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regional biota as contributes significant bioaccumulation potential. Studies completed at both the 

regional and local scales have verified that organochlorine pollutants have long environmental 

residence times and high mobility within ecosystems through predator-prey chains.(Bizzotto, 

Villa, & Vighi, 2009; J M Blais et al., 2003; Elliott et al., 2012) In addition, the low organic matter 

content typical within glaciated ecosystems may prohibit the adherence of these pollutants to 

suspended particles below the glaciers.(Jones & de Voogt, 1999; Frank Wania, Westgate, Technol, 

& Asap, 2008) This increases dispersal potential within downstream watersheds and alpine 

ecosystems, making alpine glaciers a secondary emission source of significant interest. Within a 

glaciated ecosystem, exposure pathways to humans can be through the consumption of animal fat, 

uptake in the environment, or transference from mother to child.(E Dewailly, 2006; Matsuura et 

al., 2001) The side effects of human uptake of OCPs in even small doses are severe and can include 

birth defects, obesity, diabetes and cancer.(Bergonzi et al., 2009; Dassanayake, 2014; Gaspar et 

al., 2015; Patandin, 1999; Vizcaino, Grimalt, Fernandez-Somoano, & Tardon, 2014; S.-L. Wang 

et al., 2005) While studies have demonstrated the prevalence of OCPs within glaciated ecosystems, 

no one has used standard toxicological risk assessment methods to assess the threat posed to 

humans by glacial outflows of these compounds.  

The goal of this thesis is to develop a framework to identify spatiotemporal trends across existing 

OCP studies and assess the possibility that secondary release of OCPs from glaciers could be a 

risk to the health of downstream communities. This work integrates non-linear change and systems 

dynamics to identify risks that were previously unrecognized. The application of this risk 

assessment methodology provides a snapshot of different types of glacial watersheds while also 

working to capture many facets of the population’s life. By blending an understanding of chemical 

toxicology with human consumption habits in three case studies, I identify that glacial release of 
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pollutants can be amplified within specific glacial systems, allowing for the prioritization of 

similar watersheds for future work. To create an interdisciplinary protocol that captures a full 

system perspective of the current and future risks I integrate glaciological, hydrological, 

toxicologic and policy with a field-based understanding of the state of the system.  

The first step in protocol development was compiling a comprehensive review of the current state 

of the science. This review elucidated a concentration gradient in glacial OCP storage that was 

greatest in the Alps and decreased towards the Arctic. In addition to these existing data, I add 

results from an ice core and water sampling campaign at Jarvis Glacier, Alaska. This is the first 

North American data taken since 1999 and the highest latitude study outside of Europe.  

For the development and testing of a risk assessment protocol, this thesis utilizes published field 

sampling data from two European research groups in conjunction with risk assessment 

methodology developed by the Environmental Protection Agency. I adapted this risk assessment 

methodology to capture the exposure routes and uptake potential for glacial watersheds, to develop 

the most comprehensive understanding of the potential for human health risk from distribution of 

OCPs. I applied this risk screening methodology to three case studies, two in the European Alps 

but with different chemicals studied, and one in the Interior of Alaska.  

Developing risk assessments for these three case studies allowed me to determine the possibility 

and the conditions under which risk from secondary emission of OCPs in glacial meltwater is 

increased. Amplification of pollutants was found to be a function of the toxicity of the chemical 

and the potential for bioaccumulation within the watershed. Downstream communities that 

consume large quantities of high-lipid fish from a glacial watershed are indicated for future study. 

In addition, chemicals with significant bioaccumulation potential and toxicity pose more risk to 

consumers, particularly within the context of lifetime exposure. Identifying routes of exposure, 
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chemical bioaccumulation and toxicity and human consumption habits specific to glacial 

ecosystems allow for the development of a risk assessment model that can be applied to multiple 

systems. Ultimately, a better understanding of the pollutants stored in glacier watersheds will allow 

refinement of risk management strategies.  
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CHAPTER 2.  

DEVELOPING CRITERIA FOR CHARACTERIZING GLACIAL 

ENTRAINMENT OF ORGANOCHLORINE POLLUTANTS 

 

Research that characteristically identifies mountain glaciers as reservoirs for legacy 

organochlorine pollutants (OCPs) has been ongoing since the late 1990’s.(Jules M Blais et al., 

2001; Bogdal et al., 2009; Pavlina Aneva Pavlova, Schmid, Bogdal, et al., 2014; C. Steinlin et 

al., 2015) However, criteria for identifying glaciers with high reservoir and release potential in 

the Northern Hemisphere have not been developed.  We identify glacial typological trends based 

on atmospheric distribution and deposition models, glacial flow and OCP loss pathway modeling 

to determine that high altitude, high accumulation, mid to northern latitude glaciers with a 

medium to steep aspect and relatively short response rate, near a OCP use location accumulate 

and disperse legacy pollutants at the highest rates. 

Glacial OCP concentration varies across latitudes and altitudes, with proximity to areas of high 

usage significantly impacting glacial concentrations.(P. A. Pavlova et al., 2016; Sara Villa, 

Negrelli, Finizio, Flora, & Vighi, 2006; Frank Wania et al., 2008) While identifying OCP 

concentrations of individual glaciers requires field analysis, defining the global range of glaciers 

that may store OCPs is possible. Based on data from available literature, high-latitude, high 

altitude alpine glaciers on a steep slope are most susceptible to rapid and frequent OCP 

deposition and distribution. Our conclusions characterize these alpine glaciers as secondary 

distribution sources to downstream ecosystems.(Bogdal et al., 2009) With continued 21st century 

atmospheric warming, unprecedented glacier mass loss worldwide may lead to increased 
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pollutant exposure from glacial meltwater. Criteria to determine glaciers with the highest 

potential for concentrated OCP storage are necessary to prioritize future OCP glacier studies 

worldwide. This review seeks to elucidate specific glaciological properties that are of 

significance in determining which glaciers may contain legacy OCPs, as well as necessary steps 

in assessing risk to humans downstream. 

 

2.1 Glacier altitude 

Geographic location of a glacier is a significant consideration in determining the potential for 

deposition of pollutants into a glaciated system. Temperatures regularly below 0oC  increase 

success of chemicals snow scavenging and limit revolitilization, making it possible for glaciers 

to trap less volatile chemicals for long term storage. (Beyer, Mackay, Matthies, Wania, & 

Webster, 2000; Frank Wania et al., 2008) A high lapse rate between valley and summit increases 

likelihood of pollutant partitioning, scavenging and subsequent glacial trapping. Adiabatic lapse 

predicts a -1 degree Celsius decrease in temperature each 100 meters of elevation 

gained,(Davidson et al., 2003; Mountain Research Initiative E D W Working, 2015) with highest 

snowfall occurring where the lifting air masses cool rapidly with elevation, simultaneously 

increasing density in the cloud and leading to precipitation.(Cuffey & Patterson, 2010) At low 

temperatures, snowfall is limited by the water content of the surrounding air, so that snowfall is 

highest in high altitude, moderate temperature locations with maritime air influx.(Cuffey & 

Patterson, 2010) These are also the regions with highest OCP snow scavenging, a process 

described in the accumulation section. Thus, in high altitude, maritime alpine systems the 

combination of rapid cooling and reduced temperature gradients combine to produce colder snow 

of higher densities, high specific surface area, and low vapor pressure able to easily bind 
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OCPs.(Benn & Evans, 2010; J M Blais et al., 2003; Grannas et al., 2013a) Where gradients in 

precipitation generally mirror gradients in elevation, higher elevation locations (glaciers above 

1000 m a.s.l.) can expect to see more snow, increasing the opportunities for snow scavenging 

and decreasing temperatures.(Daly & Wania, 2005b; Grimalt et al., 2001) The convergence of 

factors that aggregate chemicals and allow for the development of glaciers suggests that a large 

number of mid-latitude, alpine glaciers located at elevations above 1000m  may contain legacy 

pollutants.(Frank Wania et al., 2008)  

 

The preferential deposition of OCPs in high altitude, cold, alpine ecosystems coincides with a 

significant number of glaciers globally. According to data from the World Glacier Monitoring 

Service, of the 40 ‘reference’ glaciers with continual mass balance data for over 30 years, 32% 

are at or below 1000 m a.s.l., with 90% at or below 5000 m a.s.l..(M. Zemp, Hoelzle, & Haeberli, 

2009) This combination of factors elucidates the possibility that the 90% of the 40 glaciers 

resident at or between 5000 m a.s.l. and 1000 m.a.s.l may contain legacy pollutants within their 

ice layers.  

