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ON THE COVER
Tents and climbers cluster at the 14,200° camp on Mt. McKinley’s West Buttress (left foreground) in preparation for the final

summit push. Behind them, the Kahiltna Glacier flows downstream, carrying with it most of the human waste generated by

over 1000 climbers per year.
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Abstract

Each year, over 1,000 climbers attempt an ascent of Mt. McKinley via the West Buttress, located
on the 77 km long Kahiltna Glacier in Denali National Park and Preserve, Alaska. Climbers
generate over two metric tons of human waste annually, the majority of which is disposed of in
crevasses. To assess potential health impacts of this management practice, we conducted field
studies and a laboratory experiment to document the persistence of fecal bacteria in a variety of
glacial microclimates. Low concentrations of fecal bacteria found in water samples collected
over two melt seasons from the Kahiltna River support the argument that bacteria can survive in
a glacial environment for an extended period of time. We documented Kahiltna Glacier surface
velocities and used a simple flow model to predict the time and place that human waste will
emerge in the ablation zone. Based on surface velocities we predict that waste buried in major
camps will emerge at the glacier surface in as little as 71 years after traveling 28 km
downstream. Our results show fecal microorganisms are persistent in a glacial environment,
these pathogens pose a minor threat to human health, and buried human waste can be expected to
emerge at the glacier surface within decades.
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Introduction

The Kahiltna Glacier, a 77-km long valley glacier draining from the south side of Mt. McKinley
in Denali National Park and Preserve, Alaska, provides access each season for over 1,000
climbers attempting to ascend the highest mountain in North America. Ninety-four percent of
climbers use the popular West Buttress climbing route, located almost entirely on the Kahiltna
Glacier (Denali National Park and Preserve 2010, Fig. 1). With such high levels of use, the
National Park Service (NPS) must intensively manage human activity on Mt. McKinley (or
“Denali,” as most Alaskans call the mountain) to mitigate the potentially negative impacts of
heavy use on the glacial environment (Denali National Park and Preserve 2006). In particular,
human waste disposal on the Kahiltna Glacier has become an issue with the increasing number
of climbers attempting Mt. McKinley.

Based on an average trip length of 18 days (Denali National Park and Preserve 2010, Table 1)
and a typical daily stool weight of 106 g (Cummings et al. 1992), we estimate that Mt. McKinley
climbers annually generate over two metric tons of human waste (Fig. 2). Anecdotal evidence
suggests that stool weights of climbers on Mt. McKinley may be higher than our estimate from
the medical literature (Roger Robinson, personal communication, 14 September 2012); based on
a daily stool weight of 159 g, total annual human waste on the mountain exceeds three metric
tons. The NPS is concerned about the impacts that disposal of this waste, under past and current
management practices, will have on overall human health of the mountain’s visitors as well as on
water quality of the Kahiltna Glacier and downstream Kabhiltna River. This study assesses the
nature of those impacts by predicting the fate of buried waste as it travels downglacier over
coming decades.

Waste disposal practices on the West Buttress (WB) climbing route have evolved over the past
60 years of increasing recreational use (Robinson 2010). Initially, climbing was unmanaged;

Table 1 Names and elevations of common camps on the West Buttress climbing route with a schedule of
typical climber progress. Schedules vary greatly based on weather, climber fitness, acclimatization, etc.

Day oftrip Camp # Common Camp Name(s)  Elevationm (ft) Activity

1-2 1 Base Camp 2200 (7200) Fly in from Talkeetna, ferry loads
3 2 Seven-Eight 2404 (7800) Move camp
3 Ski Hill 29040 (9500) Move camp
5-7 4 Eleven Camp 3400 (11,600)  Move camp, rest day, ferry loads
8-12 5 Genet Basin, Fourteen 4300 (14,200) Move camp, rest days, ferry loads
13-15 6 High Camp, Seventeen 52006 (17,200) Move camp, attempt summit
16 3 Ski Hill 2900 (9500) Descent
17-18 1 Base Camp 2200 (7200) Descent, fly to Talkeetna
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Figure 1. Kahiltna Glacier (outlined in red; panel A) stretches 66 km south from Mt. McKinley. Climbers
typically spend 2—-3 weeks on the West Buttress climbing route (dashed blue line). Detail view in B shows
approximate locations of Camp 1, other commonly used camps, and the summit. Overview map (C)
shows Denali National Park (red polygon) and extent of panel A (white rectangle) in Alaska. Grid ticks in
meters, UTM Zone 5N.
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Figure 2. Numbers of climbers on Denali’'s West Buttress climbing route by year (red line) with two
estimates of associated annual human waste generation (blue lines). Waste estimates assume 18 days
per climber with 106 g average stool weight per day (lower line) or 159 g per day (upper line). Depending
on the stool weight chosen, we calculate that in the last 62 years climbers have disposed of between 68
and 103 metric tons of human waste on the Kahiltna Glacier.

both human waste and trash were left on the glacier surface, contaminating the majority of the
climbing route. Starting in the late 1970s, NPS rangers dug a 3 to 4 m deep pit in the snow at two
heavily used camps: Camp 1 and Camp 5 (Fig. 1; camp numbers and associated common names
of camps are listed in Table 1). Each latrine pit was temporarily crowned with an open plywood
outhouse (Fig. 3); at the end of each climbing season the outhouses were removed but the waste
was covered with snow and abandoned, left to be transported down-glacier. Elsewhere on the
mountain, where latrine pits were not provided, climbers were required to dispose of all human
waste in crevasses, where the waste would be more deeply buried over time. These efforts were
generally effective at keeping the glacier surface clean of most human waste, except above Camp
5 (4300 m), where the highest portion of the climbing route and Camp 6 itself were notoriously
contaminated. In that windswept environment, deep crevasses were difficult to find, especially
by altitude-fatigued climbers, and surface waste disposal was still common. In summary, until
2001 virtually all waste generated on the mountain was disposed of in latrine pits, crevasses, or
inappropriately on the glacier surface (Robinson 2010).

In 2001, NPS collaborated with the American Alpine Club to run a pilot program testing use of a
small, lightweight portable toilet called the Clean Mountain Can (CMC, Fig. 3). By 2004, over

3



500 climbers used CMCs to remove their waste from the historically polluted Camp 6. The pilot
program was effective at minimizing contamination of surface snow, and evolved into the
current policy of requiring all climbers to carry and use CMCs. However, collection and
transport of a climber’s waste over the duration of an entire climbing trip was judged impractical,
so climbers typically collect their waste in CMCs but are permitted to periodically empty that
waste into crevasses in all but two particularly sensitive areas: on the high mountain above Camp
5, and within 0.8 km of landing strips at places like Camp 1. This practice constitutes the current
waste management plan as of 2012.

Current practice minimizes surface contamination of the Kahiltna Glacier, and climbers
experienced on other popular high mountain climbing routes, especially internationally, are
generally pleased with the cleanliness of the mountain. Because the climbing route lies
completely within the Kahiltna Glacier’s accumulation zone, any surface contamination that does
occur will be buried by new snow within a year. The vast majority of waste is still left on the
mountain, however; it is just deposited in crevasses. Since 1951 over 36,000 persons have
attempted to climb Denali via the West Buttress climbing route, leaving behind an estimated 68-
103 metric tons of feces (depending on the assumed average stool weight: Figure 2). NPS
managers are therefore right to ask whether fecal pathogens currently contaminate water on the
glacier surface, in the glacier ice itself, or downstream in the Kahiltna River. Furthermore, this
buried waste will eventually be carried by downglacier flow to the ablation zone where it will
melt out at the glacier surface. If we can predict where and when glacially transported waste will
emerge again at the glacier surface, will pathogens in that waste still be viable?

Figure 3. Components of recent human waste management practice on Denali. Clean Mountain Cans
(CMCs, panel A) are used at most camps on the mountain. Waste from the cans can be emptied into
crevasses, except above 4300 m and near airstrips. This lightweight portable toilet measures 30 cm tall
and 20 cm in diameter. Straps and a lock tight lid ensure sanitary transport of human waste. Used CMCs
containing non-crevassed waste, shown here at Camp 1 along with white plastic bags full of climber
garbage (B), are flown back to Talkeetna. Until 2011, a latrine pit was dug each season at Camp 5 and
crowned with a plywood outhouse (C).



There is some evidence to suggest that concerns about fecal pathogens on the Kahiltna Glacier
are well founded. Direct fecal contamination of the climbers’ water supply (melted snow) was
documented by a 2002 epidemiological study on Denali (McLaughlin 2005). A survey of 132
climbers revealed that 39% of climbers saw fecal contamination on the snow in or near camps,
78% reported collecting snow for consumption within 10 m of camp, and 29% suffered from
acute gastroenteritis within 1-21 days upon arrival on the mountain (McLaughlin 2005). These
conditions were attributed to the inadequate disposal of human waste and poor hygienic practices
(McLaughlin 2005). Similarly, outbreaks of waterborne illness are common on the popular high-
altitude climbing route of Mt. Aconcagua, Argentina, and were attributed by Carr et al. (2002) to
evidence of fecal contamination both in the major campsites as well as along the climbing route.
Persistence of fecal contaminants in surface snow was tested in an experiment conducted by Ells
(1999) on Mt. Rainier, Washington, where he found that fecal coliform persisted around a human
fecal deposit for two weeks, after which contaminants were undetectable. These studies suggest
that fecal coliform bacteria are common around well-used glacier campsites, and sufficiently
persistent in surface snow to pose a health threat to recreational users.

Disappearance of detectable coliform bacteria from the snow surface (in the Ells study, for
example) does not, however, demonstrate mortality of those organisms, since many are likely
transported down through the snow and firn by meltwater for temporary (days to years) storage
within glacier ice before ultimately entering downstream rivers. The potential for contamination
of a glacial river by human waste disposal on an upstream glacier was demonstrated by
Whiteman et al. (2005), who found that terminus meltwater discharge from the Mont Mine
Glacier, Switzerland, contained coliform bacteria. A popular hut sits at the head of the Mont
Mine Glacier, which is also traversed by many users of the popular Haute Route. The remaining
glaciers in this study showed no fecal contamination and in comparison with Mont Mine were
infrequently visited by humans. This study clearly shows that meltwater can carry surface
contaminants to downstream rivers, but can contaminants survive long-term exposure to
conditions on and within the glacier?

