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Abstract  High mountain regions may be perceived as areas of high environmental 
quality, yet many contaminants are ubiquitous on the planet through long-range 
atmospheric transportation. Mountain lake sediments record and archive how this 
global contamination is proceeding and have developed throughout history, particu-
larly since rapid industrialization in the 1950s. Action against diffuse atmospheric 
contamination transported far away from the sources requires the development of 
national and international protocols, which must be based on reliable scientific evi-
dence. Research on mountain lake sediments aims to provide long-term references, 
models for interpretation of results, and sound understanding of the mechanisms 
that lie behind the observed patterns of contamination. Mountains offer an excel-
lent setting for environmental research because short distances may provide marked 
physical gradients (e.g., air temperature), and ecosystems are relatively amenable 
to observation and modelling. The lake sediment contributions are important com-
plements to other observational approaches used in global change research. This 
chapter focuses on trace metals, polycyclic aromatic hydrocarbons (PAHs) and 
organohalogen compounds (OHCs). After a short introduction regarding contami-
nants and the several operative ways to examine the sediment archive, the main 
features of contaminant distribution in mountain lake sediments are described, fol-
lowed by a section on the understanding of the processes behind the patterns (e.g., 
atmospheric transport, catchment interactions, air-water exchange, water column 
dynamics and eventual sediment archiving), and finishes with a section on biologi-
cal assessment.
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Introduction

Diffuse, Background Pollution

Long-range atmospheric transport (LRAT) of acidifying substances on lakes and 
forests was the first indication that human activity can change the state of ecosys-
tems situated far away from the site where the contaminant originated (Beamish and 
Harvey 1972). While the atmospheric increase of carbon dioxide was still a matter 
of academic debate, evidence of acidic deposition impact in remote areas, due to the 
industrialization emissions, cut across societal sectors in the early 1970s. As a re-
sult, international agreements to control emissions and mitigate the effects of acidi-
fication were undertaken both at national and international levels. The archiving 
of acidification proxies by the mountain lake sediments will not be addressed here 
because there are recent reviews (e.g., Catalan et al. (2013) and references there 
in). Nonetheless, acidification merits mention in this introduction because it was 
the beginning of the international awareness that human atmospheric pollution was 
changing the nature of background atmospheric deposition across large parts of 
the planet with highly uncertain consequences for the biosphere and humankind 
(Rockstrom et al. 2009a).

Contaminants are substances of synthetic origin (or natural of origin but en-
riched by human activity) that persist sufficiently in the environment to cause health 
problems to humans or to other living beings and, eventually, interfering with natu-
ral ecosystem dynamics. Monitoring all kinds of contaminants at large scales using 
remote sensing or deploying instrumental stations in a sufficiently dense network 
across large and scarcely inhabited areas is not feasible; therefore, natural registers, 
such as lake sediments, provide an extremely valuable source of information to 
track long-range distribution of atmospheric contaminants (Camarero et al. 1995). 
Occasionally, these natural registers can also provide evidence of ecosystem re-
sponses to the contamination pressure.

Mountains offer an excellent setting for environmental research because short 
distances may provide marked physical gradients (e.g., air temperature). Mountain 
regions are distributed worldwide and many of them contain lakes whose sediments 
are archives of regional deposition of contaminants. Because of the mountain geo-
morphology, the ratio between the lake area and its watershed is low and hence 
favors sediment archives with atmospherically dominated variability. That is, di-
rect atmospheric deposition and short distance transport by surface and subsurface 
flows dominate matter loads to the lakes, particularly in glacial cirques and former 
volcanos. In contrast, the sediment archive variability in lakes and reservoirs in the 
main valleys and at low altitude plains is highly influenced by the way the fluvial 
transport organize and fluctuate over large areas and time (Fan et al. 2010). Lakes 
without direct human influences in the catchment are usually more appropriate for 
studying atmospheric pollution. In some cases, however, the atmospheric origin 
of some contaminants can be determined comparing lakes without human occupa-
tions in the watershed with those with some impact (Datta et al. 1998; Schmid et al. 
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2007). The mountain regions represent topographic barriers to air transport and, as 
a consequence, provide a more regionalized view of the background planetary pol-
lution compared to remote high-latitude areas (e.g., Arctic), which may be closer to 
a hemispheric average. Several high mountain ranges are imbedded within regions 
of high emissions.

In this chapter, I will examine: (i) LRAT of contaminants tracked using lake sedi-
ments in mountain regions; (ii) the main patterns of current and past contaminant 
distributions; (iii) the processes to consider in the interpretations of the sediment re-
cords; and (iv) the extent to which toxic impacts can be inferred from the same sed-
iment sequences. Advantages, shortcomings and complementarities of sediments 
with respect to other observational matrices such as direct air sampling, deposition, 
snowpack, soils and vegetation will be also addressed.

The Contaminants

Three groups of contaminants that differ in their origin, transport characteristics, 
bioaccumulation features and potential toxicity will be considered (Table 1): trace 
metals, polycyclic aromatic hydrocarbons (PAHs) and organohalogen compounds 
(OHCs).

Trace Metals

The term trace metal is increasingly used to include heavy metals, metalloids and 
organometals (e.g., Pb, As, MeHg) that fall along a continuum of biogeochemical 
behaviors and share the potential to be toxic to biota; thus the term has more of 
an environmental connotation rather than chemical (Luoma and Rainbow 2008). 
The term “trace” refers to the usual concentrations observed within organisms. The 
concentration in a specific medium, particularly in the sediments, can be far beyond 
what is considered analytically a “trace concentration”.

Some trace metals are required by living organisms in small doses; they are 
referred as essential metals. The affinity of essential metals for sulfur and nitrogen 
has been evolutionary exploited in metabolic pathways, which are common to most 
living forms. Non-essential trace metals are not necessarily more toxic than essen-
tial ones, and the thresholds at which trace metal availability become toxic may be 
lower for some essential metals than for non-essential ones. An approximate order 
of toxicity for trace metal inorganic forms is Hg > Ag > Cu > Cd > Zn > Ni > Pb > Cr 
> Sn, although toxic effects vary between organisms (Luoma and Rainbow 2008).

Mountain lake sediments are naturally rich in trace metals because of the weath-
ering of fresh rocks in their catchments. Therefore, it becomes mandatory to take 
into account these natural metal loads for assessing current atmospheric contamina-
tion and also that soil characteristics may modify the transport towards the lake (Na-
vas and Lindhorfer 2005). Comparing the concentration in the sediment upper lev-
els with concentrations in older sediment sequences corresponding to pre-industrial 
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Contaminant Concentration range
Low Moderate High

Trace metals (µg g−1 DW)
Mercury (Hg) 0.01–0.03 0.1–0.3 2–4
Lead (Pb) 2–25 50–300 500–2000
Zinc (Zn) 10–50 100–400 5000–18,000
Copper (Cu) 1–10 20–150 500–2000
Arsenic (As) 1 5–15 2000–3500
Cadmium (Cd) 0.1 0.5–2 20–50
Polycyclic aromatic 
hydrocarbons (ng g−1 DW)
Sum PAHs < 500 1000–2000 5000–20,000
Phenanthrene 1–10 20–60 400–600
Fluoranthene 10–50 100–300 1400–2000
Benz[a]anthracene 5 20–50 200–500
Chrysene ( + triphenylene) 1–50 100–300 1000–2000
Benzo[b + j]fluoranthenes 1–50 80–300 800–2700
Benzo[k]fluoranthene 1–40 100–300 700–1500
Benz[e]pyrene 5–20 50–300 900–1500
Benz[a]pyrene 3–5 20–70 400–800
Indeno[1,2,3,-cd]pyrene 1–60 100–300 1000–2000
Benzo[ghi]perylene 1–30 70–150 700–1400
Retene 1 2–4 10–1000
Perylene 0–2 10–150 1000–6000
Organohalogen compounds 
(ng g−1 DW)
Sum PCBs 1.0 2–10 30–100
PBC-28 + 31 0.1–0.2 0.3–0.4 0.5–1
PCB-52 0.02–0.05 0.3–0.5 1–3
PCB-101 + 90 0.08–0.4 0.6–0.8 1–5
PCB-118 0.1–0.2 0.4–0.7 0.9–1.3
PCB-153 0.2–0.4 0.7–0.9 2–4
Sum DDTs 0.2–1 2–10 20–40
Sum toxaphenes < 1 2–10 20–40
HCHs < 0.1 0.5–1 7–12
α-HCH < 0.1 0.5–1 6–9
γ-HCH < 0.1 0.5 0.8–1.5
HCB 0.1–0.2 0.5–0.7 1–2
Sum PBDEs < 1 10–25

Table 1   Lake sediment contaminant concentrations at mountain sites of low, moderate or high 
contamination. The values are only indicative, actual fluxes depend on sediment accumulation 
rates, which may vary significantly among mountain lakes
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periods is a simple approximation. For some trace metals, the distinction between 
on-site and atmospheric sources can be made using stable isotope ratios, which usu-
ally differ between the two sources (Fig. 1). For instance, lead isotope ratios (i.e., 
206Pb/207Pb and 208Pb/206Pb, or 206Pb/204Pb and 208Pb/204Pb) have been used to distin-
guish between alternative potential pollution sources related to mining (Camarero 
et al. 1998) and ore smelting areas (Reynolds et al. 2010). The Pb isotope ratios are 
useful also for investigating the different pathways (e.g., organic matter association, 
horizon distribution) of endogenous and exogenous sources in the catchment soils 
and the eventual implication for transport to lakes (Semlali et al. 2001).

Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs), also discussed elsewhere in this book 
(e.g. Korosi et al. this volume, Rose and Ruppel this volume), are organic com-
pounds with two or more fused aromatic rings. PAHs have received increased at-
tention in air pollution studies because some are highly carcinogenic or mutagenic 
(Srogi 2007). PAHs are widespread contaminants resulting from incomplete com-
bustion of organic materials. In the atmosphere, they can undergo photodecomposi-
tion when exposed to UV light from solar radiation and react with oxides yielding 
diones, nitro- and dinitro-PAHs, and sulfonic acids. They are highly lipophilic, thus 
they easily attach to organic particles in water. In the water column of lakes, differ-
ential algal scavenging can change the PAHs profile between atmospheric deposi-
tion and sediment deposition (Wang et al. 2011). In soils and lake sediments, PAHs 
may be degraded by microorganisms (Haritash and Kaushik 2009). All these pro-
cesses increase the complexity of the interpretation of the PAH sediment archive. 
In addition, air-soil PAH exchanges vary seasonally because of the volatilization 
features of these compounds; this variation adds to the seasonality of the emissions 
(Wang et al. 2011). Therefore, measurements integrated over several years are more 
environmentally meaningful than point assessments. In that sense, the sediment re-
cord is of some advantage.

There are many PAH compounds of natural and artificial origin. Environ-
mental studies usually report 16 priority PAHs initially established by the US  

Contaminant Concentration range
Low Moderate High

BDE-209 0.1 10–25
BDE-190/173 0.05 0.2–1
BDE-99 0.01–0.02 0.2
BDE-100 0.02–0.04 0.5–2
BDE-47 0.03–0.06 1–2
BDE-28 0.001–0.002 0.01–0.03

Table 1  (continued) 



268 J. Catalan

Environmental Protection Agency. In palaeolimnological studies, the number ana-
lyzed is usually lower and changes from one study to another. Any comparison of 
total PAHs should be aware of this variability in the analytical practice, yet there 
are usually a few compounds that account for much of the PAH total at each site. 
In some cases, instead of total PAHs, sums of certain compounds are reported; for 
instance, parent PAHs, excluding derived and diagenetic forms, or pyrolytic PAHs, 
focusing on compounds produced at high temperature combustion. The PAH profile 
differs according to the combustion source, therefore the composition at remote 
sites has been used to try to infer the relative contribution of different sources, 
mainly for distinguishing between low temperature combustions of biogenic fuels 

Fig. 1   Lead profiles in the sediments of Lake Redòn (Pyrenees). Solid circles, total Pb; empty 
circles, Pb from watershed sources as estimated using Al concentrations; inverse triangles, 
206Pb/207Pb isotopic ratio. Atmospheric Pb deposition started to be significant during the Roman 
period and has been present since there, with a maximum at 680 AD and a second large input dur-
ing post-1950s period. The Pb isotopic ratio varied according to the flux changes and indicates 
mining sources even at recent times. From Camarero et  al. (1998) with kind permission from 
Springer Science and Business Media
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(wood, biofuels, dung cakes, etc.), coal and fossil fuel. PAHs can also be compared 
with other proxies indicative of combustion, such as black carbon (Gustafsson et al. 
2001) and spheroidal carbonaceous particles (SCP) (Rose and Rippey 2002, Rose 
and Ruppel, this volume), for instance. The latter is produced solely by high tem-
perature combustion of coal and oil, whereas PAHs and black carbon are produced 
in any combustion of organic matter. There are still a limited number of studies 
comparing these proxies in mountain lakes (Muri et al. 2006).

Organohalogen Compounds

Many synthetic OHCs, with cyclic or aromatic structure, have been produced for 
agricultural, urban, and industrial applications. Some of them, due to their persis-
tence and volatility, are spreading globally and have been jointly named as persis-
tent organic pollutants (POPs). The Stockholm Convention on Persistent Organic 
Pollutants (2001) is a global treaty to protect human health and the environment 
from these kinds of chemicals, and maintains an official list of compounds included 
in this category that is periodically revised (http://chm.pops.int/). The chemical sta-
bility of POPs is due to the halogen substituents: primarily chlorine, but also bro-
mine and fluorine. Many OHCs have been used as insecticides (e.g., dichlorodiphe-
nyltrichloroethane (DDT), hexachlorocyclohexanes (HCHs), aldrin, toxaphenes, 
chlordane, mirex, endosulfan, etc.) during different periods since the first half of 
the twentieth century. Hexachlorobenzene (HCB) was used as a fungicide, and to-
day is a by-product in the manufacturing of various chlorinated organic solvents. 
Polychlorobiphenyls (PCBs) were synthesized for use as dielectrics in transformers, 
fire retardants, high thermal stability oils and other applications. The production 
was stopped in the 1970s, but there is still a large stock in some countries to be 
disposed of; due to their scarce reactivity and resistance they are found worldwide. 
Whilst some of these compounds were synthesized as pure products, they were of-
ten produced and used as mixtures, as in the case of PCBs, HCHs, and toxaphenes. 
Hence, numerous compounds were introduced into the environment. In some cases, 
the initial product is transformed into other contaminants (e.g., DDT transforms 
into DDE and DDD). Dioxins and dibenzofurans are not manufactured; rather, they 
are generated through processes such as the combustion of organic materials that 
contain chlorine atoms.

