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1. Introduction

Metallurgy was initiated at least three millennia ago in the
central Andes (Aldenderfer et al., 2008; Cooke et al., 2008a, a),

ABSTRACT

Copper, silver, and gold exploitation has been a foundation of economic and socio-cultural development
of Andean societies, at least for the last three millennia. The main centers of pre-colonial metallurgy are
well-known from archeological artifacts, but temporal gaps inherent in this record handicap a finer
understanding of the modalities of ore exploitation by succeeding civilizations. A continuous record over
time of trace metals emitted during ore smelting operations make lake sediments excellent candidates to
fill those gaps. Two millennia of metallurgy were reconstructed from atmospherically derived metals
together with lead (Pb) isotope ratios in two dated sediment cores from Lake Titicaca. The first evidence
for metallurgy is found during the apogee of the Tiwanaku state (AD 800-1150), with a higher copper (Cu)
accumulation that can be attributed to the smelting of local Cu ores, based on Pb isotopic fingerprinting.
During the Late Intermediate Period (AD 1150-1450), recorded peaks in metal deposition that persisted
for ~ twenty years show that mining activities were intensive but discontinuous. Pb isotope ratios
suggest diversified extractive activities, mainly located in the southern part of the central Altiplano.
Finally, the most intense mining epoch began during the Inca Empire (ca. AD 1500) and lasted until the
end of the Colonial Period (AD 1830), with unprecedented metal deposition over this interval. Pb isotope
fingerprinting shows that mining operations occurred mainly in the Lake Titicaca and Potosi areas and
were responsible for metal emissions recorded in the entire Altiplano, as evidenced by other studies.

which has some of the richest metal deposits in the world.
Archeological studies have reported a sophisticated precolonial
metallurgy mostly developed around copper (Cu) alloys
(Lechtman, 1984). Silver (Ag) and gold (Au) were also extracted
for the production of ritual and ornamental objects, which
played a role in the formation of states (Delaere et al., 2019) and
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in the prestige economy, because precious metals were not
monetized prior to Spanish contact (Cesareo et al., 2011;
Schultze et al., 2016).
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Within the Andean area occupied by pre-Columbian civilizations,
Lake Titicaca is one of the most emblematic sites. It is the original
place of the Tiwanaku civilization (AD 600-1150) and was occupied
afterward by the Inca (AD ~1450 to 1532). Located on the southern
shore of the lake, the monumental eponymous site of Tiahuanaco
required large quantities of metals for its construction [e.g., tools and
architectural cramps (Lechtman, 2003)]. The Tiwanaku Period, also
called the Middle Horizon (ca. AD 600-1150), was an interval when
the copper industry in the central Andes flourished. It also included
the development of tin bronze metallurgy in northern Bolivia and
was contemporaneous with the widespread use of arsenic bronze
metallurgy in nearby southern Peru (Wari Culture) and northwest
Argentina (Lechtman, 2003, 2014).

Before the arrival of the Spaniards, metals were mostly smelted
using wind-drafted furnaces (Cooke et al., 2011), which emitted
metals contained in the ores at local [e.g., Cu, zinc (Zn) and
antimony (Sb)] and regional [e.g., mercury (Hg) and Pb] scales
depending on their respective residence time in the atmosphere
(Buchauer, 1973; Elbaz-Poulichet et al., 2020; Kistler et al., 1987).
Evidence of early regional copper metallurgy in the central Andes
is found in several ice and lake sediment metal records from Bolivia
and Peru, which show distinct Cu and Pb enrichments during the
first millennium AD (i.e., Tiwanaku/Wari - AD 600-1150), the Late
Intermediate Period (AD 1150-1450), and the Inca Empire (Cooke
et al., 2007, 2009b; Eichler et al., 2017; Uglietti et al., 2015). At the
arrival of the Inca (ca. AD 1450), an increase in mining activities
occurred in the Potosi region, with an acceleration after the arrival
of the Spaniards (AD 1532), when silver metallurgy became
predominant, using processing mainly by smelting or by amal-
gamation with mercury (Abbott and Wolfe, 2003; Guerrero, 2012,
2016). Lead isotopes have been used worldwide to fingerprint the
sources of metal ores used in the production of ancient civilization
artifacts (Hirao and Ro, 2013; Macfarlane and Lechtman, 2014;
Weeks et al., 2009; Yener et al,, 1991). In the central Andes, the
strong west to east variation of ore lead isotope ratios, as a function
of their distance from the Peru-Chile trench, allows lead sources to
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be differentiated along the altitudinal ecozonation [i.e., coast, low
western Andean slopes, high Andes, and Altiplano (Aitcheson et al.,
1995; Macfarlane and Lechtman, 2014)]. Thus, previous geo-
archaeological studies have succeeded in identifying the sources of
the ores used to make the artifacts (Macfarlane and Lechtman,
2014).

In view of the current knowledge of historical mining in the
central Andes, this paper addresses the following research
questions and hypotheses (H):

1 What does the record of trace-metal accumulation in the
sediments of Lake Titicaca indicate about the history of metal
mining in the tropical Andes, and the duration and intensity of
regional mining in the successive civilizations that occupied the
region?

H1a. The earliest evidence for mining occurred in the Tiwanaku
Period, when power and trade were first consolidated under a
single polity that extended widely across the region.

H1b. Mining became more extensive and continuous as
population size grew and power became centralized during
the Inca and subsequent Colonial Periods.

2 How did the locations of mining change over time in
association with successive civilizations that differed in their
political structure and technological and material culture?

H2a. Lead isotopic signatures recorded in the sediments of Lake
Titicaca can be matched to different regional ore sources and
used together with archeological artifacts to identify mining
locations.

H2b. The type and location of extracted metals changed
overtime depending on the needs (e.g., constructions, arms,
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Fig.1. Map of the central Andes region in South America (left panels), including major cities and mining areas with main crustal domain boundaries inferred from Pb isotopic

composition; and location of core sampling sites in Lake Titicaca (right panel).



ornaments), and the state of knowledge of ore extraction and
metallurgical techniques.