Waste deposited on a glacier will be exposed to multiple freeze-thaw cycles, UV radiation, and
deep cold when deposited at the surface. Once buried in firn/ice, it will be exposed to constant
near-freezing temperatures and complete darkness. Waste will again experience freeze-thaw
cycles and UV light once it emerges at the surface of the ablation zone. We are not aware of any
studies that document the survival of fecal coliform bacteria in Denali’s harsh and varying
environments, but pertinent research from non-glacial environments suggests that freeze-thaw
cycles (Adhikari et al. 2007), UV light exposure (Hallmich and Gehr 2010), and long-term
nutrient starvation (Dawes and Senior 1973) are all potentially fatal conditions for fecal bacteria.
Indeed, two studies of historic feces left subaerially exposed for multiple decades showed that
coliform bacteria were undetectable in a ~50 year old sample (Nedwell et al. 1994) and in a 30-
40 year old sample (Hughes and Nobbs 2004). Spore-forming bacteria were found to persist
longer in both cases.

In summary, nutrient scarcity, subfreezing temperatures with freeze-thaw cycling, and UV light
may limit survival of coliform bacteria in a glacial environment, but the few studies available
nonetheless suggest that overall survival may still be sufficient to pose a human health hazard.
Here, we report findings from a field study that documents the presence and persistence of fecal
indicator bacteria on and downstream of the Kahiltna Glacier, and from a laboratory experiment
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designed to replicate conditions of both deep and shallow burial on the glacier. We also
document Kahiltna Glacier surface velocities and predict the time and place that human waste
deposited at various sites along the climbing route will ultimately emerge in the glacier’s
ablation zone.

Portions of these results were previously published in the peer-reviewed journal Arctic,
Antarctic, and Alpine Research (Goodwin et al. 2012). In this technical report, we present
additional background material, results from a failed attempt to locate buried magnets at base
camp, estimates of the fiscal and carbon costs of varied waste management strategies, and
suggestions for future monitoring on the Kahiltna Glacier.



Methods

We conducted several field surveys and three experiments between June 2009 and August 2011
to determine the presence and persistence of fecal bacteria in a range of sub-environments
associated with the Kahiltna Glacier. First, we document these surveys and experiments and the
laboratory procedures involved in testing samples for indicator bacteria. Second, we describe
how we used surface velocities on the Kahiltna Glacier, along with generalized estimates of the
mass balance profile and equilibrium line altitude, to construct a simple model that predicts
emergence times and locations for waste buried at common camps along the climbing route.
Finally, we explain how we calculated fiscal and carbon *“costs” of the current and two
hypothetical waste management strategies.

Field Samples

Water and snow contaminated with feces contain a wide range of bacteria and pathogens. We
focus on three indicator bacteria that are abundantly present in the intestines of warm-blooded
animals and are common indicators used to test for fecal contaminated water (U.S.
Environmental Protection Agency 2003): total coliform, Escherichia coli (E. coli), and fecal
enterococci. These bacteria may cause illness, and are indicators of potential contamination by
other pathogens, such as Giardia lamblia, that are difficult to detect and less frequently included
in standard water quality testing (World Health Organization 2001). Because the human source
of bacterial contamination is self-evident for fecal samples and snow collected from near climber
camps, these samples were tested only for total coliform and E. coli. Water samples that integrate
inputs from larger watersheds are more susceptible to contamination from other non-human
sources, and were therefore tested for a third indicator — fecal enterococci — which when present
strengthens the inference of a mammalian (though not definitively human) origin of
contamination.

For the purpose of this study, we recognize five sub-environments on and around the Kahiltna
Glacier. We distinguish these sub-environments on the basis of physical characteristics that pose
distinct challenges to the survival of indicator bacteria, but note also that the potential threat to
human health is different in each area (Table 2). Starting at the highest elevations and moving
downwards, these sub-environments are 1) windswept glacier surfaces on the highest ridgelines,
2) snow surfaces along the main climbing route, 3) long-term englacial burial, 4) ice surfaces in
the ablation zone subject to shallow seasonal burial, and 5) glacial meltwater at the glacier
terminus. We summarize the conditions and sampling strategies for each unique sub-
environment below. Sample locations are shown in Fig. 4 and Table 3.

On high, windswept ridgelines, particularly between Camp 6 and the summit, snow
accumulation is minimal and extreme cold prevails year-round. Feces left on the glacier surface
can persist for years in a frozen state, exposed to intense UV radiation and continuous below-
freezing temperatures that exceed -70° C (International Arctic Research Center 2010). To test for
the persistence of fecal bacteria that pose a potentially direct threat to the health of climbers
melting surface snow and ice for water, a series of sampling kits were sent out with patrolling
NPS rangers during summer 2010 to collect any feces left on the surface of the upper climbing
route. A single fecal sample was collected by an NPS ranger at 5,700 m (18,800’, Fig. 4) on May
20th, early enough in the climbing season to infer that the feces had been deposited in the



Table 2. Five sub-environments of the Kahiltha Glacier characterized by differing physical characteristics
that control pathogen survival and hence affect potential threats to human health. Elevations are
approximate.

Elevation

(m) Sub-environment Physical characteristics Potential threat
Windswent Little snow accumulation. Continual Direct contamination of snow or ice
>4300 i dlgelingf below freezing temperatures with melted for water on the main climbing
seasonally high UV radiation. route.
S B Briefly exposed to freeze-thaw Direct contamination of snow or ice
4300-2200 0OV ces on cycles and UV radiation before melied for water on the main climbing
climbing route ;
burial by year-round snowfalls. route.
; . Firn and ice remain at 0" Cyear-  No direct threat, but may contaminate
4300300 Englacial burial round with no UV radiation. englacial meltwater discharged into river.

Ice surfaces in Daily freeze-thaw cycles and UV Contamination of supraglacial runoff

1900-300 ablation zone radfatlon exc?pt during shallow used by rare recreational users of the
burial each winter. lower glacier.
<300 Glacial meltwater Glacial river with suspended Use of contaminated water by

sediment and temperatures of 1-5° C. downstream users of Kahilina River.

previous climbing season, and had weathered at least ten full months in that location. This
sample was tested for total coliform and E. coli only.

Lower on the climbing route, where snow accumulation can occur anytime during the year, fecal
contaminants will persist at the surface only a short time (days to weeks) before the material is
buried and enters the englacial environment. Most waste in this zone is deposited directly in a
crevasse or latrine pit, and so may bypass this environment entirely. We tested for the presence
of surface contamination by collecting surface snow samples at the locations of major climbing
camps before (control) and after (treatment) the establishment of camps that are used repeatedly
by multiple groups during the main climbing season. Control samples were accessed by
helicopter and collected by an NPS ranger on May 17, 2010. At sites S2, S3, and S4 (Fig. 4), a
100 m transect was established and sampled every 10 m near traditional camp locations but on
clean snow visibly unaffected by recent climbing or camping activity. We collected a second set
of surface snow samples on June 28, 2010, directly adjacent to five established and well-used
camps marked by substantial snow walls (Fig. 4). These locations included the three control sites
as well as a higher and lower-elevation site. At each site, one sample was collected at the center
of an established camp (within the snow walls) and additional samples were collected every 5 m
along each of four 20 m transects that radiated outwards in the four cardinal directions. These
samples were tested for total coliform and E. coli only.

Whether left in a crevasse, a latrine pit, or on the surface, waste left in all but the most
windswept portions of the climbing route will be buried ever more deeply by accumulating snow
while being transported downglacier. Over time, snow progresses from firn to glacier ice that
remains dark and in most locations (except within <15 m of the glacier surface and in isolated
and uncommon patches of colder ice) at the pressure-melting point (~0° C) year-round. This
waste is inaccessible during its slow transport to the ablation zone, where progressive melting
will eventually return the waste to the glacier surface. Human bodies recovered from melting
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Table 3. Sample types, locations, sampling dates, and indicator bacteria results.

Sample type/ID Longitude* Latitude*® Date Total coliform  E. coli Enterococci
Feces (1 sample each)
F-5,700m 151°03'54.23"  63°04'44.11" 5/20/10 >2.42x10%/100ml >2.42x10%/100ml n/a
Base camp 151°11°0.29"  62°58703.85" 6/6/11 >2.42x10%/100ml >2.42x10%/100ml n/a
Pre-season snow (11 samples per site)
$2-2.400m 151°11'02.03"  63°01'28.81" 5/17/10 absent absent n/a
$3-2,900m 151°10'40.77"  63°04'3.83"  5/17/10 absent absent n/a
$4-3.400m 151°08'50.86" 63°04'28.40" 5/17/10 absent absent n/a
Post-season snow (17 samples per site)
S1-2,200m 151°10'22.00" 62°58'04.81" 6/28/10 present-1 sample absent n/a
S2-2.400m 151°11'01.73"  63°01'48.60" 6/28/10 absent absent n/a
$3-2,900m 151°10'59.40"  63°03'35.27” 6/28/10 present-1 sample present-1 sample n/a
S4-3.400m 151°08'42.42"  63°04'27.94" 6/28/10 present-1 sample absent n/a
S5-4,300m 151°04'35.63"  63°04'08.99" 6/28/10 absent absent n/a
Terminus stream water (1 sample each)
W2-West Fork 151°1324.44"  62°29'04.15" 8/26/10 2/100ml 1/100ml1 0/100ml
W3-East Fork 151°10'50.97"  62°28'58.31" 8/26/10 8/100ml 6.3/100m1 0/100m1
W4-East Toe Pond 151°11'10.54" 62°31'04.00" 8/26/10 0/100ml 0/100m1 0/100m1
Water2 151°11'28.61" 62°30'18.94" 6/6/11 3.1/100ml 3.1/100ml 0/100ml
Water4d 151°11'52.94"  62°32'33.54"  6/6/11 0/100ml 0/100m1 0/100m1
Water5 151°14'18.96" 62°20'38.40" 6/6/11 0/100ml 0/100m1 0/100m1
Tributary water (1 sample each)
WI1-Control Trib ~ 151°25'16.45"  62°39'04.87" 8/26/10 0/100ml 0/100ml 0/100ml
Waterl 151°21'36.61" 62°37'05.20" 6/6/11 0/100ml 0/100ml 0/100ml
Water3 151°20'16.73" 62°35'51.00" 6/6/11 0/100ml 0/100m1 0/100m1
Water6 151°17'13.78"  62°20'38.40" 6/6/11 0/100ml 0/100m1 0/100m1

* For pre and post-season snow samples, latitude and longitude denote center of sampled points

glaciers demonstrate that organic materials can survive this englacial transport with only minimal
mechanical breakdown (Deem 2008). Once at the glacier surface, waste would be exposed in
summer to freeze-thaw conditions, rainfall, and UV radiation. In winter, it would be buried under
less than one to a few meters of snow, partially insulated from freeze-thaw cycles, and free of
UV exposure. Our own observations, including aerial surveys focused on sites of likely waste
emergence, coupled with observations of climbers, rangers, and researchers familiar with the
Kahiltna Glacier, suggest that this emergence has not yet occurred. Later in the paper, we use a
simple model to predict when and where this emergence will occur. We did not sample any in
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Figure 4. Maps depicting locations and general results of field surveys conducted on Kahiltna Glacier.
Panel A shows locations of snow and fecal samples on the upper glacier, and panel B shows locations of
water samples collected around the glacier terminus. Legend in overview map (C) identifies samples by
symbol type and color. Note that post-season snow sample sites identified as “contaminated” indicate that
a single sample, out of many collected at each site, tested positive for indicator bacteria. See text and
Table 3 for details. Grid ticks in meters, UTM Zone 5N.
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situ fecal materials from the englacial or ablation zone environments. We addressed the potential
fate of such materials with field and lab experiments described in the next section.