In the 1970s polybrominated diphenyl ethers (PBDEs) were introduced, de-
signed as flame retardants. Similar to PCBs, they were initially produced as mix-
tures, which have been increasing in the number of brominated sites (tetra-, penta-, 
octo-) until the fully brominated form BDE-209 was produced. The volatility of this 
latter compound is extremely low, and its hydrophobicity high, even compared to 
other organohalogens. Hence, it was expected that it will not diffuse away through 
the atmosphere or water. Surprisingly, it has been found in remote areas as other 
PBDEs (Bartrons et al. 2011; Breivik et al. 2006). The extremely high production 
and fast increase of background levels of PBDEs in a few years caused concern and 
progressive substitution for other flame retardants (Law et al. 2006).
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Recently, the surfactants perfluorooctane sulfonate (PFOS) and perfluorooctano-
ate (PFOA) are receiving attention due to their ubiquitous presence in humans and 
the environment, and their potential for bioaccumulation (Houde et al. 2011). The 
stability of PFOS and perfluorinated carboxylic acids (PFCAs) limits their degrada-
tion. High water solubility and low Henry’s Law constant render them susceptible 
to wet deposition, making LRAT in the vapor phase unlikely. However, these per-
fluorinated compounds have been recorded in water of mountain lakes (Loewen 
et al. 2008). It seems that volatile precursors (fluorotelomer alcohols, FTHOs), in-
termediates in the production of polymers primary used in water resistant coatings, 
are atmospherically transported to remote areas where their degradation becomes 
the source for PFCAs. Identifying sources and pathways involved in transporting 
PFCAs to remote locations may help to follow how environmental stocks respond 
to recent changes in fluorochemical production practices and phase-out initiatives.

Many OHCs are toxic to humans and are now banned or heavily restricted, but 
others are still produced or in use across the planet or at least in some parts (e.g., 
DDT against mosquitoes carrying malaria). Recent studies have indicated that di-
cofol may be a potential source of fresh DDT for high mountain regions worldwide 
(Meire et al. 2012b); the o, p’-DDT/p, p’-DDT ratio have been used as an indication 
of new vs. old DDT (Li et al. 2006). DDT impurities of up to 0.1 % can be found 
in technical dicofol formulations, but can reach up to 20 % with some poor produc-
tion techniques. Stocks in use and awaiting destruction (e.g. PCBs) may still be 
large even decades after production stopped. In Brazilian mountains, PCB levels in 
the air are proportional to the surrounding human population (Meire et al. 2012a). 
Therefore, existing POPs will be a matter of environmental surveillance and re-
search for many years. The environmental consequences of the addition of new 
products to this legacy of contaminants, forming “pollution cocktails” of increasing 
complexity, are uncertain.

Different Ways to Study the Sediment Archive

Alpine mountain lakes (i.e., those located above tree line) are usually relatively 
small, morphologically simple and relatively deep compared to their surface areas, 
and located in catchments of relatively low sediment export. Therefore, the sedi-
mentation patterns across the lake, excluding most littoral zones and inflows, are 
relatively constant, and one can assume that the sediment sequence corresponds to a 
temporal series without hiatus or temporal discordances. For comparisons, it is gen-
erally correct that within-lake variation is lower than among lakes. In contrast, lakes 
in the main valley of large watersheds and located below tree line tend to show com-
plex sedimentation patterns and, therefore, a single core may not be representative 
of the overall accumulation rate. On the other hand, lakes located at high elevation 
plateaus (e.g., Andes, Himalayas), particularly if they are situated in dry areas, dif-
fer from the conventional paradigm of mountain lakes. In this chapter, I will make 
only occasional reference to plateau lakes. In any case, there are alternative ways 



271Tracking Long-Range Atmospheric Transport of Trace Metals, …

to study and evaluate the sediment record of contaminants. The appropriate meth-
odology depends on the question being addressed and the trade-off between the 
accuracy required and the operational cost (time, logistics, and analytical capacity).

Time Series

The canonical approach is to interpret sediment archive as a historical sequence. 
Therefore, the core must be dated to obtain a chronological sequence. Lakes with 
varved sediments, i.e. with distinguishable annual layers of sediment deposition 
(couplets or varves), are valuable because of the chronological accuracy (Brännvall 
et al. 1999), but are rarely found. In most cases, one has to rely on indirect dating 
methods. For the most recent period (< 200 years), dating using 210Pb, complement-
ed with 137Cs and other radioisotopes, may provide excellent age-depth models if 
the sediment is finely sliced (Appleby et al. 1986). When interest goes beyond the 
last two centuries (for instance, looking for metallurgy pollution of ancient cultures; 
see Cooke and Bindler, this volume), dating relies on 14CAMS techniques and age-
depth modelling (Blaauw and Heegaard 2012). Although this technique has im-
proved enormously over the last few decades, it performs better at ages older than 
500 years. Therefore, the age period from 200 to 500 years sometimes is covered 
with extrapolations of 210Pb and 14C age models (Camarero et al. 1998).

Obviously, dating becomes critical when the main target is not ‘how much’ but 
‘exactly when’. For instance, the deposition of spheroidal carbonaceous particles 
(SPC), which are produced in high temperature combustion, vary many orders of 
magnitude throughout the European mountains. However, the timing for an expo-
nential increase in the 1950s is coherent all over the European continent indicating 
a synchrony in industrialization despite the marked differences in intensity among 
countries (Rose et al. 1999).

Mountain lakes exhibit sediment focusing. Therefore, contaminant concentra-
tions have to be converted into atmospheric deposition fluxes with caution (Van 
Metre and Fuller 2009). Knowledge of 210Pb deposition in the catchment may help 
to correct for focusing (Appleby 2008, see also Kuzyk et al. this volume) or some 
lithogenic elements may be used to standardize the measurements through time and 
across the lake (see below). The question investigated determines how much uncer-
tainty in the estimation of the deposition fluxes the study can tolerate, and sampling 
has to be tailored accordingly. It is not uncommon to be examining changes in a 
range of more than one order of magnitude. In any case, knowledge about the local 
sedimentation process is always useful.

Total Inventories

Occasionally, the main interest of a study is the total inventory of the contaminant 
during a certain period. For instance, for synthetic organic contaminants, the tar-
get could be comparison among sites of the accumulation since the substance was 
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first produced. It would not be efficient to measure many samples in great detail 
along each core. The key point is just to assure that the core section measured cov-
ers the entire temporal period of use of that contaminant. As a general guide, for 
mountain lakes above tree line and without permanent significant streams, the first 
15 cm of sediment usually reach more than 50 years ago (Battarbee et al. 2002). 
This core length is sufficient to evaluate the total inventory of synthetic substances 
made during the last few decades (e.g., OHCs). Again, if the lakes being compared 
differ in the degree of sediment focusing, the relative difference in total inventory 
may not reflect the actual differences in atmospheric flux. A way to standardize the 
comparison, within an area of similar atmospheric deposition characteristics, is to 
use the total amount of 210Pb. Correction for focusing may notably reduce apparent 
differences in atmospheric contaminant deposition among nearby lakes (Fernandez 
et al. 2000).

Top-Bottom Approach and Enrichment Factors

For contaminants that exist naturally, one may choose to compare current changes 
with a reference in the past over large areas. For instance, one may need to assess 
the impacts of the last industrialization burst in a region compared to the historical 
background levels. In these cases, a so-called “top-bottom” palaeolimnological ap-
proach may be instructive (Smol 1995). This method involves comparing contami-
nant levels of an upper (top) sediment section, assumed representative of the pres-
ent, with those at some sediment depth representing an arbitrary past (e.g., top and 
15 cm depth sections in mountain lakes (Camarero et al. 2009)). This approach can 
be criticized in many ways as there is a poor substitution of well-dated sequences 
(e.g., see chapter by Boyle et al., this volume). However, the advantage relies in the 
cost efficiency. Therefore, it is appropriate for studies considering a large number 
of sites, in which the synoptic evaluation is more valuable than each individual 
case. The differences between the two sediment levels measured are expressed as 
enrichment factors (EF). There is a high risk to obtain misleading results as changes 
in erosion rates or sediment focusing patterns between the two periods may have 
occurred at each site. Therefore, it is highly preferred to normalize the values using 
some lithogenic tracer that may account for these processes. The selection of the 
tracer may depend on the nature of the catchment bedrock, and the analytical capa-
bility. Different elements have been used (e.g., Ti, Zr, Al, and Rb) (Boes et al. 2011). 
Comparisons with EF calculated from Pb isotopes indicate variability between 10–
30 % depending on the element; therefore, it is advisable to try multiple reference 
elements and critically evaluated the differences when possible (Boes et al. 2011). 
Even when using several elements as reference, EF methods are not completely 
free of misinterpretation (see chapter by Boyle et al., this volume); therefore, scien-
tific pros and cons in the evaluation of a particular environmental problem have to 
be considered before application. The top-bottom approach should not be used for 
compounds that undergo significant diagenetic transformation within the sediments 
(see Outridge and Wang, this volume).
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Whole-Lake Budgets

The deepest central lake area may not accurately represent the whole-lake basin 
(Yang et al. 2002c). For certain studies (e.g., whole-watershed contaminant mass 
balance), a precise and accurate estimation of the whole-lake accumulation rate is 
required. Cores from several sites are necessary to take into account current and past 
lake focusing heterogeneity. The number of sites may vary according to the sedi-
mentary characteristics of the lake. Progressing deltas in the inflows, high rugosity 
of the shoreline and other geomorphologic complexities will demand coring a large 
number of sites, but 5–10 sites, distributed to proportionally cover the main zones 
(axes) of variability, are sufficient in many small to medium size lakes (Rippey et al. 
2008). In order to minimize cost, contaminants can be measured in one central site, 
and the spatial variability on accumulation rates taken into account by extrapolating 
these measurements based on some indicative, but easy to analyze, variable (e.g., 
organic matter content). Sometimes, the depositional correlation between cores is 
quite low and then analyzing multiple cores becomes prescriptive. This is the case, 
for instance, when the contaminant transport towards the lake is bound to large and 
heterogeneous particles, such as plants debris (Yang et al. 2002a).

Altitudinal and Other Geographical Variability

Under current dynamic environmental conditions, assessments over large areas and 
comparison between different regions are of primary interest. The temporal perspec-
tive that a single sediment archive can provide is always valuable, but the interpre-
tation may benefit from contextualization within a geographical framework. Envi-
ronmental conditions in mountains change with altitude, and this variability has to 
be considered when planning for sampling and in comparisons among sites. In fact, 
altitude is a factor that is a local surrogate for many variables, yet the relationship 
with some of these variables changes with latitude (Körner 2007). When comparing 
regions across continents, altitude is not a correct normalizing factor and other vari-
ables (e.g., air temperature) have to be considered according to the features of the 
contaminant. There are factors that change smoothly with altitude, such as tempera-
ture, but others distribute in belts. Vegetation is the best example for the latter. Par-
ticularly noteworthy is the distinction between truly alpine lakes (those above three-
line) and lakes located in forested areas. The form and quantity of carbon (dissolved 
and particulate) cycling through these two types of lakes can markedly differ, with 
strong implications for the transport and retention of some of the contaminants. High 
mountains are also topographic barriers, the depositional contrast among nearby sites 
at the same altitude may be astonishing, depending on the range morphology and its 
orientation respect to the air mass circulation. Finally, when dealing with LRAT, it 
is necessary to consider that geographical distance to sources is not equivalent to the 
likelihood for transport from them. The air mass trajectories can effectively shorten 
(or lengthen) the geographical distances so that the meaning of local and background 
sources is diffuse without a study of the airshed of each lake.
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It is worthwhile to consider altitudinal and geographical issues beforehand, 
when planning the sampling surveys, not only as factors in the posterior data analy-
sis. Most environmental sciences face the issue of how to deal with geographi-
cal, physical, ecological and socio-economical co-variability. One can try to block 
geographical differences in emissions, for instance, by sampling within relatively 
small areas, but then it becomes difficult to find a large gradient of the factor under 
study (e.g. air temperature, organic matter, etc.), yet there are exceptional locations 
(Landers et al. 2010). This is a methodological problem that environmental chem-
istry has not fully addressed compared to other environmental sciences that face 
similar problems (e.g., geochemistry, ecology, etc.). Whereas dynamic models are 
relatively easily accepted as a methodological tool, despite the uncertainties that the 
parameterization may carry, relatively complex statistical analysis of data are also 
necessary. At the end, there is no way to disassociate entirely the influence of geog-
raphy, history and dynamical processes using sampling designs; therefore, there is a 
need to include in the study of patterns more sophisticated statistical methods, just 
as other earth and environmental science have done (Legendre et al. 2002; Peres-
Neto et al. 2006).

Contaminant Distribution

The nineteenth century Industrial Revolution increased the atmospheric emissions 
of contaminants, yet the tipping point of long-distance pollution occurred when 
massive use of fossil fuel reserves started in the 1950s. Combustions were a primary 
source of contaminants, but the availability of low cost energy triggered the devel-
opment of massive production of new products that revolutionized agriculture and 
industry. Some of the processes for fertilizer and pesticide production were known 
before that time, but had not been fully exploited because they were energetically 
too costly. Since then, industrialization and environmental safety measures have not 
developed at the same pace worldwide. Historical, socio-economic and political 
factors lie behind geographical and temporal variation in the production and emis-
sions of contaminants. Tracking LRAT of contaminants using mountain lake sedi-
ments can contribute not only to the assessment of current contamination levels but 
also to the development of the environmental history, particularly for regions where 
scarce documentary information exists.

Release of contaminants is coincident with technological progress. Although the 
1950s were a tipping point, particularly in the variety of contaminants produced, 
trace metal atmospheric pollution started with early metallurgy and contaminant 
transport to real long-distance is evident at least since the Roman Empire in Europe 
(Renberg et al. 2001). In central China, the concentrations of Cu, Ni, Pb, and Zn 
increased gradually from about 3000 BC; enormous inputs of these metals corre-
sponded to China’s Warring States Period (475–221 BC) and the early Han Dynasty 
(206 BC–220 AD) (Lee et al. 2008). Many ores are located in mountain areas or 
nearby. In addition to background contamination, mountain lake sediments also 
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may document unexpected high emissions from these locations, and contribute to 
an environmental history of mining (Cooke et  al. 2011; Cooke and Bindler, this 
volume).

Many mountain ranges around the world have lakes with similar ecosystem 
features. Therefore, comparisons among mountain regions worldwide may resolve 
basic questions about LRAT of contaminants. Existing information is highly biased 
towards North America and Europe, yet the information is notably increasing for 
Asia and South America in recent years. Since our planet is immersed in an on-
going global change, further studies will be necessary on broad geographic scales, 
including areas that have been previously studied as many relevant investigations 
were performed more than a decade ago. The situation is continuously changing 
because the new production and use of compounds and the shifting long-range 
atmospheric trajectories due to climate change. We should expect that increasing 
awareness of the long-range transport of pollution (Rockstrom et al. 2009b) will 
foster investigations of the mountain lake sediments throughout the planet. In this 
section, I summarize the main worldwide patterns of contaminants, as revealed 
through mountain lake sediments. It does not aim to be a comprehensive review but 
to illustrate the range of variation, and the geographical and historical main features 
found up to present.

