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ABSTRACT
Many of the key processes governing fast glacier fl ow involve 

interaction between a glacier and its basal hydrological system, 
which is hidden from direct observation. Passive seismic monitor-
ing has shown promise as a tool for remotely monitoring basal pro-
cesses, but lack of glacier-bed access prevents clear understanding 
of the relationships between subglacial processes and corresponding 
seismic emissions. Here we describe direct measurements of basal 
hydrology, sliding, and broadband seismicity made in a unique sub-
glacial facility in Norway during the onset of two summer melt sea-
sons. In the most pronounced of these episodes, rapid delivery of 
surface meltwater to the bed briefl y enhanced basal slip following a 
period of elevated high-frequency seismic activity related to surface 
crevassing. Subsequent ground tilt derived from ultralong-period 
seismic signals was associated with subglacial bedrock deforma-
tion during transient pressurization of the basal hydraulic system. 
These signals are interpreted to represent hydraulic jacking as the 
supply of water to the bed exceeded the capacity of the hydraulic 
system. Enhanced slip terminated 2.5 h after it started, when ice-
bed decoupling or increased connectivity in the basal cavity network 
relieved cavity overpressure. The results support theoretical mod-
els for hydraulic jacking and illustrate how melt-induced increases 
in speed can be short lived if cavity growth or ice-bed decoupling 
allows basal water more effi cient drainage.

INTRODUCTION
Recent fi eld measurements increasingly challenge the long-standing 

view that glacier motion is a slow and steady process dominated by vis-
cous drag. Field and geodetic measurements in Greenland show rapid 
fl uctuations in ice motion on time scales of minutes to days, accommo-
dated primarily by basal sliding (Shepherd et al., 2009; Bartholomew et 
al., 2012). Large changes in sliding speed are usually associated with the 
input or accumulation of surface meltwater at the glacier bed during the 
summer melt season. Enhanced sliding can last from hours to months, but 
in some cases does not occur at all (e.g., Harper et al., 2002), depending 
on the glacier’s capacity to store or evacuate the infl ux of water. A glacier’s 
dynamic response to increased surface melting in a warming climate can 
therefore be negligible, small and temporary, or large and sustained, with 
substantial implications for sea-level change. Although conceptual models 
for the link between glacier hydrology and dynamics exist, and most have 
at least some observational validation, the inaccessibility of glacier beds 
makes these models uncertain (Harper et al., 2002).

Passive seismic instrumentation has the potential to allow effi cient, 
remote monitoring of some of the key processes that affect glacier dynam-
ics, including those related to the evolution of glacial hydrology. Most 
glacier-related seismicity has been attributed to one of fi ve mechanisms: 
crevassing at the glacier surface (Walter et al., 2009), iceberg calving at 
fl oating margins (Tsai et al., 2008), basal ice fracture (Walter et al., 2010), 
stick-slip sliding (Anandakrishnan and Bentley, 1993; Zoet et al., 2012), 
and hydraulic resonance (Winberry et al., 2009) at the bed. Seismologi-
cal analysis of the signals produced by glaciers helps to constrain these 
source mechanisms, but diffi culty in directly observing the glacier bed has 

prevented independent verifi cation of basal sources and benefi ting from 
the information that accrues from them.

To better constrain the origins of seismicity accompanying basal 
sliding and hydrological routing, we conducted subglacial experiments at 
Engabreen, a temperate outlet glacier of the Svartisen Ice Cap in northern 
Norway (66°40′12″N, 13°47′24″E) that allows direct access to the glacier 
bed. Tunnels in the rock beneath the glacier intersect the glacier bed at 
several locations (intakes) where basal meltwater is captured and routed to 
a hydroelectric power–generating facility. One of these tunnels has been 
reserved for subglacial research (research tunnel RT in Fig. 1) and allows 
direct access to the bed beneath 200 m of sliding, temperate ice. Water 
pumps, hoses, and a water heater are used to create a workspace and make 
measurements in a temporary cavity melted into the basal ice. The rock 
tunnels within the underlying bedrock permit additional instrumentation 
to be deployed within ~7 m of the base of the glacier.