Most waste still buried deeply within the ice is exposed seasonally to substantial quantities of
glacial meltwater traveling through conduits and pore spaces within the ice and discharging
eventually to the Kahiltna River, where it will be transported 114 km downstream to the Susitna
River and then an additional 50 km to Cook Inlet, a northern embayment of the Pacific Ocean.
The Kahiltna River is ungaged, but the nearby Chulitna River, which is also glaciated and has a
comparable basin area, has an average summer discharge of 665 m3/sec and remains just above
freezing year round (U.S. Geological Survey 2011). To test for indicator bacteria in the Kahiltna,
we collected water samples on August 26, 2010 and June 6, 2011 from several locations where
the river exits the glacier terminus (Fig. 4). To address the possibility that any detected
contaminants were sourced in non-glacial stream valleys that contribute water to the lower
Kahiltna Glacier some distance upstream of the terminus, on those same dates we also collected
control samples from such streams adjacent to the glacier margin (Fig. 4). Site access was by
helicopter, and samples were collected with sterile 100 ml IDEXX (2008) water vessels. All
water samples were tested for all three bacterial indicators.

Experiments

Because we were unable to directly test existing in situ samples of deposited waste in the
englacial or ablation zone environments, we conducted three experiments to simulate those
environments. In the first two (field) experiments, we attempted to relocate previously buried
waste from the shallow englacial environment. The first of these was an attempt to follow up on
a magnet burial experiment previously initiated by other NPS personnel. In a second field
experiment, we buried and successfully relocated waste buried with Recco reflectors (Atkins
2011). Finally, we describe a third (laboratory) experiment intended to simulate englacial and
near-surface burial of waste.

In our first experiment, we attempted to relocate a latrine pit used by climbers at Camp 1 during
the 2002 climbing season. The experiment was initiated by NPS personnel who placed an eight-
inch nickel-cobalt bar magnet in the pit at 62°58.145” N, 151°10.344” W on June 27, 2002
(Bucki 2002). NPS staff originally intended to search for the magnet the next year, and in their
report explicitly warned that accumulating snow would make the magnets difficult to relocate
after more than one accumulation season (Bucki 2002). Annual relocation did not occur as
planned, however, and in 2009 and again in 2010 we attempted to locate the latrine pit using a G-
856AX Proton Precession Magnetometer (Geometrics Inc 2007).

We estimated the 2009 location of the magnet by extrapolating the linear trajectory of the latrine
pit established by NPS personnel in 2002 (0.39 cm/day at a bearing of 263°. A 28 m (easting) by
22 m (northing) grid was centered on that predicted location and the scalar intensity (in
nanoteslas, nT) of the local magnetic field was recorded at the snow surface on a 2 m grid on 21
May 2009. The magnetometer was tuned to match the local magnetic field strength of
approximately 56,000 nanotesla (nT); accurate readings can be obtained within 3,000 nT of the
local magnetic field strength. Because that effort was unsuccessful (see results section below for
details), the search was resumed by Alaska Pacific University graduate student Katelyn Goodwin
in 2010. We refined our estimate of the magnet location by collecting all available ice velocity
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Figure 5. Estimated trajectory of the latrine pit marked by magnets in 2002. Gridded arrows are
interpolated ice surface velocities estimated using historic measurements at locations indicated by red
dots, plus additional locations outside figure boundary. Yellow polygon shows latrine starting location, and
solid black line is estimated trajectory with estimated ending point on 15 June 2010 (yellow star).
Bounding blue stars show effects of 10% over- or underestimate of ice velocity. Green dot is location
estimate used in 2009, based solely on linear extrapolation of velocity and trajectory at the burial location.
Base map is the USGS Talkeetna D3 1:63,000 scale topographic map, and grid ticks are in meters, UTM
Zone 5N.

records from the Southeast Fork (Table 4) and creating a gridded interpolation of surface
velocities that took into account spatial variation in both velocity and trajectory (Figure 5). A
90x30 m grid was centered on the new location estimate and sampled on a 2 m grid from June 15
to July 10, 2010.

Our second field experiment mimicked the NPS magnet burial but with new methods. We buried
a single human feces near Camp 1 in June 2010, and returned a year later — in June 2011 —to
excavate it and test for presence of indicator bacteria. The initial burial was 4.00 m deep (a
typical minimum depth for a latrine pit or crevasse disposal) in the wall of a snowpit that was
subsequently refilled (Fig. 4). The waste was enclosed in a plastic bag (like most crevassed
waste) taped to four Recco reflectors (Atkins 2011) to assist in relocating the waste the following
year. Directly above the waste, at 2 m depth, we buried an additional 4 reflectors and a
temperature logger recording hourly measurements. In June 2011 we returned to Camp 1 with a
Recco locator and retrieved the datalogger and fecal sample. The waste was 5.3 m deep at the
time of retrieval. The waste was tested for total coliform and E. coli only.
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In our third experiment, we used laboratory cold chambers to expose fecal samples to four
separate treatments that simulated specific englacial and ablation zone environments. Fecal
samples were collected from multiple volunteers, mixed in a sterile container, and divided into
480 11-g samples. Each sample was placed in a sterile 100 ml vessel, and 120 samples were
placed in each of the four treatments. One chamber maintained the constant 0° C temperature
expected deep within the glacier while another simulated temperature fluctuations expected
during exposure on, or shallow burial near, the glacier surface. In detail, these temperature
fluctuations will vary with season and specific location, but for the purposes of the experiment
we used a diurnal cycle of -5 to +6° C. This temperature range is narrower than daily and
seasonal air temperature variations evident on the Kahiltna Glacier, and reflects in a general way
the expected dampening effects of insulation by a shallow snowpack and phase changes between
ice and liquid water at the glacier surface. The range would be even narrower in winter, under a
layer of insulating snow. The two desired temperature regimes were maintained by a remote
computer, linked to temperature sensors in the two cold chambers. To independently test the
influence of UV radiation on bacterial persistence, half of the samples in each of the two cold
chambers were exposed constantly to a Repti Sun 5.0 26-watt UVA/UVB light that was kept
within 0.3 m (12 inches) of all samples; the others remained in total darkness. Once the
experiment commenced, two 11-g samples were pulled from each of the four treatments every 72
h. One sample from each of the four groups was analyzed for total coliform and E. coli; the
second sample from each of the four groups was analyzed for fecal enterococci using standard
techniques described below. The experiment was concluded after 150 days.

Laboratory Procedures

Because our focus in this paper is on the potential for human health impacts of fecally
contaminated water, preparation and enumeration procedures for all fecal, snow, and water
samples collected (including laboratory experiment samples) were conducted according to the
Standard Methods for Examination of Water and Wastewater, Part 900 (Rice et al. 2012). All
fecal samples and water samples were tested by the Most Probable Number (MPN) method,
while snow samples were tested simply for presence/absence. Fecal samples in aqueous
suspension typically exceeded the test’s maximum count of 2,419.6 microorganisms per 100 ml
sample, so for these we performed serial dilutions, up to 1/100,000. In such cases, we report
MPN as the count times the denominator of the dilution; where MPN exceeded the maximum
count even at maximum dilution, we report concentration as >2.42x108/100 ml in accordance
with EPA guidelines (U.S. Environmental Protection Agency 2003).

Glacier Velocities

How long will crevassed waste or latrine pits remain buried in glacier ice before they emerge in
the glacier’s ablation zone? The answer depends on several variables, including the speed with
which waste is transported downvalley. We documented glacier surface velocities on the valley-
confined portion of Kahiltna Glacier from Camp 4 (3400 m) down to the glacier terminus (Fig.
1), ignoring Camp 5 and other areas on the upper mountain from which the glacier, and waste
contained therein, spills off high cliffs in spectacular icefalls which defy the simple modeling
effort undertaken here.

In the perennially snow-covered accumulation zone of Kahiltna Glacier, where tracking of
remotely sensed surface features is difficult, we measured glacier surface velocities during
summers 2007 and 2009 with precise re-measurement of stakes embedded in the snow surface.
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We used a steam drill to vertically insert three-meter PVC stakes at each of sixteen sites, and
then stake locations were measured at the glacier surface using a Trimble GeoXH GPS unit with

Zephyr antenna. Horizontal velocity errors were calculated as /s + eZ/t where sp and se are
the 95% confidence intervals for beginning and ending horizontal position measurements,
respectively, and t is the number of elapsed days (which ranged from 17 to 27 days). These
errors were all <0.04 m/day (Table 4). We supplemented these data with measurements,
collected using similar techniques, from six stakes measured by A. Bucki (unpublished data,
2002) and J. Young (unpublished data, 2011). Finally, we used data collected by NPS between
1991 and 2011 at the Index Site, a single monitoring site located at ~1930 m near the equilibrium
line of the glacier (R. Burrows, unpublished data, 2011). All stake locations are shown in Fig. 6
and Table 4.

Below the equilibrium line, we used stake measurements collected by J. Young and remotely
sensed data collected by the Advanced Land Observing Satellite (ALOS). The satellite’s Phased
Array type L-band Synthetic Aperture Radar (PALSAR) was used to track displacements of
glacier surface features (like crevasses, rocks, and distinctive topography) that are stable over the
interval of measurement. The PALSAR data we used spanned two winter intervals: 17 January to
4 March, 2007, and 20 January to 6 March, 2008. From these data sets surface displacements
were computed using normalized cross-correlation feature tracking: a method well described by
Strozzi et al. (2002) and Rott (2009). It is suitable for alpine style glaciers when they exhibit
sufficient surface features that move coherently with the glacier ice. The technique does not,
therefore, provide velocities for the more featureless snow-covered portion of the Kahiltna
accumulation zone.