Trace Metals

Trace metal contamination is the oldest airborne atmospheric pollution recognized. 
In Europe about half of the cumulative burden of atmospheric Pb contamination 
was deposited before industrialization (Bindler et al. 2008). While some Scandi-
navian and Greenland records provide evidence of long-range atmospheric pollu-
tion (Renberg et al. 2001) the mountain sediment archive probably has a stronger 
contribution of nearby ore exploitations, as indicated by Pb isotopes in the case of 
the Pyrenees (Camarero et al. 1998). In that sense, mountain lake sediment archives 
have much potential for regional mining and metallurgy history, complementing 
other archives, such as peat bogs (Bindler et al. 2011). In Sweden, the first traces 
of atmospheric lead pollution recorded in lake sediments date to about 3500 years 
ago (Bindler et  al. 2008). Signals in the sediments reflecting Roman metallurgy 
are found from Scandinavia boreal forest lakes (Brännvall et al. 1999) to Southern 
Europe mountain lakes (Camarero et al. 1998). Lead pollution comparable to levels 
found since the Industrial Revolution (~ 1800 A.D.) were found during Medieval 
times (1200–1600 A.D.) in the Austrian Alps (Schmidt et al. 2008) and even ear-
lier, during post-Roman times (~ 600 A.D) in the Pyrenees (Camarero et al. 1998) 
(Fig. 1). Archaeological studies are indicating early occupation of the mountains in 
the Neolithic, and soon after the mid-Holocene (5000 year B.P.), fire was used to in-
crease pasture lands and early mining and metallurgy impacts occurred in mountain 
valleys, either to use mineral resources or wood as fuel for metallurgy (Bal et al. 
2011). Signatures from Bronze Age may also be recorded in other parts of the world 
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as there is evidence from lakes in alluvial planes in China (Lee et al. 2008). In fact, 
there is a broad scope of historical circumstances for investigation: the high moun-
tain impacts of Medieval times in Europe (Camarero et  al. 1998; Schmidt et  al. 
2008); China’s Warring States period (Lee et al. 2008); Andean cultures and colo-
nial period mining (Strosnider et al. 2011; Cooke et al. 2011; Cooke et al. 2009); 
and west colonial occupation in North America and settlement of smelters (Baron 
et al. 1986; Mast et al. 2010), among many others. At each region, this historical 
background becomes the reference for assessing the trace metal pollution during 
the last two centuries of industrialization, and particularly the last five decades of 
intensive use of fossil fuels.

The decades after the surge in industrialization following the 1940s and 1950s 
are usually the target of current environmental concern. Studies covering large terri-
tories are particularly valuable to provide a general assessment. This was the case of 
a pan-European study of trace metals (Pb, Cd, Zn, Cu, As, Hg and Se) in mountain 
lake sediments that was performed in the year 2000 AD across the most important 
mountain ranges in Europe including the Pyrenees, Alps, the Rila Mountains, Re-
tezat, Julian Alps, the Tatras and, Scottish mountains (Camarero et al. 2009). A top-
bottom palaeolimnological approach was applied to compare current levels with 
pre-industrial concentrations. The concentrations of trace metals in many locations 
were comparable to those reported in aquatic sediments receiving high direct con-
tamination loads. This is largely the consequence of high natural loads due to rock 
weathering in these low vegetated catchments, in which fresh exposed rock surface 
is produced continuously by geomorphic processes related to freezing of water. 
Therefore, Ti was used to normalize for lithogenic inputs and focus on atmospheric 
loads. The EFs for most elements were well above 1.5 in many lakes, indicating 
post 1950s atmospheric contamination. Pb was the element that showed the high-
est contamination level at the European scale (median EF of 2.3), followed by Hg 
and As. Zn, Cd, Cu and Se contamination was detectable to a lower degree. An 
indication of the generalized increase of diffuse atmospheric contamination is the 
exceptional increase of correlation among the current concentration of the different 
trace metals respect to the correlation in the pre-industrialization reference (Fig. 2). 
The only exception was As, indicating that the increase of this element has been due 
to other causes.

The Tatra Mountains and Scotland have been the most affected by trace metal 
pollution (Camarero et al. 2009). Natural mechanisms leading to the formation of 
highly organic, metal-binding sediments may be the cause of the high levels in Scot-
land (Yang et al. 2002a), whereas those in the Tatra Mountains are due to elevated 
deposition (Kopáček et al. 2006), which may be a general feature in Eastern Central 
Europe in the early post-industrialization decades. Metal enrichments in the Rila 
Mountains in Bulgaria are comparable to those in the Tatras, but concentrations 
are much lower. In the Alps, enrichments in Pb, Hg and Zn are higher in southern 
than in central areas suggesting a flux of these pollutants from the south, the highly 
industrialized area of Northern Italy. In the Pyrenees, the conspicuous feature is the 
high natural levels of As (Camarero 2003). The Retezat in the Carpathian Moun-
tains of Romania is among the least contaminated regions in Europe (Camarero 
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et al. 2009). Although high resolution sediment studies in Lacul Negru (Rose et al. 
2009) provided indications of Zn and Cd contamination from as early as the six-
teenth century and from the eighteenth century for lead Pb, Cd and Hg. The level of 
contamination in the sediments of Lacul Negru is typically higher than in mountain 
lakes of Scandinavia but lower than that found in the Tatra Mountains, the Central 
Alps and the UK.

Top-bottom palaeolimnological approaches make sense when studying a large 
number of lakes over large areas; thus they are rather exceptional. Most existing 
studies evaluate contaminant time series from a single or a few sites. This approach 
is highly informative but is lengthy for the evaluation of contamination over large 
territories (e.g., continents); it depends on the progressive accumulation of studies 
across the territory. This is the case for the Asian continent, for which there is still 
insufficient data for a general assessment as has been done in Europe, but there 
are some valuable studies offering an initial view. In the Khamar Daban Mountain 
Range (Siberian Central Asia), the lake sediments of Lake Kholodnoye (1760 m 
a.s.l.) provided evidence of Pb and Zn pollution from the 1920s (Flower et al. 1997), 
the contamination tendency stepped up in the early 1970s and at the time of the 
study had not declined. According to the SCP levels, contamination was estimated 
to be about 100 times lower than in acidified UK sites. However, whether the recent 
contamination in the Khabar Daban Mountains (Siberia) is derived mainly from 
background atmospheric contamination of the Northern Hemisphere or from re-
gional emissions was not determined. At Southern latitudes, in Daihailake (Inner 
Mongolia, China), there is no clear evidence of the current increase of trace metal 
atmospheric pollution (Han et al. 2007). Air-deposited Cu and Pb were evaluated 

Fig. 2   Correlation between trace metals in top (0–2 cm) and bottom (15–17 cm) sediment samples 
from 75 mountain lakes of the Pyrenees [data from Camarero (2003)]. Note the increase in the 
correlations in recent times due to increase atmospheric contamination. It was assumed that the 
bottom layers corresponded to pre-1950s periods
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using Ga as a normalizing element of fluvial transport and lithogenic origin. The 
Cu and Pb pollution was related to monsoon variability. Further south, the record of 
Lake Shudu (Yunnan province, China) also indicated scarce trace metal pollution 
during the last decades (Jones et al. 2012). Therefore, despite the scarce number of 
studies in north-central Asia, it seems that current background trace metal pollution 
is low compared with Europe. Nonetheless, the number of studies is still low in rela-
tion to the vast (mountain) territory of the continent. Cd atmospheric contamination 
has been found in soils of the Gongga Mountain in the eastern edge of the Tibetan 
Plateau (Wu et al. 2011); and recent studies from lake sediments in the Tibetan Pla-
teau (Yang et al. 2010a) has shown that the first indication of Hg pollution is much 
earlier than the onset of the Industrial Revolution in Europe, but the most significant 
pollution increase is from the 1970s, followed by a further marked and continu-
ous increase from the 1990s synchronous with the recent economic development in 
Asia (especially China and India). As most of the sites are exceptionally remote and 
situated above the atmospheric boundary layer, these results underline the need to 
understand the local Hg cycle in both regional and global context.

For some time, it was believed that preindustrial gold/silver mining in the Ameri-
cas dominated the inventory of Hg global emissions. Recently, the evaluation of 
Hg deposition history over the last millennium, from a suite of lake-sediment cores 
collected from remote regions of the globe, indicates that atmospheric Hg emis-
sions from early mining in America were modest as compared to recent industrial 
emissions (Engstrom et  al. 2014). Most of the large quantities of Hg employed 
in the gold and silver mines was not volatilized, but rather was immobilized in 
mining waste. In North America, the Baron et al. (1986) early work in subalpine 
lakes of the Rocky Mountains indicated that Pb atmospheric pollution started in 
the second half of the nineteenth century, probably related to mining activities in 
Colorado. There was no clear evidence of increased deposition related to recent 
industrialization. Mining in the past ~ 150 years was also the main source of trace 
metal pollution (Ag, As, Cd, Cu, In, Pb, Bi, Sb, Sn, Te, Zn and S) arriving to Uinta 
Mountains (Utah) (Reynolds et al. 2010). Lead concentrations declined in sediment 
deposited since about the mid-1970s, probably because of the cessation of smelt-
ing, temporary halt to mining for establishing better emission control systems, and 
the phase-out of leaded gasoline. In the Western US National Parks, Pb, Cd, SCP 
in lake sediment indicate deposition due to high-temperature combustion of fossil 
fuels (Landers et al. 2010). SCP increased in lake sediments in the conterminous 48 
states during the twentieth century, peaking around the 1960s. However, in recent 
decades, sediment Pb, Cd, and SCP have declined substantially, reflecting source 
reductions due to regulations. Atmospheric deposition of Hg began to increase 
around 1900 in the Rocky Mountains, reaching a peak sometime after 1980 (Mast 
et al. 2010). The average ratio of modern to preindustrial fluxes was 3.2, which is 
similar to remote lakes elsewhere in North America. Current-day measurements of 
wet deposition are lower than the modern sediment-based estimates, perhaps owing 
to inputs of dry-deposited Hg to the lakes, although catchment processes may play 
also a role. In the Western US National Parks, deposition of anthropogenic Hg, in-
dicated by temporal patterns in sediment cores, increased in nearly all parks during 
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the twentieth century (Landers et al. 2010), starting between 1975 and ~ 1990 de-
pending on the area. Currently, Hg sediment flux appears to be generally increasing 
or showing no change in some lakes and decreasing in others. This finding reflects 
a complex array of factors consistent with decreasing regional contaminant sources, 
increasing global contributions, and influences of individual watersheds on sedi-
ment Hg loading (Landers et al. 2008).

Tropical and southern hemisphere mountain lakes have been less studied for 
trace metal contamination than those in the Northern Hemisphere. Recent studies 
in the Rwenzori Mountains of Uganda show that the lakes have been contaminated 
by Hg from atmospheric deposition starting at least by the late nineteenth century 
(Yang et al. 2010b). The Hg accumulation increased by about 3-fold since the mid-
nineteenth century, similarly to other remote regions worldwide. High Hg levels in 
the pristine lacustrine ecosystems of the Nahuel Huapi National Park, a protected 
zone situated in the Andes of Northern Patagonia (Argentina) have been related to 
local volcanic activity since many-fold concentrations above the background values 
were observed underlying some tephra layers in the sediment cores (Guevara et al. 
2010). Extended fires might be another potential atmospheric source because the 
earlier Hg peaks coincide with reported charcoal peaks, whereas the upper Hg peaks 
coincided with evidence of extended forest fires from tree-ring data and historical 
records.

Trace metal emission controls started several decades ago in North America and 
Europe. It was expected to find a quick trace metal decline in the remote lake sedi-
ment records, as was found in precipitation (Pacyna et al. 2009). There were exam-
ples of that decline (Muir et al. 2009), but there were exceptions due to the ‘legacy 
contamination’ stored in the lake’s catchments. In fact, soils have been accumulat-
ing trace metals for decades and these contaminants are now slowly being released. 
In Scotland, Pb fluxes to the lakes have been steady despite emission reductions 
(Yang et al. 2002b). In the Pyrenees, a net export of Pb and As from the catchments 
to the lakes was found, whereas Zn atmospheric contamination was largely retained 
in the catchment (Bacardit and Camarero 2010c). Nearly all Pb entering the lakes 
was retained in the sediments, whereas 5–38 % of As and Zn was lost through the 
outflow.

Polycyclic Aromatic Hydrocarbons

The PAHs are probably the clearest indicators of the Industrial Revolution based on 
fossil fuels and the environmental carelessness (ignorance) of the first decades of 
their massive use. PAHs also exemplify the success of emission controls, as declines 
in the sediment records have closely followed these actions. Differences in concen-
trations and loads were extremely high among regions (Fig. 3), mostly depending 
on the distance from fuel burning areas (Fernandez et al. 2000). Fluxes between 
50 and 150 µg m−2 yr−1 were common throughout remote mountain lakes of Eu-
rope during the last decades of the twentieth century (e.g., Alps, Pyrenees), even in 
scarcely industrialized areas. PAH fluxes ranged from up to 1000–2000 µg m−2 y−1 
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Fig. 3   PAH fluxes and PAH concentrations normalized to total organic carbon (TOC) in sediments 
from high altitude mountain lakes during the last decades. 1, Escura (Serra Estrela, Portugal); 2, 
Cimera (Sierra Gredos, Spain); 3, La Caldera (Sierra Nevada, Spain); 4. Redòn (Pyrenees, Spain); 
5. Noir, (Alps, France); 6. Schwarsee ob Sölden (Alps, Austria); 7. Gossenköllesee, (Alps, Austria); 
8. Dlugi (Tatras, Poland); 9. Starolesnianske (Tatra, Slovakia); 10, Maam (Donegal, Ireland); 11. 
Øvre Neådalsvatn (Caledonian, Norway); 12. Arresjöen (Danskoyab, Norway). Reprinted with per-
mission from (Fernandez et al. 1999). Copyright 1999 American Chemical Society
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in some lakes of the Tatra Mountains (Central Europe) and Julian Alps (Slovenia), 
to 5 µg m−2 y−1 in Arctic islands (e.g., Svalbard) (Fernandez et al. 1999). The high-
est fluxes were similar to those found in lakes situated near urban or industrial 
areas. In general, the European mountain lake sediments show an industrialization 
fingerprint screened through a long-distance transport; the composition is domi-
nated by benzo[b + j]fluoranthenes, indeno[1,2,3,-cd]pyrene, chrysene + triphen-
ylene, benzo[k]fluoranthene and fluoranthene, among other less abundant PAHs 
of pyrolytic origin. Throughout Europe, the increase of PAH fluxes in mountain 
sediments started during the last decades of the nineteenth century and achieved 
the maximum between 1960 and 1990 (Fernandez et al. 2000; Muri et al. 2006). 
The ratio between the maximum flux and the background levels was 12–34 in the 
broad central geographical core (Alps, Tatras, Pyrenees) and < 7 in the periphery, 
both Northern (Scandinavia, Arctic) and Southern (Iberian Peninsula mountains). 
The exceptional high concentrations and fluxes in the Tatra Mountains correlated 
with the average sulfate deposition in the area before the 1990s (Fernandez et al. 
1999). PAHs decline in many sediment records since the mid-1990s in response to 
an international agreement to reduce combustion emissions. In Lake Ladove, in 
the Tatras, PAHs concentration declined to half from the early 1990s to 2000 (Van 
Drooge et al. 2011). There are no European studies to evaluate the decline progress 
during the twenty-first century.