3 How did metal accumulation differ between wet and dry
intervals over the last two millennia?

H3a. Natural dry deposition can be distinguished from
anthropogenic deposition of metals by estimating particulate
deposition rates during dry periods.

H3b. During dry climate intervals of the last two millennia
(identified by biomarkers of lake-level declines), lead isotopic
signatures allow the distinction between natural and anthro-
pogenic deposition of metals.

2. Background information, materials, and methods
2.1. The central Andes and Lake Titicaca: environmental settings

Lake Titicaca (Fig. 1) is located on the Andean Altiplano; a low-
relief, endorheic basin in the central Andes at an average elevation
of 3800 m above sea level (a.s.L.).

It is situated between the volcanic front to the west and the
fold-and-thrust belt of the Eastern Cordillera of the Andes. Over
much of the central Andes, and especially on the Altiplano,
Miocene-Holocene volcanic and sedimentary deposits (mainly
andesite-rhyolite composition) overlay the basement rocks (Aitch-
eson et al., 1995). Previous studies of Pb isotopes in the central
Andes have identified specific geographical provinces with
different ore Pb isotopic compositions summarized in Fig. 1
(Aitcheson et al., 1995; Davidson and de Silva, 1992; Macfarlane
et al., 1990; Pichat et al., 2014; Tilton and Barreiro, 1980; Worner
et al., 1992). Both the Southern and Central Altiplano host some of
the largest and richest deposits of copper and silver ore in the
world, which have been exploited since at least 3 thousand years
ago (Lechtman, 2014).

Lake Titicaca consists of two nearly separate basins: the
northern basin, named the great lake or “Lago Mayor” (7131
km?; average depth = 100 m; max depth = 285 m), and the southern
basin, named the small lake or “Lago Menor” (1428 km?; average
depth = 9 m; max depth at Chua trough = 41 m). Due to its low
latitude (16 °S) and high altitude (3809 m a.s.l.) location,
evaporation accounts for ~ 90 % of Lake Titicaca’s water output
(Dejoux, 1992) and has led to substantive lake-level fluctuations in
the past (Abbott et al., 1997; Weide et al., 2017). The development
of large expanses of totora sedges on the lake’s shore, which have
been reported to scavenge more than 90 % of terrestrial eroded
particles (Dejoux, 1992), prevent the sedimentation of particulate
material in shallow water to deeper areas of the lake, making the
atmosphere the dominant source of metal pollution in the offshore
portions of the system.

2.2. Sediment core collection

To reconstruct the mining history in the Lake Titicaca region,
two gravity cores were collected during two field campaigns using
a UWITEC corer equipped with 90 mm diameter PVC tubes. The
first core, Chual (S16° 12.917 W68° 46.113, 28 m water depth,
length: 161 cm), was retrieved in the deepest trough of the
southern basin (Lago Menor) in January 2014. The second one, core
IS2 (S15° 57.857 W69° 13.644, 19.4 m water depth, length: 765
mm), was collected in the northern basin (Lago Mayor) in June
2014, to the north-east of the Island of the Sun, near the Tiwanaku
and Inca offerings site of Khoa reef (Delaere, 2017; Delaere et al.,
2019). All details for core splitting and subsampling are given

elsewhere (Guédron et al., 2020, 2017). Briefly, the cores were
collected for the recovery of a well-preserved sediment-water
interface and were subsequently sub-sampled every 0.5-2 cm until
the base of the core for chemical and chronological analyses.

2.3. Chemical analyses

To assess the duration, intensity and location of mining activity
in the region of Lake Titicaca (Hypothesis 1, 2), inorganic tracers
and lead isotopes were measured in sediment subsamples after
acid digestion. The main extracted metals (Cu and Ag) and
impurities present in local ores (Pb, Hg, Ni, Zn, Sb and As) together
with lead isotopes were used to fingerprint the local and regional
metalworking and smelting sources. In addition, refractory
elements (Nb, Rb, Nd, Zr, Ti, Al), thought to be unaffected by
mining activities, were used to calculate mined-metal enrichment
factors. Refractory elements also were used to evaluate the role of
climate on metal accumulation and to distinguish natural dry
deposition from anthropogenic sources (Hypothesis 3). Sediment
volumes of 4 to 8 cm® were sampled, weighed, freeze-dried, and
crushed to obtain a size smaller than 63 pm for all chemical
analyses. Sediment water content and dry bulk density (DBD) were
obtained from the difference in weight prior and post freeze-
drying. All analytical procedures were conducted using ultra clean
techniques (Cossa and Gobeil, 2000) and analyzed in a trace metal
clean HEPA filtered laboratory (ISO 7), using high purity acids
(Fisher, Optima grade) and ultrapure water (Milli-Q system).
Samples were digested with 10 mL of a mixture of pure acids (HF/
HCI/HNOs3,1:6:2), sonicated for 2 h, and heated on a hot-block (120
°C, 4 h) following a published procedure (Guédron et al., 2006)
detailed in Supplementary information (S.I.1).

Major elements (Al, Fe, K, Mn, Mg, S and Ti) were analyzed with
an inductively coupled plasma optical spectrometer (ICP-OES,
Varian 720-ES) within the analytical chemistry platform of ISTerre
(OSUG-France). Trace elements (Pb, Cu, Ag, Ni, Sb, Zn, As, Cd, Cr, Nb,
Nd, Rb) were measured by inductively coupled plasma mass
spectrometry (ICP-MS, Perkin Elmer, NexION 300X) using Sc and In
as internal standards to correct for instrumental mass bias. The
digestion procedure was assessed using certified materials for
marine sediments (IAEA 433 and Mess-3). All elements were
within the satisfactory target recovery of 100 + 15 %, except for Cd,
which exceeded 130 % (Tables S1 and S2 in SI). The analytical
detection limits were well below the measurements of the samples
analyzed. More details are presented in S.I.1a (Tables S1 and S2).

