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digital orthophoto quadrangle (DOQ), see Chapter 3, with ESRI ArcGIS software,

allowed me to track boulder movements on the glacier surface.

Results

The accuracy in the positions of the stakes and boulders varied during survey
sessions as well as between measurement periods (Appendix F). Errors are most
likely a result of differences in atmospheric refraction related to air temperature
differences along the line of sight and pressure differences (Mayo et al., 2004). All
surveys other than the September 3™ 2004 survey had errors that were lower than the
weekly displacement of the upper stakes. Additionally, the annual survey’s errors are
within the displacement of all locations.

Table 10. Errors for individual locations during survey on 07.28.2005.

. Horizontal Error Vertical . Horizontal Error Vertical
Location Location
(cm) Error (cm) (cm) Error (cm)

12 1.5 0.4 7 1.1 0.7

11 0.7 0.0 6 0.7 0.8
10 04 0.1 5 0.3 1.0
10A 0.7 03 5A 0.3 0.9
10B 0.7 0.2 5B 0.7 0.9
10C 0.3 0.1 3 0.2 1.2
10D 0.2 0.0 2 0.0 1.5

9 1.0 04 2A 0.3 1.3

8 1.2 0.6 | 0.5 1.6
8A 0.8 0.7 1A 0.9 1.5
8B 1.2 0.6

Surface velocities generally decrease down-glacier and laterally away from the
centerline (Table 11). Velocities were highest at the uppermost stake (Stake 12) with
1.17 + 0.00 m of displacement over the six-week study period (2.8 + 0.0 cm dy™') and

7.52 +0.02 m over the 350-day study period (7.85 +0.02 ma™ or 2.15 £ 0.00 cm dy™)
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(Figure 32). Daily velocities were calculated by dividing displacement by total

number of days and annual velocities were calculated by multiplying the daily
velocities by 365. Nearly all targets show faster velocities during the six-week study
period than average annual values. Over the six weeks (~11.5% of the year) between
7 and 19% of total movement occurred. Velocities decreased to near zero at the
lowest targets nearest the terminus of the glacier (i.e., boulders 1, 2, 1A, and 2A).
Boulders 1 and 2 moved 6.3 + 0.5 cm and 9.8 + 0.0 cm, respectively, over the 350
days. Boulders 1A and 2A lie on an arm at Eliot’s terminus that slopes steeply
northwest, influencing the movement of these boulders. These data are ignored

because the boulders are most likely sliding down the ice.



Table 11. Displacement and velocity data for individual locations. ANNUAL=350-
day study period. SUMMER=6-week study period.
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ANNUAL SUMMER
Site  Total horiz. (m) Avg. (cmdy"')  Total vert. (m)  Total(m)  Avg. (cmdy™)
12 752 +£0.02 2.15 0.05 £ 0.00 1.17£0.00 2.72
11 6.93 = 0.01 1.98 0.10 + 0.00 1.11 £0.00 2.58
10 563 +0.00 1.61 0.04£0.00  0.62£0.01 1.45
10A 3.79+0.01 1.08 0.03£0.00  0.63+0.01 1.47
10B 4.85+0.01 1.38 0.00£0.00  0.97=0.01 227
10C 4.10 +0.00 1.17 0.02+0.00  0.72+0.00 1.68
10D 3.49+0.00 1.00 0.03+£0.00  0.58+0.01 1.36
9 3.75+0.01 1.07 0.00£0.00  0.53+0.01 1.23
8 3.19£0.01 0.91 0.00£000  047+0.01 1.09
8A 2.75+0.01 0.78 - 0.36 +0.01 0.85
8B 3.40 £0.01 0.97 - 0.47+0.01 1.10
7 2.17+0.01 0.62 0.01£001  036=0.01 0.85
6 141+ 0.01 0.40 0.01 £0.01 0.47 +0.03 1.10
5 1.34 +0.00 0.38 0.02+0.01 0.22+0.03 0.51
5A 1.35£0.00 0.39 0.00 + 0.01 0.10+0.02 0.24
5B 0.81+0.01 0.23 0.01 +0.01 0.20 £ 0.04 0.46
3 0.70 = 0.00 0.20 - 0.08 = 0.04 0.19
2 0.10 = 0.00 0.03 - 0.15+0.05 0.35
2A 0.21 +0.00 0.06 - 0.09  0.06 0.22
| 0.06 +0.01 0.00 - 0.12+0.05 0.29
1A 0.66 £ 0.01 0.19 - 0.07 + 0.06 0.17
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Figure 33. Vertical displacements along centerline of flow. Positive displacement
indicates emergence and negative displacement indicates submergence.

Velocities decrease in the down-glacier direction (Figure 34b), with the
exceptions of stakes 5 and 6. Stake 6 appears to be an outlier because over the 6-week
summer only 7% of its total movement occurred. During the period of August 21%-
24™ 2004 there was over 14 cm of rainfall and an ephemeral supraglacial stream
worked across the location of stake 6. As a result, stake 6 was pressed and bent by a
number of large boulders that | was unable to move. 1 believe this bend in the stake
caused the subsequent surveys of stake 6 to contain higher errors than those associated
with the rest of the surveys. The annual movement plot more accurately portrays the

movement pattern of stake 6 (Figure 34a).
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Summer Velocity (m a '1)

Figure 34. Annual (a) and summer (b) velocities, plotted against distance down-
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glacier along the central flowline. Errors for both surveys are encompassed by the size

of the dots.

I used the root mean square errors (RMSE) calculated by ArcMap to assess
errors on the photogrammetric measurements. A first order polynomial algorithm

with four control points produced an RMSE for the 2004 photo of 5.1 m. 1

georeferenced the 1989 photo to the 2004 photo with an RMSE 0f 2.9 m.
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Displacements of boulders over 15 years exhibit slightly higher annual velocities

than the ground survey (Figure 35).

& Ground Survey (2004-2005)

- Photogrammetric {1989-2004)

Speed (m a™)
S~

0 150 300 450 600 750 900

Distance Downglacier from Stake 12

Figure 35. Annual speeds for ground and photogrammetric surveys. No
photogrammetric measurements were made in the upper 300 m of the glacier. Error
bars on the annual ground survey are encompassed by the size of the dots.

Surface velocities at the B-profile decreased from about 2.4 m a™ in 1941-1942
(Matthes and Phillips, 1943) to 1.4 m a”! between 1946-1952 (Mason, 1954), then
increased to 6.9 m a”' between 1954-1964 (Dodge, 1964) (Figure 36). Errors are not
known. The velocity did not change through the late 1980s, as measured by
Lundstrom (1992), 6.9+ 1.7 m a’!l from 1984-1989. Velocities have since decreased
at the B-profile to 2.3 m a by 2004 (this thesis). Langille’s (Reid, 1905) velocity
measurements 90 m up-glacier from the terminus between 1890 and 1896 were 15 m

a”!, compared to 1.45 +0.03 m a™ in 2004 (this thesis).
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Basal sliding resulting from melt- or rainwater reaching the glacier base

appears to contribute to summer velocity. increases. A large rain event occurred
between August 21% and 24™, 2004 after which the largest displacement of the stakes
and boulders during the summer (Figure 32). Overall, summer velocities on the whole
are approximately 25% faster than average annual velocities.