The number of studies investigating PAHs variability within lake districts that 
consider a large number of lakes is limited. A top-bottom palaeolimnological ap-
proach was followed by Van Drooge et al. (2011) in the Tatra Mountains. A north-
west to southeast gradient was found, which is consistent with EMEP (European 
Monitoring and Evaluation Programme) estimates that identified a large area in 
southern Poland as a focus of high emission, just west of the Tatras. A handicap of 
the top-bottom approach is that fluxes are more difficult to estimate without dating 
or at least complementary data to evaluate the differences in accumulation rates and 
focusing degree among lakes. However, as a large number of lakes were evaluated 
at each sub-region, diagnostics at a sub-range scale should be acceptable. Different 
standardization procedures (e.g., lake size, organic carbon content, titanium, 210Pb 
amount) may help in the interpretation. Some high mountain lakes may receive con-
taminants from a point source rather than regional background pollution, when the 
source is not far away and there are no topographic barriers in between. PAHs load-
ings may stand out over similar places not directly affected by orders of magnitude 
(e.g., Snyder Lake catchment of Glacier National Park affected by a local aluminum 
smelter (Usenko et al. 2010)).

The information from Asian mountain areas comes mostly from studies in China 
and usually not from archetypical mountain lakes. In fact, lakes in high elevation 
plateaus or in exceptionally large mountain valleys are extremely different from a 
typical alpine lake. Sometimes they are in arid areas and become saline; in others, 
with more suitable conditions, human populations may settle in the catchments. 
All in all, studies in this type of lakes have provided some indications of the back-
ground PAHs emissions for some parts of this vast territory. Compared to Europe, 
the records show an increasing tendency of PAHs deposition that started a decade 
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or two later than in Europe and is still rising (Guo et  al. 2010) (Fig. 4). On the 
other hand, there is a higher contribution of biomass burning and domestic coal 
combustion, although the contribution of high temperature combustions is growing.  

Fig. 4   Concentration and flux profiles of PAH7 (sum of benz[a]anthracene, chrysene, benzo[b]
fluoranthene, benzo[k]fluoranthene, benz[a]pyrene, dibenzo[ah]anthracene and indeno[1,2,3,-cd]
pyrene) in lake sediments of Western China: QH Qinghai Lake; BS Bosten Lake; SG Sugan Lake; 
EH Erhai Lake; CH Chenghai Lake. Solid circles indicate fluxes and open circles: concentrations. 
Reprinted from Guo et al. (2010), Copyright (2010), with permission from Elsevier
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In some records, PAHs show a high correlation with Hg, Pb and other trace metals, 
indicating a common source related to progressive industrialization (Wang et  al. 
2010b). This was also a feature in Europe. The shift from low to high temperature 
combustion sources is reflected in the decreasing proportion of the simplest PAHs, 
with two and three rings, from 1860s to the present. In fact, the sediment PAHs 
records reflect the industrialization avatars in China: increased deposition since the 
“Westernization movement” in the 1860s; short interruption during the period of the 
“Cultural Revolution” (1966–1976); and steep increase during the last 30 years of 
unprecedented industrial and urban growth (Wang et al. 2010b).

Phenanthrene is a PAH that is abundant (even dominant) in the air and deposition 
measured in mountain sites, but it usually plays a secondary role in the sediments 
(Fernandez et al. 2003). The underrepresentation of phenanthrene in the sediments 
may be related to the water-particle partition in the water column. Low temperature 
may mitigate the discrepancy between air and sediments. Phenanthrene is the main 
PAH in the sediments of lakes in the Svalbard islands in the Arctic [Arresjöen Lake, 
(Fernandez et al. 1999); Ny-Alesund Lake (Jiao et al. 2009)]. There, the source was 
unclear. Biogenic origins, enhanced condensation because of the low temperatures, 
and local sources have been suggested as possible alternative (Rose et al. 2004). 
Phenanthrene was also dominant in the highest southernmost lake of Europe (La 
Caldera, 3050 m a.s.l., Sierra Nevada (Fernandez et al. 1999)), where temperature 
is high in summer.

Retene is common in most mountain lake sediment profiles, although in low 
quantities, and usually do not correlate with the dominant pyrolytic PAHs. Wood 
combustion is a source of retene, but it also has a diagenetic origin (Grimalt et al. 
2004b), for instance, from abietic acid, which is found in conifer resin and other 
plant lipids. Conifer forest may cover a large proportion of some mountain slopes. 
Retene has been identified as the main PAH in soils of the montane stage in the 
Pyrenees (Quiroz et  al. 2011). One way to investigate the origin of retene is to 
compare its sediment profile with that of the ratio between 1,7-dimethylphenan-
threne and 2,6-dimethylphenanthrene, which is an indicator of wood combustion. 
There are sites where they closely match (e.g., Noir (French Alps), Escura (Serra 
d’Estrela, Portugal), Gossenköllesee and Schwarsee ob Sölden (Tyrolian Alps, Aus-
tria)), indicating a wood combustion origin, and others where they substantially 
differ (e.g. Redòn (Pyrenees), Starolesnianske pleso and Dlugi (Tatra Mountains), 
Øvre Neådalsvatn (Norway), Cimera (Sierra de Gredos, Spain), indicating the dia-
genetic origin of a large proportion (Fernandez et al. 2000). In Planina Lake (Julian 
Alps, Slovenia), retene was linked to forest fires in the lake vicinities (Muri et al. 
2003), concentrations reaching exceptional values (ca. 1000 ng g−1 DW). The retene 
potential as a mountain forest fire indicator has not been explored sufficiently yet. It 
could be used complementing other fire indicators (e.g. charcoal particles).

Perylene sediment profiles also tend to differ from pyrolytic PAHs. At some 
sites, it suddenly increases at relatively deep sediment layers, as a result of diagen-
esis. In some areas, barely affected by industrial and urban pollution, it is largely 
dominant in the sediment profile (e.g., some Chilean mountain lakes; Barra et al. 
2006), which has been related to coniferous signatures.
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Organohalogen Compounds

Organohalogen compounds are numerous and diverse in their properties, applica-
tions and periods of use. Recent results from the Global Atmospheric Passive Sam-
pling (GAPS) network (Pozo et al. 2009) indicate that the latitudinal distribution of 
OHCs reflect the estimated spatial variability of global emissions, with the high-
est concentrations observed at mid-latitudes of the northern hemisphere, including 
PCBs, which have been long banned.

PCBs can be viewed as a benchmark set for OHCs because different congeners 
cover a broad range of physicochemical properties and their distribution can reflect 
regional background conditions as its production stopped in the 1970s. They are 
found everywhere. The lowest PCB total concentrations found in remote mountain 
lake sediments are around 1 ng g−1 DW (Guzzella et  al. 2011). Within a region, 
PCBs tend to increase with altitude in lake sediments, particularly the less volatile 
congeners (penta- and hexa-PCB). This was first observed by Grimalt et al. (2001) 
in a survey of European high mountains lakes covering different ranges to achieve a 
larger temperature gradient. In this study, it could be criticized that the highest alti-
tudes (lower air temperatures) corresponded to areas of central Europe, which were 
potentially closer to regions of higher emissions (Daly and Wania 2005). However, 
the article showed that, within the subset of lakes in the Alps, although the gradient 
was shorter, the relationship was also significant. In addition, the variation of each 
compound was partitioned into air temperature and location influences using appro-
priate statistical techniques (Borcard et al. 1992), being the explicative power mark-
edly in favor of temperature for the less semi-volatile compounds. Later, altitudinal 
PCB patterns in lakes have been found in sediments (Guzzella et al. 2011) and fish 
(Gallego et al. 2007; Felipe-Sotelo et al. 2008; Demers et al. 2007). More interest-
ingly, comparison of OHC composition in atmospheric deposition and sedimentary 
records in geographically distant sites demonstrates a selective trapping of the less 
volatile compounds. Trapping efficiencies increase at decreasing air temperatures 
of lacustrine systems (Carrera et  al. 2002). Studies in the Chilean Andean lakes 
show the highest PCB fluxes in the sediments between 1991 and 1998 (Pozo et al. 
2007), which differ from the main peaks in rural Canadian and European lakes, 
which tend to be in the period 1955–1970.

DDT is usually found in mountain lake sediments as its derivates (e.g., DDE), 
which indicates that they do not correspond to recent use, and sometimes are re-
ported together as DDTs. They also tend to show a local altitudinal increase as the 
less volatile PCBs (Grimalt et al. 2001). Although not in use in many countries, in 
others this insecticide is still a primary element in the fight against malaria. There is 
little knowledge on how it redistributes with LRAT. In lake sediments at Mt. Sagar-
matha (Himalayas), between 4893 and 5293 m a.s.l., p, p’-DDE average levels were 
0.19 ± 0.27 ng g−1 DW, and no other form was measured above the detection limit 
(Guzzella et al. 2011). These values are similar to those found in the Arctic and 
Subarctic and may be considered representative of background concentrations in 
remote cold areas.
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HCHs were used initially as a technical mixture of α-HCH and γ-HCH, and 
later it was commercialized as lindane (γ-HCH) until it was banned in 2009. The 
HCHs distribution mainly reflected its broad application in agriculture. For in-
stance, HCHs levels compared to other OHCs indicate whether a mountain range is 
located in an industrial or agricultural region in Europe (Carrera et al. 2002). In the 
near future, the recent band of HCHs should be reflected in the sediment archive 
as they are compounds sufficiently volatile to achieve local equilibrium between 
different environmental compartments quickly (Liu et al. 2010). In Mt. Sagarmatha 
(Himalayas) lake sediments, HCHs were below detection limits (< 0.1 ng g−1 DW) 
in samples collected in 2007 (Guzzella et al. 2011). HCB, which is no longer used 
but results as a by-product of certain industrial processes, shows distribution pat-
terns similar to HCHs in remote sites because of the similarity in the physiochemi-
cal properties between these compounds. In remote Himalayan lakes, the average 
levels were 0.08 ± 0.04 ng g−1 DW (Guzzella et al. 2011).

Other pesticides have had a more regional use than DDT or HCHs. Toxaphene 
has been found in Lochnagar sediments in Scotland (Rose et al. 2001), which could 
be evidence of transcontinental contaminant transport, because it was mainly used 
in North America. The profile showed two peaks, one in the 1970s and another in 
the 1990s (PCB had a unimodal distribution centered at 1973). The earlier peak 
agrees with the U.S. source curve; the second could be related to late use in eastern 
and south-eastern Europe, although air circulation from these regions only excep-
tionally arrives to Scotland. The toxaphene issue in European remote sites has not 
been sufficiently explored. Sediment concentrations in Lochnagar were equivalent 
for those reported in the Great Lakes, where there were fluvial inputs, and higher 
than untreated sites in the Canadian Arctic.

PBDEs have been used in different technical mixtures along time, with increas-
ing bromination (penta-, octa-, deca-). The most recent consisted of a molecule fully 
brominated (BDE-209), with low sub-cooled vapor pressure (10−8.3 Pa) and high 
hydrophobicity, according to its octanol-water partition coefficient (Kow = 108.7), 
which, consequently, was not expected to be found in remote sites. However, it has 
reached mountain lakes far away from urban areas (Bartrons et al. 2011) becom-
ing an example of how difficult is to predict the environmental performance of 
new synthetic substances. The changes in production and use of PBDE mixtures 
have been rapid and diverse throughout continents, and so have been registered in 
lake sediments. The presence of some brominated compounds (e.g., BDE-47, 99, 
100) could be interpreted straightforward as an indication of the source technical 
mixture. However, there are indications that PBDEs are biodegraded in anoxic sedi-
ments faster than other persistent OHCs (Bartrons et al. 2011). On the other hand, 
they are also affected by temperature-dependent selective trapping. Specific pat-
terns of PBDEs have been observed in the sediments of the Svalbard lakes (Arctic) 
(Jiao et al. 2009), showing higher concentrations of lower brominated compounds 
such as BDE-7, 17 and 28. In temperate mountains, PBDEs levels increase with 
altitude in lake sediments (Bartrons et al. 2011). Comparisons between PCBs and 
PBDEs distribution have been made (Fig. 5) because of their similar richness in 
different congeners, which cover a broad range of volatility, and because PBDE 
production and use raised fast to levels equivalent to PCBs (Usenko et al. 2007).
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The number of studies examining perfluorinated compounds in mountain lake 
sediments is low. In the Canadian Rocky Mountains, the isomer profiles and the 
temporal trend data suggest that FTOH oxidation is the dominant atmospheric 
source of PFCAs to high alpine lakes (Benskin et al. 2011). Alpine lakes from Aus-
tria presented similar profiles (Clara et al. 2009). Further investigations are required 
in other parts of the world.

Fig. 5   Focus-corrected flux profiles of current and historic-use of semivolatile organic com-
pounds (SOCs) in Lone Pine Lake (3024 m a.s.l) and Mills Lake (3030 m a.s.l) sediment cores. 
The lakes are respectively located at west and east of the Continental Divide in the Rocky Moun-
tain National Park (Colorado). Westerly winds predominate in the area, which together with the 
topographic barrier produce a contrasting pattern of contaminant fluxes between the two slopes. 
Solid lines indicate U.S. registered use date, dashed lines ( red) indicate U.S. restriction date, and 
* marks indicate below method detection limit. Reprinted with permission from Usenko et  al. 
(2007). Copyright 2007 American Chemical Society
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Understanding the Sediment Archive

Mountain lake sediments are recording systems of regional background air con-
taminants. However, contaminants undergo a complex pathway from sources to the 
lake and within the lake before being archived in the sediments (Fig. 6). The LRAT 
of the contaminant can be in gas or particle phase. In this partition, the origin may 
have some influence but as soon as the travelled distance is sufficiently long, the 
physicochemical properties of the substance are the primary conditioning factor 
determining the gas-particle partition. The phase in which a substance is travelling 
has influence on reaction (e.g., photo-oxidation by high irradiance) and scavenging 
rates. High mountains are barriers to circulating air masses; particles may deposit 
in dry conditions by simple intersection by vegetation, rocks and soils, or by adia-
batic cooling that may favor rainfall and concurrent scavenging by rain or snow 
fall. Once deposited, particles will be more or less efficiently transported by water 
flows to lakes and eventually will settle to the sediments. In water, a new partition 
between water and particle will take place, under different constraints than the air-
particle partition. On the other hand, substances reaching the mountains in gas form 
will exchange with water according to their solubility properties and temperature 
conditions. In the water column, the substances will interact with the particles pres-
ent. These particles are quite different from those present in the atmosphere. In 
fact, many of them are living organisms, from microbes to large fish. In this case, 
the water-particle partition will be highly conditioned by the hydrophobicity of the 
compound, which can be extremely high for some organic contaminants. Sinking 

Fig. 6   Processes involved in the transport of contaminants from the airshed to the archive in 
mountain lake sediments
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particles accelerate the transport to the sediments. Bioaccumulation across the food 
web may delay the deposition of part of the contaminants to the sediment, but even-
tually, sooner or later, if the suspended matter is not exported down flow, particles 
with attached contaminants will settle to the sediment surface. Beyond the lake, a 
large proportion of the contaminants deposited can be stored in soils, vegetation or 
other catchment reservoirs (e.g., glaciers, peat lands). Depending on the circum-
stances, these reservoirs are permanent sinks for contaminants or may become a 
delayed source to the atmosphere or to the runoff.

These complex contaminant pathways to the sediments are not fully understood 
yet. Some aspects respond to general concepts of contaminant LRAT (Macdon-
ald et  al. 2000b) and others require the understanding of processes particular to 
mountains and mountain lakes. Mountains offer an ideal setting for environmental 
research as in short distances there are marked physical gradients (e.g., air tem-
perature) and ecosystems are relatively amenable to observation and modelling, 
particularly mountain lakes. However, the complexity of air circulation at different 
spatial scales has to be considered.