 

2.2 Accumulation and mass balance 

Atmospheric transport drives movement of pollutants globally, with precipitation type and rate 

directly impacting glacial deposition and concentration.(Carey L. Friedman & Selin, 2012; Lei & 

Wania, 2004; Sara Villa, Vighi, & Finizio, 2014) High seasonal snow deposition and low mean 

temperature are essential to the formation and preservation of glaciers,(Cuffey & Patterson, 

2010) but these processes also act  to trap atmospherically transported OCPs.(Arellano et al., 

2015; C. L. Friedman & Selin, 2016; Jiménez, Dachs, & Eisenreich, 2015; Shen et al., 2005) In 
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order for a glacier to grow, or have positive mass balance, it must have greater snow 

accumulation than loss, with frequent snow deposition increasing the opportunity for 

scavenging.(Cuffey & Patterson, 2010) Snow’s high specific surface area and sorption 

coefficient combined with low temperatures also makes it the most effective OCP atmospheric 

scavenger, increasing chance of glacial entrainment.(Bizzotto, Villa, Vaj, & Vighi, 2009; Daly & 

Wania, 2004; Lei & Wania, 2004; Frank Wania, 1998; Frank Wania et al., 2008)  

 

Compared to rain, snow offers an increased opportunity for chemicals to sorb through the 

crystalline snow matrix, removing pollutants from the air column above glaciers.(Frank Wania et 

al., 2008) Uptake through the crystal-air interface and incorporation into the solid ice nucleus 

increase scavenging potential of snow.(Grannas et al., 2013a) Efficacy of snow particle sorbtion 

at higher elevations positively correlates with higher mass in chemicals, allowing for greater 

deposition of chemicals with higher mass and volatility at locations near use.(Lei & Wania, 

2004) The high efficiency of snow as a OCP scavenger over rain was characterized in a model 

by Lei et al. in 2004 by comparing the quotient of the sorption coefficients relative to 

temperatures and kinetic parameters.(Lei & Wania, 2004) As they describe, the value for the 

sorption coefficient of snow as it relates to the surface area can be described through the 

equation:  

KSnow/Air= AIρWKSA.          (2) 

Where AI is the surface area of the particle measured in m2 g-1, KSA as the quotient of particle 

surface concentration by concentration in the gas phase, and ρW is the water density which is 

known at 106g m-3(Lei & Wania, 2004). In essence, the greater surface area and density of snow 

particles combined with aerosols in particle phase in colder temperatures increases the 
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opportunity for sorption.(Lei & Wania, 2004) This equation describes the potential uptake of 

atmospheric chemicals by snow at temperatures below freezing in atmospheric equilibrium. 

Molecules of higher weight, such as some of the PCB congeners, may be more efficiently 

scavenged by snow than lighter molecules due to their increased area and mass.(Daly & Wania, 

2004; Lei & Wania, 2004; Frank Wania et al., 2008) Scavenging ratios for snow (Daly & Wania, 

2004) show that up to 88% of chemicals present in the atmosphere of a model environment are 

scavenged by the snow during the period of one year, making glaciers with high rates of snow 

deposition and proximity to OCP usage areas significantly more probable to act as 

reservoirs.(Daly & Wania, 2004)   

 

2.3 Glacier latitude 

In the late 1980’s Dewailly et al.(E Dewailly, 2006) drew significant attention to the transport 

and deposition of OCPs into the arctic with their study on PCBs in breast milk of isolated 

Nunavik mothers.(E Dewailly, 2006) This result was a surprise to many who did not realize the 

significant range available to OCPs through atmospheric or oceanic transport. Medium to high 

volatility, low polarity and high octanol-air partition coefficient (KoA) of the organochlorine 

species make both direct deposition and revolitilization of OCPs possible.(Daly & Wania, 2004; 

Herbert, Villa, & Halsall, 2006) In the years following the Nunavik research, OCP studies 

expanded across the Arctic to include Northern Europe and Asia, mapping both atmospheric 

distribution and depositional factors.(Anttila, Brorström-Lundén, Hansson, Hakola, & Vestenius, 

2016; Arellano et al., 2015; Grannas et al., 2013b; Donald Mackay & Wania, 1995) Using both 

empirical and modeling approaches, numerous studies have confirmed that the variability in 

distance traveled by OCPs corresponds strongly to chemical weight and volatility.(Anttila et al., 
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2016; Carey L. Friedman & Selin, 2012; Hung et al., 2016; Jiménez et al., 2015; Shen et al., 

2005; Sara Villa, Vighi, & Finizio, 2014) Identifying chemicals that revolatilize from 

atmosphere to earth once or multiple times add specificity to the range of chemicals based upon 

their structure.(Wöhrnschimmel, MacLeod, & Hungerbühler, 2013) Chemicals with greater mass 

often have significantly decreased range compared to more volatile chemicals, which limits the 

depositional rates at high latitude locations.(Macdonald et al., 2000; Don Mackay et al., 2001; 

Frank Wania, 2003) Additionally, the “cold wall” effect in the atmosphere concentrates low 

mass, semi-volatile chemicals in colder high altitude and latitude regions, increasing opportunity 

for snow sorbtion and glacial entrainment.(Daly & Wania, 2005a; Dunbar, 1973; Donald 

Mackay & Wania, 1995; Frank Wania et al., 2008)  

Though OCPs are found throughout the northern latitudes, proximity to source significantly 

increases glacial chemical deposition rate.(Sara Villa, Vighi, & Finizio, 2014; Sara Villa et al., 

2003)  

 

The predominant usage areas for OCP pesticides and industrial additives in the northern 

hemisphere correspond with agricultural and industrial development during peak usage periods 

of 1940-2000(P. Pavlova, 2014), between 30-50 oN. Ice core and meltwater studies 

corresponding with these latitudes consistently show greater concentration of OCPs in studies 

near the 45th parallel, due to the combination of colder temperatures and proximity to usage 

areas.(Bizzotto, Villa, Vaj, et al., 2009; Jules M Blais et al., 2001; Ferrario, Finizio, & Villa, 

2017; Pavlina Aneva Pavlova, Schmid, Bogdal, et al., 2014) Though global atmospheric 

transport of OCPs has been described as ‘ubiquitous,’(Simonich & Hites, 1995) mid-latitude 

glaciated ranges show significantly higher concentrations of OCPs in ice and water samples than 
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more northern sample studies, suggesting that latitude greatly impacts OCP concentration of a 

glacier.(Garmash et al., 2013; Pavlina Aneva Pavlova, Schmid, Bogdal, et al., 2014; Sara Villa et 

al., 2003) 

 

2.4 Glacial flow and response time 

Understanding of morphology and thermal regime is critical to determining glaciers that have the 

highest probability of storing and releasing pollutants. Once a molecule of snow is deposited 

onto a glacier, the length of time that it takes to move through and be lost from the glacier is the 

“residence time.”(Patterson, 2013) Accumulation rate, aspect, slope and glacier length can either 

increase or decrease the residence time of an englacial snow particle, determining response rate 

and movement velocity.(Cuffey & Patterson, 2010) Globally, glaciers are divided into 

temperature categories with correspondingly different residence times. Cold or polar glaciers and 

many ice sheets maintain a temperature below pressure melting point throughout the glacier, 

with melt possible at the high pressure ice bed.(Hock, 2005) This temperature regime may be 

found in polar regions, with very few in the mid-latitude regions close to large human 

populations.(Donald et al., 1999; Pavlina Aneva Pavlova et al., 2015) Polar ice fields can have an 

area up 50,000 km2,  with ice sheets larger still, covering an area greater than 50,000 km2 or in 

some cases, entire continents.(Farinotti, Huss, Bauder, Funk, & Truffer, 2009)  The size and 

length of ice sheets and ice fields limit their capacity to rapidly disperse recently deposited 

contaminants. For this reason, glaciers of this size are not prioritized in development of glacial 

criteria for OCP dispersal.  
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Figure 5.4 Flow diagram of EPA quantitative screening model risk assessment methodology 

adapted from Zhai et al. 2017. 
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Human population residence time, water consumption and body weight are standardized in the 

EPA methodology based upon population averages.((EPA), n.d., 1999, 2005; Phillips & Moya, 

2013) The EPA Integrated Risk Information System (IRIS) is used to determine the cancer and 

non-cancer risk.((EPA), 2017)  For children, the model assumes lifetime (70 year) consumption 

of glacial meltwater and domestic fish, whereas for adults, a 30-year timeframe is standard.  

5.2.3 System uncertainty 

Uncertainty in the screening model is predominantly based upon the model reliance on 

population level consumption rates and the extrapolation of PCB concentration data across 

multiple months. Uncertainty is both natural and inherent to the fluctuations in glacial melt and 

local hydrology, as well as specific to model parameters and variables.  