Vertical velocity vectors show a noisy decreasing down-glacier trend. The
variable slope of the glacier is likely the cause of this, as attempting to calculate
emergence values of only a few cm is likely flawed. This is evident by a number of
the stakes showing submergent velocity vectors when ablation zone vectors should be
emerging (though error uncertainties place most of these at or near zero).
Nevertheless, they do indicate a rough pattern of decreasing down-glacier emergence

values.
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Figure 36. Surface speeds at the B-profile over time. Respective studies represent the
following time spans: 1941-42 (Matthes and Phillips, 1943); 1946-52 (Mason, 1954);
1954-64 (Dodge, 1964); 1984-89 (Lundstrom, 1992); 1989-2004 (This thesis,
photogrammetry); 2004-05 (This thesis, ground survey). Errors on studies prior to
1992 are unknown.
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7. DEBRIS REPLENISHMENT MODEL

Introduction

Debris thickness has been shown to be the major factor controlling the spatial
pattern in ablation. Therefore defining the processes governing debris thickness is
important. I examine debris thickness using a one-dimensional model (Lundstrom,

1993),

B __svv b ip, (3)
ot (1-d)

where S is the debris thickness (m), t is time (a), v is velocity (m a’), Kis the net ice
mass balance (m a‘l), C is the englacial volumetric concentration of debris (unitless),
® is the porosity of supraglacial debris (unitless), and D is subaerial deposition rate of
debris (m a™"). The term on the left hand side is debris thickness change with time.
The first term on the right side is the horizontal strain rate which affects debris
thickness by ice strain, where Vv is one-dimensional, ov/0x, and x is the down-
glacier coordinate. The second term is the debris flux from the glacier interior to the
surface. The field measurements of debris thicknesses, surface velocities, and mass

balance allow me to solve (3).
Methods

Three of the six variables (.S, v, ) of the equation were measured in the
field. The other three variables (C, ®, D) are estimates from Lundstrom (1992).

The englacial volumetric concentration ( C ) was estimated by breaking a section of ice
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off of an exposed face, measuring the volume of meltwater, and then the mass of

debris. From several measurements C was about 0.0004 near the ELA and increased
to about 0.002 near the terminus. Because my study begins ~200 m down-glacier
from the ELA, I estimated local debris concentration based on a linear interpolation of
Lunstrom’s two values, 0.001 at stake 12 and increasing down-glacier to 0.00195 at
boulder 3, just up-glacier from the terminus. Lundstrom (1992) estimated porosity ®
to be 0.38 from 12 debris samples. Finally, Lundstrom (1992) estimated a subaerial
deposition of only 6.69 x 10° m a™ which is negligible compared to other sources and
i do not include it in the analysis. Mass wasting of the moraines deposits material
along the glacier margin but I focus on the debris flux along the center line profile
where mass such deposition does not occur.

I first averaged each field measurement across the width of the stake array and
down the glacier for a distance of about 70 m (the approximate thickness of the
glacier) to better represent averages of debris thicknesses, ablation rates, and surface
velocities for each stake segment (e.g. the area between stakes 12 and 11 is a stake
segment). I then applied these averages in the model. The debris supply for the seven
linear segments defined by the stake array including boulder #3 along the glacier

centerline of flow is shown in Table 12.

Results

The change in debris thickness over time ( 0S / 0t ) is the sum of horizontal
strain and the debris melt-out. Debris supply values range from 3.4 to 5.9 mm a”' with

a mean value of 4.96 mm a”'. Stake 12 provides a context for these estimates, as it






Table 12. Results of components in debris flux equation

Stake  Debris Thickness R Stake Segment Strain (mm
Section (m) Average Vle locity Length (m) a™l)
(ma7)
12-11 0.06 £0.02 6.81 £0.02 121.5 035+0.11
11-10 0.10+0.02 5.89 +£0.01 107.5 1.08+0.21
10-9 0.15+0.02 470 £0.01 96.3 1.99+0.26
9-8 0.20£0.02 3.93+£0.02 97.5 0.63+£0.07
8-7 0.21+0.02 3.26£0.02 86.8 249+0.24
7-6 0.34+£0.02 2.31 +0.01 100.0 2.97+0.18
6-5 0.50 £ 0.02 1.67 £0.01 99.3 2.03+£0.09
5-3 0.70 = 0.02 1.05 £ 0.00 143.8 407+0.11
Average Mass Volumetn.c Porosity Debris Flux
Balance (m a™) Concentration (unitless) (mm a™)
(unitless)
12-11 -3.04 +0.02 0.001 0.38 5.25+20.00
11-10 -2.30+0.02 0.00115 0.38 5.36 +20.00
10-9 -1.60£0.02 0.0013 0.38 5.35£20.00
9-8 -1.19 £0.02 0.00145 0.38 3.41 +20.00
8-7 -1.08 £ 0.02 0.0016 0.38 5.27 £20.00
7-6 -1.03 £ 0.02 0.00175 0.38 5.87 £20.00
6-5 -0.69 £ 0.02 0.0019 0.38 4.16 £ 20.00
5-3 -0.29+ 0.02 0.00195 0.38 4.96 +20.00
Analysis
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To calculate debris thickness along the glacier centerline, [ integrate equation

3,

where S is the debris thickness, S’ is the debris flux as defined by (3), and v is the
glacier velocity. These terms are integrated down the glacier starting at the origin

(stake 12) down length L to boulder 3, near the terminus. To solve (4), I divide the

L

S

0

S= j—'(i)d\:
v(x)

(4)
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centerline into segments defined by the interval distance between the stakes. For

example, S (x) and v(x) are defined as an average from stake 12 to stake 11.

The resulting model reflects field measurements, though are inflated, with each
following 2™ order polynomial trends (R*=0.91 and 0.99, respectively) (Figure 38).
The model predicts 9 cm of debris at stake 11, close to the 8 cm present. However,
below stake 11, the model diverges from the field measurements. The model predicts
53 c¢m of debris at stake 7 compared to the actual 23 cm. The lowest point, boulder 3,
has ~120 cm of debris in reality, while the model predicts 180 cm.