Atmospheric Transport to the Watershed: The Airshed

Atmospheric transport of contaminants is the ultimate cause and, thus, a key pro-
cess for understanding the sediment archive. Compared to the watershed, the air-
shed of lakes—the area that supplies the materials for deposition- does not have 
defined boundaries and may be changing through time as climate changes. Methods 
for determining air mass back-trajectories and increased understanding of mountain 
meteorology have notably improved the capacity for linking sources and sinks in 
the atmospheric transport of contaminants.

Atmospheric samples from European high mountain areas show that most semi-
volatile OHCs are predominantly found in the gas phase (Van Drooge et al. 2004). 
For instance, HCB, the dominant compound in these samples, was exclusively 
present in the gas phase. Only the less volatile are predominant in the particulate 
phase (e.g., PCB congeners 149, 118, 153, and 180), and those with extremely low 
vapor pressure are assumed to be transported exclusively sorbed to particles (e.g., 
BDE-209). Generally, for a given site, there is an agreement between the amount 
of particles and amount of contaminants typically associated with them (Fernan-
dez et al. 2003), indicating a relatively homogenous background of contamination. 
However, the correlation may be lost in areas with contrasting air mass trajectories 
in which one of them is crossing areas of dust emission. If contaminants are directly 
measured in the air or in single deposition episodes, the contaminant profile of the 
different air mass directions can be defined accurately. Unfortunately, in this re-
spect, sediment samples integrate deposition over months, usually years. Therefore, 
the way to disentangle distinct geographical sources of contaminants has to be by 
using specific indicators. This has been mainly applied to PAHs, for instance, for 
distinguishing between low temperature combustions (wood, domestic coal, etc.) 
and high temperature ones (vehicles, electric stations, etc.) (Guo et al. 2010). When 
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some potential specific point source (e.g., smelter, pesticide factory) adds to the 
background contamination, the indicators extend to specific trace metals, isotopes 
or synthetic compounds (e.g. lindane) (Usenko et al. 2010).

Contaminants associated with particle transport are generally better preserved in 
the sediment record than gas phase components, which tend to have more complex 
dynamics before being permanently archived. For instance, there is an approximate 
agreement (e.g., at logarithmic scales) between total PAHs in the air and soils or 
sediments of remote sites above the planetary boundary layer (Van Drooge et al. 
2011). However, sediment PAHs composition generally agrees most closely with 
the air particulate phase in sites where both have been studied. The air gas phase is 
largely dominated by lighter, more volatile compounds, such as phenanthrene and 
fluorene (Van Drooge et al. 2010), which usually have a minor representation in 
the sediment record, compared to compounds attached to air particles (Van Drooge 
et al. 2011). This fact may change at exceptionally low temperatures, such as those 
that can be achieved at high latitudes or extraordinarily high altitudes, where those 
compounds typically associated to the air gas phase may condense and largely in-
crease in the sediment record (Fernandez et al. 1999).

Atmospheric transport occurs under oxidizing conditions (e.g., UV radiation, 
free radicals), and some contaminants are more reactive than others. Generally, 
those compounds carried in the gas phase are more exposed to photo-oxidation 
and proportionally decay more than those attached to particles. Also, among PAHs 
and OHCs, there are compounds chemically more stable. Alkylated PAHs are more 
reactive than the corresponding parent PAHs. Their life time in the air is short; thus, 
their presence indicates nearby sources (Kalberer et al. 2004). In general, a certain 
indication of the relative distance of transport can be assessed by the proportion 
of short life compounds. For instance, benz[a]anthracene and benz[a]pyrene are 
more chemically labile than benz[e]anthracene and benz[e]pyrene, respectively. 
Ratios between these compounds have been used as relative indicators of distance 
to sources (Van Drooge et al. 2010). In endosulfan, the ratio between Endo I and 
Endo II increases after application because the latter is less stable in the atmosphere. 
The proportion of endosulfan sulfate may indicate re-emission since it is believed 
that microbial oxidation of endosulfan in soils is one main source of this form (Pozo 
et al. 2009). In any case, endosulfan sulfate is the only form usually found when the 
source of endosulfan is exclusively the long range atmospheric transport, and there 
are not regional sources (Carrera et al. 2002).

  Single point air measurements are not representative of contamination even 
at remote sites. There is seasonality in the contaminant levels of the mountain air 
for several reasons. Part of the seasonal change may be related to current use of 
some compounds (HCHs, endosulfans) (Blais et al. 2001b). High altitude sites in 
South America appear to be affected by the large use of endosulfans in Brazil, and 
the concentrations during the summer can be an order of magnitude higher than in 
winter (Meire et al. 2012b). In the Tibetan Plateau, high summer values of HCHs 
and DDT-related compounds are due to more contaminated air being blown into 
the region from the Chengdu Plain, presumably either due to higher pesticide usage 
in summer or due to higher temperatures leading to higher evaporation in source 
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regions (Liu et al. 2010). In Europe, compounds that have not been manufactured 
(PCBs) or drastically restricted in their use (4,4′-DDT related compounds) also may 
show seasonality due to the higher contribution during warm periods of the conti-
nental inputs, compared to a more maritime origin during cold periods (Van Drooge 
et  al. 2004). In European mountains, air masses that have been travelling in the 
high troposphere (> 6000 m) carry 4–10 times less background OHCs (e.g., ca. 9 pg 
m−3 PCB and 0.4 4,4′-DDE) than the overall average (Van Drooge et al. 2004). In 
contrast, in the same areas, PAHs showed an opposed seasonal trend, concentra-
tions in air were higher during the winter. The PAHs seasonality was higher in the 
particulate fraction, indicating higher winter emission but also the temperature de-
pendence of gas-particle partitioning (Fernandez et al. 2002), which is reasonably 
well predicted in the case of air-soot partition.

Precipitation

  Rain has a large capacity for scavenging particles from the atmosphere and thus 
their associated contaminants. In addition, water drops can also incorporate con-
taminants from the gas phase according to its solubility (air-water partition) and 
temperature. As temperature decreases with altitude, the levels of dissolved con-
taminants can increase (Wania et al. 1998). This feature, combined with higher pre-
cipitation with increasing altitude, has been suggested as a main mechanism for 
higher contaminant concentrations and selective cold trapping of contaminants at 
high altitude in mountains (Wania and Westgate 2008). Nevertheless, it has to be 
taken into account that the increase in precipitation with altitude is not a global 
general feature in the mountains (Körner 2007). The increase of precipitation with 
altitude is more marked at latitudes between 40 and 60°, where most of the studies 
have taken place up to now. The tendency is less marked between 30 and 40°, and 
there is not such a trend in the rest of the world. In subtropical zones (10–30°), the 
maximum of precipitation occurs at intermediate altitudes (ca. 1500 m) and decline 
rapidly towards higher altitudes. At equatorial (0–10°) and polar latitudes (> 60°), 
precipitation decreases with altitude, although with contrasting absolute values, 
high in the former, and low in the latter, respectively. The spatial heterogeneity can 
also be large within the same region. Whereas local correlation between altitude and 
air temperature is always high (r2 > 0.80), the correlation with precipitation is often 
statistically non-significant (Kirchner et al. 2009). This lack of correlation may be 
due either to contrasting orientation of the sites respect to the dominant trajectory 
of the wet air masses (e.g., different slopes in the Andes) or to the micrometeoro-
logical complexity occurring in massive mountains. In monsoon areas, the gradient 
and absolute values of precipitation are higher the lower the average altitude of 
the mountains in the range. Even locally, precipitation levels are difficult to model 
(and forecast) from valley to valley (Thompson et al. 2009). Altitudinal gradients 
of deposition have not been directly studied and sometimes the effect is indirectly 
evaluated by the concentrations of contaminants in soils, and whether they correlate 
or not with precipitation (Tremolada et  al. 2008). As soils are also dynamically 
complex, studies of direct measurements of precipitation along altitudinal gradients 
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will be valuable, yet the distribution of sampling points without other influential 
factors than altitude (and precipitation differences) is not that easy.

In high mountains, a large proportion of total precipitation is in snow form. Snow 
is even a better scavenger of particles than rain (Franz and Eisenreich 1998), includ-
ing compounds that are usually in the gas phase (e.g., phenanthrene; Carrera et al. 
2001). The highly hydrophobic and scarcely volatile BDE-209 has been recently 
found in snow (Arellano et al. 2011). Correlation of the OC concentration in snow 
versus mean annual winter temperature shows higher accumulation at lower tem-
peratures. In the Tatra Mountains, the less volatile PCBs exhibited higher tempera-
ture dependencies than the more volatile congeners (Grimalt et al. 2009); contrarily, 
in sites of western Canada, the more volatile compounds increased preferentially 
with altitude (Blais et al. 1998). This may be related to the specific range of winter 
temperature in each area of study.

The quality and quantity of contaminants in precipitation change seasonally, be-
cause emissions from urban, industrial and agricultural sources and the stratification 
of the atmosphere vary from summer to winter. Therefore, a few months of deposition 
measurements are not representative of the annual load. In addition, snow introduces 
an added complexity. The snowpack has a complex dynamics, and it cannot be as-
sumed that the load of contaminants that it contains will end-up into the soils and run-
off (Finizio et al. 2006). Direct interpretation that higher levels of a contaminant in the 
snow will contribute to a higher load into the lake sediments is not necessarily correct.

Dust

In mountain lakes close to dust source areas, dust-transport and deposition become 
key factors for understanding contaminant deposition (e.g., some areas of Central 
Asia; Wang et al. 2010b). Dust can also be critical for understanding the contami-
nant deposition patterns in areas affected sporadically by air-masses that bring dust 
from far away sources. In general, dust has a buffering (Psenner and Catalan 1994) 
and fertilizing effect on mountain lakes (Camarero and Catalan 2012), which are 
usually acid-sensitive and oligotrophic. Trace metals are commonly associated with 
dust (Reynolds et al. 2010) but other contaminants have also been related to dust 
transport when the source of contaminants and dust are nearby (Wang et al. 2010b). 
In areas receiving sporadic (but intense) dust loads, dust contribution may jeopar-
dize the correlations between particles and less volatile contaminants (e.g. PBDEs; 
Arellano et al. 2014), which is normally found when the source of particles is in 
urban or industrial zones.

Air Mass Trajectories and Distance to Source

Defining the lake’s airshed is not a simple task. When considering background con-
tamination in mountain sites, the geographical distance is not necessarily a valid 
indicator of the potential contribution of a certain source area. Air mass trajectories 
can make distant sources close and, on the contrary, nearby sources far away.
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Generally, high mountain lakes are located above the planetary boundary layer 
(full theoretical depth ca. 2000 m; nocturnal depth ca. 300 m at mid-latitudes) and 
are not regularly exposed to contamination from low lands. Therefore, high altitude 
lakes can be representative of background, long-range atmospheric contamination. 
However, this is not the case when the lakes are located in inhabited high altitude 
plateaus (Bogdal et al. 2011). On the other hand, convectional instabilities can de-
velop in warm periods and mix the atmosphere up to several kilometers. Conse-
quently, it has to be locally (regionally) evaluated, whether the lakes studied are 
permanently above the planetary boundary or not. In the Pyrenees, for instance, 
researchers have found evidence of trace metal local contamination up to about 
2000–2300 m a.s.l. both in soils (Bacardit and Camarero 2010b) and the winter 
snowpack (Bacardit and Camarero 2010a).

A mountain lake rarely receives all its precipitation from the same direction and 
usually the different sources have distinctive chemical features; for instance, accord-
ing to a more maritime (Cl, Na) or continental (Ca) contribution of inorganic com-
pounds (Camarero and Catalan 1996). The cases in which single deposition events 
are analyzed are rare; more commonly, the samples are a composite of precipitation 
events covering a certain time. Then, the association between contaminants and 
air mass trajectories is made based on the relative contribution of different back-
trajectories to precipitation of the sampling period (Bacardit and Camarero 2009). 
There are cases in which the air mass trajectories change seasonally. For instance, 
seasonality in semi-volatile organic compounds levels in the air of the European 
mountain is mainly due to a higher occurrence of air masses with strong continental 
inputs in the warm periods than in the cold periods (Van Drooge et al. 2004). HCHs 
deposition increased during the monsoon season in East Rongbuk Glacier (6572 m 
a.s.l.) in the Himalayas (Kang et al. 2009). If there is a geographical segregation of 
dominant sources (e.g., wood combustion vs. pyrolytic sources for PAHs) the air 
mass back-trajectories can help to confirm their relative contributions.

Air trajectories from different directions may also travel preferentially at certain 
altitudes and among complex terrains found in mountain areas, introducing addi-
tional sources of variability. Contaminant measurements at high altitude in oceanic 
islands have been proposed as representative of hemispheric free-troposphere con-
ditions. At the Izaña Atmospheric Observatory (2367 m a.s.l.) on Teide Mountain 
(Canary islands, Atlantic), air PAHs are an order of magnitude lower than at any 
remote mountain site in the European continent (Van Drooge et al. 2010). OHCs in 
mountain ice cores have been related to some main climatic descriptors: DDT and 
HCH in the Mt. Everest ice to the El Niño-Southern Oscillation, DDT in Mt. Muz-
taga (Eastern Pamirs) to the Siberia High pattern and DDT in Snow Dome (Rocky 
Mountains) to North Atlantic Oscillation (Wang et al. 2010a).

Topographical Barriers

High mountains are topographical barriers even for tropospheric circulation. This 
may result in contrasting patterns between sites at the same altitude but different 
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slopes. For instance, PAHs at high altitude soils showed similar relative composi-
tion but contrasting concentrations between northern and southern slopes in the 
central Italian Alps (Tremolada et al. 2009). As the air mass is forced to ascend to 
clear the barrier, air cools and precipitation becomes more likely; contrasting pre-
cipitation between slopes occurs if some direction dominates the regional air mass 
trajectories. Disparity in PCB sediment fluxes between lakes in the western and 
eastern Andes slopes of Chile has been attributed to differences in rainfall and air 
mass origin (Pozo et al. 2007). Similarly, from a study of 98 semi-volatile organic 
compounds in two lakes of the Rocky Mountain National Park, one west of the con-
tinental divide and another east, Usenko et al. (2007) conclude that regional upslope 
wind directions and site location with respect to regional sources and topographic 
barriers were determinant in the composition and magnitude of the sediment fluxes 
(Fig. 5).

Grasshopper Effect

Mountains are not only sinks for contaminants. Short-term changes in conditions 
may determine that deposited contaminants during cold periods are re-emitted dur-
ing warm phases. This affects mostly the more volatile compounds. For instance, 
PCB summer release in the Alps pastures have been described (1900 m a.s.l.), which 
can be tracked in seasonal patterns in the contaminants of cow milk (Tato et  al. 
2011). Concentrations and enrichment in the less volatile congeners were higher in 
the Northern slope. The remission at low (warmer altitude) may become a supply 
for high (cold) altitudes. This jumping transport (the so-called Grasshopper Effect) 
may occur also between mountains (from lower to higher ones) and latitude (tem-
perate mountains towards polar regions).

