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ABSTRACT

Human activities have profoundly altered the biogeochemical cycle of many
elements including mercury (Hg). Since ~1850 AD, industrial processes are
suggested to have led to a 3-fold increase in Hg deposition above natural, pre-
industrial levels. Despite extensive historical evidence for pre-industrial Hg
extraction, there has been little evidence for any pre-industrial Hg pollution. This
dissertation contains five research papers which critically investigate our
understanding of pre-industrial Hg cycling using the geochemical record
preserved in lake sediments.

Pre-industrial Hg pollution has long been hypothesized on the basis of
historical records but has never been proven. Using lake sediment cores from
three regions in the Peruvian and Bolivian Andes, I show that pre-industrial Hg
pollution resulted from a multitude of mineral-extractive activities including: (i)
Colonial (1532-1900 AD) and pre-Colonial (pre-1532 AD) cinnabar (HgS)
extraction (Chapter 2); (ii) Colonial Hg amalgamation (Chapter 3), and; (iii) pre-
Colonial smelting of argentiferous ores (Chapter 4). All three of these activities
resulted in atmospheric Hg emissions, and Hg speciation analyses demonstrate
that at least some of these emissions were transported long distances.

Chapter 5 explores how sediment core chronologies influence the
calculation of pre-industrial Hg accumulation rates (fluxes), and suggests '*C
dates are necessary if accurate Hg flux histories are sought. Relying on *'°Pb

chronologies alone overestimates pre-industrial Hg fluxes, resulting in an



underestimation in the degree to which human activities have altered the natural
biogeochemical cycle of Hg.

The final paper presented here (Chapter 6) places 20"-century Arctic Hg
enrichment in an unparalleled long-term, multi-proxy perspective using two
unique paleolimnological records, both of which are from Baffin Island, Canada.
These records span the Holocene at high resolution but also include sediment
from the last and penultimate interglacials. 20"-century Hg fluxes at both lakes
are shown to be >10 times higher than pre-industrial fluxes, and 20"-century Hg
concentrations are exceeded during both the early Holocene and the early last-
interglacial. These results suggest natural processes are capable of generating Hg

burdens in lakes which exceed those associated with anthropogenic pollution.
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CHAPTER 1: INTRODUCTION

Metals and the environment

Human activities have profoundly altered the biogeochemical cycle of many
metals, and metal pollution is an important environmental issue in many parts
of the world (Kessler, 1994). A common assumption is that large-scale metal
pollution began with the industrial era (~1850 AD). Indeed, between 1930
and 1985, production of chromium (Cr), copper (Cu), nickel (Ni), and zinc
(Zn) increased by 18-, 5-, 35-, and 4-fold, respectively (Nriagu, 1988), and
anthropogenic activities are the most important mobilizing mechanism in the
global biogeochemical cycling of many trace metals (Pacyna and Pacyna,
2001). Thus, there is considerable interest in tracking the trajectory of these
biogeochemical changes, and knowledge about metal pollution histories is
relevant for understanding present-day metal burdens in the environment
(Renberg et al., 2009; Smol, 2010).

The longest observational dataset of atmospheric metal concentrations
typically only span a few decades (e.g., Slemr et al., 2003) making it difficult to
quantify the degree to which human activities have altered key biogeochemical
cycles. Fortunately, natural archives, including lake sediments, can be exploited to
provide data on past environmental conditions including the past biogeochemical
cycling of many elements (Smol, 2008, 2010) (Fig. 1.1). For example,
paleolimnological records can be used to determine pre-disturbance metal
burdens, constrain the range of natural variability in biogeochemical cycling, and
asses the rate, magnitude, and drivers of recent biogeochemical change (Renberg
et al., 2009).

This thesis focuses on improving our understanding of the pre-industrial
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to serve as an exhaustive literature review, decades-
but rather aims to provide the necessary centuries-

foundation for a careful assessment of the
millenia 4

Paleolimnology

papers presented as part of this dissertation.

Fig. 1.1. Conceptual timescale model

. . of the overlap between environmen-
Metal pollution and natural archives tal monitoring and paleolimnology.

Adapted from Smol (2008).

Clair Patterson was among the first to recognize and intensively study widespread
metal pollution within the environment (Patterson, 1965). Patterson’s geochemical
research was initially focused on examining the evolution of the earth. It was
during these efforts, which provided the first accurate estimates of the absolute
age of the earth, that Patterson first recognized that the environment was severely
contaminated with lead (Pb) pollution. The recognition that human activities had
demonstrably altered the global biogeochemical cycle of Pb prompted Patterson
to shift his focus towards quantifying the magnitude and rate of 20"-century Pb
pollution, and documenting its impact on human health and society. Patterson
and his collaborators accomplished this by making, for example, the first reliable
measurements of Pb in aerosols (Patterson, 1965) and in ice cores (Murozumi
et al.,, 1969), and by contrasting Pb burdens within ancient and modern human
skeletons (Ericson et al., 1979).

As the evidence for industrial-era Pb pollution became indubitable,
Hong et al. (1994) and Renberg et al. (1994) used the Pb geochemical records
preserved in an ice core from Greenland and lake sediment cores from Sweden,

respectively, to convincingly demonstrate the existence of widespread pre-



industrial Pb pollution associated with Greek and Roman mining and metallurgy
(Fig. 1.2). These results were later confirmed by measurements of stable Pb
isotopes (Renberg et al., 2002; Rosman et al., 1997) and concentrations of Cu, Zn,
and Cd pollution (Hong et al., 1998) within ice cores from Greenland. Since this
pioneering work, Bindler et al. (2008), have demonstrated that in Europe about
half of the cumulative burden of atmospherically deposited Pb dates to the pre-
industrial era. Collectively, these results have firmly established the existence,
hemispheric nature, and contemporary biogeochemical importance of atmospheric
metal pollution from industrial and pre-industrial metal extraction.

Just as metal mining and pollution have a long history in the Old World,
environmental scientists have recently revealed a long history of metal pollution
associated with New World mining and metallurgy. The Peruvian and Bolivian
Andes represent the cradle of New World metallurgy, and Abbott and Wolfe
(2003) were the first to document atmospheric metal pollution resulting from
pre-industrial New World metallurgy. At Cerro Rico de Potosi, Bolivia, which

was historically the world’s largest
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metallurgy, highlighting the contribution paleolimnological methods can make
towards understanding technological and cultural evolution. Collectively, these
studies in both the Old and New Worlds have firmly established the usefulness of
natural archives in documenting the impact of pre-industrial mining activities on

global biogeochemical cycles.

The global cycle of mercury

Mercury exists in the environment in several chemical species. Gaseous elemental
Hg (Hg") comprises >95% of atmospheric Hg, and has an atmospheric residence
time of about one year (Fitzgerald and Lamborg, 2005; Mason and Sheu,
2002). This long residence time results in the hemispheric homogenization of
atmospheric Hg (Lindberg et al., 2007). Wet deposition of Hg occurs following
oxidation to divalent Hg (Hg?*), though dry deposition (of both Hg?* and Hg")
can also be important (Schroeder and Munthe, 1998). Methylmercury (CH,Hg")
is of the most concern to living organisms because of its high toxicity, and its
propensity to bioaccumulate through food chains.

Mercury exhibits a scientifically challenging biogeochemical cycle
which has been profoundly altered by anthropogenic activities. Natural sources
are currently thought to emit between 21 and 26 Mmol of Hg annually to the
atmosphere, part of which is composed of previously deposited Hg, from both
natural and anthropogenic sources, that has been reemitted and recycled (Lindberg
et al., 2007; Pirrone et al., 2009). Anthropogenic sources of Hg are thought to emit
12-15 Mmol of Hg annually, with the major contributions being from fossil fuel
combustion (~7 Mmol yr'), small-scale gold mining (~2 Mmol yr'), non-ferrous
metals manufacturing (~2 Mmol yr'), and waste disposal (~1 Mmol yr') (Pirrone

et al., 2009). Each of these categories and their respective flux estimates carry a



minimum uncertainty of £30%.

Attempts to model the current global Hg cycle are often juxtaposed with
models of the pre-industrial (i.e. natural) Hg cycle. These pre-industrial Hg
models assume no anthropogenic emissions of Hg to the atmosphere prior to the
industrial era (~1850 AD) (Mason and Sheu, 2002). While there is a great deal of
historical evidence for pre-industrial Hg exploitation (see summary below), there
has been considerable debate about the importance of pre-industrial Hg emissions
for the pre-industrial global Hg cycle (c.f., Camargo, 1993, 2002; Lamborg et al.,
2002; Nriagu, 1993, 1994; Strode et al., 2009). Resolving this debate will afford
us a better understanding of how and to what degree human activities have altered

the global Hg cycle.
Pre-industrial mercury exploitation

Natural deposits of Hg (Fig. 1.3) have been known about and exploited for at least
the last 3500 years, and by the 1* century BC the mercuric ore cinnabar (HgS)
was widely used by the Romans as a pigment (Nriagu, 1979). The development of
Hg amalgamation in New Spain (Mexico) in 1554 AD by Bartonome de Medina
marks the onset of industrial-scale Hg production and the widespread use of

Hg amalgamation to extract silver (Nriagu, 1994). Globally, approximately one

million tons of Hg has been mined since

Mercury ore belt
* Major mercury deposit

~1500 AD (Hylander and Meili, 2003),
and virtually all of the Hg mined before ‘a

1900 AD was exported to the silver ‘.'1"5:';\:;3,‘:

mines of Mexico, Peru, and Bolivia. The

location and approximate start-date of Fig. 1.3. Map of the mercury ore belt

Colonial silver mining for each mine is iléiag::{lolgr?;r% rsysfde erplo 9555: globally.



indicated in Fig. 1.4. New World Hg amalgamation was carried out in large open-
air courts or patios, and thus became known as the “patio process”. The process
itself consisted of five separate operations, which were conducted over a few
weeks to months. (1) The ore was crushed using a stamp, crusher, or Chilean mill.
(2) The crushed ore was then mixed with liquid Hg in a lined pit or arrastra. (3)
Once combined, the material from the arrastra was spread out on the patio in the
shape of a large flat cake (called a torta) to which both magistral (roasted copper
or iron sulfate) and more Hg were added. The ratio of Hg added to silver in the

ore was ~6-8, and the torta was treaded by men, horses, or mules for anywhere

/A

Carribean
Sea

I
1
|
1
|
1
|
1
|
1
S

Numbers below pertain to
Mexico (above)

1 Chihuahua (1703)

2 Parral (1631)

3 Santa Barbara (1587)

4 Rosario (1650)

5 Sombrerete (1558)

6 Zacatecas (1546)

7 Bolafios (1740s)

8 San Luis Potosi (1592)

9 Guadalajara (1543)
10 Guanajuato (1550)
11 Zimapan (unknown)

Hualgayoc (1771)

Cerro de Pasco (1630)
¢_Huancavelica (Hg, 156

Olrjur? 16062)6
otosi (
&

1 Porco (~1606

Castrovirreina (155

San Antonio del

. Nuevo Mundo (1645) 12 Pachua (1552)
f(’)aaﬁc 13 Tlalpujahua (1534)
cean 14 Zumpango (1530)
%g Sultepezc (;i)30)
. Taxco (15
0  km 2000 Atlantic 17 Mexico City

Ocean 18 Tegucigalpa (1530s)
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from 3 weeks to 5 months. In the high-altitude silver mines of the Andes, the
mixture was often heated in large stone tanks called cajones. (4) Once the reaction
was deemed to be complete, the silver amalgam (the pella) was mechanically
separated using large beaters. (5) Finally, more Hg was added to coagulate any
extra Hg and to make the mixture more fluid. Excess Hg was then expelled from
the pella by first squeezing it through canvas bags and then heating it in a retort to
drive off the last remaining Hg.

This patio process of silver extraction remained unchallenged as the
predominant method for silver and gold extraction for over 300 years, and is
still used today in small-scale mining operations (Telmer and Veiga, 2009). The
process was cheap, required only the simplest of tools, could be set up anywhere,
and most importantly required little water and no firewood (Nriagu, 1994).

Losses of Hg occurred at many stages both prior to and during the
amalgamation process. Significant points of Hg loss include: (1) during mining
and retorting of cinnabar (HgS) which supplied the Hg to the silver mines; (2)
during the transport of the Hg to the silver mines (the Hg was carried in leather
bags which often broke), and; (3) at multiple stages during the amalgamation
process itself. Due to its expense and important commercial role, losses of Hg
were closely monitored. Using historical records of Hg production (from the
cinnabar mines) and Hg consumption (from the silver mines), Nriagu (1994)
estimated that between 1580 and 1900 AD Hg amalgamation resulted in the
emission of 257,400 Mg (1283 Mmol) of Hg to the atmosphere. This amount is
nearly identical to the approximately 260,100 Mg (1300 Mmol) of Hg emitted
since 1900 AD by industrial anthropogenic activities. These estimates of
Colonial and modern Hg emissions represent minimum and maximum values,
respectively, because (1) the former assumes that all Hg mined was accounted for
and that losses during amalgamation occurred at a rate comparable to modern Hg
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amalgamation operations when in realty, losses were probably much greater over
the Colonial era; and (2) the latter assumes that anthropogenic activities have been
emitting ~13 Mmol per year to the atmosphere for the entire 20" century, when

in fact, emissions during the first half of the 20™ century were probably much
lower than today. Thus, it seems clear that pre-industrial Hg emissions contained
as much potential, if not more, to influence the global biogeochemical cycle of
Hg. The difference between the Colonial and industrial era Hg emissions is that
the former was spread out over a ~400 year period, while the latter has occurred
in only the past ~100 years. Because of the high volatility of Hg, any deposited
Hg can readily be re-emitted to the atmosphere. Thus, the continued recycling of
this large mass of Colonial Hg emissions may have elevated background levels of

mercury in the global environment.

Pre-industrial Hg emissions and their legacy in natural archives

Following the publication of Nriagu’s (1993, 1994) hypothesis that ancient
mining practices generated substantial Hg emissions, many studies attempted to
exploit the geochemical record preserved in natural archives to ascertain if, and
to what degree, pre-industrial Hg emissions impacted the pre-industrial Hg cycle.
Indeed, a few peat bog cores (Givelet et al., 2003; Martinez-Cortizas et al., 1999;
Roos-Barraclough et al., 2002, 2006; Roos-Barraclough and Shotyk, 2003) and

a single ice core (Schuster et al., 2002) do suggest the presence of pre-industrial
Hg pollution. In the peat cores, pre-industrial increases in Hg content have been
attributed not only to ancient mining and metallurgy, but also to volcanism, and
even biomass burning by Native Americans. However, there are no lake-sediment
records of pre-industrial Hg pollution (Biester et al., 2007). This is despite the fact
that many of the lake core sites are located very near to the peat core and ice core
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collection sites.

The evidence for pre-industrial Hg enrichment in peat cores, and the
lack of any evidence in lake sediment cores, has engendered considerable
debate (e.g., Biester et al., 2007; Lamborg et al., 2002; Lindberg et al., 2007).
Unlike Pb, for which clear increases in [Pb] are confirmed by changes in Pb
stable isotopic ratios, recognizing pre-industrial Hg pollution in peat cores has
not been straightforward, and has relied upon distinguishing between natural
and anthropogenic Hg contributions from the peat geochemical record. Various
methods have been suggested, including normalization to bromine (Br) and
selenium (Se) (Givelet et al., 2003; Roos-Barraclough et al., 2002, 2006; Roos-
Barraclough and Shotyk, 2003; Shotyk et al., 2005), and simple averaging and
subtraction of background (natural) Hg concentrations (Martinez-Cortizas et al.,
1999). However, Biester and colleagues (Biester et al., 2002, 2003, 2006, 2007;
Martinez-Cortizas et al., 2007) have demonstrated that Hg retention in peat is
strongly dependent on the degree of peat humification, which in turn depends on
climate and the depth of the local water table (Ise et al., 2008; Martinez-Cortizas
et al., 2007). Furthermore, many elements (including Br) display a linear or
near-linear correlation with the degree of peat humification (Y. Hermanns and H.
Biester, unpublished data). Thus, the reliability of peat as a faithful archive of pre-
industrial Hg pollution seems questionable.

Ice cores may prove to be more reliable archives of pre-industrial Hg
pollution than peat cores, but published ice core Hg profiles are limited to the
Upper Fremont Glacier in Wyoming (Schuster et al., 2002) and a short firn core
from Greenland spanning <70 years (Fain et al., 2009). The Upper Fremont
Glacier record does preserve a significant increase in Hg deposition during the
19 century, which the authors attributed to Hg use in gold and silver processing

in the United States. However, we know little about the processes which govern



Hg retention in ice, especially over centennial (or longer) time scales, making firm
conclusions from a single ice core difficult.

Despite the above-mentioned peat and ice core evidence for pre-
industrial Hg emissions, previous investigations using lake sediment cores have
revealed no evidence for any preindustrial Hg pollution (Heyvaert et al., 2000;
Lamborg et al., 2002; Pirrone et al., 1998). The South American Andes had not
been investigated systematically previously, despite the fact that they were the
center of pre-industrial Hg use. My dissertation utilizes lake sediment records
from the Peruvian and Bolivian Andes to test the hypothesis that intensive pre-
industrial Hg use generated local- to regional-scale Hg pollution in the Andes. By
establishing the existence or lack of pre-industrial Hg pollution in the Andes, we
can then expand out to other regions to track the impact of these emissions at the

extra-regional, hemispheric, and global scale.

Lake sediment reconstructions of Hg deposition

Unlike peat deposits, lake sediments are faithful recorders of past Hg
accumulation. For example, using a unique collection of varved sediment cores
collected annually since 1971, Rydberg et al. (2008) were able to track the burial
and possible diagenetic alteration of Hg (as well as a wide range of other proxies
including: %C, %N, and %S, and C and N isotopes). The authors demonstrated
that even after 40 years of burial within the sediment there was negligible
diagenetic alteration of the Hg geochemical record. Moreover, sediment Hg
remained stable despite significant loss of both C (~30%) and N (~40%) over the
same period (Gilman et al., 2008). A similar conclusion was reached by Lockhart
et al. (2000) using well-dated sediment cores recovered from lakes in British
Columbia with known histories of industrial mercury input. Collectively, these
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studies have demonstrated that lake sediments reliably archive Hg with little
diagenetic alteration.

There have been many lake-sediment studies aimed at quantifying the
degree of industrial-era anthropogenic impact on the biogeochemical cycle of
Hg. Swain et al. (1992) were among the first when they used sediment cores from
seven lakes located in Minnesota and Wisconsin to show that Hg deposition to
terrestrial environments had increased by a factor of ~four over the past ~100
years. Since then, many lake sediment cores have been collected and analyzed
from across North America. Collectively, these cores suggest an approximately
three-fold increase in the rate of Hg deposition since the industrial revolution (see
Biester et al., 2007; Lucotte et al., 1995; Muir et al., 2009 and references therein).

Despite this relatively large body of research, most studies completed
to date have focused on reconstructing the rate and magnitude of change in Hg
deposition during the industrial era. These studies have relied upon short *'°Pb-
dated lake cores from the Northern Hemisphere. There is a paucity of multi-proxy
studies aimed at investigating natural variability in the biogeochemical cycle
of Hg, and only a handful of sites from the Southern Hemisphere. Moreover,
there have been few rigorous attempts to investigate pre-industrial Hg pollution
using well-dated lake cores. The research presented in this thesis has focused
on addressing these key knowledge gaps, with the larger goal of improving our

understanding of the pre-industrial Hg cycle.

Progression of papers

This dissertation represents an investigation into the biogeochemical cycle of Hg
across disparate geographical regions (Fig. 1.4). The evolution of both natural
and anthropogenic drivers of Hg cycling is explored at decadal to millennial
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time-scales. Ultimately, the paleolimnological records presented here represent a
concerted effort to identify and address key knowledge gaps in our understanding

of the pre-industrial biogeochemical cycle of Hg.
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Chapters 2, 3, and 4 collectively make the case that pre-industrial
anthropogenic activity released large quantities of Hg to the atmosphere. The
paleolimnological study presented in Chapter 2, which is co-authored by Prentiss
H. Balcom (University of Connecticut), Harald Biester (Technical University
of Braunschweig), and Alexander P. Wolfe (University of Alberta), utilizes the
geochemical stratigraphies from three lakes located near the world’s second
largest deposit of cinnabar: Huancavelica, Peru. The lake records demonstrate
over three millennia of regional and extra-regional Hg pollution associated with
the mining and processing of cinnabar at Huancavelica. Chapter 3, which is co-
authored by William O. Hobbs (St. Croix Watershed Research Station, Science
Museum of Minnesota) and Alexander P. Wolfe (University of Alberta), builds on
these results by confirming the existence of Hg emissions directly resulting from
Colonial Hg amalgamation. These results are the first to confirm the hypothesis,
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first suggested by Nriagu in Nature over a decade ago (Nriagu, 1993), that
Colonial amalgamation resulted in widespread Hg pollution. Chapter 4, which is
co-authored by Prentiss H. Balcom (University of Connecticut), Charles Kerfoot
(Michigan Technological University), Mark B. Abbott (University of Pittsburgh),
and Alexander P. Wolfe (University of Alberta), makes the case that early smelting
of non-ferrous ores constitute a hitherto now unrecognized but significant source
of pre-industrial Hg emissions. Both Chapters 2 and 3 are previously published
and are reprinted here with permission (Cooke et al., 2009a, 2009b). Chapter 4
has been submitted for publication to the scientific journal Ambio: A journal of the
human environment.