Although the model results are reasonable compared to field measurements, it
is clear the model over-estimates debris thickness. Adjustments could be made by
decreasing englacial concentration, increasing porosity values, or decreasing travel
time (increasing velocity). We have no a priori reason to change englacial
concentration or porosity. Glacier velocity, however, is known to have been higher in
the recent past when the debris was accumulating. My measured velocity is only a
snapshot of current conditions, not those governing the debris accumulation over the
past years. An additional factor that could have increased debris thickness is the
kinematic wave that traveled down-glacier between 1956 and 1982 (Chapter 5). By
interpolating velocity at the B-profile between Lundstrom (1992) and my results,
surface velocity was ~4 ma™ at the B-profile (compared to the current 2.3 ma™') in
1993. Therefore, increasing stake segment velocities by just 2 m a” from my ground
survey data results in a model that much more closely predicts actual field measured

debris thicknesses (Figure 38). The results of increasing glacier velocity greatly
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improve the match with measurements. The debris model explains the observed

thickness fairly well although variations are apparent. Given the complexity of the

morphology and debris on Eliot Glacier, I am pleased with the results from such a

simple model.
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Figure 38. Field measurements of debris cover (solid line/circle) plotted with model
results. Original model results are the triangle/dashed line whereas adjusted model

results (increase of 2 m a™') are the square/dashed line.
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8. CLIMATE AND GLACIER CHANGE

Introduction and Methods

Ideally, I would examine the changes of Mount Hood’s glaciers with a surface
energy balance. However, historic data on wind and humidity are unavailable, and as
such I use annual temperature and winter precipitation as indicators instead (Paterson,
1994). I do not statistically examine the relation between climate and glacier change,
but rather perform a cursory graphic examination of the patterns between the two.
PRISM data (4-km grid cell centered on Mount Hood’s summit) obtained from
Oregon Climate Service (Daly et al., 1997) is used in attempt to visually examine
mean annual temperature and winter precipitation against Eliot Glacier’s area and

morphological changes.

Results and Analysis

Temperature and precipitation have experienced three broad trends since 1900
(Figure 39). From 1900 until about 1940, temperatures increased while precipitation
was generally low. Between 1940 and the mid-1970s, temperatures were lower and
precipitation (notably winter precipitation) were higher. Since the mid-1970s,
temperature has ridden steadily and precipitation has decreased somewhat. Eliot
Glacier’s spatial and morphological changes over the past 104 years are a reflection of
the shifting climate of Mount Hood. Temperatures on Mount Hood have experienced
three trends during the past century. From 1900 through 1940, temperatures warmed,

and then cooled until the early 1960s before warming through the present day.
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Accumulation season precipitation has mirrored these trends with a marked increase

during the cool period of the middle century.
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Figure 39. (a) Five-year running average temperatures and (b) five-year running
average precipitation values from 1900-2004. Summer season is defined as May 1 -
September 30 and winter season is defined as October 1 - April 30. Source: Oregon
Climate Service.
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Eliot Glacier’s area has reflected changes in climate. Area decreased from
1901 until the mid 1950s in response to warming temperatures (Figure 40). It then
increased until the early 1970s in response to the mid-century decrease in temperatures
and increase in accumulation season precipitation. Since the 1970s, temperatures
increased and the glacier has retreated. Area changes of Eliot Glacier lag
temperature/precipitation change by 10-15 years after (Figure 40), which is consistent
with nearby Mount Rainier’s 8-10-year lag with associated 6-36-year response time
(Nylen, 2004). The response time is a dynamical response to changes in mass input
(Jéhannesson et al., 1980). The statistical relationship between glacier area is
significant, as a multiple linear regression of Eliot Glacier’s area as a function of
temperature and precipitation has an R* value of 0.35 (p-value < 0.001). Additionally,

applying a 10-year lag to area results in an R° value of 0.61 (p-value < 0.0001).
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Figure 40. (a) Eliot Glacier's area (dashed) over time compared to mean temperatures
on Mount Hood; (b) Eliot Glacier's area (dashed) compared to winter precipitation.

Ice thickness at the B-profile also reflects trends in the climate of Mount Hood.

During the first part of the century, while temperatures were warming, the glacier was
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thinning. Assuming a B-Profile glacier thickness of about 106 m in 1901 (based on

H.F. Reid photographs) the glacier thinned in response to increasing summer and
winter temperatures almost linearly until 1956, when it thickened in response to a
decrease in temperatures and an increase in snowfall ~1940 (Figure 41). Ice thickness
at the B-profile leveled off around 1970 but then slightly thickened once again
following a temporary decrease in summer and winter temperatures in the early-1970s.
Temperatures have risen steadily since then and the glacier has thinned in response.
Ice thickness variations at the B-Profile appear to have about a 7 to 10-year lag time

from changes in temperature or precipitation, as illustrated by Figure 41.
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Figure 41. Ice thickness at the B-Profile (dashed line) compared to (a) temperature
and (b) precipitation.

Surface velocities have coincided with ice thickness fluctuations and climate
change (Figure 42). Velocities at the B-profile dropped to a low of 1.4 m a in 1949

in response to warming temperatures from 1900 to 1940. Velocities were high

80
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between 1959 and the 1980s in response to the ice thickness increases associated

with cooler temperatures in the late 1960s and early 1970s. Since then, temperatures

have risen steadily, the glacier has thinned, and velocities have decreased.
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Figure 42. Ice thickness and surface velocity over time compared to 5-year running
average temperature.

Coe, White River, Reid, and Sandy glaciers all experienced increases in area in
the mid-1900s similar to Eliot associated with lower temperatures and increased
winter precipitation, though their respective timings differ slightly (Figure 9). About
25% of White River’s loss is from the upper reaches of the glacier. Consequently, the
glacier head is about 400 m lower than it was in 1907. This upper glacier loss is
probably a result of new fumaroles prior to 1937 (McNeil, 1937) and this contributed

to the terminus retreat. Hague described the White River Glacier as starting in the
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crater in 1871 (King, 1871) but by 1882 a steaming fumarole was reported at this

location (McNeil, 1937). Unlike Eliot, Ladd and Newton Clark glaciers are the only
glaciers of the seven on Mount Hood in this study that did not increase in area as a
result of the cooler temperatures and increased winter precipitation, but their rates of
decline in area did slow during this period.

On Three Sisters in central Oregon, Collier Glacier’s pattern of shrinkage
differs from the debris-covered glaciers on Mount Hood’s north side but is fairly
similar to the “clean” White River Glacier. Collier increased in area between 1941
and 1949, much like White River Glacier, and then retreated again before increasing
briefly around 1980. This increase is not seen with the glaciers of Mount Hood,
though Eliot and Reid glaciers advanced slightly around 1990. The presence of
Collier Cone (Figure 10) blocked the downvalley flow of Collier Glacier during the
LIA. As aresult, the glacier thickened and started to flow around the cone but did not
advance appreciably. As a result, the glacier did not start retreating until after the
other glaciers as a result of the thick ice. The low slope above Collier Cone and the
thin ice of the glacier caused increased retreat rates, resulting in area loss (Mountain,

1984; McDonald, 1995).



83
9. DISCUSSION AND CONCLUSIONS

The first goal of this thesis was to document the spatial change of Eliot Glacier
since 1901 and place these results into the context of Mount Hood’s six other glaciers
as well as Collier Glacier on North Sister, Oregon. Eliot Glacier retreated until the
mid-1950s, at which point it advanced until the early 1970s before continuing to
retreat through today, and has lost approximately 19% of its 1901 area. This
retreat/advance/retreat pattern is essentially mirrored by the other six glaciers
examined on Mount Hood. Results from this study are similar to Lillquist and Walker
(2006), who found that five of Mount Hood’s glaciers experienced terminus retreat
ranging from 62 m at Newton Clark Glacier to 1102 m at Ladd Glacier. However,
variations in our results do exist, as my study is a more detailed examination of area
change of Mount Hood’s glaciers.