Glacial meltwater concentration data is based upon published concentrations at peak summer 

glacial melt for multiple years, but then all known concentrations have been averaged to gain a 

representative understanding of standardized concentration, such as might be found in a 

downstream lake, over time. Peak concentration rates are also considered, to represent the 

potential for an increased or tertiary chemical release under continuing climate warming 

scenarios. Inherent natural uncertainty exists both within the seasonal fluctuations of glacial melt 

as well as the spatial distribution of pollutants within the glacier. We attempt to offset some of 

this uncertainty by utilizing available concentrations that most closely mirror watershed input 

from glacial and non-glacial sources that could be found in local lakes and streams. In addition, 

the inherent variability of the linked glacial-atmospheric system leads to the possibility of non-

linear melt over an abbreviated period that could increase variability of chemical concentration 

within the watershed. 
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In addition to the complications of modeling glacial OCP distribution, the application of a 

screening-level model that does not utilize individual consumption, body weight or lifetime data 

but instead uses the population mean requires certain assumptions. For this linear model we 

utilize consumption, body weight and exposure duration data that take the population mean, in 

line with the established EPA methodology.((EPA), n.d., 2001b)  Though not specific to 

individuals, standardized consumption rates for fish and water are considered typical for 

screening level risk assessments, and are put forward by the EPA and refined by country 

statistics.((EPA), 1999, 2001b) These values may not adequately represent the natural biological 

variation in individuals, or represent vulnerable populations with greater susceptibility.(Frey, 

1992; Gallagher et al., 2015) To this end, it is appropriate that the results of this screening model 

be viewed as an indication of the need for further study if standard thresholds are breached. 

Fluctuations in fish and water consumption can occur on a generational timescale and indicate 

the need for additional screening. Recent studies of PCBs in glacially derived water sources from 

the Italian Alps have identified bioaccumulation in fish with potential health risks from 

subsequent consumption in local populations.(R. Bettinetti et al., 2016) Our study mirrors these 

findings while integrating human consumption dynamics on a population scale.  

 

5.3. Results  

 

5.3.1 Drinking water  

In all iterations of the model, the risk from oral uptake of glacial water, even with lifetime 

consumption, is low (Table 5.1). Risk from consumption of meltwater is up to 4 orders of 

magnitude below screening level, suggesting insignificant risk within any timeframe. While the 

risk to children is marginally higher than the risk to adults, it is still below the screening level. 
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This suggests that risk from ingestion of PCBs in glacial meltwater is negligible across uptake 

periods and body sizes. 

 

 

Table 5.1 Cancer and Non-Cancer Risk Summary for 6% annual domestic Swiss fish 

consumption (population average- 0.0013 kg/day). Mixed stream (P7) data is for both the 

average (2.8 x 10-7 ng/L) and upper limit (5.0 x 10-7 ng/L) PCB concentration. Threshold for risk 

is 1 in non-cancer (NC) screening and 1 x 10-5 in cancer screening, with numbers over threshold 

indicated in bold 

 

5.3.2 Fish consumption 

Fish consumption is the main driver of risk for both children and adults. It contributes the 

greatest risk for long term cancer and non-cancer risk, assuming continued consumption over 

time. For children consuming domestic fish as 6% of their yearly fish consumption, or 0.0013 

kg/day,(Statistical Office, 2017) out of water with a mean adjusted PCB concentration of 286 

pg/L, cancer risks are just above acceptable cancer screening level, indicating potential risk and 

the need for further assessment at an individual level. Increasing the PCB concentration to the 

upper limit concentration of 500 pg/L, and holding fish consumption steady, cancer risk is above 

the screening level, with hazard risk also indicated (Table 5.1). 

Point Estimate Cancer Risk Summary, median fish consumption
Pathway Cancer Median Risk Cancer Highest Risk NC Median Risk NC Highest Risk

Fish Consumption

Adult 2.1 x 10-5 3.7 x 10-5 0.23 0.41

Child 7.3 x 10-5 1.3 x 10-4 0.8 1.4

Water Consumption

Adult 6.9 x 10-9 1.2 x 10-8 7.6 x 10-5 1.3 x 10-4

Child 3.9 x 10-8 7.0 x 10-8 4.3 x 10-4 7.7 x 10-4

Both Pathways

Adult 2.1 x 10-5 3.7 x 10-5 0.23 0.41

Child 7.3 x 10-5 1.3 x 10-4 0.8 1.5
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For adults with the mean fish consumption rate of 0.0013 kg/day and mean adjusted PCB 

concentration in meltwater of 285 pg/L, cancer risk is just above acceptable screening level for 

cancer, and below the non-cancer screening level, indicating minimal risk and that further study 

may not be necessary. Increasing PCB concentration values to 500 pg/L, adults remain slightly 

above the cancer screening level and below non-cancer values (Table 1). 

The model shows that even within a population level analysis of glacial meltwater risk, 

secondary emission of PCBs from glacial sources, even with the addition of non-glacial sources, 

may lead to previously unexplored risks to human health. While the thresholds used by the EPA 

model are not indicative of direct cancer rates, they indicate the need for individual-level data 

analysis on uptake routes, quantities of fish consumption and lifetime risk factors.  

 

5.4. Discussion 

 

5.4.1 Drinking water 

Due to its proximity to pollution sources and high concentration of toxic PCBs, Silvretta Glacier 

represents a near endmember scenario for OCP reemission in glacial meltwater, representing the 

highest potential for risk to humans. However, we show that the human risk from consumption 

of only water from the glaciated watershed is negligible in both adults and children. Locations 

with very low glacial OCP concentrations such as the Arctic could be expected to have even less 

risk from drinking glacial meltwater. Therefore, both our exposure and screening level model 

suggests that in the northern hemisphere the impact of drinking glacial meltwater containing 

OCPs is insignificant in any timeframe. Future work on OCP concentrations should focus on 

Southern Hemisphere glaciers in a state of ablation and in regions proximal to pollution sources.  
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5.4.2 Fish consumption 

While fish consumption rates are low in Switzerland, our model suggests caution must be 

exercised by populations that frequently consume fish from glacial watersheds, due to the high 

potential for bioaccumulation. The toxicity and bioaccumulation potential of PCBs make the 

chemical class a specific concern for biomagnification in large and long lived species.(G. Czub 

& McLachlan, 2004; Office of Environmental Health Hazard Assessment, 2012) While these 

concentrations are significantly lower than those seen in industrial watersheds, the addition of 

glacially derived chemicals to the system may increase the risk of cancer and non-cancer impacts 

in resident populations. Populations that rely on fish consumption from glaciated watersheds to 

meet their energy needs, including indigenous populations in Arctic, may have proportionally 

higher risk and should be assessed individually. With increasing glacial ice melt, the release of 

OCPs may fluctuate or increase within glacial meltwater. Risk can be minimized on a local level 

in some situations by decreasing fish consumption from watersheds of concern. 

 

5.4.3 Glacial modeling assumptions 

Application of the risk assessment methodology to a glacial system requires an understanding of 

glacial morphology, watershed structure, and human uptake rates and routes.(Bogdal et al., 2010; 

Grannas et al., 2013a) Glacial ice, firn and snow all represent water contained in reservoirs with 

respectively decreasing residence and melt timeframes with OCP storage capacity. (Cuffey & 

Patterson, 2010; Davidson et al., 2003; Jansson et al., 2003)  Warming temperatures and changes 

in precipitation type can increase glacial melt and opportunities for downstream OCP 

distribution.(Cuffey & Patterson, 2010; Hock, 2003; Hooke, 2005; Jansson et al., 2003) The 

length, thickness and response rate of a glacier directly impacts when pollutant release will 

occur. Complications in modeling future release of pollutants from glaciers emerge from 
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unknown rates of glacier melt, making it difficult to temporally constrain anticipated chemical 

release.(Farinotti et al., 2009; McNeill et al., 2012; Christine Steinlin et al., 2016) Therefore, 

variability in glacial melt over time limits the ability to predict future OCP concentrations 

accurately across all glaciers. This increases uncertainty within the models and presents 

challenges in developing risk assessments that anticipate future concentrations.  