Total mercury concentrations ([THg]) were determined by
combustion and atomic absorption spectrophotometry (S.1.1) using
an AMA 254 analyzer (Altec), following the procedure described in
Guédron et al. (2009). Concentrations obtained for repeated
analyses of certified reference materials (CRMs) never exceeded
the published range of concentrations (IAEA 405: 818 + 17 ng g~!
and MESS-3: 91 + 9 ng g~ ! for THg - Table S1). Elemental
accumulation rates (AR) were obtained from elemental concen-
tration, dry bulk density, and age period covered by each slice.

Lead isotopic analyses (?°4Pb, 2°°pPb, 297Pb, 2°8Pb) were
performed with a multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS, Nu Instruments, NuPlasma HR)
hyphenated with a desolvator nebulizer (DSN-100, Nu instrument)
at a concentration of 20 ppb. In order to minimize matrix effects
during analysis, Pb was extracted and purified with an ion
exchange resin (Dowex 1 x 8, 100-200 mesh, Acros Organics)
according to a conventional protocol (Barre et al., 2018; Manhes
et al.,, 1978; Monna et al., 1997). Thallium (TI; NIST 997) was added
to all samples to correct the instrumental drift (internal standard).
In addition, a standard bracketing method was applied to correct
fractionation effects using an isotopic standard of Pb (NIST 981).
Precision obtained for repeated BCR 482 (lichen) was in good



agreement with certified values (Tables S3b), although the matrix
was not sedimentary. The combination of Tl normalization and the
classical bracketing method provided an analytical precision of
0.018 %, 0.016 %, and 0.029 % for 208/206pb, 207 206pp, and 206/204pp,
respectively. All quality assurance/quality control (QA/QC) are
presented in Tables S3a and S3b.

To characterize climate-induced ecological changes in the lake
that might affect metal deposition and accumulation and lead
isotopic composition (Hypothesis 3), typical organic biomarkers
were analyzed. First, organic biomarkers were extracted using
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)
following the method of Tolu et al. (2015). Briefly, the sediment
samples were pyrolyzed in a Frontier Labs PY-2020iD oven (450 °C)
connected to an Agilent 7890A-5975C GC-MS system. For core
Chual, the sediment samples of units 1, 2, and 3 were analyzed
using a sample mass of 5.0 & 0.5 mg, 2.0 & 0.2 mg and 500 + 50 g,
respectively. For IS2, a sample mass of 2.0 + 0.2 mg was used for
the entire set of samples. A data processing pipeline was used
under the “R” computational environment to automatically detect
and integrate the peaks and extract their corresponding mass
spectra. Peak identification was then made using the software
“NIST MS Search 2” containing the library “NIST/EPA/NIH 2011”
and additional spectra from published studies (Tolu et al., 2015).
Individual data processing was done for the IS2 core and for three
samples groups of Chual core (i.e., one data processing was done
for the lower sediments of unit 1, one for the upper sediments of
unit 1, and one for the sediments of units 2 and 3 together). The
grouping was based on similarity in peaks and baseline between
total ion current chromatograms. All QA/QC and results are
presented in S..1c and table S4. Second, total carbon content
(TC, %), organic carbon content (Corg, %), and their isotopic
composition (8'3C and 8'3Corg, %) in the Chual sediment core
were measured by Cavity Ring-Down Spectrometer (Picarro, Inc.®)
coupled with a Combustion Module (CM-CRDS, Costech, Inc.®)
using previously reported analytical methods, calibration, and
sample preparation (Balslev-Clausen et al., 2013; Guédron et al.,

2019; Paul et al., 2007). The precision of the TC/Corg and §'3C/
813Corg was 0.7 % and 0.2%., respectively for 28 replicates. In core
IS2, organic matter (OM) and carbonates (CaCOs) were obtained by
the loss-on-ignition method (Heiri et al., 2001).

2.4. Geochronological analyses

In the uppermost sediment of both cores, short-lived radio-
nuclides were analyzed at 1-cm intervals to 12 cm depth, using
well-type germanium detectors at the Laboratoire Souterrain de
Modane (LSM) following the procedure of Reyss et al.(1995).

210pp,,, activities were calculated by subtracting the supported

226Ra actjvities. An age model based on short-lived radionuclides
was established with serac R package (Bruel and Sabatier, 2020).

Due to the limited vegetation in this high-altitude ecosystem,
terrestrial organic macrofossils are scarce in the lake sediment,
making biogenic carbonate the best tool for radiocarbon-dating.
Hence, AMS dates were obtained from 19 aquatic gastropods (11
from core Chual and 8 from core IS2) by gas ion source accelerator
mass spectrometry on biogenic carbonate, at Woods Hole
Oceanographic Institution’s National Ocean Sciences Accelerator
Mass Spectrometry facility, and on 2 microcharcoal samples on the
ECHoMICADAS (Environnement, Climat, HOmme - Milcro CArbon
DAting System) at the Laboratoire des Sciences du Climat et de
I'Environnement (LSCE/IPSL). All dates were calibrated for
Southern Hemisphere terrestrial archives using the SHCal13
calibration curve (Hogg et al.,, 2013), with the Southern Hemi-
sphere postbomb curves from Hua et al. (2013) and a 250-yr
reservoir effect for Lago Menor, as used by Abbott et al. (1997)

(Tables S5 and S6). An age model for the whole core was
established with clam R package (Blaauw, 2010).

3. Results and interpretations
3.1. Chronology

For Chual, our chronological framework was established based
on 2!°Pb,, derived sedimentation rate, a '*’Cs peak, and 11
radiocarbon dates. A logarithmic plot of 21°Pb,, activities for Chual
shows a decreasing linear trend interrupted by an instantaneous
deposit between 4 and 6 cm depth, which yields a mean
sedimentation rate of 0.55 mm.yr—!, using the CFCS model
[Constant Flux Constant Sedimentation (Bruel and Sabatier,
2020)]. The age model derived from 2°Pb is in agreement with
the age of the SH maximum weapons test, identified by the *’Cs
peak. The final age-depth model for the entire Chual core (Fig. S1)
is composed of 3 main units, separated by two hiatuses composed
of shell lags, which are dated to between ca. 430 and 1360 BC, and
between ca. 2690 and 5340 BC, respectively. The age model is in
good agreement with the one previously published by Weide et al.
(2017), which was based on 49 radiocarbon measurements. The
average resolution for this model is 22 years per cm for the first 12
cm and 65 years per cm for the next 54 cm (past 4500 yr). Because
the aim of this publication is to generate new insights on the
metallurgical period, only the record of the past ~ 2500 years is
presented. Additional core data are presented in supplementary
information (Figs. S3 and S4).