Chapter 5 is a methodological study that uses four lake sediment
cores (two from the Peruvian Andes and two from the east coast of Baffin
Island, Canada) to show that the common practice of relying on ?'°Pb dating to
construct geochronological models of lake sedimentation results in a systematic
overestimation of pre-industrial Hg accumulation rates and an underestimation of
the degree to which humans have impacted the global cycle of Hg. This Chapter is
published in the journal Environmental Science & Technology and is co-authored
by William O. Hobbs (St. Croix Watershed Research Station, Science Museum
of Minnesota), Neal Michelutti (Queen’s University), and Alexander P. Wolfe
(University of Alberta).

Chapter 6 places 20" century Hg enrichment in a long-term perspective
by utilizing two cores collected from the east coast of Baffin Island, Canada.
These two records include the longest Hg record generated to date from the
Northern Hemisphere, spanning three interglacials and one interstadial. Chapter
6 remains unpublished and is co-authored by Prentiss H. Balcom (University of
Connecticut), Alexander P. Wolfe (University of Alberta), and Jason P. Briner
(State University of New York at Buffalo). My role in each of these chapters

13



included designing and performing the research, analyzing and interpreting the

data, and writing the papers.
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CHAPTER 2: OVER THREE MILLENNIA OF MERCURY POLLUTION IN
THE PERUVIAN ANDES

Introduction

Cinnabar (HgS) is the primary mineralogical source of mercury (Hg), and

forms a bright red pigment (vermillion) when powdered. In the Andes, the use
of vermillion is closely tied to that of precious metals, and vermillion has been
recovered in burials of the elite from the first (Chavin) to the last (Inca) Andean
empires, where it was used as either a body paint or a covering on ceremonial
gold objects (Burger, 1992). During the Colonial era (1532-1900 AD), large-scale
Hg mining began in earnest with the invention of Hg amalgamation in 1554 AD
(Nriagu, 1994). For the next 350 years, Hg amalgamation became the dominant
silver processing technique because it allowed for the extraction of silver from
low-grade ores. Nriagu (1993, 1994) estimated Colonial Hg emissions totalled
196,000 tons, averaging ~600 tons yr'; roughly equivalent to current emissions
from China (Wu et al., 2006). Estimates of Colonial Hg emissions represent
minimum values for the region because they only incorporate state-registered
Hg used during amalgamation. Hg emissions associated with early Hg mining
therefore remain entirely unknown. Huancavelica, in the central Peruvian Andes,
served as the single largest supplier of Hg to New World Colonial silver mines,

and thus represents a potentially major source of pre-industrial Hg pollution.

* Previously published material: Cooke C. A., Balcom, P. H., Biester, H., &
Wolfe, A. P. (2009) Over three millennia of mercury pollution in the Peruvian
Andes. Proceedings of the National Academy of Sciences, 106, 8830-8834.
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Materials and Methods

Study region

Huancavelica is on the eastern slope of the Cordillera Occidental in central Peru

(Fig. 2.1). Hg deposits are related to high-grade Cenozoic magmatism intruding

Mesozoic and Cenozoic sedimentary rocks. Cinnabar is the dominant mercuric

ore, and over 90% of historically documented cinnabar production has been from

the Santa Barbara mine, immediately south of Huancavelica (Wise and Féraud,

2005). Frequent cave-ins and extensive Hg poisoning throughout Huancavelica’s

450-year Colonial history have made it one of the most sinister examples of

human exploitation and disastrous mining environments ever documented,

earning it the nickname mina de la muerte (mine of death) (Brown, 2001; Wise

and Féraud, 2005).
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Fig. 2.1. Map of the study region. (A) Map of Peru with study region and loca-
tion of Negrilla. (B) detailed map of Huancavelica region with locations of
Santa Barbara mine, the two study lakes (LY1 and LY?2), and remains of Colo-

nial Hg retorts.

We recovered lake-sediment cores from three lakes to reconstruct the

history of mining at Huancavelica. Two of the study lakes presented here are

named Laguna Yanacocha (hereafter LY 1 and LY?2; Fig. 2.1). LY1 is 10 km

southeast of Huancavelica, while LY?2 is approximately 6 km southwest and is
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directly up-valley from Huancavelica and the Santa Barbara mine. Both lakes are
small (LY'1: 0.03 km?; LY2: 0.05 km?) and relatively deep (maximum depths for
LY1: 14 m; LY2: 11 m) headwater tarns that occupy undisturbed catchments of
0.71 km?and 0.31 km?, respectively. Laguna Negrilla (hereafter Negrilla) is ~225
km east of Huancavelica in the Cordillera Vilcabamba (Fig. 2.1a). There are no
major Hg deposits or mining centres in this latter region. Negrilla is a small (0.06
km?), deep (33 m) headwater lake that occupies an undisturbed catchment of 0.32
km?. Lakes with undisturbed catchments were deliberately targeted to minimize
confounding impacts associated with catchment disturbance, and to maximize
sensitivity to atmospheric deposition of Hg.

Sediment cores were recovered from the deepest part of each lake
using a percussion corer fitted with a 7-cm-diameter polycarbonate tube. Cores
were extruded into continuous 0.5-cm intervals in the field. At all three lakes,
sediment excess >'°Pb activities decline in near-monotonic fashion (Table A.1).
To constrain ages beyond the limit of 2!°Pb, Accelerator Mass Spectrometry
(AMS) “C measurements of discrete carbonized grass macrofossils were
obtained on five samples from LY 1, three samples from LY2, and three samples
from Negrilla (Fig. 2.2 and Table A.2). AMS '“C ages were calibrated using
SHCal04 (McCormac et al., 2004) within Calib 5.0 (Stuiver and Reimer, 1993).
Concentrations of total Hg were determined on a DMAS8OQ direct mercury analyzer.
Measurements of sediment-Hg speciation were done by solid-phase Hg thermo-
desorption (Biester and Scholz, 1997), which produces temperature-dependent Hg
release curves enabling identification of species such as Hg’, matrix-bound Hg,

and inorganic HgS by comparison to reference materials (Fig. A.1).
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Results and Discussion

Sediment Geochemistry
Blank values, average relative standard deviations, and recoveries of standard
reference materials [NRCC PACS-2 (marine sediment, certified value 3040+200
ng g') and MESS-3 (marine sediment, certified value 91+£9 ng g')] associated
with DMAS80 measurements of Hg are presented in Table A.3. Solid-phase
Hg thermo-desorption (SPTD) is an indirect method in which Hg species are
determined by thermal desorption or decomposition temperatures (Biester and
Scholz, 1997). The method has a detection limit of 0.4 pg g' Hg, and a maximum
sample size of ~ 200 mg. In SPTD analysis, the sample is placed in a quartz
furnace and heated at a rate of 0.5 °C s™'. Volatilized Hg compounds are carried
from the furnace with N, 200 ml min, and reduced to Hg’ by thermal reduction
in a quartz tube heated to 800 °C before being analyzed by flameless AAS. This
method produces temperature-dependent Hg release curves that are species- and
matrix-specific. These release curves enable identification of species such as
Hg’, matrix-bound Hg, and inorganic cinnabar (HgS) by comparison to pure Hg
phases and reference materials (Fig. A.1). Quantification of Hg species was made
by peak integration (Biester et al., 2000). Samples volumes used were between
20 and 200 mg dry sediment depending on sediment-Hg concentrations. Relative
standard deviation on replicate measurements of Hg binding forms in sediments
(matrix-bound non-cinnabar Hg compounds and cinnabar) of each sample (n=3-
4) ranged 2.8% to 15.4% (mean 8.0%). Total organic matter was determined by
loss-on-ignition (Heiri et al., 2001). Sediment chlorophyll a was inferred using
visible-near infrared reflectance (VNIR) spectroscopy (Wolfe et al., 2006).
Despite different sedimentation rates (Fig. 2.2), the LY 1 and LY2
geochemical profiles are highly concordant (Fig. 2.3) when plotted on their
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respective age-depth models. For about one millennium prior to ~1600 BC, Hg
accumulation within LY?2 sediment is stable and low, averaging 6+1 ug m yr

!. This represents the natural, background accumulation of non-pollution Hg
within LY2 sediment. The Hg profile of the Negrilla core is somewhat different;
however, background Hg accumulation rates are of similar magnitude (742

ug m? yr') for much of this lake’s early record. Background Hg levels do not
appear to have been reached at LY 1, though Hg accumulation rates of 6 ug m
yr'! are noted in the lowest-most intervals (Fig. 2.3). Thus, we conclude that the
accumulation of natural, non-pollution Hg in these lakes is 6-7 ug m? yr'. While
this range is consistent
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background flux ratios were calculated for each lake (Fig. 2.3).

At both LY'1 and LY?2, dramatic increases in Hg accumulation rates are

initiated ~1400 BC, and by 600 BC both lakes exceed background by ~10-fold

(Fig. 2.3). The accumulation of Hg subsequently decreases in both lakes until
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Fig. 2.3. Lake-sediment
profiles of Hg deposition and
Andean archaeology. (A)
Compilation of central An-
dean archaeology (EIP: Early
Intermediate Period and LIP:
Late Intermediate Period),
and (B) profiles of Hg accu-
mulation rates and flux ratios
for lakes LY2, LY 1, and Neg-
rilla. Two intervals of marked
Hg enrichment are shaded.
Pre-Colonial Hg deposition
peaks during the height of
the Chavin culture, while the
later rise occurs under Inca
and subsequent Colonial
control. This second period
of extensive mining activ-

ity witnessed the long-range
transport of Hg emissions,

as shown by the onset of Hg
deposition to Negrilla, ~250
km east of Huancavelica.
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~1200 AD at LY1 and ~1450 AD at LY2, before increasing once again. By the
mid-16™ century, sediment Hg accumulation rates at LY 1 and LY?2 are enriched
by factors of ~55 and ~70 relative to background, respectively (Fig. 2.3). Only the
latter increase in Hg deposition is preserved at Negrilla, where Hg accumulation
rates rise dramatically ~1400 AD to over ~30 times background. After 1600 AD,
the Hg records for all three lakes are all characterized by Hg accumulation rates
and flux ratios well above background (Fig. 2.3).

The earliest (~1400 BC) rise in Hg at LY'1 and LY2 is characterized by a
3- to 5-fold increase in Hg accumulation (Fig. 2.3), and occurs during a period of
stable sedimentation with respect to both organic and inorganic sediment fractions
(Figs. A.2 and A.3). Consequently, these increases cannot be explained by a
rapid influx of catchment material or enhanced Hg scavenging by organic matter.
Moreover, lake sediment burdens of total Hg are largely unaffected by diagenetic
processes (Lockhart et al., 2000; Rydberg et al., 2008), and represent minimum
estimates of total Hg deposited to a lake surface because of reductive losses
prior to final burial (Southworth et al., 2007). Because we know of no natural
mechanism capable of replicating such large and synchronized increases in Hg
deposition in two adjacent lakes, and given their proximity to a major cinnabar
deposit, we attribute with confidence the early increases of Hg observed at LY 1
and LY?2 to the emergence of regional-scale cinnabar mining at Huancavelica.

Less than 20 km from Huancavelica, the archaeological site of Atalla is the
earliest example of large-scale ceremonial architecture in the central Andes. While
Atalla lacks direct dating and excavation, surface remains suggest the site served
as a regional centre for procuring and distributing cinnabar (Burger and Matos,
2002). Ceramics suggest Atalla dates to the Early Horizon (~800-300 BC), and
was actively engaged in trade with Chavin de Huantar in the Cordillera Blanca
(Burger and Matos, 2002) (Fig. 2.1). Chavin influenced much of the Peruvian
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Andes at its apogee, and represents the cradle of complex Andean culture
(Burger, 2008; Rick, 2004). High-status burials at Chavin de Huantar, as well
as other Early Horizon sites, commonly contain prestigious materials including
gold adorned with vermillion (Burger, 2008; Onuki and Kato, 1993). However,
cinnabar mining at Huancavelica precedes even the earliest radiocarbon dates
for Chavin (Burger, 1992), and therefore must predate the rise and expansion of
Chavin culture.

The rate of Hg accumulation at both LY 1 and LY2 declined during the
subsequent Early Intermediate Period (~200 BC to 500 AD; Fig. 2.3). At LY1, Hg
flux ratios briefly return to background ~200 AD; however, no parallel return to
background is evident at LY?2. This discrepancy likely indicates that watershed-
scale Hg retention times vary between the two lakes. The steady export of
legacy Hg from the catchment of LY2 may be therefore partially responsible for
the maintenance of elevated Hg accumulation during this period. In any case,
cinnabar mining does appear to have continued during the Early Intermediate
Period, though at reduced intensity. While the collapse of Chavin likely curtailed
the demand for exotic goods including cinnabar, highly stratified cultures from
the north coast of Peru, such as the Moche (~100-700 AD) and Sican (~700-1200
AD), may have sustained some level of imperial demand for cinnabar. Burials
of Moche and Sican nobles are some of the richest yet excavated in Peru, and
vermillion is ubiquitous (Shimada et al., 2004). Huancavelica is the likely source,
given the scarcity of other cinnabar deposits in the Andes (Petersen, 1989).

By 800 AD, a brief renewal in cinnabar mining is indicated as Hg flux
ratios increase to 3.5 and 5.5 at LY'1 and LY2, respectively (Fig. 2.3). This
increase occurs during the Middle Horizon (~500 to 1000 AD), and is followed
by larger increases in Hg deposition at LY 1 during the Late Intermediate Period
(~1000 to 1400 AD). The Middle Horizon and the Late Intermediate Period
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witnessed the rapid development and expansion of mining and metallurgy in the
Andes (Cooke et al., 2008; Shimada et al., 1982). During the Late Intermediate
Period, the archaeological site of Attalla appears to have been reoccupied (Burger
and Matos, 2002), suggesting continuation, if not intensification, of local cinnabar
processing. Inca expansion into the central Andes occurred ~1450 AD, and
cinnabar production appears to have increased dramatically under Inca control.
Hg accumulation at LY 1 increases rapidly, (>55-fold), and is matched by the

first increase in Hg at Negrilla, which exceeds background by ~30-fold (Fig.

2.3). The appearance of Hg pollution at Negrilla indicates Inca exploitation of
the Huancavelica cinnabar deposits exceeded all previous cultures, producing a
broadly dispersed legacy of Hg pollution captured by all three study lakes.

Inca mining continued until 1564 AD when the Spanish crown assumed
control, at which time the Santa Barbara mine was established. In contrast to
cinnabar extraction for vermillion, Spanish efforts concentrated on supplying
elemental Hg (Hg") to Colonial silver mines for use in Hg amalgamation. Hg
amalgamation was invented in 1554 AD by Bartolomé de Medina in Mexico,
and is considered one of the most remarkable technological advances of Ibero-
America (Nriagu, 1994). Cinnabar ores from Huancavelica were smelted in grass-
fired, clay-lined retorts (hornos; Fig. 2.1), until vaporization yielded gaseous
Hg’, a portion of which was trapped in a crude condenser and cooled, yielding
liquid Hg". Emissions of Hg thus occurred both during mining, as cinnabar dust,
but also during cinnabar smelting, as gaseous Hg". Historical records of Hg
production at Huancavelica indicate declining Hg output while under Colonial
control, and into the 20™ Century (Wise and Féraud, 2005). At LY1 and Negrilla,
Hg accumulation decreases through the Colonial period, while increasing at LY?2
(Fig. 2.3). The apparent discordance between the Hg profiles appears to support
the suggestion that the watershed of LY?2 continued to export legacy Hg to the
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lake during periods of declining atmospheric deposition, a mechanism which
has also been observed in modern lake systems (Harris et al., 2007). The mine
was permanently closed in 1975 AD, and currently the only mining of Hg at
Huancavelica is artisanal. In response, Hg flux ratios at Negrilla have declined,
and are currently ~4.6 times background in the uppermost sediments (Fig. 2.3).
This level of relative Hg enrichment is in agreement with the vast majority of
sediment-core studies from remote lakes, which collectively suggest an average
increase in global Hg deposition rates of 3-5x background values (Biester et al.,
2007). In contrast, Hg flux ratios at both LY'1 and LY2 in 1975 AD were 105 times
background. While modern flux ratios at LY 1 have declined by ~60% (to 42 times
background), no such decline is recorded at LY2. The elevated Hg accumulation
rates still present at these lakes likely reflect the legacy of over 3,500 years of
regional Hg pollution residing within their catchments.

The mercuric species emitted during Colonial and pre-Colonial
mining activities have direct implications for the size of the impacted airshed.
Atmospheric Hg’ has long atmospheric residence times (~0.5-1.5 years), and
is the most important Hg species at the global scale (Lindberg et al., 2007).
In contrast, oxidized reactive species of mercury can be rapidly scavenged
from the atmosphere, while coarse particulate forms (including cinnabar dust)
predominate in direct proximity to Hg point-sources (Fitzgerald and Lamborg,
2005). Measurements of Hg speciation within LY?2 sediments confirm that major
changes in Hg extractive technology occurred at Huancavelica (Fig. A.1). Solid-
phase thermal desorption reveals two predominant Hg phases: cinnabar and non-
cinnabar (i.e. matrix-bound), which are variably expressed down-core (Fig. 2.4).
During the pre-Inca era, cinnabar was the dominant Hg species in all sediment
samples, averaging 78% of the total sediment Hg inventory. While not precluding
the emission of other species of Hg, these results suggests that pre-Inca Hg
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pollution, while important locally, exerted little influence beyond the range of
particulate dust transport, a conclusion supported by the apparent lack of any
pre-Inca Hg pollution at Negrilla. A progressive decline in the cinnabar fraction
is noted in sediments that post-date ~1450 AD, and the majority of sediment Hg
burdens remain matrix-bound through the remainder of the LY?2 sediment record.
This is despite absolute increases in the concentration of total Hg (Fig. A.3) and
of the fraction that is cinnabar (Fig. 2.4). The onset of long-range transport of
Hg during the Inca hegemony suggests a shift in Hg extractive technology and
associated Hg emissions. Indeed, to transport Hg the ~225 km to Negrilla, at least
some emissions must have been in the form of gaseous Hg? (or possibly reactive
Hg?). In contrast to coarse particulate cinnabar dust, gaseous atmospheric Hg
species can be broadcast atmospherically over far greater distances, can undergo
atmospheric oxidation/reduction cycling, and Hg** can be methylated once
delivered to aquatic systems.

A growing number of cores from remote lakes suggest an approximately
three-fold increase in Hg deposition over the last ~100-150 years (Biester et al.,
2007; Lindberg et al., 2007). These records are predominantly from the northern
hemisphere, and do not reveal any significant pre-industrial Hg enrichment. In
contrast, our results suggest that considerable pre-industrial Hg pollution occurred
in the Andes. The onset of cinnabar mining at Huancavelica ~1400 BC places our
lake-sediment records among the earliest evidence for mining and metallurgy in
the Andes, of comparable antiquity to the oldest known hammered and annealed
objects from well-dated contexts (Aldenderfer et al., 2008). Prior to Inca control
of the mine, Hg emissions appear to have been restricted to the environment
surrounding Huancavelica. Over the past ~550 years however, emissions of Hg

have been transported long distances.
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Fig. 2.4. Measurements of Hg speciation within LY?2 sediment. (A) Plot of rela-
tive percent cinnabar and matrix-bound phases of Hg, and (B) concentration of
Hg as cinnabar down-core. Prior to anthropogenic enrichment a combination of
cinnabar dust and matrix-bound Hg make up the sediment Hg record. During
the height of Chavin mining (~400-800 BC), cinnabar dust was the vast majority
of sediment Hg. Following Inca control of the mine (~1450 AD), matrix-bound
phases of Hg predominate, despite a synchronous rise in the concentration of Hg
as cinnabar. This relationship suggests a shift in the phase of Hg emitted, from
cinnabar dust to Hg’ (or possibly Hg?*). Both would subsequently be available
for oxidation/reduction cycling within the atmosphere, sorption by organic mat-
ter, methylation, and subsequent bioaccumulation within aquatic food-webs.
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CHAPTER 3: LAKE-SEDIMENT GEOCHEMISTRY REVEALS 1400 YEARS
OF EVOLVING EXTRACTIVE METALLURGY AT CERRO DE PASCO,
PERUVIAN ANDES

Introduction

Lake sediments offer the potential to preserve interpretable records of pre-
industrial metallurgical activities. In Europe, lake-sediment geochemistry has been
used to address archaeological questions of metallurgical evolution (Brannvall

et al., 2001; Renberg et al., 1994), while similar efforts are just beginning for the
Andes (Abbott and Wolfe, 2003; Cooke et al., 2008). Our knowledge of the timing
and evolution of Andean metallurgy remains incomplete because of extensive
looting, and over 400 years of mine-site degradation associated with Colonial and
industrial mineral extraction. Lake-sediment archives may potentially contribute
not only to our understanding of the environmental legacy of archaecometallurgical
activities, but also toward identifying patterns associated with the technological
evolution of Andean metallurgy. Cerro de Pasco in the central Peruvian Andes
contains one the most intensively exploited silver deposits in the world. Although
Colonial silver mining in the region is well-known from historical accounts

(e.g. Fisher, 1977), pre-Colonial exploitation patterns remain cryptic at best.
Large-scale Hg mining began in the late 16" century with the development

of Hg amalgamation, a process which facilitated the extraction of silver from
low-grade ores and stimulated large-scale silver production in the New World.

