Geodetic Studiesin the Novarupta Area, Katmai National Park,
Alaska, 1990 to 1995

By Jack W. Kleinman, Eugene Y. Iwatsubo, John A. Power, and Elliot T. Endo

ABSTRACT

A five-station electronic distance meter (EDM) net-
work centered around the Novarupta dome in Katmai Na-
tional Park, Alaska, was established in 1990 and resurveyed
in 1993 and 1995. Both EDM and Global Positioning Sys-
tem (GPS) measurements were made in 1993. The 1995
survey was restricted to the more accurate GPS surveying
method. Analysis of EDM data in 1993 suggested an aver-
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age increase of 22.5 mm in slope distances between sta-
tions from 1990 to 1993. Those changes were about 2-3
times the expected error for lines of this length (1.5 to 4.7
km) and suggested that ground deformation was taking place
in the Novarupta area. Loss of data from one of five GPS
receivers in 1993 precluded complete comparison of GPS
data with EDM results. In July 1995, the network was oc-
cupied with five P-code GPS receivers. Two 12-15 hour
observations were made simultaneoudy at dl five stations,
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which were located relative to a reference GPS station in
Fairbanks. For final L1-only solutions and EDM line lengths
between stations, one station was held fixed using these
new coordinates. The 1995 GPS results, when compared
with recomputed EDM line lengths for 1990 and 1993 and
available 1993 GPS line lengths, indicate that the Novarupta
site moved about 15-20 mm to the west and the Mainstreet
station moved a similar distance to the northwest during
the interval from 1990 to 1993. There is a suggestion that
the Mainstreet station also moved from 1993 to 1995. The
movement at both stations is thought to be a result of a
deformation source to the southeast outside the network or
associated with the stability of the sites. The movement is
not a result of volcano deformation centered at Novarupta.
To further evauate ground deformation in the Katmai area,
extenson of the network with GPS observations beyond
the immediate vicinity of Novarupta is recommended.

INTRODUCTION

Novarupta dome, located at the head of the Valley of
Ten Thousand Smokes in Katmai Nationd Park, Alaska
(fig. 1), is the site of the largest volcanic eruption world-
wide this century. During the 1912 eruption, approximately
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Figure 1. The braced quadrilateral geodetic network in the
Novarupta area of the Valley of Ten Thousand Smokes.
Benchmark locations are indicated by triangles and abbreviated
names used in the text.

15 km? of compositionally mingled magma (Hildreth, 1983)
erupted from the Novarupta vent area, which collapsed to
form a 2-km-wide depression. The summit of nearby Mt.
Katmai synchronoudly collapsed, presumably a result of a
complex connection with the venting magma system
(Hildreth, 1983, 1987). The eruptive sequence ended with
the extruson of the Novarupta rhyolite dome within the
vent depression.

In conjunction with other geophysical studies initiated
under the Continental Scientific Drilling Program
(Eichelberger and Hildreth, 1986; Eichelberger and others,
1991), a geodetic network was established during 1989-90
to monitor ground deformation in the Novarupta area
(Kleinman and Iwatsubo, 1991). The geodetic network con-
dsts of three stations from which measurements of dope
distance and zenith angle can be made to each of the other
stations. This technique was first used by the U.S. Geologi-
cal Survey (USGS) in 1965 at the volcanoes Kilauea and
Mauna Loa on the idand of Hawaii. It was later used suc-
cessfully to monitor ground deformation at Mount St. Helens
both before and after the May 18, 1980, eruption (Lipman
and others, 1981). Similar networks have been established
at many of the other volcanoes in the Cascades Range to
provide baseline geodetic information (Chadwick and oth-
ers, 1985; Iwatsubo and others, 1988). A comparison of
measurements of a three-station Novarupta electronic dis-
tance meter (EDM) network in 1989 and 1990 revealed no
changes in dope distance larger than the expected mea
surement error (Kleinman and |watsubo, 1991). In 1990,
part of the network was reestablished with more permanent
marks and two stations were added to form the geodetic
network resurveyed in 1993 and 1995.

The first opportunity to remeasure the network came
in 1993. Following the Redoubt eruptionsin 1990, the USGS
Volcano Hazards Program began experimenting with Glo-
bal Postioning System (GPS) receivers acquired for the
purpose of monitoring geodetic networks on silicic volca
noes. With the availability of GPS eguipment, a decision
was made to occupy the Katma network with both EDM
and GPS receivers. GPS surveying does not require
intervisibility between stations and thus could be accom-
plished in inclement weather. Dvorak and others (1994)
describe the GPS surveying technique that was first ap-
plied in Hawaii and subsequently used at Novarupta.