All but two of Mount Hood’s glaciers (Newton Clark and Ladd) followed a
retreat/advance/retreat pattern. Collier Glacier’s areal chronology varies from this
pattern because of its unique topographic influences as a result of Collier Cone that
altered its retreat pattern (Mountain, 1984; McDonald, 1995). Elsewhere in the Pacific
Northwest, Mount Rainier’s glaciers followed the retreat/advance/retreat pattern
similar to Mount Hood’s glaciers, retreating until the late 1950s, advancing through
the early 1980s, and retreating again through the mid-1990s (Nylen, 2004). The
advance of Mount Rainier’s largest glaciers lasted about a decade longer than the
advance of Mount Hood’s. This is possibly a result of the larger size of Mount

Rainier’s glaciers and the longer response time for the larger glaciers to begin
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retreating. Between 1910 and 1994, the total glacier area loss on Mount Rainier

was 18.5% (Nylen, 2004). Between the first decade of the twentieth century and
2004, the seven Mount Hood glaciers in this study lost 32.7%, almost double the loss
on Mount Rainier.

Generally speaking, losses of Eliot Glacier and on Mount Hood reflect
magnitudes observed for glaciers elsewhere in the United States and the rest of the
world. However, detailed differences in rates and magnitudes do exist. For example,
the area loss in the North Cascades, Washington, was 7% between 1958 and 1998
(Granshaw and Fountain, 2006), while glaciers in the Sierra Nevada have lost an
average of 50% during the last century (Basagic and Fountain, 2005). In Glacier
National Park, glaciers lost an astounding 65% between 1850 and 1979 (Hall and
Fagre, 2003), whereas glacier retreat in the Wind River Range, Wyoming, (Marston et
al., 1991) and the Colorado Front Range (Hoffman and Fountain, 2006) are similar in
magnitude to those on Mount Hood.

Most of the glaciers around the world have retreated over the past 100+ years,
many of them following the retreat/advance/retreat pattern observed on Mount Hood
(Haeberli et al., 1998). The glaciers of the contiguous United States retreated until
1950 (Meier and Post, 1962) before advancing and then retreating again starting at
varying times between the 1970s and early 1990s (Dyurgerov and Meier, 1997). The
glaciers of the European Alps and Caucasus have lost about a third of their area (Meier

et al., 2003), which is similar to Mount Hood. Other regions have not seen the mid-
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century advance, but rather steadily retreated, notably in the tropics of Africa (Kaser

etal., 2004).

The second goal of this thesis was to examine the effect the debris cover has
had on the retreat rate of Eliot Glacier as opposed to the rest of Mount Hood’s
glaciers. Two debris-covered glaciers in Washington that have been examined and are
comparable in size to the glaciers of Mount Hood’s north side are the Mazama
Glacier, Mount Baker, (Pelto, 2000) and the Carbon Glacier, Mount Rainier (Nylen,
2004). The Mazama Glacier has retreated the least from its LIA extent of all the
glaciers on Mount Baker, which is attributable to its debris-covered terminus. The
debris-covered Carbon Glacier on Mount Rainier retreated ~50% less than the other
glaciers on Mount Rainier (Nylen, 2004) and was the last glacier to begin receding
following a mountain-wide glacial advance into the 1980s. Similarly, Eliot and Coe
glaciers were the last glaciers on Hood to begin to recede in the 1970s on Mount
Hood, indicative of the influence of debris cover on glacier response to climate
change.

My debris thickness measurements show increasing thickness down-glacier
and laterally toward the glacier margins, ranging from 0 to ~1.5 m. Eliot Glacier’s
debris cover is higher than some debris-covered glaciers in the Pacific Northwest,
which may have thicknesses as low as 0.25 m (Pelto, 2000) to 0.5 m (Mattson, 2000),
and less than Galena Creek Rock Glacier (3+ m) in Wyoming (Konrad et al., 1999).
This debris cover is the main factor in determining ablation rates. Ablation rates on

Eliot Glacier’s debris-covered terminus appear to have increased slightly in response
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to warmer temperatures, with areas of higher debris thicknesses increasing less than

thin debris covers. [wata et al. (2000) demonstrated that ablation rates on areas of
Khumbu Glacier with the thickest debris did not change between 1978 and 1995.
Where ice cliffs, clean of debris, are present on Eliot, ablation was much greater,
similar to that observed by Sakai et al. (2000) and Benn et al. (2000). Moreover, Eliot
Glacier’s thinning rate from 1982 to 2005 of 1.0 m a™ is higher than the thinning rate
of Khumbu Glacier between 1978 and 1995 of about 0.6 m a™' (Kadota et al., 2000). It
is unclear if the recent climate warming in the Himalayas has been less than that at
Mount Hood or if local climatic variations are causing a higher thinning rate on Eliot
Glacier. Additionally, differences in debris thickness between the glaciers may exist.

Like Eliot Glacier’s debris-covered terminus, Galena Creek Rock Glacier’s
mass balance is also the opposite of “clean” glaciers, with its upper two-thirds having
a negative mass balance (Konrad et al., 1999). The upper two-thirds of “clean”
glaciers typically have positive mass balances with this section being the accumulation
area of the glacier. Eliot Glacier has a typical accumulation-area ratio (AAR) of < 0.6,
comparable to “clean” glaciers, rather than rock glaciers such as Galena Creek, which
have AARs of 0.1 (Konrad et al., 1999). The spatial pattern of Eliot Glacier’s mass
balance exhibits a “clean” glacier trend from its uppermost reach down until the start
of the debris cover (Dodge, 1987), at which point it transitions to a rock glacier trend,
with the mass balance increasing from about -4 m a”' to almost 0 m a™' near the

terminus.
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Ice thicknesses at the B-Profile in the debris-covered area of the glacier

decreased from ~100 m in 1901 to ~25 m in 1956, after which a kinematic wave
traveled through in the late 1950s/early 1960s, that increased ice thickness to ~73 m in
1982. Since the early-1980s, the profile thinned at ~1.0 m a™' and currently (2005) is
~52 m thick. A lag time of about seven to ten years exists between positive shifts in
mass input to the glacier and thickness increases at the B-Profile. Surface velocities
currently vary from about 7.8 ma™ at the upper extent of the study area to zero below
the active terminus (located on an area of stagnant debris-covered ice). Velocities at
the B-Profile have reflected the changes in ice thickness, decreasing from 2.4 ma™ in
the early 1940s (Matthes and Phillips, 1943) to 1.4 m a”' in the late 1940s, then
increased to 6.9 ma™ in the late 1950s and early 1960s (Dodge, 1964). Lundstrom
(1992) measured velocities at 6.9 + 1.7 m a™ in the late 1980s and currently they are
about2.3ma’.

The conceptual framework of my study incorporates my debris thickness,
ablation, and surface velocity measurements to estimate debris replenishment to the
glacier surface over time. 1 hypothesize that the thickening debris cover (~0.5 mma™)
of Eliot (and Coe) Glacier is an important factor in buffering the glacier mass balance
response to climate warming. Because of the insulating effects of the debris cover
Eliot Glacier is more sensitive to changes in mass input to the glacier rather than to
changes in mass loss through melting. That the current surface elevation of the B-
profile is only now at the elevation of the pre-wave elevation in 1940 points to the

reduced effect of ablation caused by the presence of the thickening debris cover.
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However, because the glacier continues to thin, it is likely the rate of debris

thickening is not keeping pace with the rate of climate warming.

