associated with in-
creased heavymetals versus annuals in our paleomiddens (Fig. 5b). The
abundance of cacti appears to be especially associatedmorewith Co, Cr,
Ni, B, Cu, Se, Zn and Mo for instance. Furthermore, Cactaceae are natu-
rally bio-absorbent of metals mainly through their cladodes and exten-
sive root systems (El Hayek et al., 2017).

5.2. Major trends in heavy metal pollution

As a general rule, heavy metal pollution measured in our rodent
middens from the Atacama follows major trends that are mostly main-
tained over time (Fig. 6). From the most abundant to the rarest; among
them: heavy, semimetal and abundant metal; their levels are Al > Fe >
Ti >Mn> Sr > Ba> B> Zn> Li > Cu>Ni > Rb>Mo>As> Cr > Co>
Se > Pb > Cd (see Appendix A for all data). Specifically, regarding heavy
metal contaminants from the most abundant to the rarest these are Zn
> Cu > As > Cr> Co> Pb > Cd. Certainly, one of themajor contributors
of the observed levels of heavymetals are likely theplants present in the
paleomiddens. Among these, one of the most important species was
Atriplex imbricata (Fig. 7), a shrub known to accumulate several metals
such as B, Cd, Mo and Se (Watson et al., 1994; Lutts et al. 2004; Tapia
et al. 2011). Another not less important source is the type of rock, and
volcanic rocks and geothermal activity are very abundant in the Andean
precordillera and in the Andes themselves (Queirolo et al. 2000;
Romero et al., 2003).

A recent study of the content of heavy metals in the flora of Negev
desert, Israel (Sathiyamoorthy et al., 1997) showed that the ranges of
concentrations of Zn, Cu, Fe, Mn, Cd, Pb and Ni in plants were lower
or, in the cases of Cu, Fe and Mn, much lower when compared to the
concentrations reported here. For example, Cu in the Negevwas around
20 μg/g, Fe was between 48 and 3020 μg/g and Mn was between 3 and
109 μg/g, but in the Atacama, our plant derived rodent pellets exhibited
concentrations for Cu that exceeded 90 μg/g, for Fe 8308 μg/g and forMn
itwas 512 μg/g. Indeed, Cu andMnconcentrations found in ourmiddens
exceed toxic levels for plants (Al-Jaloud et al. 1994). On the other hand,
in a study from the Antarctic Peninsula Celis et al. (2012) measured
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trace metals from penguin excrements that show high concentrations
of 0.75 μg/g for Pb, 1.68 μg/g for Cd, and 0.5 μg/g for As, compared to typ-
ically low metal concentrations (<10 μg/g) seen in others bird feces
sampled from non- contaminated places (Beyer et al. 1997, Mateo
et al., 2006, Martínez-Haro et al., 2010). Compared to these concentra-
tions, our pellets from middens show much lower levels of As, Pb and
Cd. For instance, Cd is considered highly toxic at 5–10 μg/g but in our
paleo-middens analyzed we measured between 0.05 and 2.02 μg/g,
well below toxicity. Likewise, for Pb the toxic level is 10–20 μg/g and
the paleo-middens measured showed between 0.7 and 2.34 μg/g.
When compared to similar environments, such as the Negev Desert,
the Atacama Desert appears to be polluted for Cu, Mn and Fe (Table 2
and Fig. 7). Yet when comparing ancient fecal pellets with other pellet
studies, the Atacama Desert appears not to be polluted for Cd, Pb, and
Ni (Table 2).

5.3. Temporal patterns of trace metal contamination over the last 16,000
years at El Hotel – the key role of vegetation and climate change

We compared plant lifeforms and two specific sites with metal con-
centrations using a CCA (Fig. 5a & b). The first Biplot of CCA (Fig. 5a)
clearly shows that the “Cerros de Aiquina” (CDA) shows site-specific ef-
fects regarding heavy metal pollution over the last 16,000 years,
whereas the “El Hotel” site does not. This spatial shift between CDA
and EHT could be due to local surface erosion difference through the
last 16 ka perhaps driven by climate (Avdievitch et al. 2018), or some di-
rect effect by dust or water vapor from the “El Tatio” geyser at the CDA
site. The second CCA biplot (Fig. 5b) shows that the presence of
Cactaceae is strongly related to variations in the content of heavy
metals. These variations are further linked to changes between dry
and wet phases in the Atacama Desert over this same time period.
Cactaceae were much more abundant during arid events (often being
some of the only plants capable of persisting on the landscape) and
are associated with elevated heavy metal concentrations in our
paleomiddens. Under this scenario, the heavy metals such Cr, As, Co,
Cu, Ni, Se, Zn, B, andMowould bemore common,whereas alkali and al-
kaline earth metals would be less so. During wet periods, however, all
metals (heavy and alkaline) tend to increase their concentrations for
all the plant lifeforms. We further point out the possibility of shifting



Table 3
List of the 30 plant taxa identified from rodent midden macrofossils collected at El Hotel,
Antofagasta Region.