THE NOVARUPTA GEODETIC
NETWORK

The geodetic network in the Novarupta area consists
of one benchmark located on Novarupta (NOVA) and four
additional benchmarks located on surrounding topographic
highs (fig. 1). These four stations (Baked Mountain, BAKE;
Broken Mountain, BROK; Faling Mountain, FALL; and
Mainstreet, MAIN) formed a 2 km by 4 km braced quadri-
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lateral approximately centered around Novarupta. The Fall-
ing Mountain, Broken Mountain, and Mainstreet bench-
marks are fixed on 1.25-cm diameter copperweld rods driven
10.7 m into tephra at BROK and MAIN. The rod at FALL
was driven to a depth of 2.4 m (Kleinman and Iwatsubo,
1991) into tephra. The benchmark on Novarupta, stamped
1989 K-2, is fixed in a hole drilled into a large rhyolite
boulder and has a punch mark enclosed by a small rect-
angle for a centering target. The Baked Mountain bench-
mark is a brass disk approximately 7.6 cm in diameter
cemented in shale. The brass disk is stamped BAKED and
has a punch mark located about 2 cm from the center of the
disk that was used as a target for centering. Benchmarks at
other sites have small + marks enclosed by a triangle for
centering targets. Broken Mountain is stamped K-3,
Mainstreet K-4, and Falling Mountain K-5. An older bench-
mark at Faling Mountain, K-1, has been abandoned. Ow-
ing to the topography and the weight of surveying equipment
and batteries, all sites require helicopter support out of King
Samon. Baked Mountain, Novarupta, and Faling Moun-
tain require short hikes from helicopter landing sites.

GEODETIC FIELD WORK AND DATA
ANALYSIS

EDM MEASUREMENTS AND CORRECTIONS

The 10 lines of the braced quadrilateral network at
Novarupta were measured in July 1990 and in June 1993.
A Wild DI-5 EDM and a Wild T-2000 theodolite were
used for the 1990 survey. In 1993, a Geodimeter 6000
EDM and a Wild T-2 theodolite were used. Prism sets
mounted onto tripods and centered over permanent bench-
marks were used for both surveys. Both the Wild DI-5
EDM and the Geodimeter 6000 EDM automatically mea-
sure distance. Hundreds of measurements at severa differ-
ent modulation frequencies are performed automatically by
the EDM instruments with the push of a button. A mean
distance and standard deviation is given for each set of
measurements to a reflector. In 1990, as many as eight
triangular clusters of three retro-reflectors were used be-
cause the DI-5 has a relatively weak laser source; vertical
clusters of three retro-reflectors were used in 1993. Retro-
reflectors used in 1993 could be tilted, but it is not known
if the any clusters were tilted. Vertica angles were mea-
sured with a theodelite from each EDM setup to reflector
sites. These vertical angles, along with instrument and re-
flector heights measured at each site, were used for conver-
sion of slope distances to mark-to-mark distances.
Mark-to-mark measured distances were corrected for atmo-
spheric refraction (temperature, pressure, and humidity).
The 1990 and 1993 EDM data were first reduced in 1993
with a hand calculator. The average change in line length
was +22.5 mm (where + represents extension).

To gauge the validity of these changes, it was neces-
sary to evaluate al likely sources of error in the measure-
ments. One error source is the EDM instrument itself.
Manufacturer specifications are 3 mm +2 parts per million
(ppm) for the Wild DI-5 used in 1990 and 5 mm £1 ppm
for the Geodimeter 6000 used in 1993. Because different
EDM'’s and reflector sets were used for the two surveys,
we checked the equipment sets against each other on a 1-
km-long National Geodetic Survey calibration line. The
two EDM’s agreed with each other within manufacturer’'s
specifications, but the two different types of reflector sets
differed by a constant factor of 0.0056 m. This difference
was accounted for in the 1993 analysis results that indi-
cated an average line-length change of 22.5 mm.

Atmospheric factors can cause line-length changes,
which introduces another potentia source of error. Tem-
perature, pressure, and relative humidity were measured at
each endpoint so that the appropriate atmospheric correc-
tions could be applied to the line-length measurements.
Temperature corrections, the largest of the atmospheric cor-
rections, are about 1 ppm for every 1.0°C change in tem-
perature. Temperatures were measured 7.6 m above ground
level at the top of a telescoping survey rod to minimize the
effect of ground radiation.