Finally, because Eliot and Coe glaciers have lost less than 20% of their 1901
and 1907 areas, respectively, while Mount Hood as a whole has lost 34% of its glacier
cover, it would be easy to deduce that they have not lost as much mass. However, on
glaciers such as Eliot and Coe, which are confined to deep, long, and narrow valleys,
area loss is not the key indicator of change, but rather volume loss (thinning) is, as the
repeat photographs demonstrate. Additionally, while the relatively small shrinkage of
Eliot and Coe glaciers compared to other glaciers on Mount Hood appears related to
the thickening of the debris layer, other mitigating factors exist. Both Eliot and Coe
have the highest accumulation zones which head near the peak of Mount Hood (3425
m). Therefore, rising freezing levels and snow lines have not affected these glaciers as
much as the other glaciers, which have a smaller elevation range. Aspect is likely
another factor, as Eliot and Coe are the most northerly-flowing glaciers on the
mountain and as such are larger and would not respond to changes in climate as
quickly as smaller glaciers elsewhere on the mountain. These factors have also been

documented on Mount Rainier (Nylen, 2004).

Future Implications

Eliot Glacier’s rate of recession between 1901 and 2004 has been about 6.25 m
a”'. If this rate of retreat were to continue, it would take at least 600 years for the
glacier to disappear. Using the retreat rate between 1989 and 2004, 20 m a™', Eliot

Glacier would disappear in at least 180 years. These values are minima because
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glacier recession tends to slow as the glaciers retreat into higher, more glacially-

protected environments where non-climatic effects become important (e.g.
avalanching and wall-shading). This has implications for the alpine ecology of Mount
Hood. The shrinking or loss of glaciers affects downstream ecosystems dependent
upon glacial meltwater during dry summer months. I estimate the glaciers of Mount
Hood produce approximately 15.4 x 10° m® of meltwater each year, and if this
declines, people in the Hood, White, and Sandy River valleys will need to look
elsewhere during summer months to supply water to the agricultural enterprises

dependent on the glacial meltwater.

Suggestions for Future Research

Rain and supraglacial streams are responsible for the removal of debris from
the glacier surface and increases in glacial ablation. The debris replenishment model
did not account for these losses. However, a number of rain events visibly altered the
debris cover and play an important role in debris cover dynamics. A study of the
supraglacial transport and removal of debris would be beneficial.

Mass balance measurements should be extended up-glacier to the clean ice
which most likely experienced a reduction in mass balance and that reduction is being
reflected in the down-glacier debris-covered zone with the current thinning seen at the
B-Profile. Additionally, areas where supraglacial streams cross should be studied for
ablation rates, notably small debris-free faces. It is likely that localized ablation in
these areas is extremely high and should be included in ablation analyses in the future.

As the glacier continues to thin, new areas of bedrock are being exposed, which is
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altering the flow pattern of the glacier. A more robust network of stakes covering

these areas would be valuable. It appears that ice flow to the far western side of the
glacier has been severely reduced and it is likely that ice velocities below the recently-

emerged bedrock ridge is much slower than the ice in the center of the glacier.
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aerial photographs and associated areal errors. Source key: USFS-United States Forest
Service; USGS-United States Geological Survey; OGS-Oregon Geospatial Data

Clearinghouse.

Area Inward Outward

Glacier Year Source (kmz) RMSE (m) Errgr Errozr
(km") (km")

Coe 1907 USGS 1.41 - -0.16 0.10
Coe 1924 USGS 1.38 - -0.16 0.12
Coe 1946 USFS 1.25 347 -0.03 0.03
Coe 1959 USFS 1.20 5.13 -0.04 0.04
Coe 1972 USFES 1.25 478 -0.03 0.03
Coe 1984 USFS 1.25 5.97 -0.04 0.04
Coe 2000 OGS 1.21 0.00 0.00 0.00
Coe 2004 USFS 1.20 2.64 -0.02 0.02
Collier 1910 McDonald, 1995 1.81 - - -
Collier 1933 McDonald, 1995 1.21 - - -
Collier 1935 McDonald, 1995 1.06 - - -
Collier 1938 McDonald, 1995 1.00 - - -
Collier 1941 McDonald, 1995 0.87 - - -
Collier 1949  McDonald, 1995 091 - - -
Collier 1957 USGS 0.84 - - -
Collier 1967 USFS 0.69 - - -
Collier 1973 USFES 0.68 - - -
Collier 1982 USFS 0.70 - - -

Drediger and

Collier 1985 Kennard, 1985 0.77 - - -
Collier 1994 OGS 0.65 - - -
Eliot 1901 Mazamas 2.03 - -0.19 0.13
Eliot 1907 USGS 2.00 - -0.18 0.16
Eliot 1924 USGS 1.98 - -0.18 0.18
Eliot 1935 Mazamas 1.95 - -0.13 0.13
Eliot 1946 USFS 1.91 4.77 -0.04 0.04
Eliot 1956 USGS 1.81 - -0.13 0.13
Eliot 1959 USFS 1.84 3.55 -0.03 0.03
Eliot 1967 USFS 1.87 7.85 -0.07 0.07
Eliot 1972 USFS 1.89 5.06 -0.05 0.05
Eliot 1979 USFS 1.80 4.29 -0.04 0.04
Eliot 1984 USFS 1.80 6.83 -0.06 0.06
Eliot 1989 USFS 1.77 9.59 -0.08 0.08
Eliot 1995 USFS 1.78 5.10 -0.04 0.04
Eliot 2000 OGS 1.66 0.00 0.00 0.00
Eliot 2004 USES 1.64 5.07 -0.05 0.05




Inward Outward

Glacier Year  Source (?(rn?) RZ’II]S)E Error Error
(km’) (km’)