Historical records of Hg production and sale, coupled to known losses associated

* Previously published material: Cooke C. A., Wolfe, A. P., & Hobbs, W. O.
(2009) Lake-sediment geochemistry reveals 1400 years of evolving extractive
metallurgy at Cerro de Pasco, Peruvian Andes. Geology, 37, 1019-1022.
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with amalgamation, suggest that New World Colonial Hg emissions totaled
196,000 tons, averaging ~612 tons/year (Nriagu, 1993, 1994). However, the very
existence of Colonial Hg pollution remains equivocal because natural archives
collected outside the Andes, but in the Southern Hemisphere, show no evidence
for pre-industrial Hg pollution (Biester et al., 2007; Lamborg et al., 2002). The
Andean region itself has not been investigated systematically. Thus, lake-sediment
archives recovered proximal to major amalgamation centers afford a unique
opportunity to not only shed light on the evolution of New World metallurgy, but
also to address long-standing questions regarding the pre-industrial global cycle
of Hg. Here, we utilize a lake sediment core to reconstruct the history of mining
and metallurgy around Cerro de Pasco, which was once the world’s largest silver

mine.

Methods

Study site

Cerro de Pasco is located on the Junin plain in central Peru (Fig. 3.1). Following
Colonial discovery ~1630 AD, it quickly became one of the world’s foremost
producers of silver (Fisher, 1977). Cerro de Pasco, and the numerous nearby
smaller mines surrounding it, exploit rich polymetallic (Pb-Zn-Cu-Ag) ore
deposits, the primary minerals being enargite (Cu,AsS,), arsenopyrite (FeAsS),
aramayoite [Ag(Sb, B1)S, ], argentiferous galena [(Ag, Pb)S], argentiferous

tennantite [(Ag, Cu, Fe) ,(Sb, As),S .], grantonite (Pb,As,S /), sphalerite [(Zn, Fe)

13
S], bismuthinite (Bi,S,) and native silver (Einaudi, 1977, Ward, 1961). Orebodies
at Cerro de Pasco are estimated to have contained over 2x10* tons of silver, 2x10°
tons of lead and 4x10° tons of zinc, with lesser amounts of gold and bismuth

(Peterson, 1965).
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This study is based on a 100 cm sediment core recovered from

Llamacocha (cocha meaning lake in the native Quechua). Llamacocha (11° 4’

S; 75° 48° W; 4190 m elevation) is small (0.08 km?), 14 m deep, and lies within

a pristine, granitic catchment of 1.31 km?. At a distance of ~60 km southeast

from Cerro de Pasco — distal to any known past and present mining activities

— Llamacocha is strategically located to record regional-scale atmospheric

deposition of metals associated with
smelting and amalgamation in the Cerro de

Pasco region (Fig. 3.1).

Core Collection and Chronology

A sediment core containing an intact
sediment-water interface was recovered
using a percussion corer fitted with a 7 cm
diameter polycarbonate tube (Blomqvist,
1991). The core was extruded into
continuous 1-cm intervals in the field, and
the upper sediments were dated using *'°Pb
activities measured by a.-spectroscopy.
The lower-portion of the core was dated
using accelerator mass spectrometry (AMS)

1C age determinations obtained from
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Fig. 3.1. (A) Location map of the study region within Peru. The shaded area
indicates the zone of Cu-Pb-Zn-Ag polymetallic ores, which broadly corre-
sponds to the crest of the Andean cordillera. (B) Location of the study lake in
relation to Cerro de Pasco. (C) Detail of the study lake and surrounding area.



macroscopic charcoal (from grasses) and calibrated using SHCal (McCormac et

al., 2004) within Calib 5.0 (Stuiver and Reimer, 1993).

Sediment Geochemistry

To assess the history of regional mining and smelting activity we analyzed

the concentration of 16 elements using a Perkin Elmer Elan 6000 quadrupole
inductively coupled plasma mass spectrometer (ICP-MS). To ascertain changes
in Pb provenance, stable Pb isotopic ratios were determined using a Nu Plasma
multicollector ICP-MS coupled to DSN-100 introduction system; Tl was used
to correct for mass bias. The relative standard deviation of all Pb isotopic ratios
was <0.1%. Elements were extracted using 1 M HNO, overnight; a standard
extractive method for lake sediments (Graney et al., 1995). Duplicates were run
every 10" sample and were within 5% of each other. Concentrations of total Hg
were determined on a Milestone Inc. DMASO direct mercury analyzer. Blanks,
duplicates, and standard reference materials were run every 10" sample. Blanks
averaged 0.16 ng g''; relative percent difference between duplicates was 11%;
and standard reference materials were within 1% of certified values. To explore
any underlying relationships between the analyzed elements, a correlation matrix
of the centered and standardized sediment geochemical data (21 elements) was
subjected to principle components analysis (PCA) using CANOCO ver. 4.5

software (ter Braak and Smilauer, 1998).

Results

Core Chronology

Unsupported >'°Pb activity declines in near exponential fashion to a depth of ~35

cm (Table B.1; Fig. B.1). The constant rate-of-supply (CRS) model was applied
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to calculate sediment ages and sedimentation rates spanning the past ~100 yr
(Appleby and Oldfield, 1978). CRS sedimentation rates are relatively constant
averaging 74+8 g m? yr' (Table B.1; Fig. B.1). CRS ages were then combined
with the calibrated “C dates (Table B.2) using the mixed-effects model of
Heegaard et al. (2005), which incorporates the age-depth relationship of the dates
while integrating both within-and between-sample uncertainties (Fig. 3.2). The
resulting age-depth model provides a conservative interpretation of available dates
incorporating the two sources of random variability (i.e., dating uncertainty and
variable time elapsed between dated horizons). Accordingly, the age model has
been used to derive metal fluxes from the concentration data, which compensates

for variable rates of sedimentation and facilitates comparisons to other studies

(Fig. 3.2).

Geochemistry
Of the elements measured, Pb and Hg are cornerstones of our interpretations
(though down-core stratigraphies for all elements measured are shown in Fig.
B.2). This is because both are relatively immobile in lake sediments (Gallon et
al., 2004; Rydberg et al., 2008), and furthermore are uniquely representative
of the two predominant ore processing techniques used in the Andes: Pb-based
smelting and Hg amalgamation. Titanium (Ti) is used to represent catchment-
derived lithogenic inputs (Fig. 3.2). For nearly a millennium prior to ~600
AD, the accumulation of Pb is stable and low, averaging 0.07+0.01 mg m yr
!. This represents the accumulation of natural, non-pollution Pb accumulation
to Llamacocha sediment. Indeed, prior to 600 AD, the deposition of Pb and Ti
are significantly correlated (+=0.76; n=35; p<0.001), indicating weathering of
local bedrock within the Llamacocha watershed largely controlled Pb delivery
to the lake. After ~600 AD, the deposition of Pb increases, becomes completely
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decoupled from Ti (+=0.02; n=63), and
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predominant silver-extractive technology at Cerro de Pasco, closely following
Colonial take-over from indigenous metalsmiths (see discussion below).

Further increases in Pb and Hg are noted in Llamacocha sediment during
the 19™ century, and peak values for each metal are reached in 1968 AD and 1942
AD, respectively (Fig. 3.2). Twentieth-century Pb deposition peaks two orders of
magnitude above background levels (Fig. B.2), representing massive enrichment
associated with extensive local mining and smelting activity. This Pb enrichment
is accompanied by sediment isotopic ratios that match closely those of Cerro de
Pasco ores (Figs 3.2 and B.3) (Mukasa et al., 1990; Sangster et al., 2000).

Our interpretation of the geochemical data is supported by the PCA results
(Fig. 3.2). The first PCA axis (hereafter PCA1) explains 61% of the variance
observed within the geochemical data set. Those trace metals which are associated
directly with metallurgical pollution (e.g., Hg, Pb, Sb, As, and Zn) all produce
strong positive loadings on PCA1. In contrast, elements that are attributed to
primarily lithogenic sources (e.g., Ti, Sr, Al, Sc, and Na) produce negative PCA1
loadings. These relationships imply that PCA1 defines a synthetic geochemical
gradient that separates metals delivered to Llamacocha sediments by catchment
processes from those associated with atmospheric deposition. Thus, when
arranged stratigraphically (Fig. 3.2), increasing PCA1 sample scores record the
relative importance of anthropogenic contributions from metallurgical sources to

the overall geochemical record.

Discussion and Conclusions

Given Llamacocha’s proximity to Cerro de Pasco, we attribute the initial increase
of sedimentary Pb flux and the synchronous decline in 2°Pb/?**’Pb ratios to the
rise of smelting in the region. Our chronology suggests this occurred ~600 AD,
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coinciding with the expansion of the Wari Empire out of the Ayacucho valley (Fig.
3.1). The Wari were the largest pre-Inca Empire in the Andes, and maintained
both direct (i.e. occupation) and indirect (i.e. trade) control of the central Andes
until ~1000 AD, when they abruptly collapsed (Isbell, 2008; Moseley et al.,
2005). While there have been few Wari silver artifacts excavated archaeologically,
there seems little doubt from the Llamacocha sediment record that smelting
activity increased steadily during the ~400 yr of Wari influence. However, the
collapse of Wari appears to have carried little consequence for smelting at Cerro
de Pasco, as rates of Pb deposition increase across the cultural transition (Fig.
3.2). This observation suggests that while metallurgy at Cerro de Pasco was
perhaps initiated by the initial expansion of Wari, it was decoupled from the
Empire’s demise.

This subsequent interval covers the expansion and apogee of the Inca
civilization (ca. 14501532 AD), the largest pre-Colonial Empire of the New
World. Due to the low sedimentation rates within Llamacocha at this time (Fig.
B.1), the Inca period is poorly resolved in the record. However, it is during this
interval that 2°Pb/2°’Pb isotopic ratios first fall within the range of Cerro de Pasco
ores (Fig. 3.2). A simple two-component mixing model between end-member
206Pb/2"7PH ratios (1.245 for local bedrock and 1.200 for Cerro de Pasco ore)
suggests that ~95% of the Pb within Llamacocha sediment was derived from
atmospheric pollution from Inca time onwards. Indeed, archaeological research
suggests regional silver production increased under Inca authority, likely driven
by demand from Inca nobility for precious metals as a tribute tax (Costin et
al., 1989). The geochemical record therefore suggests that smelting at Cerro
de Pasco not only occurred continuously, but likely increased progressively,
over the entire pre-Colonial interval captured. Although knowledge of early

extractive technologies remains fragmentary, the Inca are known to have exploited
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argentiferous galena (locally known as soroche) as a flux during smelting,
which was conducted in clay-lined, wind-drafted furnaces called huayras
(Bakewell, 1984). The use of soroche is unquestionably associated with increased
atmospheric Pb emission and recruitment to down-wind lakes (Abbott and Wolfe,
2003), and likely manifested in Pb stable isotopic signatures (Cooke et al., 2007).
The results from Llamacocha therefore suggest that similar technologies may
have been known to metalsmiths from considerably earlier stages of Andean
cultural development.

European discovery of the Cerro de Pasco silver deposit occurred ~1600
AD (Fisher, 1977; Purser, 1971). A large collection of unexcavated Colonial
smelters and grinding wheels — presumably used during Hg amalgamation and
the smelting of Ag-bearing ores — is located in the Chipian valley, <10 km east
of Cerro de Pasco and ~60 km northwest of Llamacocha (Fig. 3.1; Cooke and
Abbott, 2008). The process of Hg amalgamation dominated metallurgy in the
Andes for the next ~400 yr. However, the environmental legacy of this Hg
use has remained, until now, elusive. Nriagu (1993, 1994) estimated that Hg
amalgamation resulted in annual atmospheric Hg emissions on the order of
400-1200 tons. If disseminated globally, these emissions would have resulted
in an average increase in Hg deposition rates between 0.8 and 2.4 ug m= yr'.
Remarkably, the Llamacocha record registers a ~2.3 ug m? yr' increase in Hg
accumulation at the onset of amalgamation, very near to the upper end of Nriagu’s
(1994) estimate. The majority of these emissions likely occurred during the
heating of the Ag-Hg amalgam, and thus was most likely in the form of gaseous
elemental Hg (Hg"). Hg? has an atmospheric residence time of 0.5-2.0 yr, and
is circulated hemispherically (and potentially also globally) (Lin and Pehkonen,
1999). However, lake-sediment archives collected outside the Andes have shown
little evidence for pre-industrial Hg pollution (Biester et al., 2002; Lamborg et
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al., 2002). While resolving this discrepancy will require additional records —
especially from the southern Hemisphere — it is evident from this study that the
Hg amalgamation generated regional-scale Hg pollution.

Around 1800 AD, atmospheric emissions increased dramatically, as
indicated by both Hg and Pb flux data, and the trend of PCAT1 (Fig. 3.2). During
the 19™ century, Cerro de Pasco was producing in excess of 60 tons yr! of pure
silver (Brading and Cross, 1972; Purser, 1971), and during the early 20™ century
construction was completed on the central Peruvian railway. The railway led to
the rapid expansion of mining activities within the Cerro de Pasco region, and the
central Andes in general. The Cerro de Pasco Corporation was founded in 1901
AD, initiating a shift from silver to copper production. By 1905 AD two copper
smelters were in operation (Purser, 1971). Accumulation rates associated with 20™
century mining operations greatly exceed those achieved under Colonial or pre-
Colonial intervals, and Pb stable isotopes indicate virtually all of the sediment-Pb
burden at this time can be attributed to atmospheric pollution (Fig. 3.2). Despite
recent declines, modern accumulation rates of Pb remain 94 times greater than
background Pb accumulation rates. In contrast, recent rates of Hg accumulation
are six times background Hg accumulation rates (Fig. B.2), which falls in line
with remote regions from around northern hemisphere (Biester et al., 2007).

While the silver deposits at Cerro de Pasco are generally believed to
have been discovered by Colonial metallurgists ~1600 AD, the record presented
here documents over a millennium of prior mining activity, at levels sufficient to
deliver air-borne metal pollution ~60 km from the mine site. Given the paucity of
intact pre-Colonial smelting facilities in the archaeological record, lake-sediment
records associated with smelting are of considerable value in reconstructing
ancient metallurgical histories. Furthermore, the sediment record is sensitive
to evolving ore processing technologies, recording the switch from reductive
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smelting in traditional huayras to Colonial Hg amalgamation. Finally, our data
confirm the hypothesis, first proposed by Nriagu (1993, 1994), that Colonial

amalgamation resulted in widespread Hg pollution.
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CHAPTER 4: PRE-COLONIAL MERCURY POLLUTION ASSOCIATED
WITH THE SMELTING OF ARGENTIFEROUS ORES IN THE BOLIVIAN
ANDES

Introduction

The global mercury (Hg) cycle has been demonstrably impacted by humans.
Emissions of Hg are of worldwide concern because of the long atmospheric
residence time (6-24 months) of atmospheric elemental Hg (Hg), which favours
homogenization of atmospheric Hg on a hemispheric scale. Importantly, linkages
between inputs of anthropogenic Hg, especially from the atmosphere, and the
formation of monomethylmercury (CH,Hg) have not been firmly established,

and methylated species of Hg can bioaccumulate through food chains to
concentrations that are potentially dangerous for top-level consumers. Natural
and anthropogenic sources release approximately 5200 and 2900 Mg of Hg
annually to the atmosphere, though natural emissions include the recycling

of some (largely unknown) amount of Hg that was deposited historically. The
most important anthropogenic sources of Hg emissions are thought to include:
fossil-fuel consumption (1422 Mg yr'), artisanal small-scale gold mining and
processing (400 Mg yr'), waste disposal (187 Mg yr'), cement production (236
Mg yr'), and non-ferrous metal manufacturing (310 Mg yr'), though considerable
uncertainty about the absolute magnitude of these emissions exists. Two of these
extractive activities, artisanal gold mining and non-ferrous metal production, have

long histories predating the industrial revolution, raising the possibility that pre-

*Submitted for publication: Cooke C. A., Balcom, P. H., Kerfoot, C., Abbott, M.
B., & Wolfe, A. P. Pre-Colonial mercury pollution in the Bolivian Andes. Ambio:
A journal of the human environment.
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industrial activities generated large-scale Hg emissions.

Pre-industrial emissions of heavy-metals associated with mineral
extraction have been convincingly demonstrated in both the New and Old
Worlds. In Europe, the earliest indications of atmospheric lead (Pb) pollution
date ~500 BC. These early Pb emissions were transported atmospherically across
the Northern Hemisphere, and are registered within ice cores from Greenland
(Hong et al., 1994), lake sediments from Northern Fennoscandia (Renberg et
al., 1994), and peat cores from North-Western Spain (Martinez-Cortizas et al.,
2002). Similarly early pollution signatures have been reported from central China
associated with metal production during the early Han Dynasty (206 BC - 220
AD) (Lee et al., 2008). In the New World, early metal pollution appears to be
limited to the South American Andes, where argentiferous galena [(Pb, Ag)S] was
heavily utilized during smelting as a flux during silver production (400-1000 AD)
(Abbott and Wolfe, 2003; Cooke et al., 2008).

Despite this extensive history of Pb pollution, there is no evidence for
Hg emissions associated with early smelting of non-ferrous ores. Non-ferrous
ores contain Hg as an impurity (Schwartz, 1997; Kerfoot et al., 2002), and the
smelting of non-ferrous ores today constitutes a major source of atmospheric
Hg emissions. The hypothesis therefore emerges that, analogous to Pb, artisanal
mining and smelting of non-ferrous ores may have been a significant source of
Hg to the preindustrial atmosphere. Testing this hypothesis is difficult however,
because (1) the Hg content of non-ferrous ore deposits is poorly constrained, and
(i1) many of the world’s richest ore deposits were exhausted decades, centuries,
or even millennia ago. Here, we address these limitations using lake-sediment
geochemical archives obtained downwind from Cerro Rico de Potosi in the
Bolivian Andes, historically the world’s largest silver deposit. By exploiting the
environmental archive preserved within lake sediments, we infer a temporally
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continuous regional history of Hg emissions associated with the smelting of
world’s richest silver ores. We also present a suite of measurements of [Hg] within
global ore deposits, suggesting that Hg occurs as a persistent trace contaminant in
massive metal deposits. Collectively, our results indicate that smelting of metal-
bearing ores constitute a hitherto now unrecognized and potentially significant

source of pre-industrial Hg emissions to the global atmosphere.

Methods and materials

Study site

Cerro Rico de Potosi (Fig. 4.1) was first exploited by pre-Incan metalsmiths a
millennium ago (Abbott and Wolfe, 2003). Smelting of argentiferous ores was
initially conducted in artisanal wind-drafted kilns called huyaras (Fig. 4.2a),
culminating with the silver riches of the Incan empire. Between initial Colonial
control of the mine in 1545 AD and the introduction of Hg amalgamation in 1574
AD, various phases of metallurgical experimentation occurred, typically involving
the enslavement of indigenous miners and metallurgists by the Spanish crown.

Potosi became the

largest consumer

of Hg globally in

1574 AD when BOLIVIA

*La Paz

(o v

o
Potosi

Hg amalgamation

was adopted at the

20°S

mine (Fig. 4.2b), a

distinction it retained 55°W

for the next ~300 Fig. 4.1. Maps of South America (A) and Bolivia (B)
showing the location of Potosi. The shaded region repre-
years. By the mid sents the extent of the Bolivian tin belt.
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17" -century, the population of Potosi exceeded 160,000 people, making it one of
the largest and most economically important cities in the world. Silver production
at Potosi declined until its eventual abandonment in 1930 AD. As the supply

of silver progressively declined over the 18™ and 19™ centuries, tin production
became increasingly important, and peak tin production, driven by heightened
demand during WWI, was reached during the early 20" century. Mining of silver-
rich alluvium at the base of Cerro Rico, known as pallacos (Bartos, 2000), has

recently been initiated by the Coeur d’Alene Mines Corporation.

Core chronology

In order to assess the history of Hg pollution associated with each stage of
metallurgical development at Potosi, we exploited the well-dated geochemical
record preserved in a nearby lake, Laguna Lobato, situated 6 km east of Cerro
Rico. The Laguna Lobato core preserves a continuous record of sedimentation
spanning the Holocene, and both the core and the age model used here have been
described in detail previously along with geochemical stratigraphies for lead (Pb),
silver (Ag), antimony (Sb), bismuth (Bi), and tin (Sn) (Abbott and Wolfe, 2003).
The chronology for the Laguna Lobato sediment core was developed using ?'°Pb,

137Cs, and '*C radioisotopes.