Errors can aso be introduced by instrument or reflec-
tor setup inaccuracies. Tribrach circular level bubbles and
optical plummets can be out of true or height measure-
ments can be made incorrectly. We attempted to minimize
these potential sources of error by calibrating optical plum-
met tribrachs and by making redundant height measure-
ments. High winds can aso introduce error. The highest
winds were encountered in 1990 while measuring the line
from Baked Mountain to Novarupta, which shortened by
15 mm from 1990 to 1993. Benchmark instabilities as a
result of slope creep or unstable rock are aso possible
sources of error.

To ensure consistently analyzed mark-to-mark slope
distances, 1990 and 1993 EDM measurements were re-
duced in 1995 with a computer program written by Cas
cades Volcano Observatory staff for routine reduction of
EDM data. The results of the analysis of EDM data are
shown in table 1, including basdline lengths and differ-
ences between the 1993 and 1990 EDM surveys. There is
no standard deviation record for EDM field measurements,
and errors indicated in the table 1 explanation are based on
manufacturers’  specifications.

GPS OBSERVATIONS AND ANALYSIS
OBSERVATIONS DURING 1993
The 1993 Alaska field season was the first opportunity

to utilize GPS receivers as a volcano deformation monitor-
ing tool in the Novarupta area at Katmai. Five Ashtech



86 GEOLOGIC STUDIESIN ALASKA BY THE U.S. GEOLOGICAL SURVEY, 1995

Table 1. Line lengths from repeated EDM measurements of the Novarupta geodetic network

in 1990 and 1993

[Manufacturer’'s specification for the EDM used in the 1990 survey is 3 mm +2 ppm. Manufacturer’'s
specification for the EDM used in 1993 is 5 mm + ppm]

Distance-meters Changes
Line 1990 1993 1993-1990
BAKE-NOVA 2566.0758 2566.0611 -0.015
BROK-NOVA 2795.7467 2795.7548 +0.008
MAIN-NOVA 2197.3964 2197.3972 +0.001
FALL-NOVA 1497.4217 1497.4070 -0.015
FALL-BAKE 3105.6921 3105.6878 -0.004
FALL-BROK 4070.6871 4070.6866 -0.001
FALL-MAIN 2663.3693 2663.3660 -0.003
MAIN-BAKE 4700.0450 4700.0297 -0.015
MAIN-BROK 4356.1728 4356.1608 -0.012
BROK-BAKE 2151.1032 2151.1045 +0.001

Table 2. Line lengths from GPS measurements of the
Novarupta geodetic network in 1993

[Root-mean-square errors enclosed by parentheses. There were two
6-h observation sessions in 1993]

Station pair Distance
(meters)
BAKE-NOVA 2566.0555 (.009)
2566.0552 (.014)
BROK-NOVA 2795.7487 (.013)
2795.7534 (.015)
FALL-NOVA 1497.4040 (.006)
1497.4030 (.008)
FALL-BAKE 3105.6806 (.008)
3105.6809 (.013)
FALL-BROK 4070.6801 (.015)
4070.6783 (.012)
BROK-BAKE 2151.1062 (.008)

2151.1064 (.009)

dual-frequency receivers (no P-code capability) were de-
ployed shortly after the completion of the EDM survey.
Two 6-h observation sessions were made overnight. For
unknown reasons, the receiver at MAIN failed and al data
were lost. The loss of data from one receiver resulted in the
loss of data for 4 baselines out of the 10 in the network
around Novarupta. Using 1995 updated coordinates rela-
tive to Fairbanks, 1993 GPS data were processed using
Ashtech GPS Post-Processing System (GPPS™) software

and broadcast orbits (predicted satellite orbits). Precise or-
bits (computed from actual satellite orbits) from the same
source for orbits used in 1995 were not available for July
1993, and this lack of precise-orbit data was one reason for
using GPPS software. We saw no advantage in processing
1993 GPS data with geodetic-grade software. BAKE, BROK
and FALL were fixed to obtain al possible baselines dis-
tances. Root-mean-square (RMS) errors (Bevington, 1969)
for basdine-length solutions varied from 6 mm to 15 mm.
GPPS-determined basdline lengths are shown in table 2.
Seeber (1993) and Hofmann-Wellenhof and others (1992)

Figure 2. The Mainstreet GPS station located on the northwest
dope of Trident Mountain. The GPS receiver and battery are
located under a plastic tarpaulin weighted down by tephra filled
sample bags in the |eft foreground.