METHODS
Between March 2010 and June 2011, instruments were deployed at 

the base of the glacier in and around the research tunnel to measure basal 
water pressure, bed normal stress, basal shear stress, sliding displacement, 
ice acceleration, seismicity, and acoustic emissions. A brief summary of 

Glacier slip and seismicity induced by surface melt
Peter L. Moore1, J. Paul Winberry2, Neal R. Iverson1, Knut A. Christianson3,4, Sridhar Anandakrishnan4, Miriam 
Jackson5, Mark E. Mathison1, and Denis Cohen1

1Department of Geological and Atmospheric Science, Iowa State University, Ames, Iowa 50011, USA
2Department of Geological Sciences, Central Washington University, Ellensburg, Washington 98926, USA
3Physics Department, St. Olaf College, Northfi eld, Minnesota 55057, USA
4Department of Geosciences, Penn State University, University Park, Pennsylvania 16802, USA
5Norwegian Water Resources and Energy Directorate, NO-0301 Oslo, Norway

GEOLOGY, December 2013; v. 41; no. 12; p. 1247–1250; Data Repository item 2013349 | doi:10.1130/G34760.1 | Published online 16 October 2013

© 2013 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org. 

1000 m

N

RT
intakes

tunnels

D
F

Figure 1. Map of subglacial instrumentation (diamond) in research 
tunnel (RT), subglacial water intakes (circles), subglacial water dis-
charge measurements (D), and rock tunnels (black lines), superim-
posed on shaded digital elevation model derived from 2008 airborne 
laser altimetry. Ice fl ow is from lower right to upper left. Location is 
66°40′12″N, 13°47′24″E. 
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the instruments and methods is provided here; for additional details, speci-
fi cations, and illustrations, see the GSA Data Repository1.

An instrumented rock panel (friction panel) installed fl ush with the 
glacier bed through a vertical access shaft recorded shear and normal 
force on a 0.3-m-diameter circular granite tablet supported by low-friction 
thrust bearings (Iverson et al., 2003; Cohen et al., 2005). Water-pressure 
transducers were mounted at the base of the granite tablet and com-
municated hydraulically with basal water through 10 mm porous discs 
embedded in the granite. Shear stress was measured with custom-built 
vibrating-wire load cells positioned in two orthogonal positions pressing 
against the downglacier edge of the granite tablet. Similar load cells were 
mounted vertically adjacent to the granite tablet to measure normal force 
on the bed. An acoustic emissions (AE) sensor was bonded to the base of 
the upper platen and logged with a dedicated computer system (Cohen et 
al., 2006). Basal motion of the glacier was measured with extensometers 
attached by Kevlar-sheathed cables passing through rock boreholes to pas-
sive anchors embedded within the basal ice or at the ice-bed interface. 
Anchors were either manually embedded in basal ice during installation 
of the rock panel or were left on the glacier bed to be entrained in ice as 
the installation cavity closed due to ice creep.

Broadband seismometers were installed at several locations within 
the subglacial tunnel system, including sites at the base of the rock pan-
el in the vertical shaft area (referred to herein as station VS), along the 
tunnel wall on the opposite side of the tunnel, and in the entrance to the 
horizontal shaft (locations in Figs. DR1 and DR2 in the Data Repository). 
The seismic stations consisted of Guralp 3T sensors connected to Reftek 
RT130 data recorders logging at 500 Hz. Stations were powered by lead 
acid batteries and were installed directly on the fl oor of the tunnel. The 
internal clocks of the data loggers were synced using GPS at the beginning 
and end of the experiment by transporting the units to the tunnel entrance. 
Ultralong-period signals extracted from the 100–35,000 s band were con-
verted to ground tilt following Wiens et al. (2005) and Genco and Ripepe 
(2010) (for details, see the Data Repository).

Water discharge was monitored with gaging stations in the tunnels 
downstream of the subglacial intakes. Changes in discharge through the 
intake tunnel refl ect the meltwater supply, modulated by the hydraulic ca-
pacity of the subglacial drainage system (Lappegard et al., 2006). An auto-
mated weather station recording surface air temperature and precipitation 
was situated on a nunatak 7 km east of the subglacial access.

RESULTS
A 6 day period of above-freezing temperatures, beginning on 8 May 

2011, resulted in a substantial increase in the amount of meltwater delivered 
to the glacier bed (Fig. 2). Prior to 10 May, meltwater discharge through 
the subglacial tunnels was derived mostly from surface snowmelt delivered 
through subaerial intakes (via Fonndalstunnelen; F in Fig. 1). However, be-
ginning on 10 May, water fl ux from the subglacial intakes began to increase 
(Fig. 2). The rate of change in subglacial discharge peaked during events 
on 11 and 16 May, with discharge doubling over the 1 h measurement in-
terval. In each case, ultralong-period seismicity began immediately prior 
to the increase in discharge. Although seismometers are typically used to 
measure deformation associated with the passing of seismic waves, large 
signals in this ultralong-period band are more often associated with ground 
tilt (explained in the following). Tilt derived from this ultralong-period 
seismic signal is shown in Figure 2B (Figs. DR4 and DR7–DR9). These 
coupled hydraulic and tilt events, as well as an analogous one detected on 
15 May 2010, were expressed similarly in instrumental measurements. The 

instrument array was most complete during the event on 11 May 2011, so 
we focus here on results from that event (for data from the other two events 
for comparison, see the Data Repository). 