For core IS2, the short-lived radionuclide signal was only
measurable within the first 3 cm, likely due to low sedimentation
rate in surface sediments. Hence, the oldest resulting age at 3 cm
depth in IS2 was estimated at ca AD 1914 by the CFCS model. The
137Cs profile presented very low values and was not used. However,
radiocarbon ages followed a consistent stratigraphic trend and
enable a consistent age-depth model to be generated between ca.
AD 1250 and 1950, with an average resolution of 5 years per cm
(Fig. S2).

3.2. Cu, Ag, Pb and Hg enrichment factors and accumulation rates

3.2.1. Selection of the conservative crustal element for enrichment
factor calculation

Depth concentration profiles of detrital refractory trace
elements, i.e., Nb, Nd, Rb, Zr, Al, and Ti (Figs. S3 and S4), show
similar variations with depth for the Chua (Chua1) and the Island of
the Sun (IS2) cores, indicating a homogeneous source sustained by
natural weathering inputs.

In order to discriminate between the natural and anthropogenic
origin of Cu, Ag, Pb, and Hg, enrichment factors (EFs) were
calculated following the conventional equation:

EF(X) = ([X]/[rEfraCtory])sample /([X]/[YEfFaCtOFy]) background

EF corresponds to the ratio of the studied element (X) and a
conservative crustal element (Nd) that is not supplied by
atmospheric deposition, which are then normalized to the same
elemental ratios of a reference material, such as the local
geochemical background of the upper continental crust (Eichler
et al., 2017; Guédron et al., 2006). Because the two sediment cores
were not collected in the same sediment facies and do not cover
the same time period, the choice of a common reference for the
conservative crustal element was complex. Indeed, the use of the
average Upper Continental Crust (UCC) values are not necessarily
representative of the regional mineral dust composition, because
fractionation processes can occur during weathering, mobilization,
and atmospheric transport. For both Chual and IS2 cores, the



average elemental value of the deepest sediment unit of Chual
core was used, because it corresponds to the Early Holocene (ca.
6000 BC), when anthropogenic influence is assumed to be
negligible. The sediment core based background [Cu]/[Nd], [Pb]/
[Nd], [Ag]/[Nd] and [Hg]/[Nd] ratios of 0.83, 1.07, 0.027, 0.0012,
respectively, are different from the UCC ratios of 0.96, 0.77, 0.003
and 0.0015, which suggests that the mineral dust composition in
the study region is not represented by mean UCC values. The EF
calculation was repeated using Nb, Rb, Zr, and Ti as lithogenic
elements. The different Cu EFs are in remarkably good agreement,
indicating that the record of the Cu EFs is not dependent on the
lithogenic element chosen (Figs. S5 and S6). The EF of trace metals
are plotted against calibrated ages in Figs. 2 and 3 for both Chual
and IS2 cores collected in Lake Titicaca. Because the cores were
collected in different sub-basins, their background concentrations
differ. The highest values are found in Chua, where the deep trough
favors sediment focusing, whereas in IS2 elemental concentrations
are diluted by the high production of carbonates (Guédron et al.,
2020).

3.2.2. Trends in metal enrichment factors and accumulation rates
Lead isotope ratios also remain stable at values of 38.87 +
0.02%. for 2°8Pb/2%4Pb (N = 11, Fig. 2), which are similar to those of
the Early Holocene background values (EH, 38.86 + 0.04%., N = 42,
Fig. S9), providing evidence that anthropogenic emissions were
minimal before ca. AD 600. The first significant rise in Cu and Ag
EFs and ARs occurs between AD 900 and 1200, i.e. during the
formation of the Tiwanaku state (Fig. 2). In particular, Cu ARs reach
the highest values for the pre-industrial period (considering the
entire core) at ca. AD 950. The increase in Pb EF is synchronous
with the first 2°8Pb/2°4Pb anomaly, characterized by lower

208pp204ph values as compared to the Early Holocene.
In core Chual, trace metal concentrations and EFs are generally
rather stable and low during the Formative Period preceding the
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Tiwanaku Period, i.e., before ca. AD 600 (Figs. 2 and S7). During the
Late Intermediate Period (LI), also called the Decentralized Polities
Period (AD 1150-1450), peaks in Ag, Pb, and Hg EFs and ARs are
found in Chual (Fig. 2) and IS2 (Fig. 3). The weak resolution of the
core Chual during this interval only allows the identification of a
rise in Cu EFs and ARs, and to a lesser extent also Ag and Pb EFs, at
ca. AD 1300.

Consistently, the better-resolved core IS2 (10-20 years per cm)
shows a distinct increase in Ag, Pb, and Hg EFs and ARs at ca. AD
1300, followed by at least two peaks, which last less than 50 years,
coincident with 2°8Pb/2°4Pb anomalies to less radiogenic values
(i.e., pink circles in Fig. 3). At the end of the Late Intermediate
Period, a sharp increase in Cu EF and AR is found in core IS2 at ca.
AD 1400 (Fig. 3), which is not synchronous with any Ag, Pb, or Hg
EFs peaks, nor with any Pb isotope anomaly.

The major increase in the EFs and ARs of all metals is found during
the Inca Empire, and Colonial Period. Such increases are found
synchronously in both cores, with a first inflection during the Inca
Empire, followed by large and long-lasting peaks that reach their
optima during the 18th century, followed by a progressive decline
around AD 1830. These patterns (Figs. 2,3, S7, and S8) are consistent
with other records (sediment and ice cores) of Ag, As, Cu, Pb, Hg, and
Sb from the central Andes (Abbott and Wolfe, 2003; Cooke, 2006;
Cooke et al., 2008b, 2011; Cooke et al., 2013; Guédron et al., 2019;
Uglietti et al., 2015). Surprisingly, Cu EFs and ARs greatly decline in
core IS2, whereas they follow the same trends as other metals in core
Chual. Only Hg shows a slightly different pattern, with a decline
starting at the end of the 16th century, preceding a decline in the
other metals by at least one century.