We minimized the uncertainty within this variability by utilizing both the highest sampled 

concentrations and average PCB concentrations from 2 different sampling techniques taken over 

two years. This allowed us to identify the median and end member pollution scenarios that may 

be developing within glaciated systems. These values reflect the magnitude of all PCB 

concentration data taken across the Alps range that integrate numerous sampling months and 

years. While glacial melt may not occur year-round in some ecosystems, bioaccumulation in fish 

will reflect long term concentrations, which are growing steadily in some glacial watersheds. The 

possibility of non-linear glacial melt, not represented by this model, is a consideration that may 

require further research.(Jansson et al., 2003)  

While this risk assessment incorporates PCB uptake, additional chemicals not investigated here, 

but resident in glacial meltwater from similar watersheds, may increase risk. For example, 

samples taken from glaciers in the Italian Alps have identified the presence of 

hexachlorobenzene (HCB), hexachlorahexene (HCH), dichlorodiphenyltrichloroethane (DDT) 

and current use pesticides.(Ferrario et al., 2017; Sara Villa, Negrelli, Finizio, et al., 2006; Sara 

Villa et al., 2003; Wu et al., 2017) Adding multiple chemicals to a risk assessment model may 

increase the risk above screening level. The combination of variable glacial flow rates and 

unprecedented warming may continue to add unforeseen variables that will need to be 

monitored. Although the cancer risk from consumption of OCPs released during glacial melt is 
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not comparable to more heavily polluted industrial waterways, long-term risk may exist. Further 

monitoring of new inputs and residual concentrations will ensure the health of residents and 

visitors to these systems. 

Since the passage of the Stockholm Convention in 2004, environmental levels of PCBs (and 

many OCPs) are decreasing in the environment. The efficacy of this convention agreement is 

clear and human exposure can be expected to decrease. In selected glacial watersheds, the release 

of OCPs from melting glaciers may however counteract the overall trend towards OCP reduction 

in the environment and must be investigated further. 
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CHAPTER 6.  

APPLYING A QUANTITATIVE SCREENING LEVEL ASSESSMENT OF 

HUMAN RISK FROM PERSISTENT ORGANIC POLLUTANTS IN 

GLACIAL MELTWATER: LYS GLACIER, ITALY 

 

6.1 Introduction 

 

Beginning in the 1940’s the use of organochlorine pollutants (OCPs) in industry and agriculture 

expanded globally.(Programme, Environment, 2004) Expansion through the environment and 

high bioaccumulation rates have made OCPs ubiquitous in ecosystems.(Shen et al., 2005; 

Simonich & Hites, 1995) OCPs have been found in glacial ice core and meltwater samples across 

the northern hemisphere, with the greatest concentrations in the Swiss and Italian Alps.(Jules M 

Blais et al., 2001; Ferrario et al., 2017; P. A. Pavlova et al., 2016; Sara Villa et al., 2003; Xiao 

ping Wang, Xu, et al., 2008) These toxic compounds can be a health risk to humans at low 

levels, necessitating a risk assessment of secondary emission from glaciers.(Birnbaum, 2013; Lee 

et al., 2014; Vizcaino et al., 2014) Risk to humans from OCPs is significant due to their lipid-

binding preference, potential for direct uptake from surrounding media, high residence time and 

bioaccumulation rates.((EPA), 2002; Gertje Czub & McLachlan, 2004) A small dose of these 

OCPs can be detrimental, and the threshold for safe uptake in humans is higher for adults than 

for children.((EPA), 2016b; Birnbaum, 2013) Dose thresholds also decrease with 

bioaccumulation via tissue ingestion or placental transfer, increasing potential for exposure in the 

second generation.(Adetona et al., 2013; Bergonzi et al., 2011b; Dassanayake, 2014) Applying 

an established risk assessment model to multiple glaciated watersheds will determine whether 

pollutants contained within glacial meltwater are above the risk screening level for humans.   
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Previous research (K. R. Miner et al., 2018) has assessed screening level risk from 

polychlorinated biphenyls (PCBs) in the Swiss Silvretta Glacier, providing an indication of a 

95% risk scenario for this chemical. Here, we seek to expand our risk assessment profile of 

glacial meltwater samples taken in the Italian Alps that identified the presence of organochlorine 

pesticides Dichlorodiphenyltrichloroethane (DDT) and Hexachlorobenzene (HCB). Utilizing 

known concentrations in glacial meltwater from multiple years of sampling studies at the Lys 

Glacier in Italy, we apply the US Environmental Protection Agency screening assessment to 

identify the cancer and non-cancer impacts of consuming glacial meltwater and local fish over 

lifetime exposure for both children and adults.((EPA), 1999, 2001b, 2003; Bizzotto, Villa, Vaj, et 

al., 2009; Ferrario et al., 2017; Sara Villa, Negrelli, Finizio, et al., 2006)  

 

6.2 Methods 

 

6.2.1 Lys Glacier 

Lys glacier is a cold glacier in the Monte Rosa Massif in the Western Alps of Italy (Figure 6.1). 

It is debris-covered, with an area of 9 km2 and an altitude of 4250m a.s.l. and is emergent from 

the larger Monte Rosa group.(Smiraglia et al., 2006; Sara Villa, Negrelli, Finizio, et al., 2006; 

Sara Villa, Negrelli, Maggi, et al., 2006; WGMS, 2015) It is the 4th largest Italian glacier and has 

mass balance records detailing volume and thickness changes for the past 30 years.(Smiraglia et 

al., 2006) During that time, over 10% of ice area was lost and significant retreat is ongoing with 

increasing rapidity.(Smiraglia et al., 2006) Consistent ablation may result in loss of reservoir 

OCPs over time.(Christine Steinlin et al., 2014) Mountain huts are located alongside the glacier 

and are staffed up to 9 months of the year with cable car access driving tourist influx. Below the 

glacier, the Lys stream converges with the larger Dora Baltea River watershed. There are four 
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towns immediately below glacier, Staffal, Tache, Tschemenoal and Gressony-Saint-Jean, and 

numerous resorts with populations fluctuating seasonally.  

 
Figure 6.1 Map of Lys glacier in the Italian Alps including proglacial watershed. Sampling 

location indicated in red and the town of Tache indicated in yellow. 
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Researchers at the University Milan have analyzed meltwater and ice cores from the Lys glacier 

for over 15 years, representing the longest analysis of glacial OCP concentrations 

available.(Bizzotto, Villa, Vaj, et al., 2009; Ferrario et al., 2017; S. Villa et al., 2001; Sara Villa, 

Negrelli, Maggi, et al., 2006; Sara Villa et al., 2003) Numerous compounds were studied by this 

research group including both DDT and HCB.(Sara Villa, Vighi, & Finizio, 2014) Areas of 

pesticide use are relatively proximal to glacier sites in the Alps, with inputs thought to be 

sourced from Northern Italy.(Bergonzi et al., 2011b; Roberta Bettinetti et al., 2011; Sara Villa, 

Vighi, & Finizio, 2014)  

Beginning in 2000, meltwater concentration data was collected monthly during summer peak 

glacial melt.(Ferrario et al., 2017; Sara Villa, Negrelli, Finizio, et al., 2006) Additional samples 

were added most recently in 2014.(Ferrario et al., 2017) For this assessment, peak sample 

concentrations established the upper concentration limit (DDT- 0.33 ng/L; HCB- 0.03 ng/L), and 

average concentrations were developed by taking the mean of all data (DDT- 0.16ng/L; HCB- 

0.028 ng/L). While these concentrations are relatively low compared to industrial waterways, 

they represent some of the highest chemicals concentrations found in glacial meltwater. (Miner 

et al., 2017)  

The model background has been previously described in Miner et al., and utilizes the EPA 

Guidelines for Exposure Assessment and Framework for Cumulative Risk Assessment (Figure 

6.2).((EPA), 1999, 2001b, 2003) Toxicant cancer slope and non-cancer hazard rates were taken 

from published EPA Integrated Risk Information System (IRIS) data and applied to the known 

OCP concentration data.(Ferrario et al., 2017) Fish consumption rates were taken from the 

European Union’s Expofacts database, which regularly completes census analysis of fish 

consumption on a national level, and was updated in 2016.(Joint Research Centre, 2016) Fish 
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bioaccumulation data for DDT was taken from the EPA database of bioaccumulation factors, and 

from the California Office of Environmental Health Hazard Assessment (OEHHA) for 

HCB.((EPA), 2015; Office of Environmental Health Hazard Assessment, 2012) All 

bioaccumulation factors incorporate similar data for fish size and chemical uptake rates.  