Taxon Family Life forma Remains identified

Angiospermae
Aloysia deserticola Verbenaceae Shrub Seeds, leaves
Adesmia Fabaceae Shrub Seeds, leaves, spines
Atriplex imbricata Chenopodiaceae C4 shrub Leaves, fruits, flowers
Baccharis tola Asteraceae Shrub Achenes, leaves
Bouteloua simplex Poaceae Annual C4 grass Florets
Chorizanthe
commisuralis

Polygonaceae Annual Fruits

Chuquiraga
atacamensis

Asteraceae Shrub Leaves, achenes

Cistanthe spp. Portulacaceae Annual Seeds, leaves
Cristaria spp. Malvaceae Annual Seeds
Cryptantha spp. Boraginaceae Annual Nutlets
Echinopsis
atacamensis

Cactacea Perennial Seeds

Enneapogon
desvauxii

Poaceae Annual C4 grass Florets

Ephedra breana Ephedraceae Perennial Seeds, stems
Fabiana sp. Solanaceae Perennial Flowers
Hoffmannseggia
doelli

Caesalpiniaceae Perennial herb Seeds

Poaceae Poaceae Perennial herbs Panicles, leaves and
other remains

Krameria lappacea Krameria Perennial shrub Fruits, seeds
Lepidium sp. Brassicaceae Summer annual Silicules (fruits)
Solanum chilense Solanaceae Perennial shrub Seeds
Maihueniopsis
camachoi

Cactacea Perennial herb Seeds

Cumulopuntia spp. Cactacea Perennial herb Seeds
Munroa spp. Poaceae Annual C4 grass Florets
Brassicaceae Brassicaceae Annuals and

perennial herbs
Leaves, seeds

Parastrephia
quadrangularis

Asteraceae Shrub Stems

Senecio Asteraceae Shrub Phyllaries
Schkuhria
multiflora

Asteraceae Summer annual Achenes

Tagetes multiflora Asteraceae Summer annual Achenes
Tessaria
absinthioides

Asteraceae Shrub Achenes

cf. Conyza chilense Asteraceae Annual Achenes

a Based on classifications in Arroyo et al. (1998), Marticorena et al. (1998), Squeo et al.
(1998), Luebert and Gajardo (2000), Saiz et al. (2000), Latorre et al. (2002) and Latorre
et al. (2003).
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dust sources during these major climate changes as another element
that needs to be further assessed.

The variability ofmetals over the last 16 ka (Fig. 6) shows that Al is a
chemical element that is always present in high concentrations, imply-
ing that it is a naturally abundant element in the Atacama. The Calama
basin has a string of dormant and active volcanoes to the north and
east and these are known as Al sources (Seaward and Richardson
1990). In contrast, other heavy metal contaminants vary considerably
in their concentrations over the same time. Nevertheless, our findings
regarding the high concentrations of Pb, Zn, As and Cd may suggest a
possible anthropological footprint specific to the “El Hotel” site during
the last 100 cal yr BP.

Concordantly, our plant taxa identified (Table 3) show that during
the same period, middens contained higher richness of annual and pe-
rennial taxa depending on climate (Fig. 7). Rainfall for the most part
drives plant richness in Atacama plant communities, especially along
the extreme hyperarid margins of the absolute desert (Latorre et al.
2002, 2005; Díaz et al., 2019). Our paleomidden series shows this
same overall pattern as Late Holocene middens exhibit lower taxa rich-
ness compared to those from the late Pleistocene (Latorre et al. 2002;
Díaz et al., 2019). This is likely due to amuch drier and likelywarmer cli-
mate during the Late Holocene compared to the large shifts in temper-
ature and precipitation that occurred in the late Pleistocene in the
Atacama during the “Central Andean Pluvial Event” or CAPE that is
10
dated from 18 to 9 ka (Quade et al. 2008; Placzek et al. 2009). Indeed,
the conspicuous lack of records from 5 to 2 ka and between 8 and 6 ka
BP could be due to extremely arid climates that would have been
unfavorable for either plants or rodents. In contrast, the El Hotel
paleomiddens dated between 16 and 9 ka BP during the CAPE have
greater species richness and amuch larger proportion of extralocal spe-
cies, indicative of more favorable climate conditions. Paleomiddens
dated between 670 and 600 cal yr BP have much reduced richness and
very few extralocals, likely driven by the onset of extremely hyperarid
conditions at the onset of the Little Ice Age.