3.3. Dust deposition periods and Pb isotopes

The Pb isotopic signatures combine two atmospheric Pb
sources, i.e. emissions of mineral dust and of mining or
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metallurgical processing, which are important to disentangle for
interpreting the anthropogenic signal. To account for the mineral
dust deposition in the records of anthropogenic Pb, Nd ARs were
used as a proxy of dust deposition (Fig. 4). To complement this
proxy, dry periods also were identified via the reconstruction of
decreases in Lake Titicaca water levels, which coincide with high
mineral dust deposition in ice cores collected in the region of Lake
Titicaca (Eichler et al., 2017, 2016; Thompson et al., 1998, 1985). To
do so, four different and independently determined proxies were
used: calcium carbonate ARs (CaCOs ARs), 8'3C,g, abundances of
n-alkanes with an odd number of carbon (C) from 25 to 31 (noted
hereafter as n-alkanes C,s_3;), and abundance of chlorophyll
(Fig. 4). Increases in CaCO3 AR were used as a proxy of dry periods,
with higher chemical precipitation of CaCO3 (with increasing
salinity due to evaporation) as well as higher production of
Characeae (favored in saline conditions) in the photic zones of Lake
Titicaca (Apolinarskaa et al., 2011; Baker et al., 2001; Dejoux, 1992;
Guédron et al., 2017). Characeae is a macroscopic green algal genus,
whose photosynthetic activity results in encrustations of CaCOs,
such that its dry mass is often up to ~70 % CaCOs. §">C,,¢ Was used
to track changes in the source of organic matter (OM) to the
sediment, with higher values attributed to Characeae (—10 + 6%.)
and lower values to plankton (—20 4 5%) OM (Cross et al., 2000;
Guédron et al., 2020). Finally, the sum of n-alkanes C,5_3; was used
as a proxy for fresh and deep-water algae, such as the green algae
Botryococcus braunii (Metzger et al., 1989; Theissen et al., 2005).
Although long-chain n-alkanes are a commonly used proxy for
terrestrial organic inputs, green and brown algae also contain these
compounds and represent their main sources in Lake Titicaca
sediments due to extremely low inputs of terrestrial organic
matter; as is evident from the analysis of macro and micro-remains
and the absence of lignin (SI.7 and SI.8). In addition, long-chain n-
alkanes are of low abundances in Characeae (Holtvoeth et al.,
2016). Finally, chlorophyll was used as a proxy for algal

productivity (Rydberg et al., 2020), which could reflect increased
productivity for both freshwater algae and Characeae.

The sediments from the Middle Holocene dry period (Chual
core; Fig.4A) have the highest peak of Nd AR, and they are
characterized by the highest CaCO3 ARs, the lowest abundances in
n-alkanes Cys_3; (i.e., lower proportions of freshwater algal
inputs), and the most positive §'3Co, values (i.e., —15.6 + 3.3%)
indicative of organic inputs from macrophytes. The inspection of
the macro- and micro-remains in the core sediments confirms the
importance of the carbonate fraction, noticeably dominated by
Characeae encrusted thalli and seeds (e.g. photograph of the
sample 52 in Fig. S.11). Together, these proxies clearly demonstrate
that Lake Titicaca was shallower during the Middle Holocene and
was subject to dust deposition events. Interestingly, chlorophyll is
at its highest abundance during the Middle Holocene, probably
because of stronger productivity by Characeae mats when Lake
Titicaca was shallow than by freshwater algae when the level of
Lake Titicaca was high. During the Late Holocene (100 BC to
Present), the CaCO3 ARs are 4-10 times lower than during the
Middle Holocene, the abundances of n-alkane C,s5_3; are ~2-3
times higher, and 813C0rg values are typical for phytoplankton (i.e.,
— 20.0 £ 0.7%.), demonstrating a return to higher lake- levels,
lower Characeae productivity (only on lake shores), and a
dominance of phytoplankton organic matter. Those results are
supported by inspection of macro- and micro-remains, which
reveal the near disappearance of Characeae macrophytes and a
prevalence of green planktonic microalga of Botryococcus braunii
and Pediastrum boryanum (Fig. S11). In core IS2, which covers AD
1300 to Present, CaCO3 ARs are higher by more than one order of
magnitude than in the Chual Middle Holocene sediments, n-
alkanes C,5_3; abundances are 2-3 times lower, and chlorophyll
abundances are similar. Although these results demonstrate the
great difference between the organic-rich sediments of Chual and
the carbonate-rich sediments of IS2 (Guédron et al., 2020), the
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Fig. 4. Record of 2°°Pb/207Pb (triangle up) and 2°®Pb/?°4Pb (triangle down), together with reconstruction of dust deposition/lake water level using CaCO3 AR (black triangles
up) and Nd AR (dark green triangles down), 8'3Co (purple triangles up), and abundances of n-alkanes Cy;_33 (dark red triangles up) and chlorophyll (green triangles down) for
A) core Chual (Lago Menor); and for B) core IS2 (Lago Mayor). Average + 25D 2°5Pb/2%7Pb and 2°8Pb/2°“Pb values of the wet Early Holocene (N = 42) are presented as blue and
grey dashed lines, respectively. MH indicates the Middle Holocene dry period. Other dry episodes identified with increases in CaCO3 and chlorophyll are presented as yellow
shaded bands. The bottom panel of Fig. 4A shows the relative variation in lake level reconstructed from a diatom record collected a few meters away from core Chual in the
Chua trough (Weide et al., 2017) and the dusty dry period recorded in a Illimani Ice core (Eichler et al., 2015).

decrease in Lake Titicaca water level results in higher carbonate
input to sediments at both sites.