 

6.3 Results 

 

6.3.1 Drinking water 

Drinking water contamination from DDT and HCB released by Lys glacier is not a risk to 

children or adults. Modeled cancer risk is significantly below the threshold for both adults and 

children. A slightly higher risk is indicated for children due to smaller body size and lifetime 

exposure. The non-cancer impacts are also below threshold level for both children and adults, 

indicating no disease risk from secondary uptake of DDT or HCB. The greatest risk observed is 

4 orders of magnitude below screening level, suggesting that drinking glacial meltwater will not 

be a risk under any scenario. While additional output of chemicals from Lys glacier may increase 

the concentration downstream, a significant concentration increase would be necessary to move 

either the child or adult population over the screening level threshold. This finding is in line with 

our results from the Silvretta Glacier in Switzerland, another example of a high-risk watershed in 

the Alps.  
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6.3.2 Fish consumption 

Bioaccumulation can concentrate OCPs in fish by up to 6 orders of magnitude. (cite EPA) As a 

result, these concentrations make fish consumption the most significant contributor to human 

risk. For children with a lifetime consumption (70 years) of 0.0043 kg/day domestic fish at both 

the mean and upper limit concentration for DDT, cancer and non-cancer risk are up to 4 orders of 

magnitude below thresholds (Table 6.1). HCB risk is lower, with risk up to 7 orders of 

magnitude below cancer screening level. 

 
Table 6.1 Cancer and Non-Cancer Risk for fish and glacial water with the sum of all OCP 

concentrations studied, at both the average chemical concentration and greatest observed 

concentration. Threshold for risk is 1 in non-cancer screening and 1 x 10-5 in cancer screening 

 

For adults who have consumed fish for 30-years at the average rate of 0.0043 kg/day, under both 

the upper limit and mean DDT concentration, cancer and non-cancer risk is up to 5 orders of 

magnitude below screening level (Table 6.1). HCB cancer risk is again lower, with risk 8 orders 

of magnitude below screening level. 

Therefore, the impact of DDT and HCB in glacial meltwater from Lys Glacier is negligible for 

populations either drinking meltwater or eating local fish. Of these two pesticides, DDT 

concentrations are greater than HCB, leading to relatively higher, but still minimal, risk. Adding 

the cumulative impact of both compounds does not increase uptake above screening levels, 

Screening Level Cancer Risk Summary- Sum

Pathway Cancer Median  Risk Cancer Highest Risk NC Median Risk NC Highest Risk

Fish Consumption

Adult 2.5 x 10-7 1.4 x 10-6 1.6 x 10-2 8.4 x 10-2

Child 5.5 x 10
-6

7.0 x 10
-6

0.5 0.61

Water Consumption

Adult 6.2 x 10-10 7.3 x 10-10 6.9 x 10-6 1.4 x 10-5

Child 2.3 x 10-9 2.8 x 10-9 2.7 x 10-5 5.3 x 10-5

Both Pathways

Adult 2.5 x 10-7 4.3 x 10-7 1.6 x 10-2 3.2 x 10-2

Child 1.4 x 10-6 2.3 x 10-6 8.5 x 10-2 0.17
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Our goal is to produce the first risk assessment of organochlorine pollution from glacial 

meltwater in the Arctic. We utilize OCP data from recent ice core and meltwater sampling 

campaigns at the Jarvis Glacier in the Interior Alaskan Range, and Tanana watershed 

dynamics(Liljedahl et al., 2017) integrated with self-reported fish consumption from local 

subsistence communities.(Ballew et al., 2004) Our risk assessment has been applied in the Swiss 

Alps, however, the elevated fishing consumption rates may put subsistence communities in 

Alaska at greater risk from glacial meltwater pollution.  Therefore, the purpose of this research is 

to accomplish a first order analysis of the potential for human impacts from OCPs in glacial 

meltwater within the Tanana watershed as glacier melt continues. This case study is intended to 

serve as a screening level assessment of the potential for increased bioaccumulation and toxicity 

from the glacial reemission of OCPs over time. Ultimately, we aim to provide guidance on 

whether further human risk assessment is warranted. 

 

7.2 Methods 

 

7.2.1 Jarvis Creek and watershed hydrology 

Jarvis Glacier (6 km2) is a temperate glacier in Alaska’s Eastern Range. The glacier is in a state 

of negative mass balance with an average yearly loss of -3.0 mwe.(Liljedahl et al., 2017) Jarvis 

Creek is a small tributary to the Tanana River (113,960 km²), which subsequently flows into the 

much larger Yukon watershed (Figure 7.1).(Flowers & Clarke, 2002; Liljedahl et al., 2017) The 

Jarvis glacier is one of multiple potential sources of OCP input to the system, which includes 

numerous glaciers, direct snow, and rain deposition. However, glacial melt is an increasing 

contributor and water table records beginning in 1907 identify an increase in Tanana River 

runoff, with growing input over the last 5 years.(Liljedahl et al., 2017) The Tanana River sources 
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up to 60% of its annual streamflow from glacial melt, with melt continually increasing in glaciers 

throughout due to atmospheric warming.(Gatesman, 2017; Michael Zemp et al., 2015) 

 

Figure 7.1 Tanana Chiefs Conference Region with the Eastern Alaska Range and Jarvis Glacier 

Watershed identified. The Tanana Chiefs region is identified in pink, with neighboring 

subsistence corporation boundaries also identified for reference. The watershed emerging from 

the Eastern Alaska Range flows east to west. 

 

7.2.2 Tanana River watershed demographics 

In the watershed directly below Jarvis Glacier there is minimal fish harvesting and no 

subsistence-based groups. However, 1,655 subsistence families reside in the larger Yukon 

interior region and 508 families live within the Tanana River watershed (Figure 7.1).(Ballew et 

al., 2004; Fall et al., 2013) The Tanana Chiefs Conference Region is the nearest subsistence 
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region with fish consumption data available,(Ballew et al., 2004) though consumption rates are 

some of the lowest in the region (Table 1,2). As this region is also downstream of Jarvis Glacier, 

it provides the most applicable screening level consumption data for the Jarvis Glacier 

watershed. While inputs from multiple glaciers, direct snow, and rain deposition may change the 

OCP glacial signal, we make the assumption that increased glacial melt throughout the region 

over time may raise the overall OCP concentration in the watershed.(R. Bettinetti et al., 2016; 

Quadroni & Bettinetti, 2017)  

7.2.3 Jarvis watershed OCP data 

Glacial ice core and meltwater samples were collected at Jarvis Glacier over the summer of 2016 

and spring of 2017 by joint teams from the University of Maine and the University of Alaska at 

Fairbanks. Jarvis Creek is predominantly glacier fed and contributes to the Tanana River 

watershed below. Testing identified the presence of the pesticides DDT, ‘p,’p-DDE, ‘p,’p-DDD, 

α-HCH and ϒ-HCH, (heretofore referred to as ΣDDT and ΣHCH). ΣDDT had the highest 

concentration and was present in glacial meltwater throughout peak summer glacial melt in June-

September (CITE self). These values are the first record of OCPs entrained within glaciers in the 

interior of Alaska and serve as an index for this study 

7.2.4 Quantitative screening model  

For this study, we utilized the upper limit and average sample concentrations of DDT (upper 

limit:1.12 ng/L, average:0.61 ng/L) α-HCH (upper limit:0.34 ng/L, average:0.23 ng/L) and ϒ-

HCH (upper limit:0.53 ng/L, average:0.34 ng/L) taken from Jarvis Creek (Figure 7.1). We utilize 

Jarvis Glacier OCP concentrations to gain an idea of the potential watershed input, integrating the 

average and upper limit concentrations to account for variability. We utilized the conceptual model 

and quantitative screening level risk assessment developed previously, with adjusted inputs for the 

Jarvis Creek and Tanana River watersheds.(K. R. Miner et al., 2018) 
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The risk assessment is based on the Environmental Protection Agency (EPA) Guidelines for 

Exposure Assessment and Framework for cumulative risk assessment ((EPA), 1999, 2015) and 

fish consumption data from the Traditional Diet Survey(Hamade & Consumption, 2014) 

conducted by the Alaskan Department of Health and Human Services for the Tanana Region. 

This region was noted to have one of the lowest fish consumption levels in Interior Alaska, but it 

is still above the national average making their potential risk, 1-2 orders of magnitude lower than 

surrounding subsistence communities (Table 7.1). (Ballew et al., 2004; Epidemiology, 2014; Fall 

et al., 2013; Hamade & Consumption, 2014) Therefore these consumption numbers are applied 

to the risk assessment as an indicator of moderate risk for subsistence communities in the Eastern 

Alaskan region. While the Tanana Chiefs community does not reside directly below glacier, we 

utilize this data in this screening study as a representative consumption measurement based on 

available data and the assumption that similar OCP concentrations are likely to be found in 

glaciers throughout the range.  