Catchment to Lake Transport

Ideally remote lakes will act as passive collectors of atmospheric deposition. Even 
in mountains, with the exception of volcano lakes, the catchment usually occupies 
a larger part of the watershed than the lake. Therefore, there is always some part 
of the annual contaminant load to the sediments that will originate from the catch-
ment. The catchment is a reactive surface and, depending on its characteristics, 
will modify more or less the atmospheric profile of contaminants. Quick superfi-
cial runoff, in principle, should be more similar to atmospheric deposition than soil 
seepage. Soils act as filters for some substances, as has been recorded by comparing 
trace metals in snow and artesian flows (Shotyk et al. 2010). For lakes with a water 
budget that includes a significant contribution from catchment runoff, understand-
ing the sediment archive requires understanding of what may happen in the catch-
ment compartments. There have not been many attempts to quantify the direct and 
catchment-mediated contributions of contaminants [e.g., trace metals (Bacardit and 
Camarero 2010c), OHCs (Blais et al. 2001b)].
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Snowpack

The snowpack is not a simple accumulation of snow that eventually melts. Through-
out the cold months, the snowpack develops and changes in some physical proper-
ties. There are substances that can be re-emitted to the atmosphere or washout selec-
tively during thaw periods. Emissions from the snowpack back to the air are more 
likely for the more volatile compounds (Hansen et al. 2006). They can be trapped 
at very low temperatures, but when the snowpack warms, a fraction of them may 
return to the gas phase. This is another mechanism of selective trapping of the less 
volatile compounds. Snow specific surface area, which determines the maximum 
amount of each organic compound that can be sorbed by snow, has proved useful 
for describing the distribution of the more volatile compounds (e.g., α-HCH and 
HCB) in the Tatra Mountains (Arellano et al. 2011).

The snowflakes undergo metamorphic change following deposition. In a sim-
plistic view, flakes transform into grains with an ice core of pure water coated by 
ice with more solutes and particles. When conditions warm up, the coating ice melts 
first and, as a consequence, there is a differential elution of substances along the 
thaw period. The initial runoff from the snowpack is richer in substances than the 
final one, which is close to distilled water. This was first studied for inorganic com-
pounds (Catalan 1989), but it has also been found for organic contaminants. In Bow 
Lake (Alberta), the first snowmelts exhibit high concentrations of organic contami-
nants relative to the snowpack, including the more hydrophobic compounds (Diel-
drin, DDTs, and PCBs) (Lafrenière et al. 2006). There are areas of the world where 
two separate phases of snow accumulation and melting are clearly established, but 
in other parts, melting and freezing can alternate during many months, increasing 
the complexity of the process (Felip et al. 1999).

The ice and snow cover of the mountain lakes generally remain until a large part of 
the snowpack is melted (Catalan 1989). Water entering the lake circulates close to the 
ice cover, due to the inverse stratification of the water column. This determines that 
the first flush of snow runoff, which is rich in substances and particles, goes through 
the lake without much contribution to the sediments if the lake is relatively deep. 
The late thaw runoff usually does mix with the water column as the lake experiences 
spring turnover (Catalan 1992). Therefore, the relative contribution of catchment’s 
snow deposition to the contaminants sediment load may vary considerably from lake 
to lake and year to year. Necessarily, the contribution will differ depending on the 
geomorphologic and hydrologic setting: lake size and depth; ratio between lake area 
and catchment area, north and south facing, etc. The differences between contami-
nants may arise whether they are sorbed to large particles, which may sink quickly, 
or to fine-particles, or dissolved, which will pass through towards the outflow.

Glaciers

Some mountain lakes receive runoff from glaciers. They are not ideal systems 
within which to track atmospheric contamination because the glacier’s com-
plexity as collectors and archives of contaminants complicates the interpretation  
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(Villa et al. 2003; Blais et al. 2001b). Even under relatively constant climatic condi-
tions, glaciers are in a dynamic equilibrium. Therefore, they are releasing contami-
nants during the warm season. The relative contribution of glaciers to runoff may 
be a relevant source of contaminant inter-annual variability in streams (Lafrenière 
et al. 2006). Under the current global warming regime, it is interesting to investi-
gate whether and how contaminants archived for decades in the glacier ice are now 
released with the glacier retreat (Blais et al. 2001a). For some Switzerland glaciers, 
modelling projections indicate that time for release of the same quantity of contami-
nants can decrease 10-fold (Bogdal et al. 2010a). Oberaar Glacier is currently in-
creasing the release of OHCs, which account for the observed OHCs increase in the 
lake of the same name (Bogdal et al. 2010a). In Lake Iseo, one of the large southern 
Alpine Italian lakes, the PCBs maximum in the lake sediments corresponds to the 
1970s (the period of the highest PCB production) whereas DDT shows a sharp 
increase from the early 1990s, long after their agricultural use was banned in Italy 
(Bettinetti et al. 2011). This has been attributed to the retreat of the glaciers in the 
zone. In two lakes of the Bernese Alps (Switzerland), located only 8 km apart from 
each other, PCBs and DDT levels showed the highest levels in the sediments 30–50 
years ago; however, in the one fed with glacier melting water, the peak was fol-
lowed by a second increase in the 1990s (Schmid et al. 2011).

Soils

Soils play a dual role in the context of contaminant recording in mountain catch-
ments. On one hand, they are an alternative archive to which the sediment register 
can be compared. On the other hand, similar to glaciers, they may act as a transient 
storage deposit for contaminants that eventually are released to the lakes. Com-
pared to glaciers, however, dynamics of contaminants in soils may be more diverse 
and complex. As archive, soils differentiate from sediments by presenting higher 
bioturbation, lower accumulation rates (hence, there is less chronological control 
as archive), higher spatial (and seasonal) heterogeneity and different preservation 
conditions (Kirchner et al. 2009).

PAHs in lake sediments and nearby soils were compared for sites in the Pyrenees 
and Tatra Mountains (Grimalt et al. 2004b). Both archives showed airborne combus-
tion mixtures refractory to photo-oxidation and chemical degradation. However, the 
degree of preservation compared to air samples was different (Fig. 7). Soil surface 
preserved the original air mixture better than the sediment surface. This indicates a 
PAH differential degradation, either during the water column transport or in the up-
per sediment before the ‘fossilization’ of the deposition signature. In contrast, lake 
sediments exhibited higher preservation of the more labile PAHs, indicating a lower 
degree of post-depositional oxidation than soils. The formation of some PAHs by 
diagenetic transformation also differs between soils and sediments; perylene usu-
ally increases in deep sediment sections, whereas phenanthrene enrichments in deep 
soils have been observed, which can result from the aromatization of diterpenoids. 
In several tropical regions, soils have a higher relative abundance of the lighter 
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PAHs than in temperate regions, which likely reflects a higher contribution from 
biomass burnings (Daly et al. 2007a).

Soils are the major terrestrial reservoir of persistent organic pollutants (Mei-
jer et al. 2003) and play a control on background atmospheric concentrations. For 
volatile compounds, there can be direct soil-air exchange (Cabrerizo et al. 2011). 
Depending on the soil characteristics, the maximum reservoir capacity may differ 
in many orders of magnitude among compounds (Dalla Valle et al. 2005). The res-
ervoir capacity may change seasonally (and diurnally) with air temperature [e.g., 
PCBs (Guazzoni et al. 2011), DDT (Tremolada et al. 2011)]. The soils become net 
emission sources when maximum reservoir capacity is achieved. For semi-volatile 
compounds, mountain soils at mid-latitudes may be part of a stepwise mechanism 
of transport to high colder latitudes. Within a mountain range, soils at lower al-
titudes may become secondary sources for soils at higher altitude (grasshopping 
mechanism). For instance, soils in the Tibetan Plateau are secondary sources for 
HCB, HCHs, and low molecular PCBs; whereas they are still sinks for DDE and 
DDT (Liu et al. 2010; Wang et al. 2012). In the Czech Republic, the highest levels 
of HCHs and HCB were found in arable soils, but the highest for PCBs, DDTs and 
PAHs were found in high altitude forest soils, which reflected the legacy from the 
past high deposition (Holoubek et al. 2009).

Fig. 7   PAH in soils and sediments from Lake Redòn (Pyrenees). A and B refer to two different 
sediment and soil cores analyzed from this site. 1, fluorene; 2,phenanthrene; 3, anthracene; 4, 
fluoranthene; 5, pyrene; 6, retene; 7, benz[a]anthracene; 8, chrysene + triphenylene; 9, benzo[b + j]
fluoranthenes; 10, benzo[k]fluoranthene; 11, benzo[e]pyrene; 12, benzo[a]pyrene; 13, perylene; 
14, indeno[1,2,3-cd]pyrene; 15, benzo[ghi]perylene; 16, dibenz[a, h]anthracene, 17, coronene. 
PAH units in ng/g. The PAH composition in the upper layers of both compartments exhibits a high 
similarity with atmospheric aerosols collected at this site (Fernandez et al 2002). Reprinted from 
(Grimalt et al. 2004b), Copyright (2004), with permission from Elsevier
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Organic matter (OM) content increases the soil’s capacity to retain OHCs (Ca-
brerizo et al. 2011; Wang et al. 2012; Zheng et al. 2012) and particularly the most 
hydrophobic fraction (Tremolada et al. 2012). However, for PBDEs a better nor-
malization of altitudinal gradients has been found using clay content rather than 
organic matter in soils (Yuan et al. 2012). Soil total organic matter (as total lipids in 
organisms) is a heterogeneous catchall that usually provides statistical significance 
for normalizing organic contamination, yet it may be too crude of a measure for 
understanding key processes. If the percentage of OM is used for normalizing OHC 
concentrations among samples, it is always advisable to report the OM values for 
each sample, so that one can calculate backwards to the original concentrations. 
This comment also applies to sediments.

The transport of contaminants from soils to streams and, eventually to lakes, 
is still poorly understood (Bergknut et al. 2011). It is an intermittent process since 
many of the contaminants are transported with particles or colloidal matter. Soil 
erosion is highly variable and dependent on multiple factors. In the Pyrenees, the 
anthropogenic trace metals accumulated in the catchments are three orders of mag-
nitude higher than current atmospheric loads. The Zn soil exportation constitutes ca. 
70 % of the lake inputs, yet soils are still a net sink for atmospheric deposition of Zn. 
In contrast, Pb atmospheric deposition is lower than Zn, and soils have become a net 
source for Pb, which contribute > 90 % of the lakes Pb loading (Bacardit et al. 2012; 
Bacardit and Camarero 2010b). In Lochnagar (Scotland) similar contributions have 
been found for Pb and about 78 % for Hg (Yang et al. 2002b). Consequently, the 
trace metal contamination legacy from soils may be a general environmental fea-
ture in European mountains. The net soil contribution to streams and lakes may last 
for at least decades (Bindler et al. 2008). This will delay the restoration of the lake 
system, despite reductions in emissions to the atmosphere, and may confound any 
evaluation of the reduction in trace metal deposition based on lake sediments if not 
taken into account. In Flin Flon (Manitoba, Canada), contradictory results between 
peat and sediment archives identified the soil legacy contribution of Hg and Zn 
(Outridge et al. 2011).

Plants, Forest

Bare soils and meadows are the common land cover of many high elevation moun-
tain lake catchments. In rainy regions, or descending in altitude, more complex 
vegetation is often found. Cold and humid areas develop heathlands and peatlands, 
where plant debris may play a pivotal role in storing and transferring contaminants 
to the sediments. This has been mainly studied for trace metals, but it should be 
expanded to the study of other contaminants. In Lochnagar (Scotland), plant debris 
is the main transport mechanisms for trace metals from the catchment to the lake, 
a fact that increases the variability from cores taken in the same lake due to the 
clustered sedimentation of debris (Yang et  al. 2002a). Scarcely vegetated catch-
ments are more adequate for studying the chronological sequence of trace metal 
atmospheric deposition using lake sediments; whereas catchments with thick soils 
may be more interesting for studying the release of legacy contamination.
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A forest has a filter effect on contaminants deposition (e.g., PCB deposition; 
Nizzetto et al. 2006). On one hand, a forest increases the scavenging of particles 
and associated contaminants (Davis et al. 2006), due to the large deposition surface 
that trees offer when air masses circulate through them. In deciduous forests, the 
filtering capacity may decrease after the autumnal leaf fall (Jaward et al. 2005) and 
the leaf litter becomes a vector of contaminants to soils, streams and lakes. On the 
other hand, tree leaves retain volatile contaminants from the gas phase depending 
on the air temperature. The temperature dependence implies seasonal fluctuations 
as observed for PCBs (Nizzetto et al. 2008). However, the contaminant concentra-
tions in leaves may (Grimalt and van Drooge 2006) or may not be in equilibrium 
with average air temperature (Davidson et al. 2003), depending on the patterns of 
temperature fluctuations.

Confounding Processes

The catchment may be a legacy source for some contaminants, but also may release 
contaminants from natural sources. This is especially the case for trace metals. The 
need to always consider the natural sources related to rock weathering has already 
been mentioned. Alternative historical archives (e.g., ombrotrophic peats) in some 
cases may track aerial contamination more reliably than lake sediments (Koinig 
et al. 2003; Outridge et al. 2011). However, in the case where the main interest is 
in investigating the biological impacts of contaminants in the lakes, one has to con-
sider that organisms do not bother whether trace metals are originating far away or 
in the same catchment, but it is the level of concentrations in the media that matters. 
Lakes in catchments with bedrocks rich in metals can achieve naturally high metal 
concentrations, which will likely fluctuate with climate change. This is the case 
for high As levels in the lake sediments of the Pyrenees (Camarero et al. 2009), for 
instance. Rock glacier enrichment in trace metals (i.e., Zn) can cause massive re-
lease during climate warming phases in metamorphic bedrocks (Thies et al. 2007), 
yet not related to atmospheric contamination (Ilyashuk et al. 2014). There can also 
be natural sources of PAHs. Coniferous forests are relevant sources in mountains, 
yet there is no confounding effect with pyrolytic PAHs. In Lake Stein (Swiss Alps), 
high levels of black carbon and PAHs have been attributed to the geological pres-
ence of graphite in its catchment area (Bogdal et al. 2011); this may be a quite ex-
ceptional case, but warns about the need to locally critically consider any apparent 
atmospheric contamination.

Air-Water Exchange

Direct exchange between air and lake water may occur in three ways: exchange 
with the gas phase for volatile compounds; dry deposition of particles; and scaveng-
ing by rain or snow. Rain and snow are particularly efficient in effecting the flux 
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towards the lake. Direct air-water exchange has been less studied. Volatile com-
pounds that arrive in the gas phase are exchanged with lake water according to 
their solubility. Temperature and wind control the kinetics of the process, and the 
exchange can go both ways, depending on conditions. The relevance of air-water 
exchange may depend on water residence time. In lakes with short renewal time, 
water flow will be more relevant (Wilkinson et al. 2005); whereas in deep lakes, 
with water residence time of several years, air-water exchange may be relevant 
(Meijer et al. 2006). Patterns that may reflect the temperature control of air-water 
exchange of volatile compounds in gas phase are: decreasing concentrations with 
depth of endosulfan, HCB, low molecular weight PCBs and PAHs found in deep 
lakes (Fernandez et al. 2005), and higher concentrations of PAHs in the dissolved 
phase of the water column below 6–7 °C in European mountain lakes (Vilanova 
et al. 2001b), whereas PAHs in particles did not show any temperature relationship. 
It is usually assumed that there is no exchange during the period in which the lakes 
are covered with ice and snow.