(meters) (meters)

(meters)

Height

(meters)

West longitude

[Root-mean-square errors for X, Y, and Z coordinates are enclosed by parentheses. There were three 12-h solutions for BAKE and MAIN,and two 12-h solutions for BROK, FALL, and NOVA]
North latitude

Table 3. World Geodetic System (WGS)-84 latitude, longitude, height, and X, Y, and Z coordinates from repeated GPS observations

Station
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e present thorough discussions of the GPS surveying tech-
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network. On July 22, receivers were set up at MAIN (fig.
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S3 \89 S 'é S 'é = EO%’ S lé 16-h (30-s epochs) during the best NAVSTAR (NAVigation
—Z 2 22 ZZZ ZZ Satellite Time And Ranging) satellite configuration for the
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Lo do a9 2dS o= locations for each station relative to known GPS sites in
S22 22 22 2ee <2< Kodiak and Fairbanks. On July 24, all five GPS receivers
5 QL 28 9 288 9 were retrieved without incident. .
S52 @n 98 22 29 The 1995 Novarupta GPS data were processed with
SO oS on OO8 So Bernese (version 3.5) geodetic-grade software (Rothacher
%% a8 3% RRE 4 and others, 1993). Precise orbits and pole data were ob-
g g @ gg g g ggg gg tained from CODE (Center for Orbit Determination Eu-
R R e A M B Ky rope). All five Novarupta stations were first located relative
to Fairbanks and Kodiak using L1 frequency and L2 fre-
ot FO A~ MmOO om quency observations (table 3). ITRE93 (International Ter-
KA 25 2% 22T 34 restrial Reference Frame) coordinates corrected for
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nates (initial locations required for data processing) for 1993
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S22 272 8§ 252 o lations, BAKE was held fixed and data were processed for
4N 22 RF g%y == L1l-only relative-coordinate solutions for BROK, FALL,
RSADR I = R S S e MAIN, NOVA, and all basdline lengths. RMS errors for
AL enen AL FFF Aok relative-coordinate solutions were 0.1-0.3 mm.
- oo 22 ~ERx oo Repeatabilities and scatter as defined by Dixon (1991) for
i PR :; & TR e l’u; 5 @ Q observations are shown in figure .3. Computed basdline
B SR A L A lengths and RMS errors are shown in table 4.
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pared 1993 GPS line lengths with 1993 EDM line lengths.
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Table 4. Line lengths from GPS measurements of the Novarupta geodetic network

in 1995

[Root-mean-square errors enclosed by parentheses]

Distance
(meters)

Station pair I(Dr;]séttzzrng)e

BAKE-NOVA 2566.0545 (.0001)
BROK-NOVA 2795.7595 (.0002)
MAIN-NOVA 2197.3976 (.0001)
FALL-NOVA 1497.3951 (.0002)
FALL-BAKE 3105.6773 (.0001)
FALL-BROK 4070.6784 (.0002)
FALL-MAIN 2663.3618 (.0001)
MAIN-BAKE 4700.0227 (.0001)
MAIN-BROK 4356.1407 (.0001)
BROK-BAKE 2151.1101 (.0001)

2566.0544 (.0001)
2795.7614 (.0002)
2197.3962 (.0001)
1497.3966 (.0002)
3105.6787 (.0001)
4070.6821 (.0002)
2663.3609 (0001)
4700.0210 (.0001)
4356.1409 (.0001)
2151.1113 (.0001)
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Cdculated line-length differences between the 1993
GPS (six basedlines) and the 1993 EDM survey varied from
2 to 7 mm (fig. 4). The differences between the 1993 EDM
and 1993 GPS surveys may be a result of unknown phase
eccentricities of the Ashtech GPS antenna.

We have no way to evaluate GPS setup errors because
there were no repeat surveys in 1993 and 1995. As part of
the preparation effort for the 1995 field season, al optical
tribrachs used for the Novarupta GPS survey were cali-
brated by a Wild service center. Kern self-centering tripods
were used in 1990. We assume that antenna dlant heights
were measured correctly and baseline length errors that
result from setup are comparable to the 5-mm-or-less er-
rors encountered by other investigators (Larson, 1990) for
repeat GPS surveys.

The 1993 GPS line-length differences relative to 1990
EDM line lengths for the six basglines measured by both
techniques are similar to 1993 EDM and 1990 EDM line-
length differences. No similar comparison could be made
for four baselines from MAIN because of the loss of data
Line-length differences from NOVA to FALL and from
NOVA to BAKE for 1993 and 1990 EDM measurements
(fig. BA) are nearly identica to line-length differences for
1993 GPS data and 1990 EDM data (fig. 5B). These data
suggest that NOVA moved about 15-20 mm to the west or
northwest during the interval between 1990 and 1993. Al-
though length differences obtained by EDM surveys of lines
from the MAIN station are close to the error limits for this
surveying technique, the data suggest that MAIN may also
have moved 15-20 mm to the northwest. Data also indicate

that MAIN continued to move from 1993 through 1995
(fig. 6). The 1995 GPS line lengths relative to 1990 EDM
line lengths show displacement similar to that suggested
for NOVA during the 1990 to 1993 interva (fig. 7).