Sediment geochemistry

New measurements of total [Hg] were determined on each interval in which
sufficient sediment remained from previous analyses. Sediment Hg burdens

were quantified using a DMASO direct mercury analyzer (Milestone Inc.) at the
University of Connecticut, Department of Marine Sciences (EPA, 1998). Blank
values averaged 0.31+0.25 ng g (n=22); recoveries of standard reference material
MESS-3 (marine sediment) averaged 90+2 ng g' (n=18) and were in agreement
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with certified values (919 ng g); and the relative percent difference between

duplicate measurements of the same sample averaged 5.30+0.03% (n=19).

Fig. 4.2. (A) Painting from the Colonial era of smelting operations at Cerro Rico
de Potosi using Incan huyaras (artist unknown). (B) Model of a clay huyara used
to smelt argentiferous ores at the time of Colonial contact. The small slots vented
the kiln, whereas the molten metal was retrieved from the large basal opening.
Ore was introduced from above, onto the fuel. The model was created by the late
Jeanne M. Wolfe (McGill University). (C) A 1584 painting by an unknown artist
of Cerro Rico de Potosi, with trains of llamas transporting ore from the mountain
to one of the amalgamation facilities built to process the ore. The paintings are
courtesy of The Hispanic Society of America.

57



Total Hg pollution burdens for the core were calculated as the product of
sediment dry mass (g m?) and Hg concentration (mg g'). Core intervals lacking
[Hg] data were estimated using linear interpolation between measurements, and
intervals within each cultural period (i.e. Colonial, pre-Colonial, industrial) were

summed.

Global ore geochemistry

Mercury is known to occur in trace amounts in sulfide ores (e.g., PbS),

and can form natural minerals with silver (including arquerite (Ag Hg),
kongspergite [a-(Ag,Hg)] and moschellandsbergite [y-(Ag,Hg)]). However,
direct measurements of Hg content in non-ferrous ores are limited. To assess the
possible larger implications of our results, we measured the Hg content in a suite
of ore samples collected from mines around the world. Ores were grouped into
five broad categories based on primary ore mineralogy: native copper ores, silver
ores, copper-silver ores, zinc ores, and native silver ores.

For world ore comparisons, samples from the Seaman Mineral Museum
(Michigan Technological University) were digested in a Milestone Thos 900
microwave digestor, and analyzed for total mercury by the cold vapour technique
using a Perkin-Elmer Model 5000 and a Perkin-Elmer MHS-10 mercury-
hydride system. For every set of 10 samples, a minimum of two sets of standards
were analyzed, in addition to two procedural blanks and one duplicate sample.
Natural matrix certified reference materials included: Metals of soil/sediment #4
(Ultra Scientific; SRM 2704a) and Buffalo River sediment (National Bureau of
Standards, NIST 1990). Mercury recovery from these reference materials was

96.7+9.0% (n=35).
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Results

Core chronology

The chronology of the Laguna Lobato sediment core has been published and
described previously (Abbott and Wolfe, 2003) and therefore is only summarized
here (Fig. 4.3a). The upper 23.5 cm of the Laguna Lobato sediment core
contained inventories of unsupported 2!°Pb, to which the constant rate of supply
(CRS) model was applied. The resultant >'°Pb age model was verified by matching
peak sediment '¥’Cs activity with the CRS model year for 1963 A.D. Of the nine
calibrated “C dates obtained on plant macrofossils at Laguna Lobato only the
uppermost two are shown here, as they encapsulate the period of interest (the last
~1000 years). Sedimentation rates for the core were calculated as the product of
linear sediment accumulation rates between dated horizons (cm yr') and dry bulk

density (g cm?) (Fig. 4.3b).
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Fig. 4.3. (A) Composite age depth model for the Laguna Lobato sediment core.
Squares represent CRS ?'°Pb dates whereas circles are calibrated AMS '“C dates
with associated 20 error ranges. (B) Down-core sedimentation rate for the La-
guna Lobato sediment core.

59



Sediment geochemistry

Laguna Lobato sediment [Hg] rises dramatically above background ~1100 AD,

in concert with a similar rise in [Ag], and following the initial rise in [Pb] (~1000
AD; Fig. 4.4). These features are not artefacts of variable sedimentation, and are
expressed whether the data is presented as metal concentrations or fluxes. By

1250 AD, sediment [Hg] and Hg flux attain peak values of 2000 ppb, and 325 ug
m? yr'!, respectively. After 1300 AD, and into the Colonial era (1554-1900 AD),
Hg steadily decreases, whereas Pb increases and Ag remains relatively constant at
~100 ppb. While both Hg concentration and flux are characterized by a declining
trend through the Colonial era, both remain elevated relative to background values

([Hg]: >300 ppb; Hg flux: 80 ug m2y").
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Flux rates for all three metals experience a brief increase during the late
19™ century, which is attributable to an increase in sedimentation rates at this time
(Fig. 4.4). During the 20™ century, concentrations and fluxes for all three metals
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decline to their lowest values since enrichment first appeared ~1000 years before

present.

World ore geochemistry

Figure 4.5 and Table 4.1 summarize the [Hg] results for the 109 ore samples
analyzed. There is considerable heterogeneity in [Hg] both between and among
the four groups of ores. Native copper ores and silver ores contain the lowest Hg
concentrations, but span nearly three orders of magnitude in [Hg]. Native silver
ores contain on average the highest concentrations of Hg and are characterized

by the greatest variability in [Hg] spanning nearly four orders of magnitude (0.3-
2548 ppm). The second highest [Hg] measured was on a Ag-rich ore from San
Pedro de Atacama, Chile, which is located <400 km from Potosi. While we lacked
ore from Potosi or even Bolivia, the high [Hg] noted from northern Chile may

suggest regional enrichment of Hg in silver ores from the Andean altiplano.
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Fig. 4.5. Comparison of [Hg] for five types of ore deposits indicating both indi-
vidual measurements and the mean, median, and standard deviation of each group
and the grand mean and median for all samples combined.
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Table 4.1. Summary statistics of Hg concentrations (ppm) within world-wide
ore samples.

Ore type n Max Min Mean S.D.  Median
Native Ag 14 2548.0 0.6 314.5 662.8 93.3
Zn ores 34 872.2 1.6 119.9 235.1 214
Cu-Ag ores 6 230.1 0.9 54.2 88.2 22.9
Ag ores 39 2443 0.3 25.0 43.4 9.9
Native Cu 16 9.4 1.1 4.6 23 52
All ores 109 2548.0 0.3 90.4 11.9 283.3
Discussion

Pre-Columbian smelting at Cerro Rico de Potosi was conducted in wind-drafted
clay furnaces called huyaras, in which galena (PbS) was used as a flux. The first
Columbian conquistadors to visit Potosi recorded the use of both huyaras and
Pb flux by Incan metalsmiths (Bakewell, 1984). The legacy of this technology
is preserved in lake sediment archives surrounding several metallurgical centers
in the Andes (Abbott and Wolfe, 2003; Cooke et al., 2007, 2008). Pb-based
smelting continued to be relied upon to win silver throughout the pre-Colonial
era. Surface ores at Potosi were depleted shortly after the Spanish took control
of the mine in 1545 AD (Craig, 1989), and huyara-based smelting was largely
replaced by mercury amalgamation, which facilitated extraction from lower-grade
ores recovered from subterranean adits (Nriagu, 1994). Mercury amalgamation
continued at Potosi until the early-20" century, when silver mining was largely
abandoned.

The stratigraphies of Pb and Ag in Laguna Lobato sediment reflect volatile
losses of these metals during the smelting of argentiferous galena (Abbott and
Wolfe, 2003). However, [Hg] and Hg flux are highest during the pre-Colonial

era. Enrichment factors (EFs) are unitless ratios in which metal concentrations
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at each interval are normalized to the average background metal concentration,
providing a relative measure of the increase in Hg, Pb, and Ag (Fig. 4.6).
Background concentrations of Hg, Pb, and Ag are 95+19 ppb, 20+4 ppm, and
3147 ppb, respectively. These background concentrations are comparable to the
bulk composition of the upper continental crust (Wedepohl, 1995), suggesting
little pre-industrial enrichment of these metals in catchment soils surrounding
Laguna Lobato, despite its proximity to the world’s largest silver deposit. Of the
three metals presented here, Hg shows the greatest relative increase, with EFs
exceeding 15 during the pre-Inca period of 1100-1250 AD (Fig. 4.6). In contrast,
Pb and Ag EFs remain tightly coupled remaining between 5 and 15 throughout
much of the record, despite the fact that they are characterized by very different

absolute concentrations.
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Fig. 4.6. Temporal evolution of metal enrichment factors (EFs) for Ag
(blue), Hg (red) and Pb (black). Enrichment factors are unitless ratios
calculated by normalizing concentrations from each interval to the average
background metal concentration, taken here to be pre-1000 BC. Background
concentrations of Hg, Pb, and Ag are 95+19 ppb, 20+4 ppm, and 31+7 ppb,
respectively.
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The relatively large pre-Colonial increase in Hg occurs despite the fact
that Pb, not Hg, was involved in the smelting process. At Huancavelica in central
Peru, Cinnabar (HgS) has been mined continuously since ~1400 BC (Cooke et
al., 2009a). Indeed, the early onset of mining at Huancavelica suggests cinnabar
was one of the first minerals to be exploited in the Andes. While the Inca may
have experimented with the heating or retorting of cinnabar (Cooke et al., 2009a),
the early use of cinnabar appears to have been limited to its use as a pigment
(vermillion). We know of no documentary or archaeological evidence to suggest
pre-Colonial use of Hg to facilitate silver extraction. Our preferred interpretation
is therefore that the extensive pre-Colonial Hg pollution present in Laguna
Lobato sediment represents native Hg within the silver ore at Potosi. Hg has a
high vapour pressure and any Hg present as a trace-constituent in the ore would
have been rapidly emitted to the atmosphere during smelting. The highest-grade
surface ores may have exceeded 25% Ag (Craig, 1989), and apparently contained
large amounts of Hg as well. Moreover, total [Hg] within the ore appears to have
changed with time, as Hg EF gradually decreases throughout the pre-Colonial era
(Fig. 4.6).

There is independent support for our suggestion that pre-Colonial smelting
released large quantities of Hg to the regional environment. Cerro Rico de Potosi
is drained by the Rio Pilcomayo, which is the largest river system in southern
Bolivia. To estimate the environmental impact of both modern and ancient
mining activity on the Rio Pilcomayo, Hudson-Edwards et al. (2001) measured
the concentration of Pb, Ag, Hg, and other metals in contemporary and buried
channel deposits and in modern and ancient terraces down the course of the Rio
Pilcomayo. Remarkably, these authors found elevated Hg burdens (but not Pb, Ag
or any other metals) in organic-rich terrace deposits that '“C date to 1220-1435
AD, thus predating the adoption of Hg amalgamation at Potosi. The concentration
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of Hg in these ancient organic-rich units exceeded 5000 ppb, and they contained
the highest Hg levels measured along the Rio Pilcomayo. However, Hudson-
Edwards et al. (2001) were unaware of the long pre-Colonial mining history at
Potosi and therefore lacked an explanation for the pre-Colonial Hg enrichment.
Our new data reconcile these data by suggesting that pre-Colonial mining
activities were a vector for both atmospheric Hg emissions and increased Hg
supply to the Rio Pilcomayo.

The Spanish arrived at Potosi in 1545 AD and immediately took
control of mining at Potosi (Bakewell, 1984). Soon after silver-rich surface ores
were depleted and mercury amalgamation was adopted as the predominate ore-
processing method. Mercury amalgamation was preformed in large open-air
patios and was thus known as patio amalgamation. The patio process allowed
for large amounts of ore, containing as little as 400 g Ag per 1 Mg of ore to be
extracted profitably (Nriagu, 1994). In modern mercury amalgamation operations,

the ratio of mercury lost to silver produced (R g) is commonly between 1.0 and

He/A
1.5 (Pfeiffer and Lacerda, 1988; van Straaten, 2000; Lacerda, 2003). In Tanzania
and Zimbabwe, 70-80% of the Hg lost is emitted to the atmosphere whereas
only 20-30% is lost to tailings, soils, stream sediments and water (van Straaten,
2000). Similar results have been reported from Brazil (Lacerda, 1997). During

the Colonial era, Nriagu (1994) suggested a similar average Ryyyne of 1.5, and that

A
60-65% of the mercury lost was released to the atmosphere. This suggests New
World amalgamation activities released 156,000 Mg of mercury to the atmosphere
and over 250,000 Mg of mercury to the environment Nriagu (1993; 1994).

During the Colonial era, Potosi accounted for 25-50% of the total silver produced
globally (Fisher, 1977), and therefore likely emitted between 50,000 and 100,000
Mg of mercury to the atmosphere. These estimates remain highly conservative

because (1) patio amalgamation likely had a higher RHg As than modern-day
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mining operations, and (ii) some of the silver mined during the Colonial era went
unregistered.

To estimate atmospheric Hg emissions associated with pre-Colonial
smelting we calculated sediment Hg pollution burdens for pre-Colonial, Colonial,
and industrial time periods (Table 4.2). The excess Hg pollution burden represents
the difference between the total inventory of Hg on the lake bottom and the
expected natural inventory, if no anthropogenic Hg enrichment had occurred.
Approximately 70% of the total Hg pollution inventory in Laguna Lobato
sediment predates the adoption of amalgamation. As Hg amalgamation at Cerro
Rico generated a minimum of 50,000 Mg of atmospheric mercury emissions,
our sedimentary Hg record suggests that at least 125,000 Mg were emitted to
the atmosphere during pre-Colonial smelting. While this estimate possesses
several caveats, the largest being that Hg pollution burdens within Laguna Lobato
sediment can be directly related to mercury emissions at Potosi through time, it
remains a conservative estimate because a greater fraction of ore-hosted mercury
would have been emitted relative to amalgamation, where some mercury was

recaptured.

Table 4.2. Average [Hg], Hg enrichment factors (EF), Hg flux, and Hg pol-
lution burdens for different temporal intervals including: Inca and pre-Inca
smelting, Colonial amalgamatioon, and industrial mining.

Hg pollution

Period [Hg] HgEF Hg flux ,

burdens (mg cm™)
Pre-pollution
(pre-1100 AD) % 1 14 - 6
Inca & pre-Inca
(1100-1550 AD) 1049 11 143 69 21
Colonial amalgamation
(1575-1900 AD), 613 6 104 27 20
Industrial 14 ) s . y

(post-1900)

66



Mercury in global ores

Measurements of [Hg] within ores suggest that Hg enrichment in non-ferrous
ores is widespread (Table 4.1; Fig. 4.5). Hg concentrations in the sampled ores
(n=109) average 90.4+11.9 ppm, which is ~1500 times the lithospheric average
of 0.06 ppm (Wedepohl, 1995). However, considerable heterogeneity exists

both within and among ore types, because [Hg] is frequently controlled by
mineralogical variability or local depositional conditions. In a detailed study of
the Hg content of Zn deposits, Schwartz (1997) suggested that the Hg content of
Zn ores also depends on ore type and age. For example, sphalerites (ZnS) from
Proterozoic exhalative deposits contain more Hg than those from Phanerozoic
deposits. However, concentrations of Hg are high in many types of ore (Fig. 4.5),
and Hg occurrences in copper, silver, and gold ores are only beginning to be fully
appreciated (Kerfoot et al., 2002, 2004, 2009). Nonetheless, the existing data

is sufficient to identify a number of consistent trends, such as the consistently
elevated [Hg] of native Ag deposits relative to other ore types (Table 4.1). The
results of [Hg] in global ores suggest that non-ferrous metal smelters may serve
as important point sources for Hg emissions that have, until now, been severely

underestimated in both pre- and post-industrial contexts.

Conclusions

The sediment record from Laguna Lobato near Potosi demonstrates a long history
of New World metal pollution extending back over one thousand years. Most
previous studies have focused on lead, largely because of its immobility in lake,
peat, and ice core deposits, and the utility of lead stable isotopes for fingerprinting
anthropogenic emissions. However, a growing body of evidence suggests
significant and widespread mercury pollution beginning as early as ~1400 BC
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(Cooke et al., 2009a). Early mercury pollution resulted from both the mining of
cinnabar (Cooke et al., 2009a) and the use of mercury in amalgamation (Cooke

et al., 2009b). The results from this study demonstrate that pre-Colonial silver
smelting was potentially a major source of Hg pollution in the Andes. If these
results apply to early silver, copper, and gold extraction elsewhere, as is suggested
by elevated [Hg] in many economic ore types, extensive pre-industrial mercury
pollution may be similarly encountered elsewhere, for example in association
with the Roman Empire in Europe. Consequently, the possibility exists that pre-
industrial anthropogenic mercury pollution inventories have been grossly and

systematically underestimated.
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CHAPTER 5: RELIANCE ON 2'Pb CHRONOLOGY CAN COMPROMISE
THE INFERENCE OF PRE-INDUSTRIAL Hg FLUX TO LAKE SEDIMENTS

Introduction

Human activities have profoundly altered the global cycle of mercury (Hg)
(Lindberg et al., 2007). However, the lack of long-term monitoring of Hg
deposition limits the ability to quantify anthropogenic disruptions to the Hg cycle.
Natural archives, including lake sediment cores, ice cores, and peat bogs, can
provide continuous records of Hg deposition through time (Biester et al., 2007;
Schuster et al., 2002). Lake sediments are thought to be the most reliable archive
of past Hg deposition (Biester et al., 2007), and a growing number of cores record
an approximately 3-fold increase in Hg deposition rates since 1850-1900 AD
(Biester et al., 2007; Muir et al., 2009).

Estimating past Hg fluxes (also known as Hg accumulation rates; typically
ug m? yr') requires two independently derived measurements: Hg concentration
(ug g") and dry mass sedimentation rate (g m? yr'). Quantifying [Hg] in natural
media is well developed and can be crosschecked with standard reference
materials. However, sedimentation rates must be estimated using models of core
chronology, for which uncertainties are propagated to the estimate of Hg flux.
Accurate dating of lake sediments is thus paramount for estimating past Hg flux.

For Hg studies, sedimentation rates are most often estimated using *'°Pb
geochronology (e.g. Biester et al., 2007; Muir et al., 2009). >'°Pb has a half-life

of 22.3 years, and its usefulness as a geochronological tool in paleolimnology

*Previously published material: Cooke C. A., Hobbs, W. O., Michelutti, N., &
Wolfe, A. P. (2010) Reliance on *'°Pb chronology can compromise the inference
of pre-industrial Hg flux to lake sediments. Environmental Science & Technology,
44, 1998-2003.
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is limited to the past 100-150 years (Appleby, 2001). >'°Pb-derived ages and
sedimentation rates for each core interval are typically calculated using either the
constant flux:constant sedimentation (CF:CS) or constant rate of supply (CRS)
models, and the chronology derived depends (at least in part) on the model
selected (Appleby, 2001). The estimate of sediment ages (and sedimentation rates)
beyond the range of 2!°Pb requires either an extrapolation of the *'°Pb-derived
chronology, or the incorporation of additional geochronological tools.
Radiocarbon (**C) dating is the most widely applied geochronometer
for reconstructing environmental change over the Holocene. Accelerator Mass
Spectrometry (AMS) “C dating allows for precise measurements on even very
small sample sizes (~0.05 mg C), and offers the opportunity to target discrete
fractions within sediment horizons (Jull and Scott, 2007). However, AMS *C
dating has been rarely included in paleolimnological reconstructions of past Hg
deposition (see Biester et al., 2007 and references therein), despite the potential
for improving the assessment of sedimentation rates beyond the limit of !°Pb
dating. Here, we demonstrate that relying solely on ?!°Pb chronologies risks
overestimating the rate of natural, pre-anthropogenic Hg accumulation. This in

turn has ramifications for understanding the legacy of anthropogenic Hg pollution.

Methods and materials

Study site

We selected four remote study lakes representing different end members in their
environmental setting and in potential exposure to anthropogenic Hg emissions
(Fig. C.1; Table C.1). The first two lakes, Lagunas Yanacocha 2 (hereafter LY?2)
and Negrilla, are located in the central Peruvian Andes. Both lakes were exposed
to pre-industrial Hg pollution generated by the mining and processing of cinnabar
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(HgS) ore at Huancavelica, Peru (Cooke et al., 2009). A detailed examination of
the pre-industrial mining legacy preserved in both LY?2 and Negrilla sediments
has been presented in detail previously, showing an initial rise in Hg pollution
beginning ~1400 BC (Cooke et al., 2009). These are contrasted with two lakes
from the east coast of Baffin Island, Arctic Canada: Lost Pack and CF8. Surface
cores from both lakes have been described in previous publications (Michelutti
et al., 2005; Thomas et al., 2008). In contrast to the Peruvian lakes, the exposure
of Lost Pack and CFS8 to pre-industrial Hg pollution should have been minimal,

although arctic lakes record 20" century Hg pollution (Muir et al., 2009).

Sediment geochemistry

Total sediment Hg was quantified using a DMAS8OQ direct mercury analyzer
(Milestone Inc., CT), duplicates, and standard reference materials were run
every 10" sample (EPA, 1998). Total organic matter content of the sediment was
determined using loss on ignition (% LOI 550°C) (Heiri et al., 2001). Sediment
[Hg] from LY2, Negrilla, and Lost Pack were determined at 0.5 cm intervals and

0.25 cm in the CF8 core.

