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Figure 1: Evolution of the ice-dammed lake at the A.P. Olsen Ice Cap in the ablation
period of 2009. Please note the chronological sequence of the fill and drain cycle. Photos:
GeoBasis, Aarhus University

Abstract
Object of investigation were the annual glacial lake outburst floods (GLOFs) at the
Southeast outlet glacier of the A. P. Olsen Ice Cap, Northeast Greenland.
Therefore, a geodetic and geophysical approach was chosen to monitor the
glacier’s response during a fill- and drain cycle of the glacier-dammed lake. The
monitoring network was installed in Spring 2012 and was operated for two years
(GEF Loan 957 and 995). A ground-penetrating radar (GPR) was used to retrieve a
snapshot of en- and subglacial characteristics. The all-year round monitoring
strategy was based on a network of parallel GPS and passive seismic sensors.
First analysis of the gathered data show distinct high active events before the
GLOF itself, and a stepwise increase of seismicity right after the outburst.

Introduction
Processes of en- and subglacial hydrology are assumed to play a key role in many
unsolved topics in the fields of glaciology. The routing of liquid water through ice
masses and its dynamic consequences is still a highly active area of research.
Nye (1976) formulated the theoretical basis for the classic GLOF theory where the
outburst water intraglacially passes the glacier through a single conduit of
varying cross-section. The conduit cross-section is determined by two competing
processes. On the one hand the meltback of conduit walls due to water flow, and
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on the other, the conduit closure by creep due to the hydrostatic stress of the
overlying ice. The classic GLOF theory (Nye, 1976; Spring and Hutter, 1981;
Clarke, 1982) reproduces the exponential increase of the proglacial discharge
over days and weeks typically registered for slowly-rising GLOFs. Rapid-rising
GLOFs exhibit a linear growth of the proglacial discharge over hours and days and
are controlled by fundamentally different processes like lifting, deforming and
fracturing of the ice mass (e.g. Björnsson, 2010).

Fieldwork objectives
The main objectives of the GlacioBurst fieldwork were:
• Installation of a GPS and passive seismic network.
• Low-frequency GPR survey.
• Compilation of an all-year round geodetic and geophysical data set.

Study Site
The Southeast pointing outlet glacier (SEOG, Fig.2) of the potentially cold-based
A.P. Olsen Ice Cap (74°38'N, 21°26'W) cuts off a side valley where meltwater is
gathered during the ablation period and forms a glacier-dammed lake (LAPO,
Fig.2), which has been showing more or less annual outbursts since at least 1997
(Fig.1). The LAPO flood wave drains into the Zackenberg River (ZR) and directly
passes the Zackenberg Research Station (ZRS, Fig.2; 74°28'N, 20°34'W), where
discharge is measured (Fig.3). The GLOF duration (~0.5-1d) as well as the shape
of the discharge curves (Fig.3) suggests that the LAPO GLOFs are predominantly
rapid-rising. This fact and the well-solved logistics through the ZRS recommended
the site for a process-orientated GLOF study which was realized in April 2012 and
was operated for two years.

Figure 2: Zackenberg River (ZR) catchment in Northeast-Greenland. The origin of zthe
regular flood waves is the ice-marginal lake (LAPO) at the Southeast outlet glacier
(SEOG), respectively the Argo Glacier, of the A.P. Olsen Ice Cap. On the route from the
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SEOG terminus to the Zackenberg Research Station (ZRS; 74°28'N, 20°34'W), where the
discharge is monitored, the flood wave passes the Store Sø ('Large Lake').

Figure 3: The Zackenberg River passes the Zackenberg Research Station where
discharge is monitored. Figure above shows discharge data for 2007 melt season. Please
note the linear discharge rise. Data by GeoBasis (Greenland Ecological Monitoring, GEM)
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Installation of the monitoring network
The geophysical monitoring was in the form of a continuous recording passive
seismic network and a low-frequency (40MHz) ground-penetrating radar (GPR)
survey. The passive seismic network consisted of five stations on ice, whereas
two stations were designed as tripartite arrays (APO4,5; Fig.4) and the remaining
three were equipped with three-component sensors. All sensors had an
eigenfrequency of 4.5Hz and the recorded signal was sampled with 500Hz. Figure
5 shows the installation of a seismic sensor. Due to the fact that the glacier
stations were situated in the ablation zone, sensors were sunk ~3m into the ice
and covered with a geotextile to reduce ablation rates. Figure 6 shows a station
right after installation in April 2012 and a station in August 2012. The geodetic
monitoring was in the form of a continuous recording GPS network with a
sampling rate of 10s. Single-frequency GPS stations were co-located to the
passive seismic stations and another single-frequency station was installed in the
glacier forefield to serve as the base station (APO6; Fig.4). In April 2012 the icedammed LAPO was in empty state.