Instrumental and seismic measurements in the research tunnel on 11 
May 2011 indicate a complex subglacial response to meltwater forcing 
lasting ~2.5 h (Fig. 3). Normal stress and water pressure at the friction 
panel declined rapidly by 200 kPa at ~04:00, reached minimum values at 
05:00, and then began a gradual increase of 400 kPa, reaching a maximum 
in excess of 1800 kPa (local ice overburden pressure) at ~12:00 (Fig. 3A). 
During the initial decline, normal stress that the glacier exerted on the bed 
decreased slightly more than water pressure, resulting in a decline in ef-
fective stress (normal stress minus water pressure).

During the same period, shear stress on the panel exhibited small 
fl uctuations of 1–2 kPa (Fig. 3B). An initial rise in shear stress during the 
decline in water pressure was punctuated by a decrease of 2 kPa in only 5 
min beginning at 04:19, followed by more subdued fl uctuations. Changes 
in the rate of acoustic emissions from the panel correlated strongly with 
these changes in shear stress (Fig. 3C). The most distinct local maxima in 
shear stress and AE rate (04:20 and 06:29) were separated by just more 
than 2 h and bracketed a period when basal water pressure and normal 
stress reached minimum values.

Direct measurements of basal motion indicate that changes in the 
character of basal slip occurred during the interval between 04:20 and 
06:29, but that slip was not abrupt. Displacement of an anchor installed at 
the ice-bed interface was negligible prior to 05:00 and after 06:29. In the 
intervening period, 1 mm of gradual slip was recorded (Fig. 3B).

Changes in seismic activity in both high- and low-frequency ranges 
accompanied the basal water pressure and slip event. Two different as-
pects of the records from station VS are shown in Figure 3D, decomposed 
into discrete high-frequency event rate and ground tilt derived from the ul-
tralong-period band (100–35,000 s). The initiation of the 11 May pressure 
and slip event immediately followed a brief increase in discrete seismic 
events in the 5–40 Hz frequency band (Fig. 3D), a range characteristic of 
slip and fracture processes (e.g., Roux et al., 2008). Analysis of the phase 
relationships between vertical and horizontal channels in these events 
indicates that they were dominated by Rayleigh wave energy (see also 
Fig. DR6). An ultra-long-period tilt signal appearing in horizontal chan-
nels but not in the vertical channel commenced shortly thereafter, coincid-
ing approximately with the initial decrease in water pressure and increase 
in shear stress at the panel (Fig. 3D). A second broadband instrument 10 m 
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Figure 2. Relationship between subglacial water discharge and 
representative long-period seismic record for 8 days in May 2011. 
A: Hourly water discharge from subglacial intakes and its rate of 
change with time, dQ/dt.  Dashed line indicates arbitrary threshold 
rate of change in discharge above which corresponding seismom-
eter-derived ground tilt was measured. B: Ground tilt derived from 
ultralow-frequency seismic records from station 001 in research tun-
nel (site location in Fig. DR1 [see footnote 1]). Melt events on 11 and 
16 May 2011 are indicated by gray boxes.

1GSA Data Repository item 2013349, additional details on instruments and 
methods, ancillary observations and additional data sets, and Figures DR1–DR9, 
is available online at www.geosociety.org/pubs/ft2013.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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away (station 001 in Fig. DR1) showed a similar response (Fig. DR4), in-
dicating that the ultra-long-period signals were not instrumental artifacts. 
Correlations between changes in tilt in this and other events and changes 
in stress and water pressure on the bed indicate a relationship between 
these variables.

DISCUSSION
The basal hydraulic system for a temperate glacier is adjusted to 

prior hydrological conditions (Iken and Bindschadler, 1986; Harper et al., 
2002). When water supply to the bed increases rapidly, water pressure can 
rise in hydraulically connected basal passages and locally lift the glacier. 
Uplift allows pockets of overpressurized water access to other portions of 
the bed and can lead to opening of new passages for more effi cient evacu-
ation of water. This process can transiently alter the balance of forces at 
the glacier bed and increase sliding velocity in a process termed hydraulic 
jacking (Iken and Bindschadler, 1986).

The basal stress and water pressure measurements are consistent 
with the expected mechanical response to meltwater forcing in a region of 
the bed that is initially unconnected to the active basal hydrological sys-
tem. When pressurized water in adjacent cavities lifts the ice, local water 
pressure and normal stress in an unconnected portion of the bed decline 
until water invades and pressurizes the gap created by the uplift (Murray 
and Clarke, 1995; Lappegard et al., 2006).