Water Column-Sediment Exchange

The OHCs distributions in the atmospheric deposition of the three remote sites 
geographically distant (Redòn, Pyrenees; Gossenköllesee, Austrian Alps; Øvre 
Neådalsvatn, Norway) were rather uniform and highly enriched in compounds with 
volatilities larger than 0.0032 Pa. However, more than 90 % of these compounds 
were not retained in the sediments (Carrera et al. 2002). This is an indication of the 
profound implications of in-lake processes for understanding OHCs distribution in 
lake sediments; particularly of the water-particle and water-sediment exchanges, 
which may determine a selective trapping of the less volatile compounds in the 
sediments (Meijer et al. 2006).

Both trace metals and organic contaminants are highly insoluble in water. Par-
tition between water and particles are highly biased towards the latter, although 
differences among distinct compounds are enormous. Particles in suspension in 
mountain lakes are mainly organic (i.e., plankton); therefore, hydrophobic sub-
stances, such as organic pollutants, tend to adsorb to them, and the sinking of these 
particles will largely control the transport towards sediments (Meijer et al. 2006). 
In the sediments, the particulate fraction is in contact with porewater. If the solid 
fraction becomes enriched beyond equilibrium, there is a release of the compound 
to porewater and, eventually, it diffuses back to the water column. Among OHCs, 
more volatile compounds achieve equilibrium faster than semi-volatile compounds. 
In fact, semi-volatile compounds get buried before approaching equilibrium con-
centrations. Therefore, the latter may appear enriched in the sediment record with 
respect to deposition. During periods of complete water column overturn, particles 
may be resuspended from the sediments to the water column and—depending on 
the relevance of the water flow through the lake at this moment- contaminants can 
be exported downstream with the particulate matter. Phytoplankton growth and 
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distribution and mixing patterns are extremely seasonal (Catalan et al. 2002); there-
fore, the pathways of exchange between the water column and the sediment are 
difficult to be accurately measured. Modelling has indicated that the plankton scav-
enging to the sediments can be a key factor for understanding selective trapping 
of some contaminants (Meijer et  al. 2006). Unfortunately, accurate field studies 
of the water-column dynamics are lacking. Some data do not indicate the elevated 
seasonal variability in OHCs concentrations suggested by the models (Vilanova 
et al. 2001a; Vilanova et al. 2001b), but the information is too limited for being 
conclusive.

Active and Fossil Sediments

At certain depth, buried sediments achieve a state of nearly no significant changes 
in their composition; strictly, this ‘fossilized signature’ is what the sediment archive 
is about. In fact, there are substances that, from deposition at the top of the sedi-
ments to the final buried state, do not suffer any change, but others may experience 
transformations and/or relocation. The effective ‘fossilization’ takes from years to 
decades, depending on the sedimentation rates, which is not a problem for studies 
interested in long-term dynamics (e.g., over the Holocene) but may interfere with 
the interpretation of recent changes. Some deposited substances in the top sediment 
may diffuse back to the water column, may be resuspended with particles, may 
react with other substances, or may be biologically transformed or turbated. The 
occurrence of each of these potential changes depends on both the properties of the 
substance and the environmental conditions in the sediments.

Chemodynamics of trace metal in sediments is complex. The seasonal variation 
differs among trace metals (Anshumali et al. 2009). For instance, Fe and Mn are 
highly affected by redox changes, but Pb, Zn, Cr, Ni are less affected (Steiner et al. 
2000). Cd adsorption by the sediments is pH dependent (Fu and Allen 1992) and 
thus sensitive to acidification (Borg et al. 1989; Yang et al. 2002a). Nevertheless, 
the relevance of this complexity appears be secondary compared to the contamina-
tion levels generally achieved. The prevalence of the contamination loading upon 
differential trace metal behaviors is shown by the higher correlation among trace 
metals concentrations in the most contaminated layers of the lake sediments with 
respect to their correlation in layers of natural background trace metal concentra-
tions (Camarero et al. 2009). The atmospheric deposition of trace metals from con-
tamination sources is usually rich in several metals and, consequently, increases the 
trace metal similarity among the sediments of the lakes affected. If contamination 
is very high, this effect may compensate for local differences in rock composition.

Diagenesis of PAHs in the sediments is still poorly studied, and this includes 
compounds clearly related to diagenetic processes, such as perylene. Some sugges-
tions of differential preservation have been made based on comparisons between 
sediment layers. For instance, pyrene, benz[a]anthracene and benzo[ghi]perylene 
decline in deeper layers compared to their isomeric pairs, chrysene, fluoranthene, 
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and indeno[1,2,3,-c, d]pyrene, respectively (Van Drooge et al. 2011). The latter are 
usually among the most abundant pyrolytic PAHs in the sediments; therefore, in 
terms of the reliability of the pollution record, this differential diagenesis is barely 
relevant.

Sediments usually become anoxic after a few millimeters in the sedimentary 
profile, even in unproductive lakes. Anaerobic dechlorination of some OHCs may 
occur (Grimalt et  al. 2004c). Recent results indicate that PBDEs profiles can be 
particularly modified by anaerobic debromination (Bartrons et  al. 2011). Higher 
abundance of anaerobic sites in more productive lakes can increase the proportion 
of less brominated compounds, with respect the initial deposited mixture. There-
fore, the proportion of more brominated compounds at high altitude increases since 
lake productivity and organic matter content declines with altitude.

Generally, mountain lakes are oligotrophic and, as a consequence, water trans-
parency is high and algal growth can take place along a large part of the bottom, 
from littoral to deep parts (Buchaca and Catalan 2007). As a consequence, most 
of the lake is covered with an active biofilm, within which strong gradients can 
develop in a few millimeters. Recently, it has been shown that even in relatively 
thin rock biofilms there is evidence of anaerobic microbial activity (Bartrons et al. 
2012a). This is in agreement with the changes in PBDE composition from the pure-
ly autotrophic biofilms, such as colonies of the cyanobacterium Nostoc, common in 
mountain lakes, which contain OHCs profiles similar to precipitation, to the littoral 
and deep sediments that show increasing proportion of debrominated compounds 
(Bartrons et al. 2011). The understanding of OHCs biodegradation in sediments is 
poor and generally assumed irrelevant. This recent study indicates that, at least for 
some compounds, it cannot be ignored; otherwise, it will compromise the interpre-
tation of selective accumulation and source attribution of PBDEs, for instance.

Modeling

Air mass trajectories can be traced back confidently at present (Draxler and Hess 
1998). This is useful for determining the source areas of some deposition or air 
transport events (Killin et al. 2004) but, for sediment archives, they have to be ap-
plied in statistical terms. It is possible to investigate average back-trajectories for a 
site, how trajectories change seasonally, and what kind of sources are likely associ-
ated with certain trajectories. Weekly air measurements in a remote mountain site in 
south-western China indicated that HCHs and DDTs were brought preferentially by 
air masses from northern India, whereas high levels of γ-HCH and trans-chlordane 
were associated to air masses from southern China and the north of south-eastern 
Asian countries (Xu et al. 2011). In fact, current computational power can provide 
increased insights in source apportionment. Monte Carlo techniques allow for ex-
ploring the probability space more realistically and increase the characterization of 
the uncertainty associated with source apportionment (Sheesley et al. 2011).

Beyond the investigation of the routes of atmospheric transport to the moun-
tain sites, modelling can help in the interpretation of the sediment patterns of 
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contaminants. Ideally, a model mechanistically linking from sediments back to de-
position would be the target. However, currently, this appears unrealistic as the 
complexity is overwhelming and uncertainties are too high. Even a comprehensive 
model from sources to sink appears extremely challenging. However, models tar-
geting specific key steps of the contaminants pathway are quite informative and 
improve the interpretation of the patterns found. The transport and accumulation of 
non-volatile compounds (e.g., trace metals) in lake sediments can be modelled on 
the basis of a conceptual model of the catchment/lake system of a simplified number 
of compartments and input and output fluxes (Bacardit and Camarero 2010c). This 
can provide insight into the current influence of the catchment in the total sediment 
loads compared to atmospheric inputs. Even this simple model requires a significant 
effort in atmospheric field measurements, which is rarely achievable in many sites.

Trace metal, PAHs and OHCs include substances with a wide range of physi-
cochemical characteristics. The parameters that define these properties are suffi-
ciently known to allow exploring how the dynamics differ across the pathway to the 
sediment archive. Rather than trying to reproduce the whole process, it is useful to 
conduct numerical experiments to understand the sensitivity of the final archive to 
the different parts involved (Bogdal et al. 2010b). The initial step is the air transport 
and scavenging from the atmosphere (Breivik et  al. 2006). Mountains provide a 
stimulating research area for modelers because of the altitudinal and the seasonal 
changes in air temperature and precipitation. For OHCs, differential accumulation 
of compounds with altitude and season appear as a result of their chemical proper-
ties (Wania and Westgate 2008). At this point, the key issue becomes understanding 
precipitation patterns across sites, and whether the rest of the pathway to the sedi-
ments is critical to distort or preserve the patterns generated with the precipitation 
scavenging.

The specific compartments in the lake catchments are each of interest because 
they serve as an aid in tracking long-range contamination. There are examples of 
modelling for PCB gas-phase changes between air and snowpack (Hansen et  al. 
2006), PAH air-soil exchange (Wang et al. 2011), PBDE and PAH uptake by vegeta-
tion (St-Amand et al. 2007, 2009), among others. Because of the interest of these 
compartments, the missing issue is their connection with the lake and eventually 
the sediment record. In that respect, evaluating the relevant constraints on how 
much of the contaminants in the snowpack might end up buried in the sediments 
is a challenge. Multimedia mass balance models have been developed to simulate 
whole-catchment processes. For the Lake Oberaar catchment, Bogdal et al. (2010a) 
combined a lake model, with a model of emissions at low land and advective trans-
port to the lake catchment, and a model on the residence time of contaminants in the 
Oberaar Glacier after the surface deposition. They investigated the current release 
of legacy OHCs from the glacier and projections under climate change.

PCBs are excellent candidates for OHCs general biogeochemical analysis. The 
large number of congeners offers a range of physicochemical properties, and the 
lack of current use prevents from trying to reproduce patterns too locally condi-
tioned. PCB transport in the water column has been modelled for Lake Redòn (Pyr-
enees) conditions (Meijer et al. 2006). The model assumes that only direct exchange 
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with the atmosphere is relevant, the catchment component is ignored. The simula-
tion clearly shows a selective transport of the less volatile congeners towards the 
sediment. Also, it shows that there is a re-emission of the more volatile compounds 
towards the water column, as they achieve equilibrium, which is not the case for 
less volatile ones, for which the system still has a large uptake capacity. However, 
the model predicts a highly seasonal and spatially variable distribution of PCBs in 
the water column that does not correspond with the limited existing observations 
(Vilanova et  al. 2001a). It is an example on how modelling and observation are 
complementary and foster each other. PBDE and PCB modelling for Lake Thun 
(Switzerland) also indicated high sensitivity of the whole lake balance on the water-
particle partition in the water column (Bogdal et al. 2010b).

There are still many opportunities for investigation using numerical experiments 
by dynamic modelling. Techniques may involve combinations of statistical, chemi-
cal and mechanistic modelling (Boyle and Birks 1999). For global assessments, 
including a contaminant module in climatic models is important for obtaining long-
term projections (e.g., CliMochem; Wegmann et al. 2006), although initial results 
have challenged observations. Up-scaling may be the only possible way to make 
assessments over large mountain ranges (Andes, Himalayas, Rocky Mountains, 
Alps), when the interest is in the mountain themselves as, for instance, for conser-
vation issues (e.g. national parks). Even partial models require a lot of parameters, 
initial data and certain capacity of validation. There is no substitute for real data, 
but with the lack of data or with partial information, model sensitivity analysis may 
provide insights into which can be the relevant processes.

The Mountain Altitudinal Gradients and Contaminants

The first principles behind the dynamics driving contaminant patterns are essen-
tially the same everywhere. However, there is an environmental feature intrinsic 
to mountains, the altitudinal change in physical conditions, which justifies the spe-
cific interest for mountain studies (Fig. 8). The distribution of organic contaminants 
is frequently investigated with respect to altitudinal patterns. There are features 
of physical change in the mountains that occur globally, but other features vary 
according the latitude or the morphological characteristics of the range (Körner 
2007). The ‘universal’ mountain gradient includes the decline with altitude of tem-
perature (average lapse rate 5.5 ° C km−1), atmospheric pressure (ca. 11 % km−1) 
and available land area, and the increase of radiation, the proportion of UV-B ((λ 
290–320 nm), and the size of the airshed to which sites are exposed. The patterns 
of altitudinal change of precipitation are not the same throughout the planet, and 
neither the seasonality of this precipitation (e.g., winter, and summer precipitation 
in the western, and eastern Andean slopes, respectively). Finally, the length of the 
growing season above tree line changes with latitude.

Altitudinal gradients of contaminants have been found measuring different ma-
trices in addition to sediments: air passive samplers (Pozo et al. 2009; Loewen et al. 
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2008; Estellano et al. 2008; Meire et al. 2012a; Meire et al. 2012b; Liu et al. 2010; 
Li et al. 2006; Shunthirasingham et al. 2011); mosses and lichen (Liu et al. 2005; 
Grimalt et al. 2004a; Daly et al. 2007c); soils (Chen et al. 2008; Daly et al. 2007c); 
plant leaves (Wang et al. 2006; Davidson et al. 2003); snowpack (Arellano et al. 
2011; Blais et al. 1998); fish (Vives et al. 2004; Blais et al. 2006; Gallego et al. 
2007; Yang et al. 2010c; Vives et al. 2005b; Demers et al. 2007); and other aquatic 
organisms (Blais et al. 2003; Blais et al. 2006). However, there is not necessarily a 
unique mechanism behind altitudinal gradients of contaminants. The environmental 
altitudinal gradient in mountains is multivariate as described at the beginning of this 
section. The physical drivers may generate altitudinal gradients of contaminants 
by mechanisms such as differential air (or water) compound oxidation, differen-
tial compound solubilisation, differential particle loading (i.e., rain scavenging) and 
combinations thereof. In addition, the changes in physical conditions imply changes 
in the nature of the land cover (e.g., forest, meadows, bedrock, wetlands, etc.) and 
biological activity in general, which adds more opportunities for selective trappings 
across altitudes (e.g. organic matter in soils, forest filtering, etc.).

Complementary to new studies for investigating proposed hypotheses, the re-
peated observation of similar patterns throughout large geographical areas (or even 
worldwide) may help in discerning the most likely mechanisms. For instance, in the 
Bolivian Andes, air samples indicated increasing gas phase concentration of HCHs 
and endosulfans across an altitudinal gradient from 1820 to 5200 m a.s.l. The differ-
ences were attributed to different airsheds (Estellano et al. 2008): the high-altitude 
sites were exposed to larger airsheds susceptible to long-range transport from more 
distant (contaminating) regions. A similar altitudinal gradient for endosulfan has 
been found in Chile; in this case both long-range transport and cold trapping have 
been suggested as the key factors (Shunthirasingham et al. 2011). Recently, Meire 
et al. (2012b) found the same increasing pattern of endosulfan with altitude in the 

Fig. 8   The altitudinal gradient in mountains includes changes in the physical factors that drive a 
selective accumulation of contaminants at different elevations
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Brazilian tropical and subtropical mountains. Endosulfan was also found as a domi-
nant organochlorine pesticide in the air of Mt. Everest region (4400–5000 m a.s.l) 
(Li et al. 2006). Such general and consistent patterns point towards a cold-trapping 
mechanism for endosulfans. Interestingly, PCBs did not show an increase with alti-
tude in the Mt. Everest study, as the values were in a similar range (< 12 pg m −3) as 
measurements made in the mountain air of Chile (Pozo et al. 2004). In the case of 
lake sediments, there is a scarcity of repeated studies in nearby or complementary 
areas concerning organic contaminants yet, with some exceptions (Landers et al. 
2010).