On the whole, negative shifts in CaCO3 AR synchronous with
positive shifts in Nd AR and n-alkanes Cps_3; in core Chual indicate
three long-lasting dry events of lower intensity and duration than
the Middle Holocene: two during the Formative Period (AD 250-
500), one during the second half of the Tiwanaku Period (AD 800-
950), and one during the Late Intermediate Period (AD 1100-1400).
In core IS2 (which covers the Late Intermediate Period at higher
resolution), four dry events of short duration (~ 20-40 years) were
identified between ca. AD 1250 and 1420 (Fig. 4B).

This reconstruction of dry periods and events is in very good
agreement with previous reconstructions (Abbott et al., 1997;
Guédron et al., 2018; Weide et al., 2017), enabling an evaluation of
the effect of dust deposition on the Pb isotopic composition.

During the Middle Holocene dry period (light orange symbols;
Fig. 4), both 2°°Pb/2%7Pb (1.182 + 0.001) and 2°8Pb/2%4Pb (38.805 +
0.008) ratios (N = 10) are much lower than during the wet Early

Holocene period (before ca. BC 2500), a period when the average
values are 1.187 + 0.002 (2°°Pb/2°7Pb) and 38.864 + 0.040
(?%8pb/294pPb, N = 42, Fig. 4A). Hence, if the source of dust did
not change over time, lower Pb isotope ratio values would be
expected for dry events over the entire Holocene.

During the Late Holocene, only very small shifts to lower values
for both Pb isotope ratios occurred during the two dry events of the
Formative Period, and no shift was observed for the dry event of
the second half of the Tiwanaku Period. The only important
changes were found for 2°®Pb/2%4Pb, which increases during the
dry event(s) of the late Intermediate Period in both Chual and IS2
cores (i.e., AD 1200-1400, brown symbols in Fig. 4). These results
demonstrate that dust deposition did not significantly affect the Pb
isotopic record of the Late Holocene in the Chual core, except for
the Late Intermediate Period, previously shown to be an interval of
enhanced dust deposition (Eichler et al., 2016). Our results from
the IS2 core further show that 2°8Pb/2%4Pb isotope ratios of the Late
Intermediate dry events shift to more radiogenic values than those



of the dry Middle Holocene and the wet Early Holocene periods,
which suggests a different source of dust for the lake during these
events than during the Middle Holocene.

3.4. Fingerprinting of ore extraction sources with Pb isotopes

For both Chual and IS2 cores, the Pb isotope ratio data from the
pre-mining epoch (i.e., Early Holocene, Middle Holocene, and
Formative Period) plot along a linear trend within the values of the
Province Illa [i.e., Paleozoic sedimentary rocks, Fig. 5A (Macfarlane
and Lechtman, 2014)]. The pre-mining Pb isotope ratios also plot
within the values of the Eastern Cordillera domain (EC; Fig. 5B),
which has the most radiogenic Pb pool [i.e., higher values of Pb
isotope ratios: 2°°Pb/2°‘Pb > 18.6, 2°/Pb/?°Pb < 15.64, and
208pp, 204phy < 38.9; Aitcheson et al. (1995)1. Although Chual and
IS2 Pb isotope ratios follow the same trend, lower values are found
for the Lago Mayor (IS2) compared to the Lago Menor (Chual) core,
indicating less-radiogenic Pb sources in the northern part of the
catchment (Lago Mayor) compared to the southern (Lago Menor)
part of the Eastern Cordillera.

When both the pre-mining and mining epochs are considered,
the Pb isotope data still follow the same linear trend, but the data
of the mining epochs extend from the Eastern Cordillera to the
Northern Altiplano domain (EC and NA, Fig. 5B), illustrating that
the Pb deposited during the mining epochs is composed of
significant Pb sources from both the northern and southern
Altiplano region. Three different Pb isotope anomalies from the
linear trend can be identified, i.e. during (i) the Tiwanaku Period,
(ii) the Late Intermediate Period and (iii) the Inca Empire and
Colonial period.

The Tiwanaku mining Pb isotope anomalies (purple triangles;
Fig. 5) have the most radiogenic 2°®Pb/?°“Pb and 2°°Pb/2°4Pb
values, which fit into the Eastern Cordillera domain, and

207pp204pp ratios that are amongst the lowest values. These
values are similar to those of the host rock of the Cu mines from the
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vicinity of Tiwanaku, which are within the Western Cordillera
domain [Figs. 5B and C (Aitcheson et al., 1995; Macfarlane and
Lechtman, 2014)]. Although only two samples are available for this
interval, our data support previous archeological findings based on
Pb isotopic composition of bronze artifacts (Fig. 5C), which
attributed the source of Cu ores used by the Tiwanaku civilization
as close to its capital city (Macfarlane and Lechtman, 2014).

The Late Intermediate Pb isotope ratio anomalies (pink
symbols; Fig. 5) are in phase with peaks of Pb, Ag, and Hg EFs
(Figs. 2, 3 and 4) and show large variations towards less-radiogenic
Pb values (Fig. 5B).

The Late Intermediate Pb isotope ratio data fit into the Northern
Altiplano domain, which includes the isotopic signature of mines
(Pb, Ag, and Sn) of the Southern Altiplano [e.g., Cerro Rico and
Porco (Miller et al., 2002, 2007)]. These results support prior
conclusions of intense pre-Inca mining in the Potosi region (Abbott
and Wolfe, 2003; Cooke et al., 2008a), but local mining in the Lake
Titicaca region cannot be excluded (Lechtman, 2014; Schultze
et al., 2016, 2009). Furthermore, this period corresponds to a dry
episode (section 3.3) characterized by elevated dust deposition for
which a more radiogenic Pb signature typical of the Eastern
Cordillera domain was observed in core IS2 (yellow bands and
brown symbols; Figs. 4 and 5). The absence of anthropogenic Pb
signatures (recorded with less-radiogenic Pb) during these dry
events suggests that mining activities occurred mainly during
wetter periods or that natural mineral dust deposition during dry
intervals masked the mining and metallurgical processing imprint.