1993GPS - 1993EDM

+.002 m

BAKE

FALL MAIN

Figure 4. Novarupta line-length differences for 1993 GPS and
1993 EDM surveys.
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1993EDM - 1990EDM 1993GPS - 1990EDM
BROK BROK

BAKE

FALL MAIN
B

Figure 5. A, Novarupta line-length differences for 1993 EDM and 1990 EDM surveys. B, Novarupta line-length differences for
1993 GPS and 1990 EDM surveys.

1995GPS - 1993EDM

BROK

1995GPS - 1990EDM

+.006 m

<
FALL

FALL

Figure 6. Novarupta line-length differences for 1995 GPS and Figure 7. Novarupta line-length differences for 1995 GPS and
1993 EDM surveys. 1990 EDM surveys.
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DISCUSSION

It is not possible to definitively assess the magnitude
of possible systematic errors in the Novarupta EDM sur-
veys or the errors associated in comparing results from two
surveying techniques and the use of different instruments.
We tried to minimize such errors, and al appropriate cor-
rections were applied to reduce any residua errors. Never-
theless, the lack of redundancy in the early measurements
raises the possibility of larger-than-expected systematic
errors.

Another approach to error assessment for the Novarupta
EDM surveys is to compare them with similar repeated
trilateration and distance-measurement networks elsewhere.
An anadysis of such surveys at 12 volcanoes in the Cas
cades Range indicated that repeatability was 2.46 mm +£2.26
ppm (lwatsubo and Swanson, 1992). For the analysis, it
was assumed that no real changes occurred a any of the
volcanoes during the periods between surveys. For EDM
surveys a Mount St. Helens during 1980, a period that
included real ground displacements associated with erup-
tive activity, accuracies are believed to be £10 mm over 2-
4 km-long lines (Lipman and others, 1981). These line
lengths are similar to those in the Novarupta network. By
comparison with these earlier results, the |- to 15-mm av-
erage line-length change in the Novarupta network from
1990 to 1993 is close to the probable total error in the
measurements.

Unlike continuous GPS measurements of the type be-
ing made in Cdlifornia along the Hayward fault (King and
others, 1995), errors associated with repeated GPS mea
surements like that at Novarupta in 1995 are difficult to
assess because of few observations. For continuous mea
surements, a few parts per million RMS scatter in baseline
length was observed for single-frequency measurements.
The accuracy of results of the 1995 GPS survey near
Novarupta cannot be any better than that achieved for con-
tinuous monitoring. We have to assume that satellite-signal
multipath errors and random setup errors are possible
sources of error for any GPS survey of the type done in
1993 and 1995. The 1995 GPS results are only dlightly
better than the EDM surveys of 1990 and 1993, and changes
of less than 10 mm are probably due to some observation
error.

The possibility that a nearby shalow magma body ex-
ists south of the Novarupta area has been suggested by
Ward and others (1991) on the basis of P-wave travel-time
resduas and a negative Bouguer gravity anomaly. In late
1992-early 1993 increased seismic activity was observed
(Peter Ward, USGS, ora commun., 1993) in the area south-
west of Baked Mountain (dightly west of the geodetic net-
work). The relatively small geodetic network in this study
does not well constrain the location of a hypothetical magma
body. Expanding the size of the geodetic network to in-

clude the epicenters of seismic activity would be helpful in
ascertaining the aerid extent of crusta deformation. The
Novarupta network was tied to a regiona GPS network in
1995, but the GPS network (Lisowski and others, 1993) is
too regiona in scope to help constrain a localized area of
crusta deformation. To further evaluate ground deforma-
tion in the Katmai area, extension of the network with GPS
observations beyond the immediate vicinity of Novarupta
is recommended.

While the geodetic work in 1990, 1993, and 1995 did
not result in evidence for volcano-related ground deforma-
tion centered at Novarupta, we now have a network that is
tied into a worldwide coordinate system and locations for
five stations that are accurate enough for future differentia
(real-time kinematic) GPS surveying for mapping or grid-
type geophysical exploration in the Valey of Ten Thou-
sand Smokes.
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