Core chronologies

To constrain recent sedimentation, 2!°Pb activities were measured using
a-spectroscopy. Supported 2'°Pb was estimated from the asymptotic activity at
depth (the mean of the lowermost samples in a core), and was subtracted from
total 2!°Pb activity measured at each level to derive unsupported ?!°Pb inventories.
The constant rate of supply (CRS) model was used to calculate sedimentation
rates and the age of each dated interval. Errors associated with >'°Pb dates were
estimated from counting uncertainties (Appleby, 2001). To provide independent
estimates of sediment age underlying excess *°Pb, AMS '“C dates were obtained
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on all cores. In the Andes, carbonized grass macrofossils were dated. Charcoal

is terrestrial in origin and is unlikely to experience long soil-residence times,

and thus is a highly reliable dating target (Brown et al., 2005; Nelson et al.,
2006). For the two arctic lakes, aquatic moss macrofossils were dated; these

have been shown to be appropriate for *C dating in ecosystems containing little
to no terrestrial vegetation (Wolfe et al., 2004). AMS “C dates were calibrated
within Calib 5.0 using the SHCal (LY2 and Negrilla) (McCormac et al., 2004)
and IntCal04 (Lost Pack and CF8) (Reimer et al., 2004) calibration curves and are
unchanged from previous publications (Cooke et al., 2009; Michelutti et al., 2005;
Thomas et al., 2008).

Two age-depth models were subsequently developed for each core. The
first relied solely upon the 2!°Pb chronologies and extrapolation to the core base.
The extrapolation of ?!°Pb dates assumes a priori that a single, long-term value of
sedimentation rate can be derived from ?!°Pb analysis of the upper core intervals
(Appleby, 2001; Binford, 1990). This assumption is usually considered tenable if
profiles of water content, organic matter, and sediment density remain relatively
constant down-core (e.g. Lamborg et al., 2002). Extrapolated sediment ages were
calculated following Binford (1990) using the equation:

t=t+[(m —-m,)+s]
where t is the extrapolated age at depth x in years, t, is the age at the lowest
depth with unsupported *'’Pb, m_is the cumulative mass at depth x in g cm?,
m, is the cumulative mass at the lowest depth with unsupported *'°Pb, and s, is
the 2'°Pb-estimated sedimentation rate. If the sedimentation rate was variable
over the period of unsupported >'°Pb activity, then the lowest sedimentation rate
value was used for s,. A second age-depth model was constructed for each core
using a mixed-effects model (Heegaard et al., 2005). This composite age-depth
model uses the 2'°Pb CRS dates for the past 100 years, and provides a best-fit age

75



estimate for those intervals that are >100 years old. The composite age-depth

model integrates the error associated with each individual date and between dates.

Calculations of Hg fluxes

CRS sedimentation rates and Hg concentrations were used to calculate Hg flux
spanning the past ~100 years. Below the limit of >'°Pb (i.e. below the lower-

most CRS date), Hg flux was estimated using the two different age-depth

models developed for each core. The first estimate of Hg flux was calculated by
multiplying Hg concentrations by the same sedimentation rate used to extrapolate
219Ph dates. This remains the most common approach used to estimate pre-
industrial Hg flux from lake sediment cores (e.g. Biester et al., 2007; Muir et al.,
2009). A second estimate of Hg flux (Hg, ) was calculated using:

Hg, =sxdxHg,

flu
where s is the sediment accumulation rate between core intervals derived from the
combined 2'°Pb-“C chronology (cm yr'), d is the dry density (g cm™) at each core

interval, and Hg, is the concentration of Hg within each core interval (ug g").

Results and Discussion

Sediment Hg concentrations and core stratigraphies

At LY?2, [Hg] is characterized by a relatively stable background of 0.34+0.06 ug
g below ~85 cm depth (Fig. 5.1). Above this depth, [Hg] increases to >1 ug g',
fluctuating between 1 ug g' and 5 ug g' until ~20 cm when it increases abruptly
again before subsequently declining towards the top of the core. At Negrilla, [Hg]
is stable and low below ~50 cm, averaging 0.18+0.04 ug g*'. [Hg] increases above
~50 cm to >1 ng g, and gradually declines up-core, reaching background values
by the uppermost intervals. In the two arctic lakes, [Hg] displays considerable
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Fig. 5.1. Down-core profiles of Hg concen-

. density and organic matter content
tration for all four study lakes. y £

are presented in Fig. C.2. None of the

shifts in dry density are paralleled by shifts in organic content within the cores,
suggesting that differences in density reflect variable water content and the effect
of compaction, rather than changes in sediment composition. This is commonly
thought to represent an ideal situation for the extrapolation of ?!°Pb dates (e.g.

Lamborg et al., 2002).

Core chronologies

At all four study lakes, 2!°Pb activity declines to stable supported levels, and

the CRS model was used to calculate sediment ages spanning the past century
(Fig. 5.2) (Appleby, 2001). Below unsupported *'°Pb intervals however, there
are major discrepancies between the extrapolated and composite age models, the
latter yielding much older basal dates in each case (Fig. 5.3). This discrepancy
is greatest in the two arctic lake cores. The smallest offset is observed at
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Negrilla, where the extrapolated 2'°Pb age model first overestimates and then
underestimates the composite age model, reaching a A*C of ~1000 years at

the core base. Thus, at all four of the study lakes presented here a difference
exists between the extrapolated ?'°Pb model and the composite age-depth model

suggesting changes in lake
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Fig. 5.2. Down-core profiles of total and sup-
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The “C dates from LY?2, CF8

sometime between the uppermost
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Fig. 5.3. Plots of both the extrapolated *'°Pb (A)LY2

age model (dashed line) and the composite Calibrated Year AD/BC Age
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Pb-'“C age model (heavy line) with 95% con- NI il AR

fidence intervals (thin lines) for all four study
lakes.
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sedimentation rates were slower pre-1900 AD

than post-1900AD.
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Implications for pre-industrial Hg exploitation
Profiles of Hg flux from both LY2 and Negrilla

demonstrate the presence of pre-industrial

Hg pollution resulting from regional cinnabar
(D) Lost Pack

mining at Huancavelica, Peru (Fig. 5.4) (Cooke Calibrated Year AD/BC ~ Age
S SIS S
et al., 2009). The earliest increase in Hg occurs T
s
in LY2 sediment at ~1400 BC (~80 cm depth). S0
<
*%15-
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intensification of mining activities at this time.

This latter rise in Hg is also preserved at Negrilla, reflecting the adoption of
cinnabar smelting at Huancavelica and the long-range transport of Hg emissions
(Cooke et al., 2009). The recovery of long sediment records, and the incorporation
of C dates, is therefore critical towards providing an accurate history of Hg
enrichment in regions exposed to pre-industrial Hg emissions from artisanal

mining activities. Short sediment cores (e.g. a typical gravity core) that are only
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219Pb-dated will fail to capture the true antiquity of Hg pollution in these regions,

and may overestimate pre-industrial Hg fluxes.
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Fig. 5.4. Hg fluxes and flux ratios for all four study lakes. Fluxes and flux

ratios were calculated using both the composite (*'°Pb and '“C) age model

and the extrapolated *'°Pb age model for each core. Flux ratios are unitless
(sample:background) and capture the relative increase in Hg flux at each study
site. Background Hg fluxes were calculated as the average Hg flux prior to the
earliest evidence for Hg enrichment. Red lines join the same sediment depths
across both models, and highlight the age discrepancies between the two Hg flux
estimates.

Implications for Canadian arctic lakes

In the two arctic lakes, extrapolating basal >'°Pb dates yields pre-industrial fluxes
of ~1 ug m? yr! and ~2 ug m? yr' at CF8 and Lost Pack, respectively (Fig.
5.4). While these ?'°Pb-based estimates are in general agreement with previous
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estimates (Biester et al., 2007), none of these previous studies incorporated '“C
dating into their core chronologies. In contrast, the composite >°Pb-*C fluxes
suggest pre-industrial Hg accumulation rates of <0.5 ug m? yr! for both lakes,
well below the 2'°Pb-based estimates. Thus, the differences between the “C and
219Pp estimates of pre-industrial Hg flux suggest that previous estimates of pre-
industrial Hg accumulation in the Arctic may be over-estimated. Other studies
have similarly concluded that sedimentation rates have increased across arctic
lakes. In a recent study of 50 lakes spanning eastern and northern Canada, Muir et
al. (2009) found that half of the arctic lakes studied had experienced an increase
of 10% or greater in sedimentation rates over the *'°Pb-dated portion of the core.
Lakes across much of this region are undergoing profound hydrological and
biological changes as a result of recent warming, including increased summer
evaporation (Smol and Douglas, 2007), changes in algal community assemblages
(Smol et al., 2005), and increases in both primary production (Michelutti et al.,
2005) and inorganic sedimentation (Hughen et al., 2000; Thomas and Briner,
2009). It seems likely that similar processes have contributed to the sedimentation

histories documented here.

Hg flux ratios and the magnitude of anthropogenic Hg enrichment

A critical assumption in using lake sediments to estimate past Hg deposition

rates is that they provide a robust record of Hg delivery to lakes. The loading of
Hg can be influenced by watershed size and characteristics (Mills et al., 2009),
catchment:lake area ratios (Swain et al., 1992), sediment focusing (Van Metre
and Fuller, 2009), and volatile losses of Hg prior to sequestration (Southworth et
al., 2007). Nonetheless, a broad array of data supports the assertion that relative
changes in Hg accumulation within an individual core can be attributed to relative
changes in Hg loading (Engstrom et al., 1994). Assuming site-specific factors
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remain constant over time, the relative change in Hg accumulation from modern
to background times (Hg flux ratio) provides a comparable measure of increases
in atmospheric Hg deposition (Biester et al., 2007). Hg flux ratios can facilitate
comparisons between cores, and provide a relative measure on how Hg deposition
has changed over time.

The modern Hg flux ratio at LY?2 is ~45 when the “C age-depth model is
used, but is only 15 when the extrapolated ?'°Pb dates are used (Fig. 5.4; Table
C.2). Even at Negrilla, where the extrapolated ?'°Pb dates provide a reasonable
approximation of the true age-depth relationship, the modern “C-based Hg flux
ratio is ~5, versus ~2.5 when the extrapolated ?!°Pb chronology is used. As with
our lake sediment records, the Hg record from the Upper Fremont Glacier also
implies a larger Hg flux ratio (Schuster et al., 2002). The Upper Fremont Glacier
suggests a Hg flux ratio of ~20 during the mid-1980’s followed by a decrease ~11
during the early 1990’s. Similarly, trends in [Hg] in hard tissues, including teeth,
hair, and feathers from arctic animals suggest an order-of-magnitude increase in
arctic marine foodweb-based animals over the industrial era (Dietz et al., 2009).
Our results raise the possibility that discordance between lake sediment cores, the
Upper Fremont Glacier, and arctic animal tissues may be attributable to a lack of
chronological control beyond ~1850 AD in the lake records.

Both arctic lakes record an Hg flux ratio of ~12 when the *C age-depth
model is used (Fig. 5.4; Table C.2). In contrast, if extrapolated *'°Pb dates are
used, the flux ratio for both lakes is 2-3, at least four times lower than the Hg
flux ratio implied by *C chronologies. These results suggest that Hg delivery to
the Arctic may have increased to a much larger degree than has been suggested
previously.

The roughly 12-fold increase in Hg accumulation at CF8 and Lost Pack is
dramatically higher than any other reconstructions of past Hg accumulation from
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the Arctic of which we are aware. In a survey of lakes from Alaska, Landers et al.
(1998) found Hg flux had increased by a factor of ~1, while Engstrom and Swain
(1997) reported flux ratios of ~2 for southeast Alaska. Fitzgerald et al. (2005)
reported a 3-fold increase in Hg fluxes for the same region. Bindler et al. (2001)
examined Hg fluxes from lakes along the west coast of Greenland, and the flux
ratios were between 2 and 5. A recent summary by Muir et al. (2009) includes 18
lake records of Arctic Hg accumulation, which collectively suggest an average
flux ratio of ~2.

While one must exercise care when interpreting only limited numbers of
records, the CF8 and Lost Pack Hg flux ratios are consistently higher than any
previously published Hg flux ratios for the Arctic. This raises the possibility that
previous lake sediment core studies may have underestimated both pre-industrial
Hg flux rates and, as a result, the degree to which anthropogenic activities have
altered Hg deposition in the Arctic. Ideally, one would obtain '“C dates at regular
intervals down the length of a sediment core. While this is rarely possible due to
the availability of good dating targets, even a single date below the limit of ?!°Pb
can offer some degree of additional chronological control if appropriate material
exists. Whenever possible, dates on bulk sediments should be avoided, especially
in regions containing carbonate rocks or clastic material derived from lignite, coal
and carbonaceous shales (Grimm et al., 2009). New AMS '“C dates on existing Hg
data sets would provide a revised appraisal of Hg enrichment, and may identify

spatial heterogeneity in Hg deposition over the Arctic.

Future efforts

The lake records presented here place provisions on the assumption that stable
sedimentation rates are reached near the base of unsupported 2!°Pb activity.

At all four study lakes, pre-industrial Hg fluxes are lower when *C dates are
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incorporated into the age model. In the Andes, incorporating other means of
dating is critical if the full history of pre-industrial Hg emissions is to be captured.
In the Arctic, our results suggest pre-industrial Hg fluxes were <1 ug m yr',

and the Hg flux ratio is >10. In many cases, even a rudimentary '“C chronology
may be sufficient to confirm or refute extrapolated *'°Pb ages, and offers the
opportunity to better constrain pre-industrial Hg flux. While ?'°Pb dates should
continue to be employed whenever possible, they should be augmented with
other dating techniques to provide more accurate estimates of pre-industrial
sedimentation histories and hence Hg flux. If the recent increase in Hg deposition
is to be considered in a long-term context, there is a need to develop regional

AMS ™C chronologies that can be applied to both new and existing data sets.
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CHAPTER 6: PLACING RECENT ARCTIC MERCURY
ACCUMULATION IN THE TEMPORAL CONTEXT OF
MULTIPLE INTERGLACIATIONS

Introduction

There is increasing concern regarding mercury (Hg) burdens within arctic
foodwebs and ecosystems (AMAP, 2002). Anthropogenic activities emit Hg to the
atmosphere primarily as gaseous elemental Hg (Hg®), which is globally dispersed.
Lake-sediment cores collected from across the Arctic suggest a one- to four-fold
increase in Hg deposition since 1850-1900 AD, and testify to the global nature of
anthropogenic Hg emissions (Fitzgerald et al., 2005; Landers et al., 1998; Muir et
al., 2009). However, Hg accumulation in arctic lake sediment has not previously
been considered in the context of millennial-scale natural variability.

Coupled to recent increases in Hg deposition is a rapid warming of arctic
climate. This warming is driven primarily by an increase in greenhouse gas
concentrations, amplified by strong cysopheric and aerosol feedbacks (Shindell
and Faluvegi, 2009). Yet the magnitude of recent warming in the Arctic may
not exceed early-Holocene summer temperatures associated with peak summer
insolation (Wolfe and Smith, 2004). The fourth assessment report from the
IPCC (Intergovernmental Panel on Climate Change) (2007) hypothesizes that
climate warming may accelerate the delivery of contaminants from soils to arctic
freshwater systems. Indeed, previous studies exploiting lake sediments (Cannon
et al., 2003), peat cores (Biester et al., 2006; Martinez-Cortizas et al., 1999, 2007)

and ice cores (Jitaru et al., 2009; Vandal et al., 1993) suggest that Hg-climate

*In preperation for submission: Cooke C. A., Balcom, P. H., Briner, J., P., &
Wolfe, A. P. Placing recent Arctic mercury accumulation in the temporal context
of multiple interglaciations. Global Biogeochemical Cycles.
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couplings exist at various timescales, and that the pre-industrial natural cycle of
Hg is dynamic. In addition, it has been suggested that recent climate warming
may amplify Hg sequestration to arctic lake sediments via warming-driven
increases in within-lake primary production (Carrie et al., 2009; Outridge et al.,
2007; Stern et al., 2009).

While High-Arctic peat records of Hg accumulation suggest relatively
low and stable rates of Hg deposition through the mid- to late-Holocene (Givelet
et al., 2004), Hg in peat is strongly influenced by diagenetic transformations of
the peat matrix and related mass loss (Biester et al., 2006, 2007; Biester et al.,
2003; Martinez-Cortizas et al., 2007). Moreover, applying a reliable chronological
framework to peat cores is limited by problems associated with both 2!°Pb (Biester
et al., 2007) and *C dating (Bindler et al., 2005) of peat deposits. Lake records on
the other hand appear to provide a reliable record of past Hg deposition (Lockhart
et al., 2000; Rydberg et al., 2008) and can be reliably dated using both *'°Pb and
4C radioisotopes (Wolfe et al., 2004). When combined with multi-proxy studies
from the same lake, past Hg-climate-ecosystem relationships can be investigated.
Here we present multi-proxy sediment records from Lakes CF8 and CF3 from
the east coast of Baffin Island, Canada to investigate natural Hg variability and
Hg-climate couplings over millennial timescales, and place the 20™ century in a

unique, long-term perspective spanning multiple interglaciations.

Materials and Methods

Study Sites
Full descriptions of both the study lakes and the recovered sediment cores have
been published previously (Axford et al., 2009a, 2009b; Briner et al., 2006, 2007;
Michelutti et al., 2007, 2009; Thomas et al., 2008) and so are only summarized
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here (Table 6.1). Both lakes are located near the hamlet of Clyde River on east-
central Baffin Island, Nunavut Territory, Arctic Canada (Fig. 6.1). Lake CF8 is
small (0.3 km?) and shallow (Z =10 m), and is situated at 195 m asl. The lake
rests within a steeply sloping catchment of 0.6 km?, and there is a stream that
flows through the lake during the ice-free season. Lake CF3 (70° 31°N, 68° 22°W;
27 m asl) is also a small (0.2 km?*) and shallow (Z =7 m) tundra lake within a 0.6
km? catchment containing little vertical relief. Prolonged ice cover characterizes
both lakes with the ice-free season currently lasting only 2 or 3 months each year.
Both lakes are similar to other lakes on the east coast of Baffin Island that are

characterized by oligotrophic, highly dilute, slightly acidic water.

Fig. 6.1. (A) Map of the Cana-
dian Arctic and the location of
the two study lakes on the east
A coast of Baffin Island. Bold line
indicates approximate extent
of ice sheets during the Last
Glacial Maximum. Also shown
are detailed topographic maps
of Lakes (B) CF8 and (C) CF3
and their catchments; contour
lines are in 50 m and 20 m
intervals, respectively.

I
68°22
Lake CF3
\‘& 20

Table 6.1. Physical characteristics of the study lakes.

Lake Latitude Longitude Elevation max Catchment Lake area C:L area Surface inflow
g (m asl) area (km2) (km2) ratio (Y/N)

CF8 70°33'N 68°57W 195 10 1.5 0.30 5 Y

CF3 70°32'N 68°22'W 27 7 0.6 0.20 3 N
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Core chronologies

Our sedimentary analyses were preformed on the same cores first described by
Briner et al., (2006) for Lake CF3, and by Thomas et al. (2008) and Briner et al.,
(2007) for Lake CF8. For Lake CF3, the sediment stratigraphy is a composite

of two cores: a 21 cm surface core (Glew et al., 2001) and a 180 cm percussion
core (Nesje, 1992). The Lake CF8 stratigraphy is a composite of a single surface
core and multiple percussion cores which together preserve four organic-rich

lake sediment units, each of which is separated by inorganic sands. Age-depth
chronologies for the surface cores from both lakes were constructed using excess
219Pb activities coupled to accelerator mass spectrometry (AMS) “C ages on
aquatic bryophytes, which are demonstrably equilibrated with atmospheric *CO,
in arctic lakes within granitic basins (Wolfe et al., 2004). Age-depth models for
both CF3 (Briner et al., 2006; Michelutti et al., 2007) and CF8 (Axford et al.,
2009a; Briner et al., 2007; Michelutti et al., 2009; Thomas et al., 2008) have been
discussed in detail in previous publications. The sedimentary sequence from Lake
CF8 spans portions of the past three interglacial periods (Marine Isotope Stages
(MIS) 1, 5e, and 7) and one interstadial (MIS 5a or 5c), and is described in detail

in Briner et al. (2007).