At first, processes driven by temperature are likely to provide more ‘universal’ 
altitudinal patterns than those driven by precipitation or any other physical factor 
that do not change so regularly across the mountain altitudinal gradient. For volatile 
and semi-volatile compounds, temperature appears to be key factor to consider. 
Rather than only plotting contaminant levels against altitude, it is worthwhile to plot 
the log transformed concentrations against the reciprocal of the average air absolute 
temperature at the corresponding sites and calculate the pseudo-enthalpies (Gri-
malt et al. 2001; Davidson et al. 2003). The comparison with theoretical enthalpies 
(e.g., vaporization and solubilisation) may inform whether the process is mainly 
temperature driven. This is the case, for instance, of the altitudinal gradient shown 
by some PCBs in lake sediments (Grimalt et al. 2001) and pine needles (Grimalt 
and van Drooge 2006; Davidson et al. 2003). On the contrary, the lack of minimum 
agreement between the observed and expected enthalpies may indicate that there 
is another relevant process behind those considered. For instance, PBDEs showed 
3- to 4-fold higher pseudo-enthalpies than expected in the sediments of the lakes of 
the Pyrenees. The increased availability of anaerobic microsites at lower altitudes 
was suggested as a mechanism increasing degradation (Bartrons et al. 2011). Dif-
ferential loss by degradation also has been suggested for soil altitudinal gradients 
(Daly et al. 2007b).

The altitudinal pattern does not have to be monotonic. Studies of PCBs and 
PBDEs in soils of Mt Qomolangma in the Tibetan Plateau from 3689 to 6378 m 
showed negative relationships with altitude below ca. 4500 m and positive depen-
dence above (Wang et al. 2009). Below 4500 m, the distance to source may be the 
driver. Above 4500 m, physical gradients may dominate. Concentrations of heavier 
congeners (lower subcooled liquid vapor pressure) increased more with altitude 
than more volatile congeners, although the latter still were the main contributors 
to the total. This is consistent with what was found in Western Sichuan (China) by 
Chen et al. (2008) and the simulations of Wania and Westgate (2008), but opposite 
from the observation of OHCs in snow of mountains in the western Canada (Blais 
et al. 1998). Although the temperature gradient is more or less the same throughout, 
the compounds showing selective trapping may be different because absolute tem-
peratures also matter. Those that are not selectively accumulated at certain tempera-
tures may be affected at lower temperatures. This may explain discrepancies in the 
compounds selective trapped among snowpacks located at latitudes with different 
absolute temperature.



306 J. Catalan

The role of wet deposition has been emphasized by some authors (Wania and 
Westgate 2008), due to its efficiency in scavenging contaminants from the atmo-
sphere. The lower the air temperature, the higher is the partitioning towards the 
condensed phase. Hence, wet deposition scavenging is more efficient at high alti-
tudes and in winter time, and for compounds less volatile and more hydrophobic. 
Consequently, relative mountain contamination could be predicted from the respec-
tive water-air (Kwa) and octanol-air (Koa) partition coefficients of the compounds 
and precipitation amount. This appears as a reliable mechanism for soils, and the 
patterns found provide observational support (Chen et al., 2008). Large spatial vari-
ability within the same altitude in a geographical area may be related to the soils 
heterogeneity (e.g. organic content conditioning re-emission properties) but also 
to the spatial and temporal heterogeneity of wet deposition. In contrast, lake sedi-
ments show less variability than soils. This fact points to the question of whether the 
driving mechanism of selective trapping is the same between sediments and soils. 
Meijer et al. (2006) have shown that selective trapping can be explained without 
any connection to catchment processes. Again, differences in the Kwa and Koa of 
the compounds are the key parameters determining the selective trapping. Con-
sequently, it is very difficult to determine whether catchment or in-lake processes 
can be distinguishable from the statistical analysis of organic contaminants in the 
sediment patterns. Specific studies in the water column and deposition are required.

Biological Impact and Ecological Risk Assessments

The assessment of the potential impact of air-born contaminants on lakes, mountain 
ecosystems in general, or on some organisms in particular, can be a complementary 
goal to studying the LRAT and accumulation of contaminants. This is still an incipi-
ent field and different approaches have been tried.

A simple way to tentatively estimate the toxicity of sediments is the use of toxic 
equivalent factors (TEF) that relate the toxicity of the compound to that of some 
reference substance. Rather than actual toxicological assessments, TEF are a way 
to undertake normalized comparisons of the potential toxicity amongst sites. The 
method consists in weighting the concentration by some toxic equivalency for each 
compound and adding all the values to obtain an overall degree of toxicity for the 
sediment sample (e.g. PAH toxicity; Quiroz et al. 2010). A simpler version is to 
check the contaminant levels respect to some numerical sediment quality guide-
lines (SQGs) provided by different national or international institutions (MacDon-
ald et al. 2000a). The aim of these guidelines is to rank areas that warrant study 
on the occurrence of adverse effects. They are useful for comparing the degree of 
contamination among sub-regions, and to identify which chemicals are elevated 
in concentration (Han et al. 2011). In general, organisms in high mountain lakes 
are naturally submitted to harsh conditions (e.g., high radiation, low temperatures, 
diluted waters, high metal concentration in the sediments). As a consequence, their 
toxicological response is likely to be different from organisms in low lands. Local 
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adaptation of organisms to some natural stressor tends to also increase resistance to 
pollutants that may affect similar physiological processes. For instance, frogs show 
genotoxic co-tolerance to UV and PAH stress, according to the natural exposure to 
the former (Marquis et al. 2009); those at higher altitude are more resistant to both 
UV-B and PAH pollution.

Correlation is the simplest way of exploring potential contaminant impacts. Un-
ambiguous statistical associations between pollutants and organism community 
composition are rare [e.g., diatoms, Moser et al. (2010); chironomids, Brooks et al. 
(2005)]. When contaminants are combined with another ecosystem stressor (e.g., 
acid-base conditions, eutrophication), then correlations are more likely to be found, 
such as trace metals and acidification (diatom changes) or trace metals and oligo-
trophication (chironomids; Il’yashuk and Il’yashuk 2000), yet the direct toxicity of 
the contaminants cannot be proven. More informative is the comparison of physi-
ological biomarkers with contaminant levels in the sediments; for instance, Cyp1A 
gene expression in fish correlated with HCB and 4,4′-DDE levels in the sediments 
of European mountain lakes (Quiros et al. 2007), which were later confirmed in fish 
muscle tissue (Jarque et al. 2010). Cytochrome P450 1A (Cyp1A) is an established 
biomarker for xenobiotics, particularly for the so-called dioxin-like compounds in-
cluding some PAHs (e.g., benz[a]pyrene) and coplanar PCB congeners. Sometimes 
contaminants in the sediments are used in ‘forensic approaches’. Cascade frog de-
clines in the Mount Lassen area (California) and its potential connection to organic 
contaminants were investigated measuring 73 semi-volatile contaminants including 
pesticides, polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocar-
bons (PAHs) in sediments and frog tadpole tissue at 31 sites where Cascades frogs 
had disappeared or are still present across the Lassen and Klamath regions (David-
son et al. 2012). This approach is more useful for rejecting possible causes than 
confirming them, as it was the case for Cascades frogs, where no connection was 
found with the contaminants that were measured.

The distribution of contaminants in the lake’s food web is generally closer to at-
mospheric deposition than to concentrations in the sediments. For instance, in Lake 
Redòn (Pyrenees), phenanthrene is the dominant PAH in both aerial deposition and 
food web organisms (Vives et  al. 2005a), whereas it ranks 7th in the sediments 
(Fernandez et al. 1999). If the aim is not to investigate a time series, but carry out an 
assessment of contaminants throughout a large number of lakes in a region, littoral 
biofilms may more closely reflect the current characteristic of atmospheric deposi-
tion than deep sediments (e.g., PBDEs; Bartrons et al. 2011), and sampling is much 
easier. Fish are the most common organism sampled for contaminant assessment in 
mountain lakes (Blais et al. 2006), although they are often alien species to mountain 
lakes (Miró and Ventura 2013), as most mountain lakes were originally fishless due 
to their steep outlets, produced by glacial erosion, that fish cannot swim upwards 
or the lack of outlet in seepage and many volcanic lakes. Contaminants in fish may 
follow similar altitudinal patterns as in sediments (Grimalt et  al. 2001), as they 
integrate food items from different lake habitats (Catalan et al. 2004). This is not 
the case for any other kind of organism. For instance, PAHs are higher in the organ-
isms inhabiting the littoral habitat than the deep-sediment and the pelagic habitats, 
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although deep living organisms are enriched in those PAHs with higher molecular 
weight (Vives et al. 2005a). Besides habitat effects, different contaminant composi-
tion among organisms also indicate a large variability in the capacity of metabolic 
degradation, which for PBDEs have been related to the evolutionary trophic history 
of the studied organisms (Bartrons et al. 2012b).

Bioassays are a direct assessment of toxicity for a specific organism, including 
humans. Whole sediment and sediment elutriate toxicity tests with fish, amphipods 
and cladocerans have been used in studies of pollution by acid-mine drainage (Fin-
layson et al. 2000). Molecular techniques allow for direct evaluation of estrogen-
ic activity using recombinant yeast (Fig. 9), based on a human estrogen receptor, 
which allow for processing of a large number of sediment samples (Garcia-Reyero 
et al. 2005) or fish muscle extracts (Garcia-Reyero et al. 2007). If pollutants are 
measured in the same samples, then the compounds responsible for the potential 
human endocrine disruption can likely be identified.

Beyond physiological effects on specific organisms, which may be non-native to 
the system (e.g. stocked fish), there is a need to increase the understanding on how 
contaminants may modify biogeochemical cycles, particularly, the microbial driven 
pathways. With increasing molecular facilities, there is a large potential in this field 
awaiting exploration (Xie et al. 2011; Sanchez-Andrea et al. 2011).

Looking Forward: Research Perspectives in a Changing 
World

Developing an understanding of long-range transport of contaminants in the current 
framework of climatic change will demand the merging of various approaches in-
cluding monitoring, experimentation, palaeolimnology, and modelling, and will re-
quire effective international collaboration. It has become apparent that the recovery 
of lakes from acidification is closely linked with the responses to, and interactions 
with, other large-scale components of global change (Keller 2009). This has to also 
be the case for contaminants, such as those considered in this chapter. Mountain 
lakes provide sites for monitoring and surveillance, but also case studies for under-
standing mechanisms. In fact, lakes are not absolutely necessary for establishing a 
network for monitoring atmospheric contaminants at remote sites. Nevertheless, 
they can provide a unique historical perspective and provide integration of whole 
catchment processes. With this aim, palaeolimnological studies should merge with 
the studies of biogeochemical cycling (Bindler et al. 2008) and the fate of organic 
contaminants in nature (Nizzetto et al. 2010).

Trace metal signatures of air contamination are well recorded in mountain lakes 
with airsheds influenced by mining activities. The use of mined materials has been 
increasing at a faster pace than world population. So far, there is no evidence that the 
growth of global materials use is slowing down (Krausmann et al. 2009). Therefore, 
although ores have been exhausted in some parts of the world, mining and smelting 
will continue in others (e.g., Sub-Andean Amazon, Peru; Lindell et al. 2010). The 
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last chapters of the environmental history of mining have not yet been written. The 
level of mercury (Hg) species in ambient air and precipitation will be of interest in 
the years to come. Mercury in the atmosphere is largely (~ 95 %) elemental mercury 
[Hg(0)]. It is a gaseous and relatively insoluble form, which is subject to long-range 

Fig. 9   Evaluation of the endocrine-disrupting potential of lake sediments in 83 mountain lakes 
across Europe. A recombinant yeast assay (RYA) was used that harbors a human estrogen receptor 
to which estrogenic endocrine-disrupting compounds binds. The results were classified into three 
estrogenicity classes (A, non-estrogenic; B, low estrogenicity; and C, high estrogenicity). The 
proportion of lakes belonging to each category is indicated in the plot for the mountain ranges 
studied. Reprinted with permission from Garcia-Reyero et al. (2005). Copyright 2005 American 
Chemical Society
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transport, with a global average residence time for Hg(0) generally considered to 
be 6 months to 2 years (Schroeder and Munthe 1998). Following the discovery of 
atmospheric Hg depletion events in polar regions, a significant research effort was 
made to assess the physicochemical mechanisms behind the rapid conversion of at-
mospheric gaseous Hg(0) into reactive and water-soluble forms which are potential-
ly bioavailable. The large increase in Hg emissions in rapidly developing countries 
(i.e., China, India) over the last decade, due primarily to energy production from 
coal combustion, are not currently reflected in the long-term measurements of total 
gaseous mercury in ambient air and precipitation at continuous monitoring sites in 
either Northern Europe or North America. The discrepancy between observed gas-
eous Hg concentrations (steady or decreasing) and global Hg emission inventories 
(increasing) has not yet been explained, though the potential oxidation of the atmo-
sphere during the last decade is increasing (Sprovieri et al. 2010). Understanding 
of the atmospheric Hg fate is a main topic, particularly because projections indicate 
that Hg emissions will increase in the future, with maximum estimates of a doubling 
for 2050 respect current values. In addition, the relative emissions of divalent Hg 
will increase, implying a shift from long-range transport of elemental Hg to local 
deposition of Hg compounds (Streets et al. 2009). Mountain lake observations may 
complement latitudinal studies (e.g. Arctic; Muir et al. 2009) to investigate how the 
issue evolves.

PAHs are extensively used for tracking combustion contamination, yet their ac-
tual indicator value still has not been fully exploited. Used with other materials 
related to combustions, such as SCPs, black carbon, micro and macro charcoal rests 
and other organic compounds, they can provide an indication on how distinct types 
of combustion changed trough time (Muri et al. 2006), including the potential for 
assessing forest fire dynamics in the past.

Among the highest uncertainties regarding advancing global change as a multi-
component phenomenon is the question of what will happen with the increasing 
cocktail of synthetic substances released to the environment that have the poten-
tial for interfering with biochemical pathways, many of which are essential to life. 
OHCs play a primary role in this question. There is a global toxicological puzzle 
that no one can yet evaluate, neither the magnitude nor the consequences (Rock-
strom et al. 2009b). The establishment of the Global Atmospheric Passive Sampling 
(GAPS) network (Pozo et  al. 2009), which mainly focuses on remote sites, will 
provide global baseline values, and will foster the development and validation of 
global transport models. Mountain lake sediments can complement the observations 
with a window to the past. In addition, there is a need to track long range contami-
nation patterns and, simultaneously, toxicological susceptibility from organisms to 
ecosystems. Remote sites, such as high mountain lakes, provide a less complex set-
ting to evaluate potential interference of synthetic substances with nature, which is 
now a challenging task under the generalized climatic and environmental changes 
(Noyes et al. 2009).
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