Figure 4: Overview of the installed monitoring network (APO1-6). The ice-dammed lake
is indicated by the marginal gray area. GPS stations on ice were co-located to the seismic
stations, while a GPS base station was set up in the glacier forefield (APO6). Contour lines
of the glacier surface (solid) and the bedrock (dashed) are illustrated. Solid thick black
lines represent the glacier's outline, including the rock outcrop in the upper part. The
monitoring network was located in between two automated weather stations (AWS1, 2).
The GeoBasis automated camera (AC) takes one photo per day (Fig.1). The UTMcoordinate grid (Zone 27N) shows ticks every 2000 m and 100m in Easting and Northing
direction, respectively.
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Figure 5: Drilling and deployment of a borehole. Photos: GlacioBurst field team

Figure 6: Co-located GPS and passive seismic stations in April 2012 (left) and August
2012 (right). Seismic sensors are sunk below the ice surface and covered by a geotextile
to reduce ablation. GPS antenna is fixed above the black wind turbine at the top of the
quadropot. Photos: Gernot Weyss, ZAMG
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First Results 2012
The discrete seismic events were detected by a STA/LTA detection algorithm (e.g.
Allen, 1982). The length of the short-term average (STA) window was 1.5 s and
the length of the long-term average (LTA) window was 8 s. A robust STA/LTA-ratio
of 3.5 was chosen as the detection threshold. Figure 7a illustrates the overview of
the detected seismic events of the APO1 data set. Besides the cumulative sum of
the detected single events (red line), it shows the maximum amplitude averaged
over all stations (APO1-5) for the detected events (black crosses). The reason for
introducing the detected events of only a single station were the apparent
difficulties in binding the detections on multiple stations to common events
automatically. This problem was due to multiple events occurring within a short
time-span. However, due to the generally low background noise, most of the
seismic events were recorded on all stations of the network. Therefore, the
chosen approach did not distort the overall results. In total 459770 events were
detected for the time period of 01.05. - 01.12. 2012. For this paper, only events
longer than 1 s were used to eliminate potential false detections. This reduction
still resulted in about 390000 seismic events within seven months, which
corresponds to more than one event per minute for the whole survey period.
After all, based on the applied strategy, the presented detection results should be
understood as a lower boundary, especially during the highly active periods.

Figure 7: (a) illustrates the cumulative sum of the detected seismic events (red line) and
the averaged maximum signal amplitudes of all stations for each event (black crosses).
(b) shows the surface velocities and the total displacement as a result of the static GPS
processing.

Figure 8: Red line shows the recorded air temperatures of AWS1. Distinct melt events in
the pre-GLOF phase correlated with enhanced surface dynamics and seismicity. Black line
shows the measured ZR discharge at the ZRS.
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Generally, a good correlation between surface dynamics and seismicity could be
observed for the pre-GLOF phase (fig. 7). Three distinct events of enhanced
surface dynamics and seismicity could be observed and were denominated as
pre-GLOF events 1-3 (PGEs1-3). The first occurrence of melt water at the
beginning of June (PGE1) was accompanied by an abrupt rise in seismicity
(Fig.7,8). Furthermore, three distinct events of increased seismicity around June
24, July 14 and July 29 could be delineated. Principally, all periods of enhanced
seismicity can be associated with distinct melt events, whereas the seismicity
increase around June 24 didn't show a dynamical glacier response comparable to
PGE2,3. PGE2 exhibited the highest recorded average amplitudes during the preGLOF phase.
The most striking feature of the seismic results was the significant rise in the
number of events as well as the appearance of the highest average signal
amplitudes after the outburst flood. This seismically active post-GLOF phase
lasted for about 1.5 months. No single seismic event could be detected during
the outburst flood itself (fig. 9a), because the seismic records were dominated by
the continuous, high-amplitude rumbling, caused by the flood water itself.