Sediment processing and data analyses
New measurements of total [Hg] were determined using a DMAS8O direct mercury
analyzer at the University of Connecticut, Department of Marine Sciences
(EPA, 1998). Average blank values, recoveries of standard reference material
(mess-3 and tort-2), and the relative percent difference (RPD) between duplicate
measurements are presented in Table D.1. A suite of additional proxies (loss on
ignition (% LOI 550 °C), spectrally inferred Chlorophyll a (Chl a), and C:N),
which have all been published previously (Axford et al., 2009a; Briner et al.,
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2006), are also presented.
Results

Sediment Hg geochemistry

At Lake CF3, [Hg] is lowest (~5 ng g') immediately following deglaciation,
increases gradually to ~40 ng g! between 8.5 and 9.5 ka BP, and subsequently
declines to ~25 ng g by ~1 ka BP (Fig. 6.2). A rapid increase in [Hg] is noted
beginning ~100 years ago, and Hg concentrations reach 75 ng g during the
mid-1970’s (the uppermost interval measured). At Lake CF8, [Hg] displays
considerable variability within all of the interglacials units (Fig. 6.3). During the
early Holocene, [Hg] increases rapidly from 11 to 10.5 ka BP, rising from ~5

ng g to ~230 ng g'. Sediment [Hg] subsequently declines to ~45 ng g by 1 ka
BP, before steadily increasing to a surface value of 70 ng g! (Fig. 6.3). A similar,

CF3 Cal ka BP 2003 Hg (ng g7)

0 2 4 6 8 10 120 20 40 60 80
IIIIIIIIIIIII 1 I 1 I 1 1

}Glew core

&

o

gyttja

Percussion core

Depth
(m below sediment-water interface)
I Ll 1 1 I Ll 1 1 _I\l L1l I Ll 1 1 I

N

Fig. 6.2. (A) Sediment lithostratigraphy which is composed of gyttja overlying
inorganic sediment of glacial age (grey). (B) Age-depth model for the Lake CF3
surface (red line) and percussion cores (black line) incorporating CRS *'°Pb dates
(not shown), AMS '“C dates on the Glew core (red squares), and *C dates on the
percussion core (white circles). (C) Down-core [Hg] determined on the surface
(red line) and percussion cores (black line).
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though less variable, decrease in [Hg] (from 100 ng g to 30 ng g™') is apparent
through the last interglacial sensu stricto (Fig. 6.3). There is therefore a consistent
picture of declining [Hg] through two complete interglacials (MIS 1 and 5¢). The
Holocene and MIS 5e sediments are separated by ~10 cm of moss-rich gyttja,
which were deposited during MIS 5a or 5c. These moss-rich sediments contain
[Hg] between 20 and 120 ng g™'. Only the latter portion of MIS 7 is captured

by the CF8 sediment record, and [Hg] decreases from 30 to 2 ng g during this

period. The sand layers that separate each interglacial unit contain very little Hg

CF8 MS
(S!I units x1000) Cal ka before 2005 Hg (ng g
®0 1 2 30 2 4 6 8 10 120 50 100 150 200 250
1 1 | I T IR I AT T | 1 1 N 1 N 1 N 1 1
U Glew core
— [o]
[} | .
8 Percussion core
5 1l
21115
(0]
S 1 E
11N >43.0 “C
g 1[0 >34.3 14C}-» ——
S >47.8C
3o v
= [ | 97.2 OSL
% 105.4 OSL
o]
§, TV
2 121.7 OSL >
(O] -
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[ | 194.1 OSL
1w © drs ©

Fig. 6.3. (A) Sediment lithostratigraphy; organic interglacial gyttja sediments

are separated by highly inorganic sediment (grey) presumably deposited during
glacial retreat.(B) Down-core profile of magnetic susceptibility. (C) Age-depth
model for the CF8 surface (red line) and percussion cores (black line) incorporat-
ing 2!°Pb dates (not shown), AMS '“C dates on the surface core (red squares), '“C
dates on the percussion core (white circles), and OSL dates. (D) Down-core [Hg]
determined on the surface (red line) and percussion cores (black line).
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(average [Hg]=1.8+0.8 ng g'; n=4).

Discussion

Late-Holocene Hg enrichment: the last 500 years in detail

At CF3 and CF8, sediment [Hg] is stable from 500 to 150 years before 2005

(BP) averaging ~30 ng g' and ~60 ng g’', respectively (Fig. 6.4a, b). The Hg

flux rate from 500-150 years BP is <0.5 ug m> yr' at both lakes. These estimates
of pre-industrial flux are much lower than previous studies of Arctic mercury
accumulation using lake sediments. In a survey of 18 Canadian arctic lakes,

Muir et al. (2009) reported an average pre-industrial Hg flux of ~6 ug m? yr',
while Fitzgerald et al. (2005) reported pre-industrial Hg fluxes ~1 ug m? yr' for
five lakes from northern Alaska. Similar pre-industrial flux rates were reported
by Outridge et al. (2005) for Lake DV-09 on Devon Island and Amituk Lake on
Cornwallis Island. However, previous studies investigating Arctic Hg flux using
lake sediment cores have relied solely on?'°Pb dating and have not incorporated
1C dates into their core chronologies. However, the exhaustion of unsupported
21%Pb and the onset of anthropogenic global Hg emissions converge temporally in
the late 19™ century, raising the possibility that pre-industrial Hg fluxes are poorly
constrained (Cooke et al., 2010). At CF3, one AMS *C date between 100 and 150
years ago constrains pre-industrial sedimentation rates (Fig. 6.2), while three dates
are used at CF8 (Fig. 6.3). At CF3, sedimentation rates begin to increase ~1850,
rising from ~20 g m? yr' to >120 g m? yr' (Fig. D.1a). A similar trend is noted

at CF8, where sedimentation rates increase steadily through the 20™ century from
<10 gm? yr' to ~50 g m? yr' (Fig. D.1b). Lakes across the Arctic are undergoing
profound hydrological and biological changes as a result of recent warming,
including increased summer evaporation (Smol and Douglas, 2007), changes in
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Fig. 6.4. (previous page) Profiles of organic matter (%LOI 550), spectrally in-
ferred Chl a, C:N ratio (by weight), [Hg], Hg normalized to organic matter con-
tent, and Hg flux for the past 0.5 ka for both Lakes (A) CF3 and (B) CF8. All of
the data for this period (the past 0.5 ka) are from the surface cores. Also shown
are the same data spanning the Holocene for both lakes (C) CF3 and (D) CF8 and
the last interglacial (LIG) (E) for Lake CF8. Note that the LIG is plotted against
depth not age.

algal community assemblages (Smol et al., 2005), and increases in both primary
production (Michelutti et al., 2005) and inorganic sedimentation (Hughen et
al., 2000; Thomas and Briner, 2009). It seems likely that these changes may be
driving some of the increases in lake sedimentation observed here.

After ~150 years BP, [Hg] and Hg flux increase at both lakes; however,
Hg flux increases to a much larger degree than [Hg], driven in large part by the
dramatic increase in sedimentation rate at both sites (Fig. 6.4a, b). Enrichment
ratios, comparing recent (CF3: 1977; CF8: 2001) to average pre-industrial
(500-150 years BP) Hg concentrations, are ~2 and <2 for lakes CF3 and CF8,
respectively. However, these enrichment ratios are much smaller than flux ratios
calculated over the same periods, which are ~23 for CF3 and ~11 for CFS8. This is
a large discrepancy that requires careful consideration.

Insight into the difference between the Hg enrichment and flux ratios
can be gleaned by examining the geochemical profiles of [Pb], Pb flux and Pb
stable isotopes from CF8, which have been published previously (Michelutti
et al., 2009). Sediment [Pb] and Pb stable isotopes were measured on the same
core and at nearly the same resolution as these new Hg data, and thus are directly
comparable. As with Hg, [Pb] displays little increase over the 20" century
remaining constant ~5 ug g, while Pb flux steadily increases (Fig. 6.5). However,
the increase in Pb pollution indicated by the Pb flux profile (but not the [Pb]
profile) is corroborated by a parallel decrease in 2°Pb/?’Pb. Indeed, multi-isotope

mixing models (e.g., >*Pb/?%Pb, 2Pb/**’Pb, etc.) indicate multiple industrial
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global sources of Pb pollution at CF8 (Michelutti et al., 2009). Thus, while

both the Pb flux and *Pb/?’Pb profiles clearly indicate increasing 20™-century
anthropogenic Pb pollution, the [Pb] data, considered alone, do not. Because
sediment Pb stable isotopic ratios are not influenced by sedimentation rates, this
indicates that metal concentrations, including both Pb and Hg, have been diluted
in recent decades by increasing rates of lake sedimentation. Thus, we suggest
that flux ratios, rather than enrichment ratios, more accurately reflect the relative

increase in metal deposition within our lake sediment cores.

Hg Pb
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Fig. 6.5. Profiles of [Hg], Hg flux, [Pb], Pb flux, and ***Pb/*’Pb isotopic ratios
from the CF8 surface core spanning the past ~150 years. For the Pb data, note the
break in the y-axis, with the lower-most datum dating to ~2 ka BP.

Recently, Outridge and colleagues (Carrie et al., 2009; Outridge et al.,
2005, 2007; Stern et al., 2009) have proposed that 20"-century warming can
explain some of the recent increase in Hg recorded in lake sediments across
the Arctic. The proposed mechanism is an increase in the sorptive capacity of
oligotrophic arctic lakes via increases in within-lake primary production. Hg
is characterized by a strong affinity for organic matter, and changes in organic
matter quantity and quality can carry important implications for Hg recruitment
to sediments (Kainz and Lucotte, 2006). To examine what influence organic

phases might play in Hg sequestration at Lake CF3 and CF8, profiles of [Hg],
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Hg normalized to organic content (Hgmg), and Hg flux are shown alongside
proxies of organic matter quantity (LOI and spectrally inferred Chl a) and quality
(sediment C:N ratios) in Figure 6.4 (panels a and b). At both lakes, LOI and Chl a
concentrations increase over the past ~150 years, and are matched by decreasing
C:N. These trends likely reflect increases in within-lake primary production over
the 20™ century, as has been observed across a suite of arctic lakes (Axford et al.,
2009a; Michelutti et al., 2005). However, this increase in autochthonous organic
matter supply appears unable to account for the increase in Hg noted in CF3 and
CF8 sediments. The [Hg] and Hgorg profiles are virtually identical in both lakes,
suggesting organic matter supply is not driving the recent increases in Hg in these
lakes. Moreover, Hg and Chl a are not significantly correlated over this period

in CF3 (°=0.12, p=0.4, n=8) and are only weakly correlated in CF8 (r’=0.28,
p<0.001, n=36). This topic is explored in greater detail below, but the late-
Holocene biogeochemical data presented here suggest that recent increases in Hg
occur independent of, though coeval to, warming-induced increases in within-lake

primary production.

Trends in Holocene Hg accumulation

Lakes CF3 and CF8 display very different Hg profiles over the Holocene (Fig.
6.4c, d). At Lake CF3, [Hg] rarely exceeds 40 ng g' and normalizing to organic
matter (Hgorg) does little to change the overall shape of the Hg profile. In contrast,
both [Hg] and HgOrg increase ~5-fold during the early Holocene at Lake CF8.
While Hg flux also increases at Lake CF3 during the early Holocene, this likely
represents an artifact associated with elevated dry density values at this time (Fig.
D.1a), rather than a real increase in Hg delivery to the lake. In contrast, the early-
Holocene increase in Hg flux observed within CFS8 is driven primarily by the
increase in Hg concentration (Fig. D.1b), and thus likely reflects a real increase
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in the rate of Hg delivery through the early Holocene. The different Holocene
Hg records from CF3 and CF8 are highlighted by the calculation of natural
cumulative Holocene Hg burdens within each lake. The Holocene cumulative
dry mass sediment inventory for Lakes CF3 and CF8 is ~50 g cm™? and ~40 g
cm?, respectively. Yet despite the higher sediment inventory at CF3, Lake CF8
sediment contains ~3000 ng Hg cm while CF3 contains only ~1100 ng Hg cm™.

These differences between the CF3 and CF8 Hg records suggest different
processes are driving Holocene Hg accumulation within the two lakes. Both lakes
experienced similar early-Holocene climates, characterized by regional summer
air temperatures 4-6 °C warmer than present (Axford et al., 2009a; Axford et al.,
2009b; Briner et al., 2006). Moreover, both lakes record pronounced increases
in organic matter content during the early-Holocene thermal maximum (HTM),

a finding similar to other studies in high-latitude regions (e.g., Willemse and
Tornqvist, 1999; Kaplan et al., 2002). However, profiles of organic matter quality
suggest that the source of organic matter differs between these two lakes.

In Lake CF3, LOI and Chl a display similar stratigraphic profiles,
suggesting autochthonous sources control organic matter supply (Fig. 6.4). Rapid
declines in both proxies are noted around 8 and 7 ka BP, respectively, and this
interval also marks the deceleration of sedimentation accumulation rates (Fig.
6.2), which further indicates that sedimentation in this lake is intimately related to
primary production and autochthonous organic matter supply. While the C:N ratio
of lake sediment is commonly interpreted as a proxy for the relative contribution
of terrestrial versus aquatic organic matter (Meyers and Terranes, 2001), CF3
rests in a small and very flat catchment with no inflow stream. Therefore, this
interpretation of the C:N data is not appropriate for CF3. Instead, the C:N ratio
of CF3 sediment most likely reflects the relative abundance of differing aquatic
plants (phytoplankton and macrophytes), an interpretation which is supported by
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the observation that the CF3 sediment core contained abundant macrophytes.

The pronounced early-Holocene increase in both LOI and Chl a, and the
subsequent decrease in both proxies at 7-8 ka BP, appears to have carried little
consequence for the sequestration of Hg to CF3 sediment. Indeed, [Hg] and Hg
flux remain relatively invariant over the Holocene averaging 24+8 ug g and
1.3+1.3 ug m? yr', respectively. Moreover, Hg displays no significant positive
correlation with either LOI (’=0.14, n=85) or Chl a (+’<0.07, n=82). Thus,
despite a clear climate-driven increase in within-lake primary production during
the early Holocene at CF3, there is no attendant increase in Hg recruitment to
CF3 sediments. These data would therefore argue against the hypothesis that
climate-driven changes in algal productivity mediate the recruitment of Hg to
arctic lake sediments. Instead, we suggest atmospheric deposition controls Hg
delivery to Lake CF3. If atmospheric deposition does control Hg delivery to CF3,
it would suggest that little variability in the rate of atmospheric Hg deposition
over the Holocene, despite dramatic changes in both Arctic climate and attendant
limnological responses.

Unlike Lake CF3, Hg delivery to Lake CF8 increases dramatically during
the early Holocene when the highest Hg concentrations observed within the
entire ~200,000-year CF8 sediment core are recorded (Fig. 6.4d). Lake CF8
rests in a steeply sloping catchment and possesses seasonally active inflow and
outflow streams. Based on these observations, we would predict that organic
sediment supply at Lake CF8 would be influenced more by catchment erosion
than within-lake primary production. Indeed, [Hg] is significantly correlated with
LOI (=0.49, p<0.001, n=49) and with C:N (»*=0.57', p<0.001, n=22) but not
with Chl a (=0.13, p>0.02, n=38) within CF8 sediment. Unlike CF3, the CF8

sediment core did not contain abundant macrophytes, and its steeply sloping

! Calculated using 500-year means because C:N and [Hg] were measured on dif-

ferent core intervals.
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catchment and seasonally-permanent inflow and outflow streams would suggest
the sediment C:N does reflect the relative contribution of terrestrial versus aquatic
organic matter. Thus, it appears that the export of organic-bound Hg from the
catchment to the lake exerts a first-order control over Hg burdens at Lake CF8.
The affinity of Hg for terrestrial organic matter is well documented
(e.g., Kainz and Lucotte, 2006). In a study of 12 subarctic lakes from northern
Quebec (Canada), Lucotte et al. (1995) found lake-sediment Hg-burdens varied
in direct proportion to the amount of terrestrial organic carbon supplied, while
Fitzgerald et al. (2005) found that soil erosion contributes a substantial portion
(15-65%) of Hg to lakes in northern Alaska. In alpine environments, springtime
stream-water export of DOC is an important control on Hg delivery to lakes (e.g.
Selvendiran et al., 2009). While Hg delivery mechanisms are less well studied
in the Arctic, Wolfe and Hértling (1997) documented similar patterns of trace-
metal (i.e., Pb, Zn, Cu, Ni, Cr) enrichment in organic-rich sediments dating to
the early Holocene. More recently, Klaminder et al. (2010) noted an increase
in Pb burdens in sub-Arctic lakes in Sweden, despite clear decreases in recent
Pb deposition. The authors suggest that climate warming is driving an increase
in the export of organic matter and organically bound Pb from the catchment
to the lake. Interestingly, this Pb appears to be legacy Pb pollution, deposited
over the last ~three millennia. We hypothesize that during the early Holocene,
when temperatures were 4-6 °C warmer in this region (Axford et al., 2009a,
2009b; Briner et al., 2006), enhanced soil development (i.e., humus production)
and invigorated spring runoff accelerated the delivery of organic-bound Hg to
the lake. Unlike the recent increase in Pb delivery to Swedish lakes (Klaminder
et al., 2010), this early-Holocene Hg enrichment cannot be explained via the
mobilization of ancient Hg pollution. Indeed, the early-Holocene increase in
Hg documented here is all the more pronounced given that both modeling and
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empirical results suggest greater volatilization of Hg at higher temperatures, solar
radiation, and lake-water Hg concentrations (Mackay et al., 1995; Schroeder et
al., 2005), all of which would have been experienced during the early Holocene.
The CF8 data therefore suggest that specific natural conditions are capable of
producing a sedimentary Hg signature which is of comparable magnitude to lakes

which lie proximal to industrial Hg emission sources.

Comparing the Holocene and the last interglacial in CF8
The sediment record from Lake CF8 offers a unique opportunity to examine Hg
dynamics over multiple interglaciations. Our dataset includes Hg measurements
from organic sediments dating to MIS 5a or 5c, MIS 5e, and the part of MIS
7 (Briner et al., 2007). Here, we limit our discussion to comparing the two
full interglacial cycles preserved at CF8: the Holocene (MIS 1) and the last
interglacial sensu stricto (MIS 5e). [Hg] declines as both interglacials progress.
While the Holocene is characterized by a tight coupling between Hg and
terrestrial organic matter supply, during the last interglacial this relationship is
more complicated. Organic matter delivery and within-lake primary production
both appear to have been lower than during the Holocene (Fig. 6.4e). In addition,
during the first-half of the last interglacial (and unlike the early Holocene) C:N
remains relatively constant ~11, suggest a steady balance between catchment
erosion and within-lake primary production. The lack of an early-last-interglacial
increase in [Hg] may be due to enhanced catchment stability during this time
relative to the Holocene. Nonetheless, a significant positive relationship between
[Hg] and LOI (»*=0.75, p<0.01, n=30) is maintained during this period, suggesting
that, similar to the Holocene, the export of catchment-derived organic matter
mediated Hg supply to the lake.

During the last-half of the last interglacial, when Hg and organic matter
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values continue to decline, C:N ratios increase to ~15 (Fig. 6.4¢). The increase

in C:N at this time is paralleled by an increase in MS and a decrease in Chl a
(Fig. 6.3). This shift likely indicates an increase in the flux of catchment-derived
clastic material to the lake as climatic conditions deteriorated. Relative to organic
matter, sorption to mineral matter therefore only appears to play a minor role in
the delivery and sequestration of trace-metals in oligotrophic arctic lakes. The
differences observed between the Holocene, the early-half and late-half of the last
interglacial underscore the important role catchment-derived organic phases can
play in mediating Hg delivery to arctic lakes which are intimately tied to their

catchments.

Conclusion

The records presented here place 20"-century Arctic Hg enrichment in a well-
dated multi-proxy perspective spanning multiple interglaciations. In both study
lakes, 20™-century Hg flux exceeds pre-industrial (i.e., Little Ice Age) Hg flux
rates by 10-fold or greater. While, many previous studies have suggested a much
smaller increase in the magnitude of anthropogenic Hg enrichment in the Arctic,
these studies have failed to incorporate *C into their chronological models. Our
results suggest the incorporation of multiple dating techniques is vital if accurate
reconstructions of past Hg flux are sought from arctic lake sediment cores.

Over the Holocene, lake and catchment characteristics influence Hg supply and
recruitment to sediments, and edaphic processes are capable of producing [Hg]
higher than present under warmer than present conditions. Given the profound
climatological and biogeochemical changes currently underway in the Arctic

the observation that climatically-mediated edaphic process direct Hg supply and
recruitment carries profound implications. Processes that enhance the export of
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labile catchment organic matter will undoubtedly result in increased Hg burdens
in arctic lakes, and these increases in lake-water Hg can be rapidly communicated
up food chains. Additional multi-proxy studies of climate-Hg-ecosystem linkages
will only help to further our understanding of Hg in the Arctic and its future
trajectory in a rapidly changing arctic environment. In addition, we suggest that
further testing of the primary production hypothesis should look to well-dated
core material spanning the early-Holocene climatic optima, rather than attempting
to disentangle possible 20™-century warming-driven Hg enrichment from

anthropogenic pollution.
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CHAPTER 7: CONCLUSION

Summary of work and future efforts

This body of work represents a concerted effort to examine natural and
anthropogenic drivers of mercury (Hg) cycling during the pre-industrial era.
The objectives of this work include: (1) testing the hypothesis that pre-Colonial,
Colonial, and industrial mining and metallurgy left a lasting legacy of Hg
pollution in the Andes, (2) suggesting how refinements to lake sediment core
chronologies can improve estimates of pre-industrial Hg accumulation rates
(fluxes), and (3) placing recent Hg enrichment in the Arctic in the long-term

context of multiple interglaciations.