Tracking was done on the single-look complex imagery using the maximum resolution of 4.7 m
and 3.1 m pixel spacing in slant range geometry. Image pairs were first co-registered to sub-pixel
accuracy (standard deviation of co-registration fit < 0.25 pixels in range and azimuth) and the
local offset was then measured by the maximum correlation peak. The size of tracking windows
(64x192 pixels) and step size (12x36 pixels) were both adapted to the different range and
azimuth resolution in order to achieve approximately squared tracking pixels. The velocity fields
were then orthorectified to a standard map projection using the U.S. Geological Survey NED
digital elevation model. Finally, the two products were resampled to 150 m resolution and then
averaged over the two time intervals to produce a spatially explicit map of average velocity.
Uncertainties in the final displacement products resulted from co-registration errors and from
changes of surface feature over time. The resulting displacement fields were filtered to remove
extreme and presumably poor quality offsets by discarding displacements with a signal-to-noise-
ratio lower than 7. Based on stable targets (e.g. bedrock) we estimate the uncertainty to be
approximately £10 m/yr.

Emergence Model

As waste is carried downstream by glacier flow, it will be buried by further snow accumulation
until it reaches the equilibrium line, at which point surface melt will dominate and eventually
lead the waste to emerge at the glacier surface. To estimate the time and distance elapsed before
such emergence, we used MATLAB to code a simple numerical model that uses glacier
velocities and surface mass balance to track yearly changes in the horizontal position and depth
(below the glacier surface) of waste. Starting at the four different major camps on the valley-
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Figure 6. Glacier velocities on the Kahiltha Glacier as measured by feature tracking (colored pixels on
central and southern portion of glacier) and repeat GPS measurements of stakes (blue dots). Panel A
shows the entire glacier, and panel B shows detail of the climbing route and Southeast Fork (Camp 1 and
airstrip) area. Color bar indicates feature tracking velocities in m yr-1, and arrows indicate stake velocities
(labeled in m yr-1) and bearings. Dashed black lines indicate approximate location of central flowline from
Camp 4 to the terminus and also tributary flowline from the Southeast Fork into the main trunk glacier.
Dots with blue outlines were used in constructing the velocity profile in Figure 6; red center dots are used
to model for the Southeast Fork trajectory. Green stars indicate starting points (northern 4) and
emergence points (southern 4) calculated in our emergence model. Grid ticks in meters, UTM Zone 5N.
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Table 4. Velocities and associated survey information for stakes measured on Kahiltna Glacier between
1991 and 2011 and shown in Fig. 5.

Northing Easting Velocity Ermor**

Start Date Days  Stake Name Bearing Reference

(m) (m) (m/day) (m/day)
1-Jun-1991 *  Index Site 69802336 58%9007.1 0.55 - 17737 Burrows
26-Jun-2002 23 LS1 6983151.6 5922146 034 - 27724 Bucki
27-Jun-2002 22 LS2 69832416 5922191 036 - 260.61 Bucki
27-Jun-2002 22 LS3 69833421 5922574 036 - 26090 Bucki
27-Jun-2002 22 LS4 69834791 5922843 034 - 26091 Bucki
27-Jun-2002 22 LSS5 69835743 592328.6 033 - 262.12 Bucki
27-Jun-2002 22 LS6 69836915 5923329 029 - 264.16 Bucki
15-Jun-2007 22 helilong 69833140 5928583 038 0.02 264.85 this paper
16-Jun-2007 20 stake 1 6984362.1 591016.7 043 0.02 203.40 this paper
16-Jun-2007 20 stake2 69900085 5917883 032 0.03 163.60 this paper
17-Jun-2007 19 stake3 69929168 5916677 025 0.04 18843 this paper
17-Jun-2007 19 stake 4 69954090 592405.6 0.10 0.03 247.10 this paper
18-Jun-2007 17 stake$ 69952800 5936456 006 0.03 26994 this paper
23-May-200% 27 LS#H 69839264 5918043 024 0.02 27629 this paper
23-May-2009 27 LS#2 69837445 5917580 031 0.02 26821 this paper
23-May-200% 27 LS 69836293 5917339 035 0.01 25520 this paper
23-May-2009 27 LS#4 69834456 5915592 033 001 25691 this paper
23-May-2009 27 LS#5 69832798 5916596 040 001 253.42 this paper
23-May-200% 27 USH# 69835295 593683.0 025 0.02 266.61 this paper
23-May-2009 27 USH2 6983396.2 5937058 032 0.02 265.12 this paper
23-May-200% 27 US#3 69832688 5937035 023 0.02 213.56 this paper
23-May-2009 27 USH#4 69831486 593708.1 031 0.02 25203 this paper
23-May-200% 27 US#HS 69830262 593703.1 026 0.02 236.63 this paper
1-May-2010 501 KT3 69551025 5848233 0.65 0.00 211.50 Young
2-May-2010 500 KT5 69470921 5842486 061 0.00 13898 Young
2-May-2010 500 KT4 6950375.1 5824402 0.63 0.01 16403 Young
3-May-2010 499 KS2 69572492 5858295 0.58 0.00 20155 Young
29-Apr-2011 138 KS3 69527558 583631.2 0.67 0.00 21787 Young
30-Apr-2011 137 KT2 69596040 586408.1 0.54 0.00 19063 Young
6-Jun-2011 70 KHI 699522272 5931798 012 0.01 29769 Young
6-Jun-2011 70 KH2 69899200 591645.1 033 0.00 15005 Young
6-Jun-2011 100 KTI1 69662426 5879437 0.63 0.00 19440 Young
6-Jun-2011 70 KH3 69841854 5903849 045 0.00 196.17 Young
6-Jun-2011 70 KH4 69735600 5902773 1.05 0.00 18515 Young

* 19 seasonal measurements from 1991-2011; stake location, velocity, and bearing varied slightly
** Based on 95% confidence intervals of horizontal stake positions; '-' indicates error unknown

confined portion of Kahiltna Glacier (Fig. 1), the model assumes an initial burial depth of 10 m
— a representative depth for a shallow crevasse or deep latrine pit — and then tracks the waste
movement down a central flow line (Fig. 6) with known longitudinal profiles of glacier velocity
and surface elevation (Fig. 7). Waste buried below the ice surface will travel at velocities slightly
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lower than the measured surface velocities due to internal deformation, but because such
deformation is concentrated near the glacier bed we ignore this detail for the shallow burial
depths in our model. Surface elevations are based on a smoothed profile extracted from an
ASTER digital elevation model acquired 6 September 2010 (NASA LP DAAC 2010). In the
case of waste burial at Camp 1, we estimate the trajectory and velocity of the waste from stakes
clustered in the Southeast Fork Kahiltna Glacier (Fig. 5) until the waste enters the main trunk
glacier 1 km east of the Index Site. Downstream of this point, the Camp 1 waste will follow an
independent flowline slightly east of waste from the other sites but we utilize the velocity profile
in Fig. 6, implicitly making the simplifying assumption of no cross-glacier variations in velocity.
At each annual time step, depth of the waste (measured, for convenience, in meters of water
equivalent: m w.e.) is adjusted by the surface mass balance (bstc) at the corresponding elevation.
From each starting location, the model tracks waste motion until depth > 0 m.
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Figure 7. Glacier surface elevations and velocities for the Kahiltna Glacier, plotted as a function of
distance downstream (along a central flowline) from Camp 4 (see Figure 1). Annual velocities are derived
from feature tracking (blue lines) and stake measurements (blue dots). Anomalously high velocities from
the uppermost edge of the feature tracking technique’s effectiveness (black ellipse and arrow) were
excluded when fitting velocities in MATLAB with a smoothing spline (dashed red line). Elevations from a
2010 ASTER-based GDEM (green line) were sampled along the central flowline and smoothed with a
smoothing spline smoothing function that eliminates erroneous depressions (dashed red line).

The mass-balance of Kahiltna Glacier is not well known: Mayo (2001) measured an average
gradient of 0.0032 (m w.e./m, hence unitless) in the four years 1992-95 but his measurements
spanned only a range of several hundred meters near the equilibrium line. Recent research on the
Kahiltna (Joanna Young, email communication, 11-22-2011) found a slightly shallower gradient
(0.0026) between the equilibrium line and the glacier terminus; we averaged these five
measurements (0.0031) for the ablation zone gradient. Based on NPS measurements at the Index
Site between 1991 and 2010, we use an average equilibrium line altitude (ELA) of 1879 m
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(Mayo 2001; R Burrows unpublished data, 2011; J Young personal communication, 2011; Fig.
5). We have less information about the mass balance in the accumulation zone, where gradients
typically diminish with elevation (Furbish and Andrews 1984; Rea 2009), and used a shallow
ice-core based estimate of 0.8 m w.e./yr net balance at 3800 m (Campbell et al. 2012) to
calculate a gradient of 0.0007 between the ELA and Camp 4. Better estimates of the glacier’s
mass-balance profile would improve our emergence model, but in any case we note that mass
balance and equilibrium line altitude are very sensitive to ongoing climatic changes and our
simple model makes no effort to forecast the effects of such changes on mass balance or glacier
geometry.

Fiscal and Carbon Cost Accounting

To assist NPS management with evaluation of waste management alternatives, two of us (Alaska
Pacific University undergraduates Rich Johnson and Haley Williams) evaluated the fiscal and
carbon costs of three management strategies. For any given strategy, we defined fiscal costs as
the direct financial cost to the National Park Service (in US dollars) of implementing the
strategy, and carbon costs were the associated carbon emissions (in kg of CO3). To assess these
costs we followed the CMC’s and bags starting at the manufacturer, dividing the process into
discrete parts including the manufacturing process, transport to Alaska, transport to and from the
mountain, transport to and from the sanitation company including the sanitizing process, and
personnel costs for implementation and enforcement. There are both up-front and annual costs
associated with each of these parts. Up-front costs are simply the cost of acquiring CMCs when
the NPS first institutes any of the three options, and in the analysis we assumed that the NPS is
starting from scratch with any given option. This is not strictly true, since the up-front costs have
already been paid on the current practice, but we did this so that the costs were comparable
across options. Annual costs are those incurred each year.

We evaluated these items for three management strategies defined for us by NPS rangers John
Leonard and Roger Robinson (John Leonard and Roger Robinson, interview, 12-9-2011). The
evaluated strategies included current practice (as of summer 2011) and two hypothetical plans.
We emphasize here that the two hypothetical plans were conceived solely for the purpose of this
analysis. NPS has made no commitment to implement these hypothetical plans, nor has it
excluded other plans from consideration. We describe the plans in narrative form below, with
further details presented in the results section.