Discussion 2012 data set
Generally, observed enhanced dynamics and seismicity could be associated with
positive summer temperatures during the 2012 melt season. PGE1-3 were
observed during peaks in air temperature, ice melt and subsequent ZR discharge
and suggest that higher water supply rates were a potential PGE trigger. Due to
the fact, that no complementary LAPO water balance data existed, it was not
possible to distinguish if LAPO water was involved during the observed PGEs,
respectively if the LAPO water already infiltrated the SEOG weeks before the
GLOF itself to potentially amplify the glaciers response, because of a higher
volume of pressurized water in the glacial drainage system.
PGE1 was observed within the first extensive phase of positive temperatures,
which resulted in a doubling of flow velocities and a rise in seismicity. Based on
the AC, it is known that the ice-dammed side valley was still snow covered during
PGE1. First signs of melt water in the side valley could be traced in the AC photos
for June 4. Hence, we interpreted PGE1 as a classic spring speed-up event due to
a rather distributed, non-evolved, drainage system in the early melting season,
not able to discharge the apparent melt water (e.g. Iken and others, 1983;
Anderson and others, 2004). At the beginning of July the LAPO reached about half
of the maximum water level in 2012. On July 14, three weeks before the GLOF,
PGE2 took place exhibiting maximum observed flow velocities, a stepwise
increase of detected seismic events with maximum seismic amplitudes for the
whole pre-GLOF period (Fig. 7). The observed maximum PGE2 flow velocity at the
APO4 station was about the 7-fold of the observed maximum flow velocity during
the PGE1 event. PGE3 then took place about a week before the GLOF-onset.
However, due to the striking difference in the magnitudes between PGE1 and the
remaining PGEs, and the fact that during PGE1 the lake was empty, but during
PGE2 and 3 it already was close to its maximum level, we hypothesize that lake
water already infiltrated the glacial drainage system weeks before the outburst
event itself and amplified the glaciers response to the observed melt event.
The post-GLOF phase was characterized by a stepwise increase of seismicity. This
is interpreted as the collapse of the GLOF drainage system. Following Flowers and
others (2004), it is assumed that the evolution of a low pressure, conduit-based
drainage system through melt back was caused by the high GLOF-discharges.
With absence of pressurized water as the counter force, the evolved conduit(s)
regressed through creep and brittle deformation. Walter and others (2008)
showed that basal seismic events could be correlated to low or decreasing basal
water pressures during the 2004 Gornersee GLOF. Based on moment tensor

analysis, these events were interpreted as the collapse of cavity roofs (Walter
and others, 2010).

2013 Data
In the summer of 2013 the GLOF happened in between July 10 and 11. It was a
small flood after the massive flood of 2012. Due to failure of the applied GPS data
loggers, we were not able to monitor the corresponding surface dynamics in
2013. The failure of the low-cost GPS data logger was most likely due to the
harsh conditions, however the exact reason is not known. Furthermore, seismic
stations, respectively the Reftek 130 devices of APO3 and 5 failed. The 'two line'LCD display of the two devices showed one total black and one empty line. The
attempt to start the devices e.g. with the external palm top device was not
successful. The APO1 Reftek 130 device was switched with the inoperable APO5
device.

Figure 10: Calculated data availability for every single channel for the period March to
end of the year 2013.

Figure 11 shows the weekly Probabilistic Power Spectral Densities (PPSDs) for the
representative station APO2 (Fig. 4). Generally, all seismic data of the entire
project showed a low noise level. The potential reason for the low noise level is
the very remote setting in Northeast Greenland and the fact that the
predominantly cold-based A.P Olsen Ice Cap exhibits rather low flow velocities
(~10-20 meters/year).
PPSDs were calculated with the ObsPy program package, using the approach of
McNamara (2004). A window length of 30 min with an overlapping of 50% was
applied. The amplitude is given in [dB] relative to 1 (m/s^2)^2 / Hz. The grey
lines show the new low noise model (NLNM), respectively the new high noise
model (NHNM) after Peterson (2003). Instrument response was removed before
the PPSD calculation. The PPSD plots indicate, that the restitution of the true
ground motion is valid down to a period of ~5 seconds. Below this period
electronic noise is most likely to dominate the recorded data. Although for strong
signals, the frequency content with periods larger than 5 seconds could still allow
a reasonable data analysis. Generally, one can interpret signals with periods <5s
as real ground motion, whereas signals with periods >5s must be handled with
care.

Figure 11: Weekly (March – August) calculated probabilistic power spectral densities for
the representative station APO2 (Fig. 4).

Figure 11: Weekly (March – August) calculated probabilistic power spectral densities for
the representative station APO2 (Fig. 4).

Figure 11: Weekly (March – August) calculated probabilistic power spectral densities for
the representative station APO2 (Fig. 4).

Future Work
Based on the gathered data set and the derived hypothesis a project proposal is
planned which will be submitted to the Austrian Science Fund (FWF).
Furthermore, the publication 'Jökulhlaups at the A.P. Olsen Ice Cap, NE-Greenland:
First Results of the Geodetic and Seismic Monitoring in 2012' will be re-submitted
(->The Cryosphere, Journal of Glaciology).