The case for pre-industrial Hg pollution

Many investigations have demonstrated the presence of preindustrial metal
pollution. Despite this fact, a common conception is that the industrial revolution
represents the starting point of widespread environmental pollution. While most
previous studies have focused on reconstructing the pollution history of lead (Pb),
new research suggests other elements, including (but not limited to) copper (Cu)
(Hong et al., 1996), antimony (Sb), (Krachler et al., 2005), osmium (Os) (Rauch
et al., 2010) and even carbon (C) (Ruddiman, 2003), experienced pre-industrial
increases as well. The results from this dissertation suggest Hg should be added to
this list as well.

Jerome Nriagu was the first to suggest that pre-industrial Hg use may have
resulted in large amounts of Hg being released to the global environment (Nriagu,
1993). The records presented here are the first to confirm the existence of pre-
industrial Hg pollution, and suggest that early Hg emissions originated from a
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multitude of activities including: cinnabar mining and processing (Chapter 2), Hg
amalgamation (Chapter 3), and the smelting of argentiferous ores (Chapter 4). The
efforts presented in this dissertation were limited geographically to the Andes, so
how far this Hg was circulated, and its influence on the pre-industrial global cycle
of Hg, remains unknown. But the finding that so many different activities resulted
in Hg emissions suggests that similar records should exist for other regions of
the world where mining and metallurgy have a long history. Given the long
atmospheric residence time of Hg (0.5-2 years), it remains a distinct possibility
that these early anthropogenic Hg emissions were circulated at the hemispheric if
not global scale.

In a broad sense, these conclusions suggest that the distinction between
a world dominated by humans after ~1850 (i.e. the Anthropocene) and a natural
environmental state before that date may not be a useful dichotomy. This notion
is supported not only by Hg, but to other metals and greenhouse gases as well.
The idea of “environmental pollution” therefore should not be applied solely to
post-industrial societies. The recognition of this fact carries important ecological
and climatic implications. For example, for the case of Pb, Bindler et al. (2008)
have demonstrated convincingly that in Europe about half of the cumulative
burden of atmospherically deposited Pb was deposited before the industrial era.
This Pb remains available for ecological cycling, especially in regions which
are experiencing rapid climate change (e.g. the Arctic) (Klaminder et al., 2010).
In terms of climate, the early Anthropocene hypothesis (Ruddiman, 2003,
2007) emphasizes the slow but cumulative impact of millennia of farming and
deforestation on the global C cycle. While the early Anthropocene hypothesis has
proven controversial (c.f. Broecker, 2006; Brook, 2009; Ruddiman, 2007) there
is an increasing awareness that a long-term perspective is required if we are to
meaningfully address environmental conservation issues relating to biological
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invasions, wildfires, climate change, and the range of natural variability in
biogeochemical cycles. While the traditional idea that the Anthropocene began
with industrialization continues to retain scientific traction, there is an increasing
awareness that early anthropogenic activities exerted a meaningful and lasting
impact on the environment. Thus, the Anthropocene as a distinct geologic era

in which human activities exert an overriding control of the majority of earth’s
ecosystems may have ultimately been preconditioned by millennia of slow but

meaningful alteration of key biogeochemical cycles and indeed climate itself.

Estimating pre-industrial Hg flux using lake sediment cores

Reconstructing the rate of natural, pre-pollution Hg deposition can only be
accomplished using the geochemical record preserved in natural archives

far removed from point sources. Because of the apparent problems with Hg
retention in peat (see chapter 1), lake sediments are widely considered the most
reliable archives of past Hg deposition rates (Biester et al., 2007). Previous
paleolimnological studies of past Hg deposition to remote regions have relied

on 2!%Pb dating to construct their core chronologies. The 5" chapter of this
dissertation examined the assumptions and limitations of relying solely on ?'°Pb
dating to calculate pre-industrial Hg fluxes from lake sediment cores. It was
found that incorporating '“C dates into core chronologies significantly lowered
estimates of pre-industrial flux because of apparent changes in lake sedimentation
since the pre-industrial era. In the Arctic, incorporating '“C dates suggests that Hg
deposition may have increased >10-fold since the Industrial Revolution, rather
than the commonly quoted three-fold increase. Accurate core chronologies are

thus of the utmost importance.
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Long-term variability in Arctic Hg accumulation

There are very few records of Arctic Hg accumulation that span beyond the past
few hundred years. Those that do exist are peat bog cores, and the reliability

of peat geochemical records casts these reconstructions in doubt (Biester et al.,
2007). The Arctic is experiencing dramatic environmental change, with important
ecological consequences. These ecological and climatic changes may influence
how Hg is cycled in the Arctic. For example, it has been hypothesized that
climate-driven increases in within-lake primary production may accelerate Hg
delivery to Arctic lake sediments (Outridge et al., 2007). Because sediments are
the primary source of mercury methylation, increasing sediment Hg burdens has
the potential to be passed up food chains.

Investigating natural variability in Arctic Hg deposition, and revealing
possible climate-Hg couplings, requires natural archives that extend beyond
human interferences in the biogeochemical Hg cycle. The multi-proxy lake
records summarized in chapter 6 span the Holocene and include sediment from
the last and penultimate interglaciations. It was found that natural conditions are
capable of producing Hg concentrations and fluxes higher than those associated
with 20™-century anthropogenic enrichment. Careful consideration of individual
lake and basin characteristics and histories are necessary if records of natural Hg

variability are to be interpreted.

Future efforts

The research described above focuses on understanding both anthropogenic and
natural drivers of pre-industrial Hg cycling. I suggest future efforts in this regard
should focus on four primary areas of research:

First, new well-dated lake and ice core records are needed from remote
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regions within the Southern Hemisphere. The Andean study sites presented as
part of this thesis all occur within a few-hundred kilometers of major ancient and
modern metallurgy centers. Lake records collected from more remote regions
within the Southern Hemisphere will help to constrain the geographic range of
early Hg emissions. If pre-industrial Hg enrichment is found in well-dated records
from regions outside the Andes, our understanding of the pre-industrial global
biogeochemical cycle of Hg will require revision.

Second, we need a better understanding of the natural biogeochemical
cycle of Hg, including characterizing both spatial and temporal variability. Recent
research utilizing the glaciochemical record preserved in the Dome C ice core
from Antarctica has revealed dramatic fluctuations in the rate of Hg deposition to
Antarctica over multiple glacial-interglacial transitions (Jitaru et al., 2009). The
results presented in Chapter 5 of this thesis suggest there may have been spatial
variability in the rate of pre-industrial Hg deposition as well, as the two arctic
lakes suggest much lower pre-industrial Hg deposition rates than the two Andean
lakes.

Third, we require new approaches to understand and quantify Hg sources,
sinks, and transformations. In the case of Pb, the development of ultra-clean
techniques and the application of Pb stable isotopes by Clair Patterson were
invaluable in this regard, firmly establishing the case for early Pb pollution.
Similarly, Hg stable isotopes appear to hold the most promise in this regard. Large
variations in Hg isotope ratios have been observed in natural samples and, as a
result, Hg isotopes are proving useful for tracking sources and understanding
Hg transformations in the environment (Bergquist and Blum, 2007). As with
other stable isotope systems, discriminating source signatures from processes
that induce isotope fractionation during transport and transformation in the
environment remains one of the greatest challenges in applying this new tool.
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However, rapid progress is being made, and there is some indication that Hg
stable isotopic profiles from lake sediment cores may provide a fingerprint for
identifying natural and anthropogenic emissions.

Fourth, modeling studies are needed that incorporate not only pre-
industrial Hg emissions but also attempt to model variability in pre-industrial Hg
deposition (e.g., the glacial-interglacial variability in Hg deposition suggested by
the Antarctic ice core). Some recent efforts have been made to include the former
(Strode et al., 2009), but to date there have been no efforts aimed at modeling
glacial-interglacial Hg variability. Developing new models and improving existing

ones will help us to identify key drivers of natural Hg variability.
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APPENDIX A: SUPPORTING MATERIAL AND METHODS FOR CHAPTER 2

Table A.1. Down-core *'°Pb activities, calculated CRS sediment ages, and CRS
sedimentation rates for the three study cores.

Laguna Yanacocha 1 (LY'1)

Depth .. ..  Emor?Pb  CRS  Emor  CRSsed. T
Interval Pb activity activity age age rate sed.
rate

(cm) (Bqg" (o) (lo) (gm?yr) (lo)
0-0.5 0.673 0.021 2007 0 367 19
1-1.5 0.529 0.016 2005 0 442 22
2-2.5 0.301 0.017 2002 1 737 70
3-3.5 0.258 0.013 1998 1 783 69
4-4.5 0.273 0.014 1994 1 653 59
5-5.5 0.255 0.010 1990 1 613 44
6-6.5 0.255 0.010 1985 2 529 37
7-7.5 0.193 0.008 1980 2 638 53
8-8.5 0.181 0.004 1976 2 599 32
9-9.5 0.143 0.007 1971 4 703 75

10-10.5 0.137 0.007 1966 5 642 71

11-11.5 0.125 0.007 1959 6 579 71

12-12.5 0.141 0.007 1951 6 378 40

13-13.5 0.086 0.006 1941 12 585 108

14-14.5 0.076 0.005 1933 15 573 116

16-16.5 0.072 0.004 1910 22 312 69

18-18.5 0.052 0.003

20-20.5 0.038 0.003

30-30.5 0.032 0.003

40-40.5 0.037 0.003

* Previously published as supporting online material for: Cooke C. A., Balcom, P.
H., Biester, H., & Wolfe, A. P. (2009) Over three millennia of mercury pollution
in the Peruvian Andes. Proceedings of the National Academy of Sciences, 106,
8830-8834.
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Table A.1 (continued). Down-core ?!°Pb activities, calculated CRS sediment

ages, and CRS sedimentation rates for the three study cores.

Laguna Yanacocha 2 (LY2)

210 Error
D0 ey ETO RSB s 5
(cm) (Bag?) (10) (lo) (gm?yr) (1o
0.5-1 1.060 0.032 2004 0 91 4
1.5-2 0.754 0.030 1998 1 107 6
2.5-3 0.628 0.016 1990 1 102 4
3.5-4 0.562 0.015 1983 1 91 4
4.5-5 0.434 0.012 1974 2 89 4
5.5-6 0.315 0.006 1964 2 93 3
6.5-7 0.191 0.004 1954 2 120 5
7.5-8 0.128 0.003 1946 4 149 9
8.5-9 0.096 0.005 1939 8 174 19
9.5-10 0.099 0.005 1932 8 133 14
10.5-11 0.070 0.004 1923 12 165 24
11.5-12 0.055 0.003 1916 18 193 39
12.5-13 0.049 0.003 1909 25 190 48
13.5-14 0.052 0.004 1901 24 134 30
14.5-15 0.047 0.003 1890 29 115 28
16.5-17 0.034 0.003
18.5-19 0.031 0.002
20.5-21 0.027 0.002
30-30.5 0.024 0.002
40-40.5 0.021 0.002
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Table A.1 (continued). Down-core 2!°Pb activities, calculated CRS sediment

ages, and CRS sedimentation rates for the three study cores.

Laguna}f\legrilla wop . Error
Dy P St st
(cm) (Bgg" (10) (o) (gm?yr) (1o)
0-0.5 1.361 0.099 2008 0 145 16
1-1.5 0.793 0.060 2006 0 239 29
2-2.5 0.800 0.032 2004 0 223 16
3-3.5 0.711 0.032 2002 1 234 18
4-4.5 0.881 0.034 1999 1 171 11
5-5.5 0.851 0.036 1995 1 158 12
6-6.5 0.840 0.035 1992 1 143 10
7-7.5 0.877 0.037 1988 1 120 9
8-8.5 0.678 0.021 1983 2 137 9
9-9.5 0.400 0.015 1979 3 218 20
10-10.5 0.468 0.017 1976 3 168 14
12-12.5 0.403 0.017 1969 4 157 15
14-14.5 0.400 0.018 1959 5 118 12
16-16.5 0.335 0.019 1948 8 102 13
18-18.5 0.251 0.011 1935 10 94 13
20-20.5 0.189 0.012 1913 19 69 14
22-22.5 0.073 0.006 1886 114 162 151
25-25.5 0.075 0.004 1879 107 120 100
30-30.5 0.058 0.004

45-45.5 0.035 0.003
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Table A.2. Table of radiocarbon determinations for the three study cores.

}IJ)C; Lake Depth Sz;?;};le 14C age 2 o calib. range Median date
(cm) (mg C) (BP) BC/AD BC/AD
51338 LYl 45.5-46.5 0.10 520+ 15 1420-1450 AD 1435 AD
49762 LYl 60-60.5 0.21 1020 +20 1020-1150 AD 1090 AD
44752 LY1 80-82 0.11 2175 +25 345-50 BC 145 BC
49764 LYl 90.5-91 0.18 2460 £ 20 730-400 BC 475 BC
49763 LY1 95.5-96 0.11 2675 +25 835-675 BC 800 BC
51339 LY2 36-37.5 0.04 1285 +30 690-885 AD 790 AD
49759 LY2 56-57.5 0.18 2225 +£20 360-115 BC 260 BC
49760 LY2 87.5-89.5 0.14 3390 +20 1690-1525 BC 1620 BC
51337  Negrilla ~ 49.5-50 0.16 3170 £ 15 1450-1610 AD 1465 AD
56388  Negrilla 87.5-88 0.04 2060 + 45 165 BC-115 AD 10 BC
49765 Negrilla 112.5-114 0.05 440 + 45 1495-1260 BC 1390 BC

Table A.3. Table of blank values, average relative standard deviations, and
recoveries of standard reference materials associated with DMA80O measurements

of Hg.
LYl LY2 Negrilla
Blanks (ng/g) 1.4 4.0 0.5
n=25 n=14 n=24
Duplicates (avg. % difference) 15% 12% 4%
n=14 n=10 n=20
MESS-3 (avg. % recovery) 101% 100% 97%
n=11 n=7 n=14
PACS-2 (avg. % recovery) 97% 101% 101%
n=11 n=6 n=11
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Fig. A.1. Solid-phase Hg thermo-desorption curves of standard materials and
selected sediment samples of the LY2 core. The Chavin and Colonial/Modern
samples are from 80 and 8.5 cm depth respectively. The Colonial/Modern sam-
ple-peak lies between Hg® and cinnabar, indicating the presence of matrix-bound
Hg, a fraction which is largely bound to organic matter, but may also include
particulate-bound Hg. Cinnabar and Hg® standard samples were obtained from
the Idrija mercury mine, Slovenia.
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Fig. A.2. Geochemical and organic matter profiles from core LY 1. Significant
increases in Hg are shaded and cannot be attributable to rapid increases in other
sediment variables. Both within-lake primary production and total organic mater
burial have been shown to influence the accumulation of Hg within lake sedi-
ments. There is no correlation between Hg and Chl a (1*=0.01), and Hg and %
LOI 550 (r*=-0.15). The exception is an obvious large peak in both Hg and Chl
a centered ~1450 AD. However, similar Chl a concentrations (e.g. ca. 200 BC)
yield no net increase in Hg, and no increase in Hg is noted in modern sediments

when Chl a attains its highest levels (0.02 mg/g).
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Fig. A.3. Geochemical and organic matter profiles from core LY2. As observed at
LY, increases in Hg are shaded and cannot be attributable to rapid increases in
other sediment variables.
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APPENDIX B: SUPPORTING MATERIAL AND METHODS FOR CHAPTER 3

Table B.1. Mcasurements of total 2'’Pb activity, associated CRS dates, and CRS
sedimentation rates for the Llamacocha core.

CRS sed. rate

210 -1
Depth (cm) 2°pp (Bqg') loerror  CRSdate 1o error (e m?yrY) lo error
0-1 1.15 0.06 2007 0 85 8
2-3 1.20 0.04 2006 0 78 6
4-5 1.19 0.04 2004 0 73 5
6-7 1.04 0.03 2000 0 75 5
8-9 1.01 0.03 1995 1 67 5
10-11 0.93 0.03 1990 1 61 6
12-13 0.68 0.03 1981 2 66 6
14-15 0.48 0.02 1974 2 78 7
16-17 0.35 0.02 1967 5 91 12
18-19 0.38 0.02 1961 5 68 10
20-21 0.29 0.02 1950 7 66 12
24-25 0.16 0.01 1929 11 75 14
28-29 0.12 0.01 1914 20 75 21
32-33 0.11 0.01 1894 30 56 26
41-42 0.06 0.01
51-52 0.05 0.00

Table B.2. Table of radiocarbon dates used in the core chronology. Note that BC
dates are denoted as negative.

UCI Depth Size + Fraction + 14C age +
ID (cm) (mg carbon) modern (BP)
56389 33-36 0.029 1.5 0.946 0.004 445 40
51340 42-45 0.029 0.8 0.916 0.004 705 40
49761 56-59 0.065 4.0 0.865 0.003 1160 30
56386 61-64 0.033 1.2 0.829 0.004 1510 40
56387 85-86 0.033 1.4 0.768 0.005 2120 60

* Previously published as supporting online material for: Cooke C. A., Wolfe, A.
P., & Hobbs, W. O. (2009) Lake-sediment geochemistry reveals 1400 years of
evolving extractive metallurgy at Cerro de Pasco, Peruvian Andes. Geology, 37,
1019-1022.
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Table B.3. Table of stable Pb isotopic values for Llamacocha sediment samples.

Depth  Calibrate year  206p,204py, lo 207py,204p, lo 208py, 204py, lo
(cm) (AD/BC)

3 2004 18774  9.01E-04 15.647 1.07E-03  38.795  3.47E-03
19 1955 18.781  8.21E-04 15.648 9.64E-04  38.819  3.06E-03
38 1582 18.814  1.20E-03  15.651 1.23E-03  38.825  3.60E-03
45 1322 18.816  1.72E-03  15.640  1.73E-03  38.788  5.04E-03
51 1091 18.852  1.80E-03  15.649 1.72E-03  38.818  4.49E-03
58 823 18936  1.98E-03  15.652 2.06E-03  38.818  5.24E-03
63 643 19.227  9.74E-04  15.668 1.09E-03  38.877 3.27E-03
69 453 19.457  1.52E-03  15.691 1.25E-03 38943  3.66E-03
76 256 19.441 1.78E-03  15.688 1.68E-03  38.932  4.75E-03
81 125 19.454  1.39E-03  15.663 1.45E-03  38.863  4.26E-03
96 -255 19.589  9.70E-04 15.698 1.16E-03 38975  3.57E-03
101 -350 19.606  2.01E-03  15.689  1.77E-03 38937  4.85E-03

NBS 981+ Tl 16.930  1.05E-03 15485 1.15E-03  36.683  3.36E-03
NBS 981+ Tl 16931 1.11E-03 15484 1.26E-03  36.675  3.09E-03
NBS 981+ Tl 16935 9.72E-04 15488 1.08E-03  36.687  2.86E-03
Certified value 16.941 15.496 36.722

Depth  Calibrate year  208pp,206py, lo 207p},206pyy lo

(cm) (AD/BC)

3 2004 2.066  9.11E-05  0.833 1.92E-05
19 1955 2.067  8.00E-05  0.833 1.56E-05
38 1582 2.064  791E-05  0.832 1.88E-05
45 1322 2.061 9.39E-05  0.831 2.16E-05
51 1091 2.059  8.04E-05  0.830  2.41E-05
58 823 2.050  6.88E-05  0.827  2.73E-05
63 643 2.022  9.57E-05  0.815  2.27E-05
69 453 2.002  7.02E-05  0.806 1.65E-05
76 256 2.003 8.82E-05  0.807 1.97E-05
81 125 1.998  9.30E-05  0.805  2.13E-05
96 -255 1.990  8.13E-05  0.801 1.76E-05

101 -350 1.986  7.25E-05  0.800 1.79E-05
NBS 981+ Tl 2.167 8.17E-05 0915  2.04E-05
NBS 981+ Tl 2.166  6.33E-05 0914 1.96E-05
NBS 981+ Tl 2.166  6.34E-05 0915 1.82E-05
Certified value 2.168 0.915

131



Table B.4. Table of stable Pb isotopic values for regional ores; source references
are as indicated.