 

 

Table 7.1 Subsistence Fish Consumption by Alaskan region. Tanana Chiefs Conference Region 

has the lowest median fish consumption from the groups sampled. All data is self-reported by 

tribal corporation members. Full data including species consumed included in supplemental 

information.(Ballew et al., 2004) 

 

 

Population Reporting Participants Median Consumption (lb/yr) Maximum Consumption (lb/yr) Median (g/day)

Norton Sound Health Corp. 151 63 1886 47

Yukon-Kuskokwim Health Corp. 224 55 2814 68

Bristol Bay Area Health Corp. 134 61 3420 76

Tanana Chiefs Conference Region 33 26 195 32

SE Alaska Health Corp. Region 125 39 1100 49
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Bioaccumulation factors were taken from the EPA database for DDT and from the California 

Office on Environmental and Health Hazard Assessment (OEHHA) for HCH.((EPA), 2016a; 

Office of Environmental Health Hazard Assessment, 2012) These bioaccumulation factors 

calibrate fish data in accordance with environmental fate models by specific chemical 

concentrations, chemical type and fish species.((EPA), 2016a; D Mackay & Patterson, 1990; 

Donald Mackay, 2001; Office of Environmental Health Hazard Assessment, 2012) For this 

assessment, we utilized bioaccumulation models for Salmonid species interacting with DDT as it 

is the species most commonly utilized by the interior communities. Cancer slope factors and non-

cancer reference doses are calculated by the EPA’s Integrated Risk Information System 

(IRIS).((EPA), 2017) Residence time, water consumption, and body weight are standardized based 

upon population averages in the EPA methodology.((EPA), n.d., 1999, 2005; Phillips & Moya, 

2013) Timeframe for uptake under the model assumes a consistent lifetime (70 years) consumption 

rate for children, and an abbreviated period for adults (30 years). Body weight for children in this 

study was standardized at 30 kg and adult weight at 70 kg in accordance with EPA 

standards.((EPA), 1999, 2001b) 

7.2.5 Uncertainty analysis 

Uncertainty as natural variability exists in the model in the form of glacier interaction with the 

atmosphere and subsequent melt patterns, spatiotemporal location and release of DDT, and 

watershed fluctuations in concentration. As the meltwater sampled from below Jarvis Glacier(K. 

Miner et al., 2018) gives a representative profile of peak melt in one year, it does not account for 

the overall release of Jarvis and other glaciers in the range. In addition, natural processes 

throughout the watershed such as sedimentation and volatilization may vary the concentration 
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over a distance. Another source of variability lies within the individual fish consumption rates. 

While this study utilizes the median consumption rates of the closest subsistence community, 

individuals within that group may show significant variability (Table 7.2).(Ballew et al., 2004) 

In addition to natural variability, within the risk assessment model structure there is the challenge 

that taking mean uptake concentrations and average water concentrations do not perfectly 

describe the system.(Risk et al., 2009) Unfortunately, we are constrained by a dearth of data in 

glacial meltwater OCP studies across the globe,(K. R. Miner et al., 2017) limiting the precision 

of a screening level model. Finally, population variability in body weight and length of life or 

residency varies person to person.(Frey, 1992) While this risk assessment model is intended to be 

conservatively protective, the risk to vulnerable populations may be underreported.(Bogen, 2014; 

Finkel, 2014)  
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Table 7.2 Species of salmon consumed by Alaskan subsistence community. Median and 

maximum consumption of participants surveyed are listed for all regions.(Ballew et al., 2004) 

 

Population Reporting Participants Species
Median 

Consumption (lb/yr)

Maximum 

Consumption (lb/yr)

Norton Sound Health Corporation 151 King Salmon 1 61

King Salmon 2 92

Chum Salmon 7 223

Silver Salmon 5 679

King Salmon 2 102

Pink Salmon 7 679

Red salmon 7 679

Red salmon 2 245

Pink salmon 3 113

Chum Salmon 2 81

Total 38 2954

Yukon-Kuskokwim Health Corporation 224 King Salmon 19 611

King Salmon 7 196

Chum Salmon 13 543

Chum Salmon 3 589

Silver Salmon 10 679

Silver Salmon 3 196

Total 55 2814

Bristol Bay Area Health Corporation 134 King Salmon 9 272

Red Salmon 7 1472

King Salmon 5 196

Red Salmon 10 272

Silver Salmon 4 196

Silver Salmon 8 272

Chum Salmon 4 196

Chum Salmon 7 272

Pink Salmon 7 272

Total 61 3420

Tanana Chiefs Conference region 33 King Salmon 7 49

King Salmon 8 68

Silver Salmon 3 19

Silver Salmon 8 59

Total 26 195

SouthEast Alaska Health Corporation 125 King Salmon 3 74

126 King Salmon 3 74

Red Salmon 14 140

Silver Salmon 3 295

King Salmon 6 272

Silver Salmon 4 125

Total 33 980
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7.3 Results  

 

7.3.1 Drinking water 

Risk from direct consumption of glacial water is negligible in both adults and children (Table 

7.3, 7.4). Cancer risk from uptake of ΣDDT is 10 orders of magnitude below screening level for 

adults and 9 orders of magnitude for children. Non-cancer risk is up to 5 orders of magnitude 

below screening level risk for both ΣHCH and ΣDDT. Results indicate that no risk exists from 

drinking ΣDDT and ΣHCH in Jarvis meltwater under any timeframe, regardless of body weight. 

 

Table 7.3 Cancer and Non-Cancer Risk Summary for DDT in Jarvis Glacier watershed. Fish 

consumption is 0.034 kg/day for both the average chemical concentration (.61 ng/L) and greatest 

observed concentration (1.12 ng/L). Threshold for risk is 1 in non-cancer (NC) screening and 1 x 

10-5 in cancer screening, with numbers over threshold indicated in bold. 

 

Screening Level Cancer Risk Summary- DDT

Pathway Cancer Median  Risk Cancer Highest Risk NC Median Risk NC Highest Risk

Fish Consumption

Adult 4.7 x 10-6 8.7 x 10-6 0.47 0.85

Child 2.6 x 10-5 4.7 x 10-5 2.5 4.7

Water Consumption

Adult 2.5 x 10-10 4.7 x 10-10 2.5 x 10-5 4.6 x 10-5

Child 9.7  x 10-10 1.8 x 10-9 9.5 x 10-5 1.7 x 10-4

          Both Pathways

Adult 4.7 x 10-6 8.7 x 10-6 0.47 0.85

Child 2.6 x 10-5 4.7 x 10-5 2.5 4.7
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Table 7.4 Non-Cancer Risk Summary for α,ϒ-HCH in Jarvis Glacier watershed.  Fish 

consumption is 0.034 kg/day for the average chemical concentration and greatest observed 

concentration of α-HCH (0.34ng/L,0.23ng/L) and ϒ-HCH (0.53ng/L, 0.34ng/L). Threshold for 

risk is 1 x 10-5 in cancer screening.  

 

7.3.2 Fish consumption 

Consumption of fish resident in glacial meltwater is the main driver of risk for both children and 

adults. For children with lifetime fish consumption of 0.034 kg/day with exposure to both the 

upper limit (1.12 ng/L) and average (0.61 ng/L) concentrations of DDT, cancer risk was just 

above the acceptable screening level (Table 3). This finding indicates the possibility of long term 

cancer risk. The risk of non-cancer impacts at both the upper limit and average concentrations of 

DDT are also above the screening level for lifetime exposure, indicating a potential for disease 

impacts from the lifetime consumption of local fish.  

For both cancer and non-cancer, the risk to adults with an abbreviated 30-year consumption 

timeframe was below screening level for both chemicals due to the shortened exposure time and 

higher body weight. DDT cancer risk was one order of magnitude higher than the screening 

level.  

As cancer risks from exposure to α-HCH and ϒ-HCH are considered negligible, the EPA only 

provides risk assessment factors for non-cancer risk.((EPA), 2016a, 2017) Non-cancer risk from 

Screening Level Cancer Risk Summary- αHCH

Pathway NC Median Risk NC Highest Risk

Fish Consumption

Adult 4.8 x 10-4 7.1 x 10-4

Child 2.6 x 10-3 3.9 x 10-3

Water Consumption

Adult 9.4 x 10-6 1.4 x 10-5

Child 3.6 x 10-5 5.3 x 10-5

                Both Pathways

Adult 4.9 x 10-4 7.2 x 10-4

Child 2.6 x 10-3 3.9 x 10-3

Screening Level Cancer Risk Summary- ϒHCH

Pathway NC Median Risk NC Highest Risk

Fish Consumption

Adult 7.1 x 10-4 1.1 x 10-3

Child 3.9 x 10-3 6.0 x 10-3

Water Consumption

Adult 1.4 x 10-5 2.2 x 10-5

Child 5.3 x 10-5 8.2 x 10-5

Both Pathways

Adult 7.2 x 10-4 1.1 x 10-3

Child 3.9 x 10-3 6.1 x 10-3
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α-HCH and ϒ-HCH are 3-5 orders of magnitude below screening level in adults and children, 

indicating no impact from uptake (Table 4). Risk from ϒ-HCH was relatively higher, though still 

significantly below screening level.  