Ladd 1907 USGS 1.07 - -0.14 0.07
Ladd 1924 USGS 1.06 - -0.13 0.07
Ladd 1946 USFS 0.97 7.42 -0.05 0.05
Ladd 1956 USGS 0.94 - -0.11 0.05
Ladd 1972 USFS 0.81 9.73 -0.05 0.05
Ladd 1989 USFS 0.77 6.67 -0.04 0.04
Ladd 2000 OGS 0.71 0.00 0.00 0.00
Ladd 2004 USFS 0.67 7.92 -0.05 0.05
Newton Clark 1907 USGS 2.06 - -0.15 0.15
Newton Clark 1935 Mazamas 1.70 - -0.08 0.08
Newton Clark 1956 USGS 1.66 - -0.09 0.09
Newton Clark 1972 USFS 1.61 - -0.09 0.09
Newton Clark 1984 USFS 1.56 - -0.09 0.09
Newton Clark 2000 OGS 1.54 0.00 0.00 0.00
Newton Clark 2004 USFS 1.40 - -0.15 0.13
Reid 1907 USGS 0.79 - -0.13 0.12
Reid 1935 Mazamas 0.64 - -0.08 0.08
Reid 1946 USFS 0.53 6.30 -0.02 0.02
Reid 1972 USES 0.56 8.00 -0.03 0.03
Reid 1984 USES 0.53 8.40 -0.03 0.03
Reid 2000 oGS 0.53 0.00 0.00 0.00
Reid 2004 USFS 0.51 13.70 -0.05 0.05
Sandy 1907 USGS 1.61 - -0.17 0.17
Sandy 1946 USES 0.99 9.60 -0.07 0.07
Sandy 1972 USFS 1.12 14.10 -0.11 0.11
Sandy 2000 OGS 1.02 0.00 0.00 0.00
Sandy 2004 USFS 0.96 13.85 -0.15 0.13
White River 1907 USGS 1.04 - -0.12 0.09
White River 1935 Mazamas 0.56 - -0.07 0.07
White River 1946 USES 0.47 9.51 -0.04 0.04
White River 1956 USGS 0.65 - -0.07 0.07
White River 1972 USFS 0.59 12.28 -0.06 0.06
White River 1984 USFS 0.51 11.54 -0.05 0.05
White River 2000 OGS 0.42 0.00 0.00 0.00
White River 2004 USFS 041 6.86 -0.03 0.03
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Appendix C. Compilation of debris cover thickness data. Coordinates are UTM

NAD 27.
Debris Debris
Thickness (m) Easting  Northing Thickness (m) Easting Northing
0.00 604166 5026650 0.26 604043 5026720
0.00 604040 5026570 0.26 604350 5027020
0.00 604021 5026580 0.26 604435 5026980
0.00 604069 5026550 0.27 604383 5027110
0.00 604119 5026600 0.27 604369 5026790
0.00 604155 5026790 0.28 604324 5026980
0.00 604075 5026700 0.29 604417 5027080
0.01 604188 5026850 0.29 604433 5027060
0.01 604134 5026660 0.29 604339 5026690
0.01 604052 5026640 0.32 604516 5027200
0.01 604302 5026710 0.33 604106 5026770
0.01 604138 5026750 0.34 604521 5026980
0.01 604140 5026480 0.34 604410 5026910
0.02 604269 5026660 0.35 604448 5026780
0.02 604176 5026730 0.36 604365 5027130
0.02 604159 5026640 0.36 604597 5027160
0.03 604325 5027110 0.38 604549 5026870
0.03 604343 5027070 0.38 604497 5026850
0.04 604189 5026770 0.38 604380 5026760
0.04 604176 5026550 0.39 604436 5026880
0.05 604222 5026830 0.40 604336 5027140
0.06 604382 5026920 0.40 604307 5027120
0.06 604329 5026780 0.41 604337 5026620
0.06 604213 5026590 0.42 604517 5026900
0.06 604246 5026570 043 604221 5026910
0.06 604311 5026830 0.44 604510 5027100
0.07 604486 5027010 0.44 604653 5027200
0.07 604244 5026680 0.46 604555 5027170
0.08 604319 5026860 0.47 604605 5027210
0.08 604265 5026730 0.49 604464 5026870
0.08 604246 5026740 0.49 604398 5026630
0.09 604342 5026940 0.50 604579 5026940
0.10 604213 5026950 0.50 604234 5027010
0.10 604291 5026790 0.50 604444 5026770
0.10 604210 5026710 0.52 604554 5027120
0.10 604462 5027150 0.53 604367 5026600
0.10 604551 5027050 0.54 604057 5026790
0.11 604251 5026870 0.55 604186 5026970
0.12 604414 5026980 0.55 604373 5026660
0.12 604184 5026610 0.56 604552 5026870
0.13 604265 5026810 0.57 604539 5026840
0.14 604222 5026760 0.58 604246 5027000
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Debris Debris

Thickness (m)  Easting  Northing Thickness (m) Easting Northing
0.15 604471 5027140 0.59 604100 5026800
0.16 604278 5026860 0.59 604010 5026740
0.17 604377 5026900 0.60 604459 5026870
0.18 604371 5026830 0.60 604060 5026830
0.18 604435 5026950 0.60 604435 5026630
0.21 604312 5026960 0.60 604405 5026580
021 604496 5027000 0.60 604344 5026550
022 604521 5026840 0.60 604561 5027260
0.22 604253 5026920 0.62 604118 5026870
0.22 604467 5027030 0.64 604494 5026750
0.22 604276 5026890 0.65 604534 5026970
0.22 604284 5026910 0.66 604455 5026720
0.23 604152 5026870 0.66 604422 5026740
0.23 604506 5026990 0.67 604558 5026960
0.23 604480 5027050 0.67 604581 5027200
0.24 604569 5026950 0.67 604707 5027290
0.24 604460 5026940 0.70 604424 5026750
0.24 604315 5026640 0.77 604639 5027270
0.25 604450 5027050 0.78 604636 5027270
0.25 604397 5027000 0.80 604601 5027290
0.26 604375 5027040 0.85 604253 5026490
0.26 604281 5026990 0.90 604634 5027140
0.26 604402 5027090 1.20 604688 5027320
0.26 604357 5027050 1.25 604423 5026800
0.26 604483 5026920 1.50 604954 5027580
0.26 604277 5026900
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Appendix D. Compilation of survey data for elevation profiles.

A-Profile B-Profile
Horizontal Elevation Horizontal Elevation
Distance (m) (m) Distance (m) (m)
1940 0.0 1953.8 1940 0.0 2089.1
18.3 1947.7 30.5 2069.6
36.6 1937.0 91.4 2033.0
61.0 1935.5 2042 2004.1
91.4 1926.3 2134 1996.4
115.8 1923.3 219.5 2002.5
125.0 1918.7 225.6 1999.5
155.4 1918.7 2438 1999.5
164.6 1915.7 2499 2002.5
207.3 19233 265.2 2004.1
231.6 19233 295.7 1999.5
243.8 1924.8 417.6 2048.3
256.0 19248 478.5 2087.9
2743 1935.5 1956 0.0 2089.1
292.6 1935.5 103.6 2017.8
313.9 1947 4 1219 2014.7
1956 0.0 1953.8 152.4 2002.5
57.9 1935.5 182.9 1981.2
82.3 1926.3 210.3 1981.2
112.8 1917.2 228.6 1975.1
131.1 1911.1 2438 1984.2
149.4 1911.1 268.2 1984.2
167.6 1909.6 304.8 1991.9
199.6 1912.6 3353 1996.4
2134 1915.7 365.8 2008.6
243.8 1917.2 478.5 2087.9
253.0 1917.2 1982 0.0 2089.1
271.3 1921.8 96.3 2027.3
313.9 1947.4 111.1 2031.1
1968 0.0 1953.8 118.8 2028.6
56.4 1929.4 126.1 2032.1
91.4 1921.8 156.8 2024.0
170.7 1906.5 180.1 2023.0
202.7 1911.1 203.0 20334
231.6 1912.6 293.7 20239
313.9 1947 4 317.5 2033.0
363.6 2026.9
379.1 2030.8