Strategy 1: Current practice

Currently, the National Park Service in Talkeetna owns 1200 Clean Mountain Cans and assigns
one to each climber that attempts Denali. Each CMC, along with three liner bags, becomes part
of a climber’s gear, and travels with them on almost every leg of their expedition. It is flown into
base camp with them via a local air taxi. Each climber uses his or her CMC to contain their solid
waste while on the mountain, but climbers are permitted to empty their CMCs periodically into
deep crevasses except on the highest portion of the mountain and near airstrips. CMCs are
therefore typically almost empty when returned to Talkeetna with the climber. Once the CMC’s
are brought back to Talkeetna, they are picked up by BWC Enterprises, a sanitation company,
and brought to Anchorage where they are cleaned and sanitized. They’re then transported back to
the ranger station for storage. NPS orders 10 replacement CMCs each year from the
manufacturer, Geo Toilet Systems (GTS Inc), owned by Paul Becker, in Wichita, Kansas. His
product is completely produced locally in Kansas and shipped directly to Talkeetna. NPS also
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orders 45.5 100-count packages of CMC liner bags each year (this is an average over recent
years) from Whitehall Products. The company is based out of Tampa, Florida, where the bags are
made. Personnel costs reflect time for briefing each climber group about the waste management
policy, for CMC and bag inventory (ordering, storage, tracking), and for enforcement of the

policy.

Strategy 2: Intermediate plan

This plan was conceived as “intermediate” with respect to the burden placed on individual
climbers. It requires more work than the current practice, but is easier than the full packout
option described below. Climbers would be assigned one CMC, as in current practice, but the
strategy differs in that emptying of waste into crevasses would not be permitted. Instead, NPS
would provide a CMC exchange station at Camp 5 (“Fourteen Camp”; Table 2). Once there,
climbers could drop their used CMCs and make their summit bid with a new, empty can.
Climbers would use this second can for their final (usually rapid) descent to base camp. This
plan would require that NPS periodically use a helicopter to sling empty CMCs from Talkeetna
to Camp 5 and also to return full CMCs back to Talkeetna. After their return to Camp 1, climbers
would be flown off the mountain with the waste from their time on the high mountain and their
descent. Since climbers never have more than one CMC in their possession, we assumed that this
plan would not require the purchase of any new Clean Mountain Cans or bags beyond the
number used in the current practice. It is possible, however, that delays in can cleaning might
require the purchase of additional CMCs that we have not considered here. We assume further
that the number of replacements ordered would be the same each year as well. The plan requires
substantial helicopter time, and the number of trips back and forth between Talkeetna and the
sanitation company would be doubled to clean each CMC twice in a season. Personnel costs
would rise in response to additional inventory and enforcement work.

Strategy 3: Full packout

A full packout plan would require climbers to contain and pack out all of their waste. Climbers
would be issued two CMC’s at the start of their trip, instead of one, and would not be allowed to
discard any of their waste in crevasses. Most climbers would completely or partially fill both
CMCs over the course of their expedition, perhaps caching one on the way up the mountain but
ultimately returning to Camp 1 and subsequently Talkeetna with both of them. Relative to the
current practice, this plan would require purchase of an additional 1200 CMCs and double the
number of plastic bags. Like the intermediate plan, it would also require twice as many cleanings
by the sanitation company and additional personnel costs.
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Results

Field Samples

The fecal sample collected from 5,700 m (Fig. 4) was frozen solid and wind-desiccated when
collected, and had been exposed to extremely cold temperatures for at least 10 months, and
perhaps several years. Nonetheless, the sample tested positive for total coliform and E. coli with
a MPN >2.42x108/100 ml, the maximum sensitivity of the test (Table 3).

On snow-covered portions of the main climbing route, no fecal contaminants (total coliform or
E. coli) were detected on clean snow sampled at the beginning of the climbing season, but some
indicator bacteria were found on the snow surface late in the climbing season (Fig. 4). These
contaminants remained rare: only three of the snow samples in this group of sixty-five post-
season samples from five sites tested positive for indicator bacteria (Table 3). At S4 and S1, one
sample from each site tested positive for total coliform, and at S3 a sample tested positive for
both total coliform and E. coli. None of the collected snow samples, including those testing
positive for indicator bacteria, appeared discolored or contaminated when collected, but we note
that all three of the positive samples were collected from locations near (within <1 m) a given
camp’s designated “pee-hole”, where climbers also commonly use their CMCs.

Very low levels of total coliform and E. coli were found in some water samples from the
Kahiltna River where it exits Kahiltna Glacier’s terminus, but no indicator bacteria were found in
tributary streams that contribute non-glacial water to the Kahiltna River (Fig. 4; Table 3). Trace
levels (MPN 1-8/100 ml) of total coliform and E. coli were detected in three of six samples
collected from Kahiltna River in the two years; no enterococci were found in any water samples.
In the east fork of the Kahiltna River, total coliform was detected at 8/100 ml and E. coli at
6.3/100 ml in the 2010 samples; in the 2011 samples total coliform was detected at 3.1/100 ml
and E. coli at 3.1 ml. No indicator bacteria were detected in the 2010 or 2011 water samples
collected from tributaries that drain small, partly- or non-glaciated watersheds on either side of
the glacier. These are the most obvious (but not only) potential non-human source for the
contaminants we found in the Kahiltna River. Of the Kahiltna River samples that showed no sign
of bacterial indicators, two (W4-East Toe Pond and Water4) are situated well upstream of the
modern terminus where silty waters flow along the glacier’s east margin. We conservatively
grouped these with the other Kahiltna River samples, but it is possible that clean water sampled
at those sites was primarily derived from tributary sources rather than Kahiltna Glacier runoff;
this would even more strongly isolate Kahiltna Glacier runoff as the source of contamination in
the terminus stream.

Experiments

To complete the waste burial experiment initiated by NPS in 2002, we needed to locate a magnet
buried under many meters of accumulated firn. To estimate burial depth of the 2002 latrine pit
and magnet, in 2010 we examined the clean vertical face of a 10 m deep crevasse. Based on
distinct snow and firn layers, we estimated that the 2002 latrine pit and magnet were buried ~6.4
m deep at the time of our survey. From this and the characteristics of the buried magnet, we
expected a magnetic signal spike of approximately 15 nT at the snow surface (Harrison et al.
1979). Measurements from 2009 and 2010 showed high magnetism at the snow surface with
variability greater than the expected signal (2009: n = 56,025, ¢ = 26.96; 2010: pn = 55,967,
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Figure 8. Magnetic anomalies detected at the snow surface at two search areas on the Southeast Fork
Kabhiltna Glacier in 2009 (above) and 2010 (below). Note scale varies. Grid ticks in meters, UTM Zone 5N.
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o =21.92; all values in nT; Fig. 8). We were unable to distinguish any of the spikes visible in
Figure 8 from background magnetism and concluded that the magnet is too deep for detection.

In our second experiment, the single human feces buried in firn (old, compacted snow) at Camp
1 still contained total coliform and E. coli levels greater than the maximum sensitivity of our test
when re-excavated one year later (Fig. 4; Table 3). The waste, which was enclosed in a plastic
bag, was unfrozen (still deformable) when recovered from a depth of 5.3 m. A temperature
logger buried 2 m above the sample remained at 0° C throughout the summer of its first burial
and began cooling on September 20, reaching a minimum of -4.5° C on 15 January 2011, at
which time the datalogger failed (Fig. 9). We do not therefore know the minimum temperature
the sample was subjected to, but because it was 2 m deeper than the temperature logger it was
subject to smaller and slower temperature fluctuations than the logger itself, and based on
experience with snowpits in other Alaskan glaciers we conservatively estimate that the sample
never exceeded a minimum temperature of -7° C.

1 +

Temperature (°C)
NS

T B B N S—
6/22/10 7/20/10 8/17/10 9/14/10  10/12/10  11/9/10 12/7/10 1/4/11

Date

Figure 9. Temperatures measured in a snowpit in the Southeast Fork of Kahiltna Glacier. The
temperature logger was initially buried at 2 m depth, and failed on 15 January 2011.

Fecal samples tested in the laboratory cold experiment resulted in no discernible mortality of the
indicator bacteria. Importantly, however, the bacterial counts exceeded the sensitivity of the test.
We do not, therefore, quantify any mortality that did occur, but rather conclude simply the
indicator bacteria we tested are fully capable of surviving 150 days of conditions as severe as
modest freeze-thaw cycling with constant UV light exposure.

Glacier Velocities

Measured glacier surface velocities range from <25 m/yr at Camp 4 and at the terminus to >400
m/yr at the large icefall around 25 km downstream of Camp 4 (Fig. 6). Despite the variety of
sampling intervals (including summer, winter, and year-round measurements ranging from 1991-
2011 (Table 4) and the combination of direct stake measurements with remotely sensed feature
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tracking, the longitudinal pattern of velocities is internally consistent, as shown in a longitudinal
plot of velocities along a central flowline (Fig. 7). Small deviations of stake measurements from
the feature tracking can be explained by the larger area over which the remote sensing product
averages measurements. This apparent temporal consistency is supported by repeat
measurements at the Index Site, a stake where NPS has separately measured summer (June-
August) and winter velocities nearly continuously since 1991 (Fig. 6). The average summer
velocity (0.555 m/day) there is less than 1% more than the average winter velocity of 0.551
m/day, and the standard deviation of 29 distinct measurements in that period is only 0.057
m/day. The northernmost velocities are also generally consistent with independently published
velocities for that region (Campbell et al. 2012). Overall, observed velocities are higher on
steeper portions of the glacier, and generally match the expectation that ice flux, and by
inference typical ice velocities, peak near the equilibrium line and taper towards the glacier head
and terminus (Anderson et al. 2006).

Emergence Model

Our emergence model predicts that waste buried 10 m deep in any of Camps 1 through 4 will
emerge at the glacier surface 71 to 206 years later with a constant ELA at 1879 m (Table 5).
Camp 1 waste will be the first to emerge, as early as 2025 based on the first use of the airstrip in
1954. Waste buried highest in the accumulation zone will remain encased in glacier ice for the
longest time, and emerges the furthest downstream: waste from Camp 4 will travel about 36.5
km before emerging in the ablation zone (Fig. 6). Waste from either the Camp 2 or Camp 1, on
the other hand, will travel less than 25 km before emergence. Time and distance to emergence
are not sensitive to differing estimates of the balance gradient if climate-induced changes in rates
of accumulation and ablation are correlated, but emergence is very sensitive to the position of the
equilibrium line. Table 5 shows that the modeled time to emergence varies by between 13% and
28% in response to a 10% change in the altitude of the equilibrium line.

Table 5 Predicted emergence times and locations for waste buried at an initial depth of 10 m at four
commonly used camps on the Kahiltha Glacier.

Burial Camp Camp Emergence Emergence Emergence FEmergence FEmergence
Camp distance* elevation time** clevation  distance*® Northing Easting
# (m) (m) (o) (m) (m) (m) (m)
4 00 3116 (238) 206 (180) 1214 36.5 6962748 586879
3 3.7 2745 167y 142 (117) 1331 324 6965753 587506
2 6.7 2402 (124) 102 (76) 1439 297 6968430 588087
1 NA 2173 @D 71 (52) 1505 280 6969903 589342

* Distances refer to flowline distance below "Eleven Camp” on the main trunk of Kahiltna Glacier; Base Camp
1s not on the main trunk and therefore has no starting distance downsiream.