 

7.4 Discussion 

 

7.4.1 Drinking water 

Similar to the null risk result from our assessment of the high risk Silvretta watershed in 

Switzerland,(K. R. Miner et al., 2018) we hypothesized correctly that the more distal Arctic 

watersheds see minimal human risk from water consumption. Risk in the Jarvis Creek watershed 

was identified to be 9 orders of magnitude below screening level and indicates negligible risk 

within any timeframe from intake of DDT and ΣHCH in Jarvis Creek glacial meltwater. 

7.4.2 Fish Consumption 

Risk to children from exposure to DDT in fish was significantly higher than adult exposure due 

to smaller body size and lifetime exposure, indicating the need for future study at an individual 

level. Populations in Arctic nations consume significantly more fish than the US national average 

that increases the potential for human uptake of bioaccumulated watershed pollutants (Table 

1,2).(Arnot & Gobas, 2006; Birnbaum, 2013) As Alaskan glaciers continue to melt, the gradual 

release of OCPs may continue to elevate watershed concentrations above the background level. 

Which, when combined with high fish consumption rates, necessitates an understanding of 

human impacts to individuals or communities.   

Our study found OCP concentrations in fish similar to those found in a sampling study of the 

Fairbanks region in 1998,(Mueller & Matz, 2000) but higher than those found by the Office of 

the Veterinarian in an Alaska-wide sampling study.(Conservation, 2017) Within the Alaska-wide 
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study, both coastal and interior fish were sampled, with coastal sites outnumbering interior 

sampling sites, and reporting variation in concentration between 1-3 orders of 

magnitude.(Conservation, 2017; Mueller & Matz, 2000) This variation within fish species from 

all sample sites was averaged to represent overall OCP concentration throughout Alaska, and 

may not provide a complete picture of emerging contaminants in the interior’s glaciated 

watersheds. Samples taken in coastal Alaska may reflect an ocean-based OCP signal that is not 

indicative of the concentrations being released from glaciers in the interior. In addition, the wide 

variation of OCP uptake within fish species and sample locations within the Interior, may 

provide an incomplete picture of the OCP bioaccumulation of fish within Alaska’s interior where 

OCP data from individual samples is not available by region but focuses on species within ocean 

ecosystems.(Lance, 2017)   

In our model, we utilize salmon bioaccumulation factors, which reflect high lipid percentage and 

long lifespan, to capture the highest bioaccumulation potential. This trend towards greater 

bioaccumulation in older and larger fish species can also be seen in the fish sampling data, where 

the larger species show a mean DDT accumulation 1-2 orders of magnitude higher than smaller 

species.(Conservation, 2017) Additionally, our research utilized data from the immediate 

proglacial area of Jarvis Glacier where an undiluted OCP signal may be currently higher than 

that found throughout the larger watershed, but may reflect the broader, regional concentration 

patterns with continued increases in glacial release. 

The fish consumption advice put forward by the Alaska State Epidemiology Department presents 

conservative suggestions for dietary fish intake in a subsistence lifestyle.(Epidemiology, 2014; 

Hamade & Consumption, 2014) Interior communities relying on fish consumption will eat 

different species and quantities of fish than coastal populations, changing the risk profile for each 
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community and further increasing variability in exposure. Species dependent uptake of OCPs 

correlates with animal fat content, lifespan and habitat, making some older, larger fish (such as 

salmon) more susceptible to bioaccumulation.((EPA), 2016a; Bizzotto, Villa, & Vighi, 2009; 

Office of Environmental Health Hazard Assessment, 2012) Higher fish consumption rates in 

communities adjoining the Tanana Chiefs Conference region suggest that a greater risk to 

subsistence populations is possible and has not been assessed (Table 1,2). High risk consumers 

within these communities may eat 3-4 orders of magnitude more salmon than the local median 

values, making risk within the community variable, but significant.(Ballew et al., 2004) In order 

to complete this analysis, concentration profiles in the watershed of each community must be 

understood, so that bioaccumulation can be assessed correctly. Within the screening level model, 

fish consumption is the greatest contributor to risk, with an increase in consumption directly 

reflecting  

This elevates the challenges for governmental groups interested in protecting the population from 

OCP uptake. Adopting a precautionary approach for consumption incorporates variation in 

spatiotemporal intake patterns in order to safeguard public health. (Epidemiology, 2014; Hamade 

& Consumption, 2014) 

7.4.3 Potential Alaska and Arctic-wide implications 

 Studies in Europe have shown that the presence of OCPs in one glacier reflects the presence of 

OCPs throughout the mountain range.(Ferrario et al., 2017; P. A. Pavlova et al., 2016) We 

expect, therefore, that multiple glaciers in the Interior of Alaska store legacy OCPs, elevating 

their concentrations throughout the watershed over time. Glaciers located near the ocean may see 

higher rates of OCPs, as they are the first physical barrier for accumulation of OCPs transported 

across the Pacific. While atmospheric OCP inputs into the Arctic were identified decades ago, 
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our model quantifies the unexplored risk or glacial redistribution of pollutants.(E Dewailly, 

2006; Eric Dewailly et al., 1989) Though this is the first human risk assessment of glacial 

meltwater that has been accomplished in the Arctic, this study, as well as our previous study site 

in the Swiss Alps, suggest that the risk of cancer and non-cancer impacts is driven by fish 

consumption.(K. R. Miner et al., 2018) The risk to populations from glacial meltwater 

consumption is negligible in both studies, however, risk increases proportionally with greater 

fish consumption — even with meltwater pollutants at extremely low levels.  

With glacial mass loss increasing on average by 200 mm w.e. per decade in Alaska over the past 

50 years, the contribution of OCPs released from glacial meltwater may gradually elevate 

concentrations throughout the watershed.(Bogdal et al., 2008; P Schmid et al., 2011) Further 

research into the watershed contribution of OCPs from melting glaciers will require water 

sampling throughout the watershed and within subsistence communities. As the release of OCPs 

from glaciers is an emergent source of OCP pollution, a bioaccumulation leading to generational 

transference may not have impacted current generations.(Programme, 2009) It is therefore 

necessary to assess OCP release over time in Alaska’s interior to determine potential 

intergenerational impacts. 

  

7.5 Conclusions 

We find that with an increased consumption of fish, OCPs, even at the low concentrations found 

in the arctic, can create human health risk. This screening-level model indicates the need for an 

in-depth and individualized study of uptake in children who live within and below glacier 

ecosystems of Interior Alaska. Previous fish sampling studies within Alaska’s Interior regions 

have not accounted for the possibility of glacial emission of OCPs and will need to be updated as 
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glacier melt continues. The potential for increased release of OCPs through glacial melt indicates 

the need for additional studies of proglacial systems that provide fish to local subsistence 

communities. Therefore, Arctic subsistence populations that consume large amounts of fish 

collocated with melting glaciers should be prioritized for future research into human risk from 

the distribution of glacial meltwater pollution. Subsequent research could include the use of 

Geographic Information System technologies to identify regions where high fish consumption 

and inputs of glacial meltwater overlap throughout the Arctic. Overall, the need for monitoring 

and further assessment of the ongoing input of reemergent OCPs in Alaska is clear and utilizing 

risk assessment tools can help to protect the health of subsistence populations in the Arctic. 
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CHAPTER 8.  

CONCLUSION 
 

This thesis developed a protocol to identify spatiotemporal trends in existing glacial OCP studies 

and characterize systems of greatest risk for secondary dispersal of organochlorine pollutants. In 

addition, we introduce new results from the Jarvis Glacier in Alaska, presenting the first risk 

assessment of glacially distributed Arctic pollutants.  To complete the protocol objectives, I 

developed an understanding of global trends in a review of previous OCP studies, completed a 

sampling campaign at Jarvis Glacier in Alaska to add to the understating of Arctic glacial OCP 

release and utilized three case studies to build a risk assessment model that was used to gain a 

more comprehensive understanding of augmentation of pollutants through the watershed. 

Compiling all relevant literature on OCP glacial ice and meltwater sampling campaigns was 

crucial to developing an understanding of the trends across glacial systems in the Northern 

Hemisphere. This review found that medium size glaciers with rapid flow and low residence 

time and near to urban or industrialized areas can be expected to store the greatest quantity of 

OCPs. Latitudinal trends are also clear. Glaciers in Arctic nations see significantly lower 

concentrations of OCPs than glaciers near to 45 N. This movement trend is driven by chemical 

molar mass and subsequent atmospheric transport with compounds of a greater weight collocated 

with distribution sites.  