Data Archiving Statement
Gathered data exists already as a mseed-archive and is ready for the upload. It
already exists a unique FDSN network code (5F 2012-2014) and Seis-UK (in
person of Victoria Lane) was contacted to clarify all details for the data
submission. However, due to some coincidences the actual data transfer has to
be postponed to May 2016.
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Appendix 1:
Instrument Deployment Locations and Technical Details

overview

Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Location

Network Description

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

Region
Greenland
Greenland
Greenland
Greenland
Greenland
Greenland
Greenland
Greenland
Greenland

Type
GS-11D 3C borehole
GS-11D 3C borehole
GS-11D 3C borehole
GS-11D array (20m cable)
GS-11D array (20m cable)
GS-11D array (20m cable)
GS-11D array (20m cable)
GS-11D array (20m cable)
GS-11D array (20m cable)
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lat (dec.)
74.63339114
74.63634195
74.63257166
74.63849426
74.63832826
74.63833976
74.63023506
74.63041177
74.63032509

lon (dec.)
-21.39767944
-21.40279035
-21.38211808
-21.41550237
-21.41581886
-21.41511028
-21.40037444
-21.40043689
-21.40098712

height

coordinate
system

785.95 EPSG:4326
806.77 EPSG:4326
756.24 EPSG:4326
838.00 EPSG:4326
838.35 EPSG:4326
836.71 EPSG:4326
766.06 EPSG:4326
766.7 EPSG:4326
767.16 EPSG:4326

overview

Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Location

Network Description

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

coordinate source
DGPS
DGPS
DGPS
DGPS
DGPS
DGPS
DGPS
DGPS
DGPS

recorder
Reftek 130
Reftek 130
Reftek 130
Reftek 130
Reftek 130
Reftek 130
Reftek 130
Reftek 130
Reftek 130
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recorder
serial

sensor

AA1A GS-11D 3C
A644 GS-11D 3C
AAE9 GS-11D 3C
A484 GS-11D 3C
A484 GS-11D 3C
A484 GS-11D 3C
A514 GS-11D 3C
A514 GS-11D 3C
A514 GS-11D 3C

sensor
serial
APO1
APO2
APO3
APO4A
APO4B
APO4C
APO5A
APO5B
APO5C

overview

Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Location

Network Description

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

date of installation

date of deinstallation

2012-04-15 00:00:00
2012-04-16 00:00:00
2012-04-16 00:00:00
2012-04-18 00:00:00
2012-04-18 00:00:00
2012-04-18 00:00:00
2012-04-22 00:00:00
2012-04-22 00:00:00
2012-04-22 00:00:00

running
running
running
running
running
running
running
running
running
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remarks

number of
channels channel
specifier
3
3
3
1
1
1
1
1
1

001
001
001
001
002
003
001
002
003

channel
name
HHZ
HHZ
HHZ
HHZ
HHZ
HHZ
HHZ
HHZ
HHZ

overview
Channel 1
Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Location

Network Description number of
parameters

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

1
1
1
1
1
1
1
1
1

starttime

endtime

2012-04-16 00:00:00 running
2012-04-16 00:00:00 running
2012-04-16 00:00:00 running
2012-04-18 00:00:00 running
2012-04-18 00:00:00 running
2012-04-18 00:00:00 running
2012-04-22 00:00:00 running
2012-04-22 00:00:00 running
2012-04-22 00:00:00 running
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sensitivity
81
81
81
81
81
81
81
81
81

units
V/m/s
V/m/s
V/m/s
V/m/s
V/m/s
V/m/s
V/m/s
V/m/s
V/m/s

bitweight
1.590E-006
1.590E-006
1.590E-006
1.590E-006
1.590E-006
1.590E-006
1.590E-006
1.590E-006
1.590E-006

overview

hannel 1

Channel 2
Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Location

Network Description

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

channel
specifier

gain
32
32
32
32
32
32
32
32
32

002
002
002

channel
name
HHN
HHN
HHN
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number of
parameters

starttime
1
1
1

endtime sensitivity

2012-04-16 00:00:00 running
2012-04-16 00:00:00 running
2012-04-16 00:00:00 running

81
81
81

units
V/m/s
V/m/s
V/m/s

overview
Channel 2
Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Channel 3

Location

Network Description

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

bitweight
1.590E-006
1.590E-006
1.590E-006

channel
specifier

gain
32
32
32

003
003
003
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channel
name
HHE
HHE
HHE

number of
parameters
1
1
1

starttime

endtime

2012-04-16 00:00:00 running
2012-04-16 00:00:00 running
2012-04-16 00:00:00 running

overview
Channel 3
Station
AP01
AP02
AP03
AP04A
AP04B
AP04C
AP05A
AP05B
AP05C

Location

Network Description

1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO
1 APO

sensitivity
81
81
81

units
V/m/s
V/m/s
V/m/s

bitweight
1.590E-006
1.590E-006
1.590E-006
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