Mine *“Pb/¥Pb P/ "Pb  *"Pb/Pb  **Pb/Pb  *’Pb/**Pb Reference
Cerro de Pasco 18.778 15.637 38.811 2.067 0.833  Mukasa et al., 1990
18.778 15.661 38.888 2.071 0.834
18.821 15.96 38.954 2.070 0.848
18.789 15.658 38.870 2.069 0.833
Cerro de Pasco 18.776 15.666 38.902 2.072 0.834  Sangster et al., 2000
Atacocha 18.822 15.681 38.968 2.070 0.833  Gunnesch and Baumann
18.839 15.693 39.009 2.071 0.833 1984
18.793 15.659 38.866 2.068 0.833
18.810 15.673 38.937 2.070 0.833
18.860 15.727 39.073 2.072 0.834
Atacocha 18.823 15.682 38.969 2.070 0.833  Gunnesch et al., 1990
18.839 15.693 39.009 2.071 0.833
18.793 15.653 38.863 2.068 0.833
18.810 15.673 38.937 2.070 0.833
18.860 15.727 39.073 2.072 0.834
18.789 15.651 38.866 2.069 0.833
Milpo 18.801 15.643 38.866 2.067 0.832  Gunnesch and Baumann
18.829 15.673 38.938 2.068 0.832 1984
18.851 15.701 39.047 2.071 0.833
18.848 15.685 38.987 2.068 0.832
18.819 15.664 38.91 2.068 0.832
18.771 15.667 38.925 2.074 0.835
18.835 15.683 38.967 2.069 0.833
18.849 15.697 39.04 2.071 0.833
18.832 15.678 38.958 2.069 0.833
18.842 15.673 38.956 2.068 0.832
18.826 15.676 38.959 2.069 0.833
18.801 15.649 38.876 2.068 0.832
18.819 15.674 38.932 2.069 0.833
18.817 15.665 38.926 2.069 0.832
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Fig. B.1. Down-core profile of (A) total >!°Pb activity, (B) associated CRS dates,
and (C) Sedimentation rate for the Llamacocha core.
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Fig. B.2. Elemental fluxes for each element measured. Na, Mg, Al, Ca, Ti, Mn,
Fe, Zn, As, Cu, Sr, and Pb are in the units mg m yr'; Hg, Sb, Cr, and Sc are in
the units ug m yr'. Note Mn, Zn, Hg, As, Pb, and Sb are plotted on a log scale.

Fig. B.3. Plot of 2Pb/“Pb vs. (A) 2Pb/2Pb and (B) 2*Pb/2*Pb. Stable Pb
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isotopic ratios for Llamacocha sediment are plotted alongside stable Pb isotopic
ratios from galena (PbS) from local mines (Pb data for Llamacocha sediment

are provided in Table B.3 and Pb data for ores in Table B.4). The largest and
historically the most economically important of these mines is Cerro de Pasco.
Milpo, Atacocha, and the St Vicenete mine are all located 10-20 km north of
Cerro de Pasco. The cluster of four background samples are those intervals which
pre-date ~600 AD, and thus pre-date Pb enrichment associated with the rise of
regional metallurgy. Llamacocha sediment Pb ratios roughly plot along a straight
line between background and 20" century intervals. The 20™ century samples
plot directly on top of the low-end of Cerro de Pasco ores (especially ***Pb/**Pb),
indicating Cerro de Pasco is the major source of anthropogenic Pb in Llamacocha
sediment, though limited influence by other regional ores cannot be ruled out.

Fig. B.4. The down-core flux ratio profile for both Pb and Hg. Flux ratios (sample
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to average background fluxes) provide a unitless measure of relative increases in
metal accumulation rates, and facilitate comparisons between lake records. The
average background Pb flux is 0.07+0.01 mg m™ yr' (n=35; pre-600 AD) and the
average rate of background Hg flux is 1.5+£0.2 ug m? yr' (n=49; pre-1600 AD).
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APPENDIX C: SUPPORTING MATERIAL AND METHODS FOR CHAPTER 5

Fig. C.1. Map of North and South America indicating the location of the study
sites in Canada (Lost Pack and CF8), and Peru (LY?2 and Negrilla).

120° 90° 60° 30°

* Previously published as supporting online material for: Cooke C. A., Hobbs, W.
O., Michelutti, N., & Wolfe, A. P. Reliance on ?'°Pb chronology can compromise
the inference of pre-industrial Hg flux to lake sediments. (in press) Environmental
Science & Technology.
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Fig. C.2. Down-core profiles of dry density (open squares) and % LOI 550°C (red
line) for (A) LY2; (B) Laguna Negrilla; (C) CF8, and; (D) Lost Pack.
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Table C.1. Location and physical characteristics of the study lakes.

. . . h h :
Latitude Longitude Elevation Lake area Catchment Catchment

area Lake area
Lake (masl)  (km?) (km?)
LY2 12°49'S  75°1'W 4585 0.05 0.31 6.2
Negrilla 13°9'S  72°58'W 4130 0.06 0.32 53
CF8 68°57'N 70°33'W 195 0.30 1.50 5.0
Lost Pack 68°50'N 69°57'W 230 0.15 0.90 6.0

Table C.2. Results of the different Hg flux estimates when calculated using both
extrapolated ?'’Pb age models and the composite (>'°Pb and *C) age models.
Modern accumulation rates reflect dry mass sediment flux at the sediment-water
interface and are derived from the CRS model of ?'°Pb activities for each core.

Background Background
Lake accum. rate accum. rate

(extrap. *'°Pb) (**C model)

Modern acccum. Modern flux ratio Modern flux ratio
rate (*'°Pb model) (**C model)

(ugm?yr'+lo) (ugm?yr'+lo)  (ugm?®yr')

LY2 44 +8 14 £3 644 15 46
Negrilla 1243 7+3 31 3 4.5
CF8 0.70 +£0.07 0.25+0.08 3.23 5 13
Lost Pack 1.8+0.3 0.3 £0.1 4.2 2 12
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Table C.3. Table of radiocarbon dates for the four study lakes.

. Fraction = AMS 14C date Cal year AD/BC
Depth (cm) Labno.  Material dated modern (= 10) (2o range)
LY2 36-37.5 UCI-51339 Charcoal 0.852+0.003 1285+30 690-885 AD
56-57.5 UCI-49759 Charcoal 0.759+0.002 2225420 360-115 BC
87.5-89.5  UCI-49760 Charcoal 0.656+0.002 3390+20 1690-1525 BC
Negrilla 49.75 UCI-51337 Charcoal 0.947+0.002 3170+£15 1450-1610 AD
87.75 UCI-56388 Charcoal 0.774+0.004 2060+45 165 BC-115 AD
113 UCI-49765 Charcoal 0.674+0.004 440+45 1495-1260 BC
CF§ 5.875 CURL-8269  macrofossil ~ 0.888+0.004 955+35 1020-1160 AD
16.875 CURL-8138  macrofossil ~ 0.705+0.002 2810+20 1010-910 BC
25.5 CURL-8141  macrofossil  0.652+0.001 3440420 1870-1690 BC
Lost Pack 10.25 CURL-7499  Humic acid  0.677+0.001 3130+15 1440-1330 BC
21.25 CURL-7519  Humicacid  0.586+0.001 4295+20 2920-2890 BC
21.25 CURL-7500  macrofossil ~ 0.597+0.001 4150+20 2870-2630 BC
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APPENDIX D: SUPPORTING MATERIAL AND METHODS FOR CHAPTER 6

Fig. D.1. Down-core profiles of dry density, sedimentation rate, and Hg flux

from Lakes CF3 (A) and CF8 (B). For Lake CF8, the dry density of the entire
sediment record is shown, while sedimentation rate and Hg flux are restricted to
the Holocene. At CF8, dry density values for the percussion core (black line)
were ~2x those from the surface core during the late Holocene. Unlike the surface

core, the percussion cores collected at CF8 were not extruded in the field. Thus,
the difference in dry density values between the two cores likely results from de-
watering of the core during collection and transport. To correct for this artifact,
dry density values were multiplied by 0.5. Corrected dry density values were then

included in the calculation of sedimentation rate and Hg flux and are shown in

blue.
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Table D.1. List of the sediment cores used in this study and associated QA/QC
Hg values which includes average blank concentrations, average % recovery of
standard reference materials, and the average % difference between duplicate
measurements of the same sediment interval.

o
Avg. blank Avg. % recovery
(ng g-1) (n) reference materials
g&)U) - (MESS-3, PACS-2) ()

Avg. % difference

Lake: ionati .
s core designation between duplicates (1)

0.08 93% 4%
CF3: 2003 Surface core
4 2 P
9 0
CF3: 2002 Percussion core 0.08 97% 4%
17 10 2
9 0
CF8: 2005 Surface core 0.18 97% 4%
17 22 27
9 0
CF8: 2002 CF8 (Unit I) 0.53 98% 6%
10 8 11
9 o
CFS8: 2006 CF8-P1 (UNIT Iy~ 08 99% 5%
3 3 4
9 o
CF8: 2004 CF8-02 (Unit V) 0.54 98% 2%
7 5 6
0 0
CF8: 2005 CF8-01 (Unit Vi) -2 102% 4%
5 5 3
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	Fig. 1.1. Conceptual timescale model of the overlap between environmental monitoring and paleolimnology.  Adapted from Smol (2008).
	Fig. 1.2.  Stratigraphic profiles of European Pb production, and associated Pb pollution preserved in both Swedish lake sediments and Greenland ice cores.  Modified from Hong et al. (1994) and Renberg et al. (1994).
	Fig. 1.3.  Map of the mercury ore belt and major mercury deposits globally.  Adapted from Kessler 1994.
	Fig. 1.4. Major silver mining centers in Colonial Latin America. Dates indiate the onset of significant Colonial silver mining activites. Study sites investigated as part of this dissertation are shown in red. The map is adapted from Nriagu, 1994.
	Fig. 1.4.  Location of the study lakes considered in this dissertation.  
	Fig. 2.1. Map of the study region. (A) Map of Peru with study region and location of Negrilla. (B) detailed map of Huancavelica region with locations of Santa Bárbara mine, the two study lakes (LY1 and LY2), and remains of Colonial Hg retorts.
	Fig. 2.2. Age models for the three lake-sediment cores. Age models for LY1 and Negrilla are based on linear interpolation between 210Pb dates and median ages of calibrated 14C dates, while a best-fit line was used between dates at LY2. AMS 14C ages were measured on terrestrial charcoal and calibrated age ranges are 2 σ.
	Fig. 2.3. Lake-sediment profiles of Hg deposition and Andean archaeology. (A) Compilation of central Andean archaeology (EIP: Early Intermediate Period and LIP: Late Intermediate Period), and (B) profiles of Hg accumulation rates and flux ratios for lakes LY2, LY1, and Negrilla. Two intervals of marked Hg enrichment are shaded. Pre-Colonial Hg deposition peaks during the height of the Chavín culture, while the later rise occurs under Inca and subsequent Colonial control. This second period of extensive mining activity witnessed the long-range transport of Hg emissions, as shown by the onset of Hg deposition to Negrilla, ~250 km east of Huancavelica.
	Fig. 2.4. Measurements of Hg speciation within LY2 sediment. (A) Plot of relative percent cinnabar and matrix-bound phases of Hg, and (B) concentration of Hg as cinnabar down-core. Prior to anthropogenic enrichment a combination of cinnabar dust and matrix-bound Hg make up the sediment Hg record. During the height of Chavín mining (~400-800 BC), cinnabar dust was the vast majority of sediment Hg. Following Inca control of the mine (~1450 AD), matrix-bound phases of Hg predominate, despite a synchronous rise in the concentration of Hg as cinnabar. This relationship suggests a shift in the phase of Hg emitted, from cinnabar dust to Hg0 (or possibly Hg2+). Both would subsequently be available for oxidation/reduction cycling within the atmosphere, sorption by organic matter, methylation, and subsequent bioaccumulation within aquatic food-webs.
	Fig. 3.1. (A) Location map of the study region within Peru. The shaded area indicates the zone of Cu-Pb-Zn-Ag polymetallic ores, which broadly corresponds to the crest of the Andean cordillera. (B) Location of the study lake in relation to Cerro de Pasco. (C) Detail of the study lake and surrounding area.
	Fig. 3.2.  (A)  The composite age-depth model and 95% confidence interval (CI) integrating CRS dates (open squares) and calibrated 14C median ages (shaded circles).  (B) Stratigraphic profiles of 206Pb/207Pb ratios, Pb, Hg, Ti, and PCA axis 1 sample scores. The vertical dashed lines indicate the onset of smelting and amalgamation with 95% CI (shaded regions). Note Pb and Hg are plotted on a log scales.  (C) Biplot of the PCA results for the leading two axes, showing loadings for each of the analyzed metals.
	Fig. 4.1.  Maps of South America (A) and Bolivia (B) showing the location of Potosí.  The shaded region represents the extent of the Bolivian tin belt.
	Fig. 4.2. (A) Painting from the Colonial era of smelting operations at Cerro Rico de Potosí using Incan huyaras (artist unknown). (B) Model of a clay huyara used to smelt argentiferous ores at the time of Colonial contact. The small slots vented the kiln, whereas the molten metal was retrieved from the large basal opening. Ore was introduced from above, onto the fuel. The model was created by the late Jeanne M. Wolfe (McGill University). (C) A 1584 painting by an unknown artist of Cerro Rico de Potosi, with trains of llamas transporting ore from the mountain to one of the amalgamation facilities built to process the ore. The paintings are courtesy of The Hispanic Society of America.
	Fig. 4.3. (A) Composite age depth model for the Laguna Lobato sediment core.  Squares represent CRS 210Pb dates whereas circles are calibrated AMS 14C dates with associated 2s error ranges.  (B) Down-core sedimentation rate for the Laguna Lobato sediment core. 
	Fig. 4.4. Stratigraphic profiles of concentrations (circles) and fluxes (red line) for Hg, Pb and Ag in Laguna Lobato sediment. Note the different units between Pb (ppm; mg m-2 yr-1) and Ag and Hg (ppb; μg m-2 yr-1).
	Fig. 4.5. Comparison of [Hg] for five types of ore deposits indicating both individual measurements and the mean, median, and standard deviation of each group and the grand mean and median for all samples combined.
	Fig. 4.6. Temporal evolution of metal enrichment factors (EFs) for Ag (blue), Hg (red) and Pb (black). Enrichment factors are unitless ratios calculated by normalizing concentrations from each interval to the average background metal concentration, taken here to be pre-1000 BC. Background concentrations of Hg, Pb, and Ag are 95±19 ppb, 20±4 ppm, and 31±7 ppb, respectively. 
	Fig. 5.1. Down-core profiles of Hg concentration for all four study lakes.
	Fig. 5.2. Down-core profiles of total and supported (dashed line) 210Pb activities for all four study lakes.  Also shown are the CRS dates and sedimentation rates for each lake. The dashed line indicates the extrapolated 210Pb sedimentation rates.  
	Fig. 5.3. Plots of both the extrapolated 210Pb age model (dashed line) and the composite 210Pb-14C age model (heavy line) with 95% confidence intervals (thin lines) for all four study lakes.
	Fig. 5.4. Hg fluxes and flux ratios for all four study lakes. Fluxes and flux ratios were calculated using both the composite (210Pb and 14C) age model and the extrapolated 210Pb age model for each core. Flux ratios are unitless (sample:background) and capture the relative increase in Hg flux at each study site.  Background Hg fluxes were calculated as the average Hg flux prior to the earliest evidence for Hg enrichment. Red lines join the same sediment depths across both models, and highlight the age discrepancies between the two Hg flux estimates.
	Fig. 6.1. (A) Map of the Canadian Arctic and the location of the two study lakes on the east coast of Baffin Island. Bold line indicates approximate extent of ice sheets during the Last Glacial Maximum. Also shown are detailed topographic maps of Lakes (B) CF8 and (C) CF3 and their catchments; contour lines are in 50 m and 20 m intervals, respectively.
	Fig. 6.2. (A) Sediment lithostratigraphy which is composed of gyttja overlying inorganic sediment of glacial age (grey). (B) Age-depth model for the Lake CF3 surface (red line) and percussion cores (black line) incorporating CRS 210Pb dates (not shown), AMS 14C dates on the Glew core (red squares), and 14C dates on the percussion core (white circles). (C) Down-core [Hg] determined on the surface (red line) and percussion cores (black line).
	Fig. 6.3. (A) Sediment lithostratigraphy; organic interglacial gyttja sediments are separated by highly inorganic sediment (grey) presumably deposited during glacial retreat.(B) Down-core profile of magnetic susceptibility. (C) Age-depth model for the CF8 surface (red line) and percussion cores (black line) incorporating 210Pb dates (not shown), AMS 14C dates on the surface core (red squares), 14C dates on the percussion core (white circles), and OSL dates. (D) Down-core [Hg] determined on the surface (red line) and percussion cores (black line).
	Fig. 6.4. (previous page) Profiles of organic matter (%LOI 550), spectrally inferred Chl a, C:N ratio (by weight), [Hg], Hg normalized to organic matter content, and Hg flux for the past 0.5 ka for both Lakes (A) CF3 and (B) CF8. All of the data for this period (the past 0.5 ka) are from the surface cores. Also shown are the same data spanning the Holocene for both lakes (C) CF3 and (D) CF8 and the last interglacial (LIG) (E) for Lake CF8. Note that the LIG is plotted against depth not age.
	Fig. 6.5. Profiles of [Hg], Hg flux, [Pb], Pb flux, and 206Pb/207Pb isotopic ratios from the CF8 surface core spanning the past ~150 years. For the Pb data, note the break in the y-axis, with the lower-most datum dating to ~2 ka BP.
	Fig. A.1. Solid-phase Hg thermo-desorption curves of standard materials and selected sediment samples of the LY2 core.  The Chavín and Colonial/Modern samples are from 80 and 8.5 cm depth respectively.  The Colonial/Modern sample-peak lies between Hg0 and cinnabar, indicating the presence of matrix-bound Hg, a fraction which is largely bound to organic matter, but may also include particulate-bound Hg.  Cinnabar and Hg0 standard samples were obtained from the Idrija mercury mine, Slovenia.
	Fig. A.2. Geochemical and organic matter profiles from core LY1. Significant increases in Hg are shaded and cannot be attributable to rapid increases in other sediment variables. Both within-lake primary production and total organic mater burial have been shown to influence the accumulation of Hg within lake sediments.  There is no correlation between Hg and Chl a (r2=0.01), and Hg and % LOI 550 (r2=-0.15). The exception is an obvious large peak in both Hg and Chl a centered ~1450 AD. However, similar Chl a concentrations (e.g. ca. 200 BC) yield no net increase in Hg, and no increase in Hg is noted in modern sediments when Chl a attains its highest levels (0.02 mg/g).
	Fig. A.3. Geochemical and organic matter profiles from core LY2. As observed at LY1, increases in Hg are shaded and cannot be attributable to rapid increases in other sediment variables.
	Fig. A.4. Geochemical and organic matter profiles from Negrilla. As with LY1 and LY2, increases in Hg are shaded and cannot be attributable to rapid increases in other sediment variables.
	Fig. B.1. Down-core profile of (A) total 210Pb activity, (B) associated CRS dates, and (C) Sedimentation rate for the Llamacocha core.
	Fig. B.2. Elemental fluxes for each element measured. Na, Mg, Al, Ca, Ti, Mn, Fe, Zn, As, Cu, Sr, and Pb are in the units mg m-2 yr-1; Hg, Sb, Cr, and Sc are in the units mg m-2 yr-1. Note Mn, Zn, Hg, As, Pb, and Sb are plotted on a log scale.
	Fig. B.3. Plot of 206Pb/204Pb vs. (A) 207Pb/204Pb and (B) 208Pb/204Pb. Stable Pb isotopic ratios for Llamacocha sediment are plotted alongside stable Pb isotopic ratios from galena (PbS) from local mines (Pb data for Llamacocha sediment are provided in Table B.3 and Pb data for ores in Table B.4). The largest and historically the most economically important of these mines is Cerro de Pasco. Milpo, Atacocha, and the St Vicenete mine are all located 10-20 km north of Cerro de Pasco. The cluster of four background samples are those intervals which pre-date ~600 AD, and thus pre-date Pb enrichment associated with the rise of regional metallurgy. Llamacocha sediment Pb ratios roughly plot along a straight line between background and 20th century intervals. The 20th century samples plot directly on top of the low-end of Cerro de Pasco ores (especially 208Pb/204Pb), indicating Cerro de Pasco is the major source of anthropogenic Pb in Llamacocha sediment, though limited influence by other regional ores cannot be ruled out. 
	Fig. B.4. The down-core flux ratio profile for both Pb and Hg. Flux ratios (sample to average background fluxes) provide a unitless measure of relative increases in metal accumulation rates, and facilitate comparisons between lake records. The average background Pb flux is 0.07±0.01 mg m-2 yr-1 (n=35; pre-600 AD) and the average rate of background Hg flux is 1.5±0.2 mg m-2 yr-1 (n=49; pre-1600 AD).
	Fig. C.1. Map of North and South America indicating the location of the study sites in Canada (Lost Pack and CF8), and Peru (LY2 and Negrilla).
	Fig. C.2. Down-core profiles of dry density (open squares) and % LOI 550°C (red line) for (A) LY2; (B) Laguna Negrilla; (C) CF8, and; (D) Lost Pack.
	Fig. D.1. Down-core profiles of dry density, sedimentation rate, and Hg flux from Lakes CF3 (A) and CF8 (B).  For Lake CF8, the dry density of the entire sediment record is shown, while sedimentation rate and Hg flux are restricted to the Holocene.  At CF8, dry density values for the percussion core (black line) were ~2x those from the surface core during the late Holocene. Unlike the surface core, the percussion cores collected at CF8 were not extruded in the field. Thus, the difference in dry density values between the two cores likely results from de-watering of the core during collection and transport. To correct for this artifact, dry density values were multiplied by 0.5. Corrected dry density values were then included in the calculation of sedimentation rate and Hg flux and are shown in blue.