*#* Emergence times are based upon the average ELA of 1879 m. Numbers in parentheses indicate emergence
times for a 10% decrease (lefi side) or increase (right side) in the ELA.

Our emergence model suggests that no waste has yet melted out on the lower glacier, but
because of uncertainty in that prediction we took advantage of an opportunity to search the lower
Kahiltna Glacier for melted out human waste. On August 26, 2010, we twice flew a helicopter
low (generally <30 m above the ice surface) and slow over the central flowline of the Kahiltna
Glacier between the Southeast Fork (Camp 1) and the glacier terminus, looking carefully for
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evidence of emergent human waste or trash. Consistent with the predictions of our emergence
model, no waste was found. Aside from the obvious possibility that we simply failed to see
emergent waste that was actually present, we note also that in 2010 the snowline was at the Great
Icefall on the date of our survey, lower than is typical of recent years and conceivably low
enough to cover emergent waste that was melting out early and further upglacier than our model
predicts.

Fiscal and Carbon Cost Accounting

All three of the assessed waste management practices—current practice, intermediate, and full
packout—pose substantial fiscal costs to the National Park Service and have significant carbon
footprints (Fig. 10). The calculations that underlie these calculations are given in Table 6.
Because the full packout strategy requires purchase of twice as many CMCs, it has double the
fiscal costs ($165,600) and carbon emissions (27,101 kg CO,) of the other two strategies. Annual
fiscal and carbon costs are highest for the intermediate strategy, however, at $86,533 and 12,714
kg CO- per year. The main factor driving this difference is the cost ($56,000) and carbon
footprint (6264.0 kg CO3) of using the NPS helicopter to slingload waste off of Camp 5. The
current practice is the lowest cost strategy, overall, with an estimated annual cost of $19,610 and
3149 kg COa.

These results depend upon many assumptions, all of which are tabulated (along with sources) in
the notes section of Table 6. Central to all these calculations is an assumption of 1200 climbers
per year. Virtually all costs would scale with those numbers, however, so that the comparison
among strategies would remain consistent. We have been particularly dependent on NPS staff for
many of the numbers estimated in Table 6 (e.g. staffing hours, costs and payloads of helicopter
flights, etc), and encourage redrafting of these results as new estimates become available. We
also note that all costs are given in 2011 dollars.

We note the dominance of two items in the carbon emissions: shipping of CMCs and bags on
commercial airliner, and truck transport of CMCs between Talkeetna and the cleaning contractor
in Anchorage. Air travel for just the annual replacement CMCs (10 units) and bags (45.5 cases)
emits 503.4 kg CO, and local truck transport for used CMCs emits 2083 kg CO>. Together, those
items equal 82% of the total emissions of the current program. It is important, however, to put
these emissions in perspective: a single person traveling non-stop from Anchorage to Seattle and
back—a common roundtrip flight for Alaskans—will emit 510 kg CO; as their share of the flight
(Terrapass.com, 2012). Six persons making that flight would emit about as much CO- as the total
combined annual emissions of the current waste management program, 3149 kg CO..

Fiscal costs are not so clearly dominated by air travel (which is included in the cost of the
purchased CMCs and bags), but the cleaning contract shows up as a substantial figure there:
$12,756 per year for the current strategy, and $21,600 per year for the hypothetical strategies.
This expense presumably reflects, to a large but unquantified extent, the cost of trucking CMCs
back and forth. These results suggest that in terms of carbon footprint, and perhaps cost as well,
NPS could significantly “green” its management strategy and save money, too, by locally
sourcing materials and services.
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Figure 10. Fiscal and carbon costs of three waste management strategies available to the National Park
Service on Mt. McKinley. To facilitate comparison among strategies, up-front costs assume first
implementation of a given strategy with no pre-existing infrastructure. Details of individual strategies,
assumptions, and calculations are given in the text.
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Table 6 Calculations for carbon (this page) and fiscal (next page) costs of three waste management strategies available to the National Park
Service on Mt. McKinley. Notes and sources for this analysis are on the third page and are omitted from the Literature Cited section of the main
document for clarity. See text for additional details.

CARBON COST Strategy 1 - Current Practice Strategy 2 - Intermediate Strategy 3 - Full packout
Rate Subtotal Rate Subtotal Rate  Subtotal
# (kg) (kg) Note # (kg) (kg) Note # (kg) (kg) Note
Up-front procurement: CMCs
Manufacture of CMCs 1200 2.1 2534.4 1 1200 2.1 253447 2400 2.1 5068.8 '
Truck transport: GIS Inc to ICT 1200 0.0007 0.9 ? 1200 0.0007 0.9 - 2400 0.0007 1.8 7
Air travel: ICT to ANC 1200 9.2 110059 ° 1200 92  11005.9° 2400 9.2 22011.8°
Truck transport: ANC to Talkeetna 1200 0.008 93" 1200 0.008 9.3 ° 2400 0.008 18.7 ¢
Annual replacement: CMCs
Manufacture 10 2.1 21.11° 10 2.1 2111 10 2.1 211!
Truck transport: Whitehall Products to TPA| 10 0.0007 0.0 ° 10 0.0007 0.0 ? 10 0.0007 0.0 °
Air travel: TPA to ANC 10 9.2 91.7 * 10 92 91.7 * 10 9.2 91.7 3
Truck transport: ANC to Talkeetna 10 0.01 01* 10 0.01 01" 10 0.01 01*
Annual replacement: bags
Manufacture 455 3.6 161.5 ° 455 3.6 161.5 ° 455 3.6 161.5 °
Truck transport: Whitehall Products to TPA| 45.5 0.0004 0.02 ¢ 455 0.0004 0.02 ¢ 455 0.0004 0.02 ¢
Air travel: TPA to ANC 455 9.05 411.7 7 45.5 9.05 411.7 7 455 9.05 411.7 7
Truck transport: ANC to Talkeetna 455 0.006 03¢ 455 0.006 03 % 455 0.006 03¢
Transport CMCs to/from Denali
Air taxi transport to Camp 1 1200 0.3 379.7 ° 1200 13 15972 *° 2400 13 31945
Helicopter sling loads from Camp 5 40 156.60 62640 "
Sanitation
Truck transport: Talkeetna to Anchorage 1200 1.7 20831 * 2400 1.7 41662 2400 1.7 4166.2 2
TOTAL UP-FRONT EMISSIONS 13550.5 kg 13550.5 kg 27101.1 kg
TOTAL ANNUAL EMISSIONS 3149.2 kg 12713.8 kg 8047.1 kg
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FISCAL COST

Strategy 1 - Current Practice

Strategy 2 - Intermediate

Strategy 3 - Full packout

Up-front procurement: CMCs

Up-front purchase of CMCs
Annual replacement: CMCs

Annual replacements
Annual replacement: bags

Annual replacements

Transport to/from Denali

Rate  Subtotal
# (USD) (USD) Note

1200 $ 69 $82800 '3

10 $ 69 $ 690

455 $ 39 $ 1775

Rate  Subtotal

# (USD) (USD) Note

1200 $ 69 $82,800

10 $ 69 $ 690

455 $ 39 $ 1775

i3

14

15

16

Rate Subtotal
# (USD) (USD)

2400 $ 69  #HH#HHHHH

20 $ 69 $ 1380

455 $ 39 $ 1775

Note

14

15

16

Air taxi transport to Camp 1 1200 $ - $ - 18 1200 $ - $ - 2400 $ - $ -
Helicopter sling loads from Camp 5 40 $ 1,400 $ 56,000 ' 0$ - 3% -
Sanitation
Cleaning contract 1200 $ 1 $ 12,756 '8 2400 $ 9 $ 21600 *° 2400 $ 9 $ 21600 *°
Personnel Costs
CMC briefing (hrs) 59 $ 33 $ 1947 2 59 $ 33 $ 1,947 *° 59 $ 3B $ 1947 X
CMC inventory (hrs) 14 $ 33 ¢ 462 17 $ 33 $ 561 % 23 $ 33 3 759 3
Enforcement (hrs) 60 $ 33 $ 1,90 120 $ 33 $ 390 *° 120 $ 33 $ 390 »®
TOTAL UP-FRONT COSTS $ 82,800 $ 82,800 $ 165,600
TOTAL ANNUAL COSTS $ 19,610 $ 86,533 $ 31,421
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NOTES:

1

BB BB

Gases, 31d Edition, September 2006.

reflects mix of city and highway mileage.

per CMC, where one CMC is 1.5% the weight of a passenger, who on this trip would have a carbon footprint of 589 kg. Passenger footprint of flight from terrapass.com.
reflects mix of city and highway mileage.

per case of 100 bags. 1.80 kg LDPE @ 197 kg CO»/kg. Plastic emissions from EPA, Solid Waste Management and Greenhouse Gases, 3rd Edition, September 2006.
morganolson.com and reflects mix of city and highway mileage.

from temrapass.com.

morganolson.com and reflects mix of city and highway mileage.

Beavers (79 kg CO,/flight Talkeetna-Camp 1 RT), with carbon footprint based on CMC's fraction of total payload. Data from Talkeetna Air Taxi 2011, except fuel
climbers travel in Otters (174 kg CO,/Mlight Talkeetna-Camp 1 RT), 34% on Beavers (79 kg CO./flight Talkeetna-Camp 1 RT), with carbon footprint based on CMC's
partially full flights, and assuming empty CMCs are brought in as backhaul requiring no additional flights. Payload and flight time estimates from NPS 2011, fuel
reflects mix of city and highway mileage.

per CMC. CMCs cost $69.00 each delivered to Talkeetna. From NPS 2011.

per CMC. Average of 10 replaced each year due to loss and damage. From NPS 2011.

per case of 100 bags. A case costs $29 00 delivered to Washington. NPS pays an additional $10.00 per case for shipping, by Span Alaska, to Talkeetna. From NPS 2011.
Climbers transport issued CMCs with them on commercial air taxis. No additional costs are incurred.

per helicopter sling-load. Number of trips calculated as in note 12 above. Cost per load from NPS 2011.

per CMC. Rate charged by Anchorage-based contractor including RT transport from Talkeetna. Price from NPS 2011.

per CMC. Contractor states rate would be reduced from $10.63 to $9.00 if nmumber of cleanings exceeds 1500 per season.

includes estimated 34 hours for pre-trip CMC briefing and 25 hours for pre-trip CMC issue. From NPS 2011.

includes estimated 6 hours for inventory and tracking, 3 hours for maintenance of CMC facility, and 5 hours for keeping CMC log book. From NPS 2011.

includes estimated 6 hours for inventory and tracking, 6 hours for maintenance of CMC facility, and 5 hours for keeping CMC log book. From NPS 2011.

includes estimated 12 hours for inventory and tracking, 6 hours for maintenance of CMC facility, and 5 hours for keeping CMC log book. From NPS 2011.

estimate of time currently spent by rangers on enforcemen of waste management policy and related issues. From NPS 2011.

forecast doubling of time currently spent by rangers on enforcemen of waste management policy and related issues. From NPS 2011.