Finally, the largest and long-lasting Pb anomalies are found
during the Inca Empire and Colonial Period with, as for the Late
Intermediate Period, a shift towards less-radiogenic isotope values
typical of the NA domain values, which confirms that the Potosi
region was a major mining area. Our 2°6/2°7pb and 2°8/296pp ratios
also are consistent with available data reported for the Potosi Ag
mining region [i.e., cero Rico ores, Porco mine tailings, and Rico
Pilcomayo sediment - Fig. 5C (Miller et al., 2007)].
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presented.



4. Discussion
4.1. Pre-mining: the formative period (400 BC to 550 AD)

In the Lago Menor (Chual core), no evidence was found for
early Cu pollution (~700 to 50 BC), as was recorded in an ice core
from Illimani glacier and attributed to the Andean Chiripa and
Chavin cultures (Eichler et al., 2017). Nor was evidence found for
early Ag mining (between 40 BC and AD 120) on the northern
shores of Lake Titicaca (Schultze et al., 2016, 2009). The Chiripa
Culture in particular, which developed in the southern side of
Lake Titicaca, is known to have made significant innovations in
metal, ceramic, and lithic technologies (Janusek, 2008). The
volume of metal transformation was assuredly an order of
magnitude lower than during the latter periods (Janusek, 2008),
likely explaining the absence of evidence in the Chual sediment
record. Lead isotope ratios have similar values in the Formative
Period to those of the pre-anthropogenic geogenic baseline
values, suggesting that early mining activities were too distant or
of too small a magnitude to be recorded in the southern Lake
Titicaca basin at that time. The relatively weak resolution of the
Chual record in this interval also would likely mask short-
duration mining episodes.

4.2. Copper mining: the Tiwanaku period (AD 550-1150)

During the Middle Horizon (AD 550-1150), the significant rise
in Cu, Ag, Pb, and Hg EFs between AD 900 and 1200 confirms the
occurrence of important Cu mining activities during the Tiwanaku
Period, as reported in the Illimani ice record (Eichler et al., 2017). In
particular both Cu EFs and ARs reach their highest values for the
pre-industrial epoch during the expansion phase of the Tiwanaku
state (Bandy, 2013; Bandy et al., 2013), known as Tiwanaku V phase
(AD 750/850-1100). The synchronous rise of Sb, Zn, Ni, and As EFs
(Fig. S4) at that time is consistent with extensive use of ternary Cu-
As-Ni alloys for the production of architectural cramps used in
monumental constructions of the capital, as well as for the
fabrication of tools and ornamental objects with a similar
composition as the alloys used in northwest Argentina (Couture
and Sampeck, 2003; Lechtman, 2003). Archeological studies have
reported an active exchange network of llama caravans that carried
goods, perhaps metallic ores, from northwest Argentina to the city
of Tiwanaku (Lecoq, 1987; Nielsen, 1998; Nifiez, 1987). However,
the Pb isotopic study of a large set of bronze artifacts from both San
Pedro de Atacama and Tiwanaku by Macfarlane and Lechtman
(2014) did not show evidence of a Pb signature from the south-
central Andean zone. The peculiar Pb isotope values found in the
Chua1l core are in accordance with their findings, supporting that
the majority of the Tiwanaku ternary bronze artifacts were made
from ores obtained not far from Tiwanaku itself. However, because
the Pb isotopes exhibit much less variation from south to north
than from west to east, one cannot exclude a mixing of Pb isotopic
signatures of Tiwanaku ores with those from mining areas located
in the south (e.g., Pulacayo in the Sur Lipez region), which were
exploited during this epoch and have Pb isotopic signatures close
to those of the Tiwanaku area (Cruz, 2009; Macfarlane and
Lechtman, 2014). Furthermore, the large Cu signal found in our
records could also result from the re-smelting of the metals in the
capital city of Tiahuanaco, in agreement with archeologists who
described the capital Tiwanaku city as a locus of innovation and
experimentation in metalworking throughout its lifespan (Lecht-
man, 2003). Finally, the weak Hg peak during this epoch, as
compared to the following mining epochs, suggests that such Cu-
centered mining activities did not result in intense and regional Hg
pollution, in agreement with the low Hg content of Cu ores with
respect to Ag ores in the Andes (Cooke et al., 2011).

4.3. Late Intermediate period (AD 1150-1450)

After the disintegration of the Tiwanaku state, the peaks in Ag, Pb,
and Hg EFs and ARs during the 13th and 14th centuries found in the
IS2 core testify to the continuity of metallurgy in an intense but
discontinuous manner, characterized by peaks of metal deposition,
each with a duration on the order of twenty years (Fig. 3). The Late
Intermediate Period, also called the Decentralized Policies Epoch or
Altiplano Period, is known as a change in the political landscape of
the Tiwanaku state. Fortified settlements were reported to fracture
this landscape spatially and socially and allowed for increasing
endemic warfare after AD 1300 (Arkush., 2011; Covey, 2012),
followed by Inca conquest ca. AD 1450 (Covey, 2012). The production
of bronze (mostly tin bronze) likely accelerated in the Lake Titicaca
basin (Lechtman, 2003), but intense Ag mining was also reported in
the south-central Altiplano [i.e., Sur Lipez and Potosi region (Abbott
and Wolfe, 2003; Cooke et al., 2011; Cruz, 2009)], which is
considered as the most developed region economically posterior
to the Tiwanaku Period (Cruz and Joinville Vacher, 2008). Our Pb
isotope data support a dominant supply of Pb from this latter region
(i.e., Oruro and Potosi), although significant quantities of dust likely
originating from the Eastern Cordillera region probably diluted this
mining signal during this dry period (Fig. 4). Hence, both the larger
polymetallic pollution (i.e., Ag, Hg, Pb) and Pb isotope signatures
from our Lake Titicaca records support a change or diversification of
mined ores from local to regional point source mining activities.