The abundance of either perennials or annuals appear to highly in-
fluence metal concentrations in the paleomiddens. Paleomiddens
dated from the last 1000 cal yr BP (Fig. 6) show lower levels for Co,
Cu, Cr, Ti, B, Li, Mn, Ni, Sr than those from the last 10 ka BP, and the
only difference between these periods of time is the presence of more
annuals such Cryptantha spp., Cistanthe, Hoffmannseggia doelli, Cristaria
and Enneapogon desvauxii in the youngermiddens (Fig. 7). This possibly
suggests evidence for bioaccumulation for these species. In any case, the
dominance of either annuals or perennials on the landscape have im-
portant contributionswith regards to the establishment of natural base-
lines for metal concentrations.

By combining our estimates for past climate change (based on vege-
tation changes) and the metal contamination index (Fig. 8) we see that
anomalously high values occurred not only during the last millennium,
but also at c. 5.1 ka and c. 10 ka. The major contributors to the high
anomalies at c. 5.1 ka were As and Co, whereas the major contributor
to the positive anomaly at 10 ka was Cu. The highest positive anomaly
at 0.7 Ka is due to elevated amounts of Zn, Pb, As, Cd, Cr, Cu and Co.
Based on our vegetation assemblages, all of these anomalous values cor-
respond almost exclusively with periods as dry or drier than today
(shading in Fig. 8). This implies that a link exists between elevated
heavy metal concentrations and arid periods during the Holocene.
Some exceptions due occur to this pattern, however. For example, atyp-
ically high anomalies due to elevated amounts of Cd and Pb also occur in
a midden dated to the last 100 years (e.g., circa 1855 CE) but plant as-
semblages show slightly wetter or similar climate to today. Gradual
(or abrupt) unroofing or erosion of natural ore deposits could be an ad-
ditional source of trace metals as these could contribute to changes in
local dust composition. Yet, the El Hotel middens come from ignimbrite
and are not close to any known ore deposits (Fig. 1). So, any changes in
dust composition at this site likely reflect regional changes. Neverthe-
less, past peaks in trace metals in other midden series such as those
from CDA, where metal ore deposits are much more common could in-
deed reflect this possibility. We thus remain cautious regarding the
overall extent of these patterns andmore Holocene (andmodern)mid-
dens will need to be analyzed before these explanations can be either
confirmed or rejected.

6. Conclusions

In summary, we provide strong evidence that paleomiddens can be
used as bioindicators for heavy metal pollution in the Atacama Desert
by measuring heavy metals in rodent fecal pellets. As these fecal pellets
are composed mostly of plant matter (Latorre et al. 2002; Díaz et al.
2016) our analyses are indirectly testing the quality of the soil over
time and show that many heavy metals and metals appear to be natu-
rally present in high concentrations in the Atacama environment. We
found that the content and concentrations of heavy metals are linked
to the dominant plant life forms present on the landscape and thus to
overall long-term climate change, that drives plant community compo-
sition (Díaz et al. 2019).

Paleomiddens from the late Pleistocene and Early Holocene during
the CAPE have greater species richness, a co-dominance of both annuals
and perennials andmuchmore heterogenousmixes ofmetal (both trace
and alkaline) concentrations. In contrast, paleomiddens from the last
millennium have slightly lower taxa richness, are typically dominated



Fig. 8. A contamination index based on average z-scores of measured As, Cd, Co, Cu, Cr, Pb, Ti and Zn concentrations from three paleomiddens dated to the last 100 yr (or “industrial pe-
riod”), compared to 20 paleomiddens spanning the last 16,000 cal yr BP from El Hotel (or “preindustrial”). The timing of wetter periods (blue shading) and drier periods (red shading) as
compared to the present were estimated from midden floras.
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by perennials and exhibit higher levels of heavy metals especially in the
youngest middens. One of the more significant findings to emerge from
this study is that most of the heavy metals are positively correlated to
one another, with some metals such Cu and Mn exceeding toxic levels
at present, and that the concentration of Al is elevated during the entire
period analyzed and thus appears to be a natural contaminant present in
the central Atacama Desert.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145849.
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