From this data we identified a lack of field sampling at glaciers in North America, and 

specifically in interior Alaska. While distant from industrial sites, early work discovered that 

coastal Alaskan Nunavik communities were exposed to OCPs through their traditional diets.(E 
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Dewailly, 2006) While the routes of transport were expected to be dry and wet direct deposition, 

the potential of secondary emission from the glaciers in interior Alaska had never been explored. 

To this end, ice core and water samples were collected from Jarvis Glacier in the Eastern 

Alaskan Range, south of Fairbanks. The concentrations of DDT, DDE, DDD, ϒ-HCH and α-

HCH found in both ice cores and water samples were consistent with other Arctic studies. 

Elevated rates of ΣDDT deposition may indicate transport from regions in Asia currently 

utilizing DDT to fight malaria. HCH also has great atmospheric mobility, which allows for 

increased range and deposition into interior Alaska. From the organochlorine pesticide 

compounds, ΣDDT and ΣHCH were the only two identified above the limit of detection, which 

could be potentially due to the remote nature of the Jarvis Glacier. 

Finally, the risk assessment model described in this thesis utilizes the Environmental Protection 

Agency’s human risk screening level model framework that has been applied across the United 

States and adapted worldwide. This study was the first application of this model to secondary 

chemical emissions from glaciers, but it incorporates methodology for identifying risk from 

OCPs that have been applied to numerous urban water sources.((EPA), 2001c, 2003) Calibrating 

the risk assessment model to glacial watersheds required a comprehensive qualitative 

understanding of system dynamics, and elucidated the opportunities for amplification of risk in 

the local population. Within the risk assessments we prioritized quantifying the risk from DDT 

due to the ubiquity of the compound and range of transport, as well as PCBs due to their elevated 

toxicity. To contrast the impact of these chemicals within two glacial systems, I developed case 

studies in Italy and Switzerland, which provided an opportunity to compare the toxicity of DDT 

with PCBs at similar magnitudes within similar watershed systems. To accomplish this, we 

utilized existing data from sampling studies of DDT from the Italian Alps, and PCB from the 
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Swiss Alps while developing a conceptual model to identify likely routes of human uptake in a 

glaciated system. After modeling these comparable watersheds with different OCP compounds, 

PCBs were identified as a driver of risk at a much greater rate than DDT due to PCB’s elevated 

toxicity and bioaccumulation potential. Within our framework, potential risk from a lifetime of 

domestic fish consumption from fish that reside in glacial meltwater from Silvretta Glacier was 

identified. Concentrations of PCBs in the Silvretta Glacier are well studied, but larger glaciers in 

the Alps may house more PCBs and the rates of release may vary. While PCBs are found in 

numerous watersheds globally, they have a small range of travel atmospherically, such that areas 

of industry near glaciated mountain ranges should be prioritized for further study. The risk from 

PCBs indicates that future studies focused on the human impacts of secondary emission of OCPs 

from glaciers should prioritize PCB congeners in their sampling campaigns. Additional research 

into the potential for human health risks from secondary release of PCBs is indicated. 

The third risk assessment case study completed was in the Arctic at Jarvis Glacier, in the Interior 

Eastern Alaska Range. We found that though our previous case studies indicated that DDT was a 

lower risk than PCBs, the risk from consumption of DDT in elevated fish consumption increased 

the overall risk to vulnerable populations. This result elucidated that augmentation of glacial 

pollution can impact risk in the system due to the high toxicity of a chemical or through elevated 

bioaccumulation in the form of fish consumption. This information will help to inform the design 

of sampling and monitoring studies in the future, as researchers seek to identify other 

communities within glacial systems who may be at risk from glacial meltwater pollution. There 

also is an indication of a two-way tug between the levels of contaminants and consumption 

habits where risk and vulnerability may be predicated by lifestyle, particularly in the form of 

high fish consumption.  
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8.1 Future Work 

Sampling studies that quantify the risk from legacy pollutants stored within glaciers have greatly 

illuminated trends in OCP concentration throughout northern hemisphere glaciers. Regions close 

to areas of OCP use have been identified as reservoirs of a greater quantity and diversity of OCP 

chemicals. While OCPs are useful in identifying trends in deposition, they do not give a 

complete picture of all the chemical species that could be currently contained in glaciers. To 

identify and classify all chemicals resident within glacial meltwater, studies seeking to identify 

the potential for human health risk must be expanded to incorporate current use compounds, 

metalloids and chemically altered carbon. Though patterns of change within glacial systems 

under a warming climate act as an uncertainty, the overlap of glacial melt and proximity to 

chemical use areas are also as a measure of where we can expect potential risk, and which 

regions should be proactively monitored.  

When we began our research, no risk assessment for glacial meltwater had been accomplished, 

largely under the assumption that the concentrations of OCPs were so low that there would be no 

significant risk to humans. In the case of the three chemical compounds compared in our risk 

model, significant variation was found in risk posed by different chemicals at similar magnitude. 

The inherent toxicity and bioaccumulation potential of PCBs increased human risk in our 

screening level model at a much greater rate than ΣDDT. Where human risk is a concern, future 

studies should prioritize compounds with higher known toxicity and bioaccumulation potential, 

such as PCB. Additional work towards identifying current use compounds in addition to 

metalloid and carbon compounds should also be considered, though labor intensive and 

expensive.  
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When the idea of glaciers acting as a reservoir for pollutants was proposed, glaciers were 

considered the ‘cleanest’ source of water on earth. Millennia old, these ice forms have existed on 

the planet since the beginning of stories – their ebb and flow has continually shaped the face of 

the earth. Questioning this assumed purity meant that the human impacts on our ecosystems are 

much greater than we have ever imagined, the implications of which the world is still seeking to 

fully understand. So often humans see themselves as small creatures, and we assume our ability 

to affect change is similarly insignificant. Yet as we are increasingly overtaken by the effects our 

actions have wrought, coming to terms with the grand scale of our impact on the earth must be 

an immediate priority. 

The continued use of toxic compounds for industrial and agricultural processes and their 

presence in distant areas suggests a growing impact of these chemicals. While this study 

identified the 209 PCB congeners as compounds of significant concern, newer chemicals such as 

brominated flame retardants and PAHs can accumulate in glaciated watersheds, increasing the 

toxicity of glacial meltwater now and into the future. The earth is a closed system. All 

compounds that are manufactured and distributed can affect secondary ecosystems, including the 

people who live there. The release of toxins from melting glaciers is but one of the numerous 

unfolding threats of a warming world – many of which are not categorized or understood. It is, 

therefore, the job of researchers to anticipate and understand worst case scenarios and cascading 

impacts. In glaciated ecosystems, where increasing variation of yearly precipitation is coupled 

with the melting of the glaciated water reservoir, the added complication of toxicity can pose 

significant health risks. There are currently unsampled regions in the southern hemisphere, such 

as the Peruvian Highlands, that are heavily dependent on glacier melt for human wellbeing. 
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These areas must be prioritized for future studies to protect the populations living in the 

watershed.  

The impacts of the planet-altering loss of glaciers in response to atmospheric warming are not 

yet fully known and the complicating factors of meltwater toxicity may make the watersheds 

untenable. These are unknown, under studied risks that exist across disciplines and while we may 

not be able to immediately identify all the hazards, it is the job of forward thinking scientists, 

policy makers and regional managers to protect their populations with the best science available. 

Exploratory research can be the most crucial, opening the door for further breakthroughs.  

Denying the effects of climate change may help with the feelings of fear and insecurity in the 

short term, yet the winds are still changing, and the glaciers are melting into a warming sea. As a 

species we have the opportunity to be extraordinary as ambassadors to other species, explorers of 

hidden worlds and caretakers outside the hierarchy of predators and prey.  

The time to make a choice has come, we can bravely face the consequences of our folly and 

become the bold explorers we inherently are, or we can watch the world change into something 

unrecognizable. It is our duty and our privilege to follow in the footsteps of all the scientists who 

came before and prepare the world for the irrevocable – yet inevitable – changes we are facing. 

“The Earth is a very small stage in a vast cosmic arena…. Our posturing, our imagined self-

importance, the delusion that we have some privileged position in the universe, are challenged by 

this point of pale light. To me, it underscores our responsibility to deal more kindly with one 

another, and to preserve and cherish the pale blue dot, the only home we have ever known.” 

October 13, 1994, Dr. Carl Sagan. 
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