478.5 2087.9
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A-Profile B-Profile
Horizontal Elevation Horizontal Elevation
Distance (m) (m) Distance (m) (m)
2005 0.0 1953.8 2005 0.0 2086.3
88.8 1903.6 102.7 2019.6
107.0 1897.6 124.2 2014.5
131.9 1893.5 146.3 2014.9
141.5 1893.4 166.2 2007.6
151.8 1888.7 188.8 2003.4
168.6 1892.2 212.5 2004.3
186.9 18914 233.6 2004.9
215.7 1899.1 257.0 2007.0
242.0 1904.2 280.9 2007.0
312.1 1944.6 304.6 2008.0

331.6 2004.5
350.2 2009.5
3713 2013.3
382.6 2021.4
392.8 2028.2
396.0 2027.3
429.4 2049.4
482.5 2087.0
Bottom 102.7 2019.6
1242 1994.6
146.3 1986.7
166.2 1969.1
188.8 1956.1
212.5 1953.2
233.6 1951.9
257.0 1955.4
280.9 1956.0
304.6 1958.3
331.6 1963.5
350.2 1982.3
371.3 1999.9
382.6 2016.0
392.8 2028.2




Appendix E. Compilation of GPR data presented in Figure 23.

Easting Northing Ice Thickness (m) Easting Northing Ice Thickness (m)
604332 5026725 772 604413 5026958 56.1
604304 5026736 71.2 604450 5026955 58.6
604278 5026745 81.6 604490 5026954 65.8
604261 5026753 83.3 604527 5026953 56.3
604235 5026766 90.0 604558 5026950 34.6
604203 5026782 77.9 604494 5027034 583
604276 5026783 83.5 604485 5027053 56.1
604306 5026782 86.5 604477 5027070 55.0
604336 5026779 79.1 604469 5027094 54.6
604352 5026783 77.1 604454 5027129 50.2
604374 5026784 74.2 604503 5027123 483
604409 5026784 75.2 604538 5027134 52.7
604437 5026779 69.1 604571 5027147 56.2
604370 5026836 75.4 604600 5027167 53.7
604357 5026849 75.2 604612 5027195 49.5
604346 5026876 69.6 604639 5027208 48.5
604339 5026895 65.9 604656 5027217 47.1
604325 5026939 64.4 604672 5027238 45.8
604312 5026974 70.6 604699 5027255 432
604300 5027000 67.4 604720 5027273 38.0
604355 5026960 68.4 604735 5027284 39.0
604384 5026960 60.4 604758 5027301 34.6
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Appendix F. Compilation of data for velocity surveys. Easting and northing
values are UTM NAD 27.

Stake 12

Horiz. Error Vert. Error
Date Easting  Northing Elev. (m asl) (m) (m)
8.13.2004 604168.533 5026642.056 2100.791 - -
8.19.2004 604168.582 5026642.212 2100.937 0.001 -
8.27.2004 604168.737 5026642.442 2100.860 0.029 -
9.03.2004 604168.707 5026642.636 2100.874 0.004 -
9.10.2004 604168.786 5026642.785 2100.799 0.001 -
9.24.2004 604168.902 5026643.164 2100.683 0.002 -
7.28.2005 604171.801 5026648.832 2099.746 0.015 0.004
Stake 11

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604248.230 5026734.809 2083.994 - -
8.19.2004 604248.389  5026734.903 2084.006 0.002 -
8.27.2004 604248.611 5026735.138 2084.016 0.022 -
9.03.2004 604248.630 5026735.291 2083.972 0.007 -
9.10.2004 604248.721 5026735.444 2083.901 0.001 -
9.24.2004 604248.806 5026735.755 2083.865 0.000 -
7.28.2005 604250.688 5026741.290 2081.681 0.007 0.000
Stake 10

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604312.782 5026822.335 2062.106 - -
8.19.2004 604312.791 5026822.377 2062.116 0.004 -
8.27.2004 604312.898 5026822.491 2062.072 0.014 -
9.03.2004 604312938 5026822.615 2062.102 0.015 -
9.10.2004 604312987 5026822.732 2062.046 0.002 -
9.24.2004 604313.013 5026822.913 2062.032 0.005 -
7.28.2005 604314.945 5026827.533 2061.166 0.004 0.001
Stake 10A

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604222.899 5026904.527 2054.095 - -
8.19.2004 604222.888 5026904.629 2054.118 0.004 -
8.27.2004 604222986 5026904.755 2054.150 0.020 -
9.03.2004 604223.017 5026904.844 2054.205 0.019 -
9.10.2004 604223.031 5026904.939 2054.166 0.003 -
9.24.2004 604223.038 5026905.144 2054.197 0.008 -
7.28.2005 604224.328 5026908.034 2054.665 0.007 0.003

Stake 10B
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Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604253.468 5026863.556 2063.630 - -
8.19.2004 604253.498 5026863.849 2063.673 0.004 -
8.27.2004 604253.608 5026864.051 2063.683 0.020 -
9.03.2004 604253.618 5026864.117 2063.705 0.016 -
9.10.2004 604253.685 5026864.198 2063.659 0.002 -
9.24.2004 604253726  5026864.495 2063.697 0.006 -
7.28.2005 604255294 5026868.046 2063.729 0.007 0.002
Stake 10C

Horiz. Error Vert. Error
Date Easting Northing Elev. (m as)) (m) {(m)
8.13.2004 604370.944 5026791.100 2066.337 - -
8.19.2004 604370.937 5026791.214 2066.335 0.003 -
8.27.2004 604371.012 5026791.452 2066.315 0.011 -
9.03.2004 604371.011 5026791.708 2066.304 0.010 -
9.10.2004 604371.012  5026791.686 2066.252 0.001 -
9.24.2004 604371.072  5026791.811 2066.199 0.003 -
7.28.2005 604372.511 5026794.885 2065.925 0.003 0.001
Stake 10D

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604426.600 5026751.185 2071.155 - -
8.19.2004 604426.597 5026751.240 2071.194 0.003 -
8.27.2004 604426.677 5026751.365 2071.164 0.007 -
9.03.2004 604426.681 5026751.512 2071.178 0.014 -
9.10.2004 604426.690 5026751.569 2071.112 0.002 -
9.24.2004 604426.732  5026751.754 2071.076 0.005 -
7.28.2005 604427932  5026754.408 2070.491 0.002 0.000
Stake 9

Horiz. Error Vert. Error
Date Easting Northing  Elev. (m as)) (m) (m)
8.13.2004 604379.041 5026894.672 2042.363 - -
8.19.2004 604379.041  5026894.922 2042.368 0.003 -
8.27.2004 604379.089  5026894.980 2042.366 0.021 -
9.03.2004 604379.125  5026895.066 2042.400 0.017 -
9.10.2004 604379.131  5026895.071 2042.376 0.002 -
9.24.2004 604379.122  5026895.193 2042.379 0.007 -
7.28.2005 604380.507 5026898.126 2042.460 0.010 0.004
Stake 8