Discussion

In a recent survey of West Buttress climbers, 50% of respondents expressed concern about
human waste on the climbing route. One respondent asked, “How can the NPS still allow people
to throw their ‘poo’ into a deep crevasse? How can that be safe?”” (Kedrowski 2009). These
climbers shared their concerns about the potential effects of buried and emergent waste with NPS
managers whose job includes the protection of human health. There are other potentially
important impacts of current waste management practices, including the unpleasant aesthetics of
human waste emerging in a preserved wilderness parkland, but we have focused here on water
quality and public health. From this perspective, we have aimed to answer the following
question: are current management practices safe?

Before discussing the effects of buried and downstream emergent waste, we consider the upper
portion of the Kahiltna Glacier. Here, in the accumulation zone of the glacier where West
Buttress climbers spend all of their time, current management practices have been only partially
successful in minimizing the primary health hazard: contamination of surface snow by human
waste and subsequent consumption of that snow as melted drinking water. Most waste is
deposited properly, but the concentration of climbers along a single trail and at a small number
of camps increases the probability of encountering waste-contaminated snow even if it is very
uncommon. Our results confirm that waste deposited at the snow surface will remain biologically
active for at least one year whether it sits briefly on the snow surface, ends up shallowly buried,
or even remains exposed to extreme temperatures and high UV light exposure at the highest
windswept ridgelines. Full compliance with NPS regulations would minimize this hazard. NPS
efforts should therefore be focused on increasing climber compliance with existing policies and
on educating climbers regarding best sanitary practices while on the mountain.

The majority of waste generated on Kahiltna Glacier ends up encased within accumulating snow
and ice and poses no immediate threat to West Buttress climbers. Such waste will reappear,
however, in the ablation zone of the glacier, emerging, according to our model, ~30 km
downstream of the burial site in less than 15 years (for the case of waste buried at Camp 1 in
1954). Essentially all of the waste buried on the West Buttress is expected to emerge in a section
of the glacier untraveled by West Buttress climbers but traversed occasionally by backcountry
users connecting Camp 1 with the popular Little Switzerland climbing area (Fig. 6). Waste
emerging in this area will, therefore, be encountered by backcountry travelers in a comparatively
remote portion of the park.

The eventual emergence of this waste is certain, but precise times and locations of emergence, as
indicated in Table 5, should be interpreted with some caution. A potential source of error in these
predictions is the quality of the data sets that are incorporated into the model. The velocity field
is generally well-constrained, but may be slightly biased by the predominance of seasonal (rather
than year-round) velocity measurements. There is also some error introduced by selecting
velocities along a central flowline that is inferred rather than documented by direct and spatially
comprehensive measurements of ice trajectory. Glacier surface elevations were smoothed to
compensate for obvious errors (noise in Fig. 7) in the satellite-based dataset, and will be
increasingly biased as the actual surface elevations decline due to ongoing glacier shrinkage. The
mass balance profile is based on a small number of measurements over a short time span, and its
precise shape could certainly be improved by better spatial distribution of measurements over
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multiple years. All of these errors could be reduced once UAF researchers Anthony Arendt and
Joanna Young complete an ongoing mass balance study on Kahiltna Glacier. But in any case, the
uncertainties in emergence time introduced by all these variables are trivial in comparison with
the importance of the equilibrium line altitude. In our model, emergence times vary by 13-28%
in response to a 10% change in ELA (Table 5), and ELA is strongly coupled with climate. With
ongoing arctic warming (Richter-Menge et al. 2011), it is very likely the ELA will continue to
rise and significantly shorten the times and distances traveled to emergence that are predicted
here. Despite the collective uncertainties in our simplistic model, the predicted emergence times
are therefore very conservative, and we believe they represent a robust estimate of the maximum
time (and thus distance downstream) to waste emergence.

Human waste presently encased in the ice of the Kahiltna Glacier is expected to begin emerging
at the glacier surface within no more than 15 years. Because earlier emergence on a more
upstream portion of the glacier is likely, as discussed above, we searched the glacier for evidence
of emergent waste in 2010. None was found, although it is important to note that an unusually
low snowline, combined with the complexity of the glacier surface in the vicinity of the Great
Icefall, could have prevented us from seeing waste that is already emerging on the surface. We
cannot conclude that waste has already emerged at the glacier surface, but if it has not it will
soon. The human health hazard posed by that waste is dependent upon the viability of fecal
pathogens during the decades to centuries of downstream travel. Our results imply that this
waste, even though most if not all is presently buried, is already contaminating the englacial
water supply that feeds Kahiltna River and that it will further contaminate supraglacial meltwater
as it emerges at the surface.

The widespread presence of fecal contamination on the mountain shows that bacteria are
persistent in a glacial environment and may survive for an extended period of time. The short-
term (days to years) persistence of fecal bacteria in a variety of glacial microclimates was
demonstrated by a fecal sample collected at 5,700 m (18,800’) after at least one full year of
exposure to sometimes extreme negative temperatures and high UV light exposure, by another
sample buried experimentally for one full year at Camp 1, by snow samples collected near active
camps, and by replicated samples from a half-year long laboratory experiment. Supporting this
argument, we found low concentrations of fecal bacteria in water samples collected over two
melt seasons from the Kahiltna River. We cannot guarantee the contamination is in fact from
climbing activities upglacier (bacterial concentrations were too low for DNA analysis; ARRI
2010), but negative results from nearby tributary streams imply this. We suggest that the bacteria
originate from diffuse contact between englacial meltwaters and “old’ waste encased in glacial
ice many km upstream from the terminus.

Our results do not confirm the long-term (decades to centuries) persistence of fecal pathogens in
a glacial environment, but they are consistent with an argument that bacteria can survive long
periods in the englacial environment. A definitive test of long-term persistence will be possible
when waste finally emerges in a downglacier location. We therefore used the laboratory
experiment to simulate the conditions of both englacial burial and surface exposure in the
ablation. In all cases, we were unable to document any decline in bacterial concentrations for the
duration of the experiment (150 days). Importantly, some undetected mortality may have
occurred because the bacteria count never got below the maximum reading of the test, even at
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maximum dilution; a more explicit test of bacterial mortality at high concentrations would be a
valuable follow up to this study.

The particular conditions of englacial burial may be less hostile to fecal pathogens than
originally suspected. Under only a few meters of snow and firn, temperatures within the
glacier—at least at the middle and lower elevations considered in this study—stabilize near the
pressure-melting point (e.g. Winski 2011): it is moderately cold but almost invariably so, and
bacteria would be subjected to essentially no freeze-thaw activity. The glacier interior is dark and
completely free of UV exposure. The glacial environment is also nutrient poor, but most fecal
waste is deposited in communal latrines or marked crevasses near heavily-used camps. These
become nutrient-rich oases that could conceivably support fecal bacteria without risk of nutrient
scarcity for centuries. Documented limits of bacterial persistence in Antarctica, where fecal
contaminants were absent after decades of exposure to extremely cold air temperatures and
intensive freeze-thaw activity (e.g. Nedwell et al. 1994, Hughes and Nobbs 2004) may therefore
be a poor analog for an Alaskan englacial setting. After emergence at the glacier surface,
conditions will become more challenging as UV light exposure and significant temperature
variations return, but for the ~half of the year that is coldest, the waste piles will be buried and
thus protected from the harshest temperature swings by seasonal snow accumulation. A
definitive test awaits emergence of the first West Buttress waste piles, but in the meantime we
suggest that these inferred environmental conditions and the persistence of bacteria in our test
results collectively support a conservative, if tentative, conclusion that at least some fecal
bacteria will persist in buried waste until emergence at the glacier surface decades to centuries
later.

The hazard posed to downstream users by these contaminants is currently small. In two cases,
measured concentrations of total coliform and E. coli in the Kahiltna River did exceed drinking
water limits, but they were well below the safe limits for recreational waters (U.S.
Environmental Protection Agency 2003). Downstream, dilution will further reduce contaminant
concentrations. No towns or cities currently use the Kahiltna River or the Susitna River
downstream of its confluence with the Kahiltna for municipal water supplies, and these waters
are only occasionally used for recreation. And in all conceivable scenarios, waste will be subject
to dilution prior to its arrival at the headwaters of Kahiltna River. It will never calve from the
glacier face directly into Kahiltna River because the pattern of ice flow ensures that waste will
always emerge at the glacier surface many kilometers upstream of the glacier terminus.

On the other hand, our results suggest that concentrations of indicator bacteria in the Kahiltna
River will increase as additional waste is buried in the glacier, as buried waste begins to emerge
at the glacier surface to interact with supraglacial meltwaters, and as all the waste flows further
downstream towards the terminus. We can only speculate whether these concentrations will be
sufficient to pose a health hazard in the Kahiltna River, but we can more confidently assert that
recreational travelers on the lower Kahiltna Glacier will in the coming decades need to carefully
question the typically assumed — and celebrated — purity of meltwater encountered on the glacier
surface.

Whether NPS should change its existing waste management policy is not immediately obvious.
The likely alternative — some sort of packout policy — would have significant costs. These might
include higher rates of climber noncompliance, the need for increased education and
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enforcement programs, and the possibly substantial expense, carbon footprint, and safety hazard
associated with increased air traffic hauling collected waste off the mountain. We estimated the
fiscal and carbon costs of the existing management strategy and two hypothetical ones to inform
this important management decision (Fig. 10; Table 6). The up-front costs and emissions of
current policy and the intermediate strategy are moot, since the CMCs are already purchased, but
a full packout policy would require purchase of 1200 new CMCs, at an additional cost of about
$82,800 and 27,101 kg of carbon emissions. On an annual operational basis, however, the
intermediate strategy is most costly: it is 341% more expensive and has 303% more emissions
than the current strategy. It is also potentially the most logistically complicated, the most
dangerous, and the most disturbing of wilderness qualities in the park, since it would require 40
or even more helicopter slingloads from Camp 5 (“Fourteen Camp”) each climbing season. The
full packout strategy is comparatively modest (60% more expensive and with 155% more
emissions than the current strategy), but its apparent simplicity belies the substantial effort it
would require of climbers and guides to manage and carry their own waste for an average 18
(and thus sometimes more) days while on the mountain.