4.4. Inca and Colonial Ag mining period (AD 1450-1830)

The most intense mining period lasts from the Inca Empire to
the end of the Colonial Period, with increases in all metal EFs, with
ARs for most of them exceeding those of the Industrial Revolution
(Figs. 3 and 4). Such a large and long-lasting mining signal is
consistent with numerous metal records from environmental
archives collected throughout the central Andes (Abbott and
Wolfe, 2003; Cooke, 2006; Cooke et al., 2008b, 2011; Cooke et al.,
2013; Guédron et al., 2019; Uglietti et al., 2015). In both parts of the
lake, our reconstructions of metal EFs and ARs show a first
inflection of metal deposition after the arrival of the Inca (i.e., ca.
AD 1400/1430) in the Lake Titicaca region, followed by a second
one beginning after the arrival of the Spaniards (AD 1532). Metal
EFs and ARs reach their maximum during the 17th century and
then progressively decline until the war of independence at ca. AD
1830. Although many regions of the Andes were mined by both the
Inca and the Spaniards at that time, our Pb isotope fingerprinting
supports that the main source of Pb to the sediment record of Lake
Titicaca originates from the Potosi region, consistent with other Pb
AR and isotopic records from the south-central Andes (Abbott and
Wolfe, 2003; Cooke et al., 2008a; Uglietti et al., 2015). This is also in
accordance with historical and archeological data that have
indicated the Porco-Potosi mining region as the epicenter of
mining during both the Inca and Colonial Periods (Cohen, 2008).
Only Hg shows a slightly different pattern, with a decline starting
from the end of the 16th century, i.e. at least one century earlier
than other metals. Such a pattern is consistent with other Andean
Hg records (Cooke et al., 2009a, 2011, 2013; Guédron et al., 2019)
and is attributed to improvements in the extraction of Ag by Hg
amalgamation, which lowered elemental Hg losses during refining
(compared to smelting) through the formation of calomel, and to
the improvement in the recycling of Hg during the heating stage of
the amalgam (Guerrero, 2012, 2016).

4.5. Andean mining in a global context

Before the arrival of the Spaniards, mining activities in the
Andes developed and rose in isolation from that on other



continents. Because of the absence of intercontinental socio-
economic exchanges, none of the major metallurgic Ages in
Eurasia, e.g., the Roman Empire and the Medieval Periods (Hong
et al, 1994; Longman et al, 2018; Thevenon et al., 2011), are
synchronous with those of the Americas. In addition, the richness
of Andean metal deposits (Sillitoe, 2003) and the non-monetiza-
tion of precious metals also explains why most of the metallurgy in
South America was only centered on the development of
sophisticated copper alloys, silver, and gold metallurgy for
architectural and ornamental needs. In contrast, European
metallurgy rapidly focused on Iron metallurgy (from at least the
first millennium BC), because of very limited resources in Cu, Ag,
and Au and important social, economic, and technological
exchanges within Eurasia (Collis, 2003). In the context of
paleoenvironmental records, the limited interhemispheric mixing
(Slemr et al., 1981) and short residence time of trace metals in the
atmosphere (Elbaz-Poulichet et al., 2020) precluded any evidence
of the mining signal from Andean regions in sites of the Northern
Hemisphere (Engstrom et al., 2014; Osterberg et al., 2008).

At the onset of the Colonial Period, both mining activities and
trading connected South America to Eurasia and shifted the focus
of extractive activities towards Ag and Au. At that time, the mining
signal (i.e., mercury) in environmental records became synchro-
nous in the two hemispheres, as most of the mercury extracted for
the amalgamation of South American silver mines (e.g., Potosi) was
extracted in the Spanish mines (i.e., Almaden) until the discovery
of the Huancavelica mercury mine in Peru (Guerrero, 2012; Nriagu,
1994). Finally, the globalization of metal pollution occurred during
the industrial revolution through the global rise of atmospheric
concentrations in metals, which homogenized the record of metal
contamination at the global scale (Nriagu, 1996).

5. Conclusion

The analysis of the Pb isotopes recorded in the Lake Titicaca
sediments allowed distinguishing amongst the ore bodies that
have been exploited by ancient Andean civilizations. Moreover, the
coupled study of metal accumulation histories has provided an
added value, allowing qualifying and quantifying the evolution of
the mining activities intensity over time. Hence, our study provides
answers to the following research questions raised in the
Introduction:

(1) The accumulation of a range of ore-derived metals in the two
Lake Titicaca cores allowed an assessment of the intensity and
duration of each mining period in the central Altiplano region.
The first evidence for metallurgy was found during the late
Tiwanaku Period (AD 900-1150) and was primarily associated
with the exploitation of Cu ores. During the Late Intermediate
Period (AD 1150-1450), mining activities were more intense
but discontinuous, and attributed to both Cu and Ag mining.
The most intense and continuous mining activities were
recorded during the Inca and Colonial Periods (AD 1450-1830)
and were mainly attributed to Ag mining.

(2) The comparison of our sediment Pb isotopic signature with
those of archeological artifacts and regional ores provides
consistent results supporting that Tiwanaku Cu mining was
centered in the area of Lake Titicaca, whereas during the Late
Intermediate to the Colonial Periods, mining activities were
mostly performed in the south-central Altiplano (i.e., the
southern Potosi region). During the expansion phase of the
Tiwanaku state, most of the metallurgy was devoted to ternary
Cu-As-Ni alloys for monumental constructions of the capital.
In the following Late Intermediate Period, the regional
production of bronze changed to mostly tin bronze in parallel
to the diversification of mined ores, and the development of

mining in the south-central Altiplano. Mining became more
extensive, continuous, and mainly centered in the Potosi
region, as metallurgy was more elaborated, and power became
centralized during the Inca and subsequent Colonial Periods.

(3) Significant climate change during the Late Holocene, including
a relatively long dry episode during the Late Intermediate
Period, resulted in dust depositions that did not significantly
affect the Pb isotopic record, and allowed the differentiation of
mining activities vs natural dry metal deposition during these
periods.

Although a major rise in Cu deposition together with typical Pb
isotopic ratio anomalies were identified, the lack of resolution and
the age-depth model uncertainties in the Chual core do not permit
conclusions on the duration and continuity of the Tiwanaku
mining activities. Further high-resolution studies on the peculiar
Period of Tiwanaku would be of great interest. At the initiation of
state formation and centralization of power on an unprecedented
scale in the Lake Titicaca region, this civilization has extended its
influence over much of the south-central Andes, processes partly
rooted by ore exploitation and advanced metallurgical innovations.
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