Horiz. Error Vert. Error
Date Easting Northing Elev. (m as)) (m) (m)
8.13.2004 604436.925 5026973.779 2019.682 - -
8.19.2004 604436.895  5026973.838 2019.707 0.001 -
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8.27.2004 604436.952 5026973.986 2019.695 0.015 -
9.03.2004 604437.016 5026974.057 2019.729 0.021 -
9.10.2004 604436.972  5026974.162 2019.690 0.003 -
9.24.2004 604436.995 5026974.243 2019.697 0.009 -
7.28.2005 604438.122 5026976.740 2019.612 0.012 0.006
Boulder 8A

Horiz. Error Vert. Error
Date Easting Northing  Elev, (m asl) (m) (m)
8.13.2004 - - - - -
8.19.2004 604377900 5027011.248 2022.073 0.002 -
8.27.2004 604378.003 5027011.312 2022.009 0.011 -
9.03.2004 604378.099 5027011.322 2022.001 0.015 -
9.10.2004 604378.141 5027011.404 2021.904 0.002 -
9.24.2004 604378.166 5027011.498 2021.792 0.006 -
7.28.2005 604379.737 5027013.290 2021.271 0.008 0.007
Boulder 8B

Horiz. Error Vert. Error
Date Easting  Northing  Elev. (m asl) (m) (m)
8.13.2004 - - - - -
8.19.2004 604474278 5026952.861 2028.697 0.001 -
8.27.2004 604474.369  5026952.994 2028.596 0.018 -
9.03.2004 604474.461 5026953.115 2028.557 0.026 -
9.10.2004 604474.403 5026953.179 2028.434 0.003 -
9.24.2004 604474.419 5026953.312 2028.340 0.011 -
7.28.2005 604475302 5026956.104 2027.382 0.012 0.006
Stake 7

Horiz. Error Vert. Error
Date Easting  Northing Eley. (m asl) (m) (m)
8.13.2004 604482.666 5027048.658 2002.506 - -
8.19.2004 604482.626 5027048.708 2002.516 0.001 -
8.27.2004 604482.648 5027048.808 2002.522 0.01! -
9.03.2004 604482.708 5027048.838 2002.555 0.022 -
9.10.2004 604482.667 5027048.861 2002.517 0.003 -
9.24.2004 604482.751 5027048.862 2002.532 0.009 -
7.28.2005 604483.632 5027050.604 2002.677 0.011 0.007
Stake 6

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604556.154 5027117.607 1984.675 - -
8.19.2004 604556.183 5027117.643 1984.671 0.004 -
8.27.2004 604556.169  5027117.690 1984.650 0.011 -
9.03.2004 604556.211 5027117.866 1984.651 0.021 -
9.10.2004 604556.027 5027117.995 1984.588 0.002 -
9.24.2004 604556.113  5027117.701 1984.640 0.031 -
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7.28.2005 604556.728 5027118.896 1984.375 0.007 0.008
Stake 5

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604606.853 5027203.181 1967.422 - -
8.19.2004 604606.824 5027203.242 1967.411 0.005 -
8.27.2004 604606.887 5027203.235 1967.393 0.009 -
9.03.2004 604607.053 5027203.326 1967.418 0.033 -
9.10.2004 604606.981 5027203.267 1967.372 0.005 -
9.24.2004 604607.043 5027203.235 1967.354 0.032 -
7.28.2005 604607.854 5027204.069 1967.054 0.003 0.010
Stake SA

Horiz. Error Vert. Error
Date Easting Northing  Elev. (m asl) ~_(m) (m)
8.13.2004 604518.454  5027201.465 1975.357 - -
8.19.2004 604518.483 5027201.533 1975.368 0.003 -
8.27.2004 604518.542  5027201.560 1975.354 0.008 -
9.03.2004 604518.565 5027201.653 1975.376 0.021 -
9.10.2004 604518.625 5027201.661 1975.333 0.003 -
9.24.2004 604518.682  5027201.595 1975.338 0.023 -
7.28.2005 604519.255 5027202.554 1975.377 0.003 0.009
Stake 5B

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604636441 5027141.723 1975.123 - -
8.19.2004 604636.428 5027141.751 1975.106 0.006 -
8.27.2004 604636.493 5027141.785 1975.120 0.011 -
9.03.2004 604636.485 5027141.806 1975.151 0.030 -
9.10.2004 604636.478 5027141.772 1975.116 0.004 -
9.24.2004 604636472 5027141.720 1975.110 0.038 -
7.28.2005 604636.805 5027142.447 1975.007 0.007 0.009
Boulder 3

Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) {m) {m)
8.13.2004 604687.423 5027322.954 1937.755 - -
8.19.2004 604687.423  5027323.000 1937.874 0.007 -
8.27.2004 604687.430 5027323.012 1937.842 0.007 -
9.03.2004 604687.416 5027323.088 1937.884 0.047 -
9.10.2004 604687.471 5027322992 1937.836 0.008 -
9.24.2004 604687.505 5027322.949 1937.840 0.040 -
7.28.2005 604687.779  5027323.556 1937.610 0.002 0.012
Boulder 2
Date Easting Northing Elev. (m asl)  Horiz, Error Vert. Error




(m) (m)
8.13.2004 604737.218 5027408.052 1904.258 - -
8.19.2004 604737.193  5027408.028 1904.381 0.010 -
8.27.2004 604737.217 5027408.038 1904.384 0.004 -
9.03.2004 604737.192 5027408.162 1904.414 0.062 -
9.10.2004 604737.233 5027407.984 1904.367 0.011 -
9.24.2004 604737.270 5027407.900 1904.388 0.046 -
7.28.2005 604737.198 5027407.956 1904.426 0.000 0.015
Boulder 2A
Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 - - - - -
8.19.2004 604892.588 5027410.340 1929.582 0.012 -
8.27.2004 604892.567 5027410.394 1929.543 0.017 -
9.03.2004 604892.526 5027410.523 1929.553 0.089 -
9.10.2004 604892616 5027410.316 1929.546 0.016 -
9.24.2004 604892.629 5027410.256 1929.497 0.059 -
7.28.2005 604892.476 5027410.519 1929.274 0.003 0.013
Boulder 1
Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 604797811 5027490.155 1897.619 - -
8.19.2004 604797.810 5027490.136 1897.725 0.013 -
8.27.2004 604797.778  5027490.149 1897.704 0.003 -
9.03.2004 604797.723  5027490.288 1897.756 0.087 -
9.10.2004 604797.821 5027490.096 1897.705 0.016 -
9.24.2004 604797.858 5027489.978 1897.721 0.052 -
7.28.2005 604797.793  5027490.094 1897.779 0.005 0.016
Boulder 1A
Horiz. Error Vert. Error
Date Easting Northing Elev. (m asl) (m) (m)
8.13.2004 - - - - -
8.19.2004 604914.480 5027508.936 1905.928 0.015 -
8.27.2004 604914.474 5027509.002 1905.843 0.025 -
9.03.2004 604914.386 5027509.159 1905.821 0.113 -
9.10.2004 604914.480 5027508.916 1905.752 0.022 -
9.24.2004 604914.487 5027508.864 1905.712 0.061 -
7.28.2005 604913.978 5027509.360 1905.167 0.009 0.015