A new management policy requires careful consideration of those costs, as well as the impacts
documented and forecasted by this study. Such a policy—based on scientific evidence as well as
the values of NPS managers, visitors, and downstream Alaskan residents—could provide a
model for managers of high-use glaciated destinations worldwide.
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Recommendations

Preliminary results from this project were presented to NPS personnel at a meeting at the
Talkeetna Ranger Station on 11 September 2012. A productive and wide ranging discussion
followed, and the South District Manager, John Leonard, requested that this technical report
include recommendations for future research and monitoring efforts. Certainly additional
questions remain, and an opportunity exists to provide more definitive answers to some of the
questions already addressed. Below, we list three recommended follow-up studies that would
assist NPS personnel in managing waste on Mt. McKinley while providing useful information
for other interested persons, including managers of other glaciated tourist destinations and the
visiting public. Other research opportunities exist, and exclusion from this list does not indicate
our judgment that such opportunities lack value—we focus here only on a small number of what
we consider to be the highest priority items. Note that the three items are not in order of
priority—a judgment we leave to NPS staff. We welcome further discussion of these and other
items in the context of our ongoingcollaboration with Denali National Park and Preserve through
the North and West Alaska Cooperative Ecosystem Study Unit.

Water quality monitoring

For two consecutive years, our spot-measurements of water quality in Kahiltna River at the
glacier terminus revealed small but measurable concentrations of total coliform and E. coli.
Impairment of water quality is probably the most significant discrete impact of human waste on
Kahiltna Glacier, and it is important that an ongoing monitoring effort be established to track the
consistency (both seasonal and across years), locality, and source of the contamination. To do so,
we recommend a two-pronged approach: regular automated sampling of the Kahiltna River and
periodic anecdotal sampling of other sites.

Regular sampling of Kahiltna River. Due to the inaccessibility of the Kahiltna Glacier terminus
and the substantial cost of accessing that site regularly, we suggest purchase and installation of
an automated remote sampling device at that site to permit daily testing for E. coli (and
potentially other indicator bacteria) throughout the spring and summer melt season. We would
install the sampling station in the vicinity of our previous sampling site W3 (Fig. 4), on the
eastern-most branch of the Kahiltna River that is clearly glacial (and not glacier-marginal) in
origin (“Terminus water sampling” Fig. 11). One example of a suitable sampler is the Colifast
Alarm, a product manufactured by Colifast AS of Lysaker, Norway. The unit is expensive (about
$35,000), but can be used for many years and run remotely with only a 15 minute maintenance
visit every three weeks. Other competing samplers should be investigated. Once site selection,
installation, and initial testing was completed by an expert, subsequent maintenance could—if
desired—Dbe handled by trained staff. We recommend additional investigation of the possibility
of identifying E. coli by species, to attribute any detected contamination to human beings, but we
caution that the dilute nature of observed samples might preclude successful accomplishment of
that particular task.

Annual anecdotal sampling. To complement the ongoing testing of Kahiltna Glacier waters, it
would be beneficial to do less frequent (but at least once-per-season) sampling of other sites
during the melt season. These could be conducted by contracted experts or, with training, by
NPS staff. Procedures would be similar to those outlined in this document—extraction at each
site of approximately 100 ml of water and subsequent testing, generally within 24 hours, for
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indicator bacteria. Occasional maintenance visits to the automated sampler at the Kahiltna
terminus, as described above, would provide cost-efficient opportunities to do the other
sampling. We suggest the following sites, in descending order of importance:

Kahiltna Glacier tributaries. Similar to the work described in this report, we suggest
ongoing (but more spatially comprehensive) sampling of tributary streams that feed the
Kahiltna River upstream of the glacier terminus. Our sampling sites W1, Waterl, Water3,
and Water4, and Water6 (Fig. 6) provide examples, but with more time it would be
valuable to sample additional sites, for a total of probably up to 9 locations (“Tributary
water sampling” Fig. 11).

Other Kahiltna Glacier outlets. Kahiltna River exits the glacier terminus at multiple
locations. Our research indicates that some, but not others, of these outlets are
contaminated. It would be valuable to confirm this observation, and to better identify the
contaminated sites. This could be accomplished by anecdotal sampling of all the river
outlets besides the one selected for regular automated sampling as described above.
Locations of sampling sites would vary with the evolution of the glacier terminus and so
are not shown in Figure 11, but they would ideally be accomplished by helicopter in one
day. Because some sites are difficult for helicopter landings, however, it may be worth
considering dropping a trained sampling team at the terminus and allowing them one or
more days to travel on foot to the various sites.

Kahiltna River downstream. We have speculated about the influence of dilution on
downstream water quality, but no information is available to test these hypotheses. We
recommend spot-checking downstream water quality by sampling the Kahiltna River on
at least one occasion per season at a site 32 km downstream of terminus below the
convergence of all Kahiltna channels (“*Downstream water sampling” Fig. 11). Access
would be by helicopter.

Supraglacial streams. Emergence of waste at the glacier surface, when it occurs, will
cause localized but potentially hazardous levels of contamination to supraglacial streams.
These streams are so numerous that a complete sampling regime would be prohibitive,
but we suggest that once per season a ground-based team could sample all streams in a
transect that crosses the Kahiltna Glacier at or just above the location of the Pika Glacier
confluence (“Supraglacial stream sampling” Fig. 11). We suggest this area because 1) it
is subject to more visitor use than any other area downstream of the West Buttress
climbing route, 2) it is downstream of the expected emergence areas for crevassed waste,
and 3) it is relatively accessible to personnel traveling on foot after a landing on or near
the Pika Glacier.

Field-based fecal breakdown studies

Until buried waste emerges at the glacier surface, we are dependent upon experiments to
characterize the long-term breakdown of that waste. We were successful with a one year burial
experiment, but we would like to better characterize the breakdown of waste in two additional
field experiments. The first would be a longer repeat of the waste burial experiment, and the
second would be a new experiment on supraglacial waste breakdown. We describe these
experiments below.
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e Waste burial. We suggest burying waste with Recco Chips again, but with the express
intention of leaving it for five years. Methods would be similar to the experiment
described in this document, but with some modifications. First, we would bury the waste
at a slightly lower location than Camp 1 where annual net accumulation is barely more
than zero. Near the Index Site (Fig. 6) would be ideal (“Waste burial study” Fig. 11). This
will prevent the waste from being too deep to recover after 5 years. Second, we would
use temperature loggers designed to run continuously for that length of time. And third,
we would relocate the waste each year with the Recco Chip locator and remark it, near
the glacier surface, to prevent the waste from being lost in the event of deeper-than-
anticipated burial. At the conclusion of the study, the waste would be extracted and
tested, as in the present study.

e Supraglacial waste breakdown. This novel experiment would be very enlightening, and
we are aware of no analogous study in other glaciated environments. We would like to
characterize the supraglacial breakdown of a waste pile after emergence at the glacier
surface. This breakdown is of interest in the microbiological sense (will the bacteria
survive?), but also importantly in the physical and aesthetic sense—how long does the
waste persist in a discrete and visible fashion? To answer these questions, we propose to
conduct an experiment on the lower glacier (location is flexible, but it must be well into
the ablation zone and well away from expected human visitors, perhaps in the vicinity of
the big bend in the glacier; “Supraglacial breakdown study” Fig. 11). We would place a
modest-size pile of human waste, some encased in the same plastic bags issued to
climbers and some unbagged, and monitor the evolution of the pile over at least a two
year period. To evaluate the change in the pile and the relationship of that change to
environmental conditions, we would co-locate a weather station cluster with the
experiment, monitoring air and surface temperatures, snow depth, surface lowering by
ablation, precipitation, and incoming/outgoing short-wave radiation. This station would
also serve as a mounting point for an automated camera photographing the waste pile at
regular intervals. Periodic visits to the site would allow sampling of the snow/ice surface
and also nearby supraglacial streams for evidence of indicator bacteria.

Emergent waste search and sampling

As discussed previously, waste is expected to emerge on the surface of the Kahiltna Glacier in
less than 15 years. The exact timing and location of emergence is uncertain, but our emergence
model provides some guidance and we recommend searching these areas in future melt seasons
for evidence of melted out waste. Should such waste be located, it would be of obvious value to
visit the site of the emergent waste to examine it, photograph it, and test the waste and immediate
vicinity for levels of E. coli and perhaps other contaminants. We conducted such a test in 2010
but our ability to search thoroughly was inhibited by the abnormally low snowline that year. For
that reason, and due to the high cost of aerial searches, we do not recommend conducting this
search annually. Instead, we suggest that NPS approach the end of each melt season (August)
with funds available to support a day of aerial searching in the event of a high snowline due to
some combination of low snowfall and warm temperatures in the preceding year. Should such a
situation present itself, we advise NPS to send up as many searchers as possible in one or more
aircraft to search the area shown in Fig. 11 (“Search area”). Due to their ability to fly low and
slow, and also to land in most areas of the glacier, helicopters are ideal for this task, but small,
slow-flying, fixed-wing aircraft are suitable.
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Downstream water sampling
Terminus water sampling

Supraglacial breakdown study

Tributary water sampling

Waste burial study
Supraglacial stream sampling

Search area

Figure 11. Locations of proposed future study activities on the Kahiltna Glacier (red polygon) and
downstream river. Grid ticks in meters, UTM Zone 5N. Shapefiles and coordinates are also included in a
separate electronic file.
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Conclusions

In summary, we conclude that present waste disposal practices on the West Buttress pose a
documented health hazard to climbers on the West Buttress climbing route, and pose a limited
but likely growing threat to downstream users of the lower glacier and the Kahiltna River. The
direct hazard to climbers is a function primarily of noncompliance with existing policies and
poor sanitation practices, but the growing downstream hazard is a direct consequence of existing
policy. In the Kahiltna River, the hazard might remain trivial due to low contaminant
concentrations and limited human use. On the lower glacier, however, the ultimate emergence of
waste piles will pose a greater hazard to occasional recreational users, with potential for
significant contaminant concentrations in supraglacial meltwaters and the substantial, though
tangential to this study, negative aesthetic impacts of emergent human waste, plastic bags, toilet
paper, and associated (though prohibited) trash.

Under current NPS management practices, climbers on the West Buttress are having a
measurable and growing impact on the downglacier and downstream environment. Our evidence
suggests, but cannot confirm, that the indicator bacteria we measured can survive long-term
burial to remain active in these emergent piles. We have not considered whether other fecal
pathogens (e.g. Giardia lamblia) have similar survival characteristics in the glacial environment,
and further study of this question would valuably extend the conclusions of this study.
Regardless, a rarely visited and truly wild portion of Denali National Park and Preserve will be
substantially impacted by the eventual emergence of human waste.
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