The initial rise and abrupt decline in shear stress on the friction panel 
during declining effective stress are unexpected in a frictional system at 
limiting equilibrium (e.g., rock debris embedded in basal ice frictionally 
sliding over clean bedrock; Iverson et al., 2003). However, these fl uctua-
tions in shear stress can be explained by temporary mobilization of an 
otherwise static layer of sediment that divided ice from the friction panel; 
such a debris layer has been occasionally observed at the bed during in-
strument installation (Fig. DR3C).

The temporal evolution of the AE rate and the magnitude-frequency 
distribution of acoustic events (as characterized by the power-law slope 
of this distribution, or the b-value) are also consistent with frictional slip 
during this period (Fig. 3C). Prior experimental results for sliding on 

rock interfaces indicate that mounting stress toward failure of an initially 
locked interface is characterized by a large increase in the AE rate and a 
corresponding decrease in b-value (Lei et al., 2004). Rupture and slip of 
the stressed interface then cause a rapid decline in AE rate and gradual 
increase in b-value, consistent with our panel measurements.

Despite strong evidence for activation of local frictional slip by hy-
draulic jacking, there was no seismic expression consistent with stick slip 
at station VS, 4 m below the friction panel, or at any other seismometer 
(the lack of seismicity attributable to stick slip is a conspicuous result, 
but requires a detailed analysis that is beyond the scope of this paper). 
The discrete high-frequency events were dominated by Rayleigh wave 
energy, indicating an origin at or near the glacier’s free upper surface (see 
Fig. DR6). These observations are consistent with well-documented char-
acteristics of crevasse opening and propagation sources (Mikesell et al., 
2012). The peak in event rate just prior to the onset of the water pressure 
and slip episode thus may refl ect enhanced crevasse opening, possibly al-
lowing delivery of surface meltwater to the bed.

The seismometer-derived tilt shown in Figure 3D (also see similar 
traces in Figs. DR4, DR7, and DR9) is reminiscent of that recorded by 
broadband seismometers on volcanoes and validated with independent 
tiltmeter measurements (Wiens et al., 2005; Genco and Ripepe, 2010). 
Like those measurements, the ultra-long-period signals we observed ap-
peared in both of the seismometers’ horizontal channels, but were es-
sentially absent in the vertical (Fig. 3D). The simultaneous appearance 
of these signals in multiple stations beneath Engabreen and their close 
association with each of the major melt events indicate that they are an 
essential feature of these events. Our interpretation is that these tilt events 
represent ground deformation due to local changes in the force distribu-
tion applied to the bed by the glacier and its hydraulic system. Deforma-
tion of the rock bed due to the opposing force of pressurized water pushing 
on the glacier sole is an expected consequence of the jacking process.

SUMMARY AND CONCLUSIONS
The subglacial seismic and instrumental measurements during the 

morning of 11 May 2011 (and similarly on 16 May 2011 and 15 May 
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Figure 3. Subglacial 
measurements of water 
pressure, stress, acous-
tic emissions, and seis-
micity during subglacial 
water discharge event on 
11 May 2011 (times are 
local, Greenwich Mean 
Time +2). A: Effective 
(Eff.) normal stress (blue) 
and water pressure (red) 
on rock panel. B: Shear 
stress on rock panel 
(green) and slip displace-
ment (Displ.) measured 
at bed ~2 m down-glacier 
(west) from panel (or-
ange). C: Acoustic emis-
sions (AE) from rock 
panel. AE rate (gray, hits 
per minute that exceeded 
40 dB threshold) and AE 
b-value (right axis) com-
puted over moving 1000 
hit window (black cir-
cles). D: Characteristics 
of broadband seismic 
record from station VS 
(vertical shaft area sta-
tion; location in Fig. DR1 [see footnote 1]). Gray bars indicate number of discrete events per 10 min window detected by short-term average/
long-term average triggering in 5–40 Hz passband (right axis). Black and purple lines are vertical and east-west components of tilt derived 
from ultralong-period seismic measurements at station VS.
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2010) are consistent with the following conceptual model of water-sup-
ply–driven adjustment of the basal hydraulic system at the onset of the 
melt season. When water introduced to the glacier bed from the surface 
overwhelmed the existing system of linked basal cavities, cavity pressur-
ization and hydraulic jacking activated enhanced basal slip, locally mo-
bilizing sliding on a frictional interface and enlarging cavities. Although 
small, the brief acceleration associated with jacking must have been ac-
companied by a change in force distribution on the bed, manifested here 
as seismometer-derived tilt signals. Enhanced slip ceased when the basal 
hydraulic system, expanded by cavity growth or ice uplift, was able to 
reduce cavity overpressurization, thereby terminating jacking.

The seismic expression of these melt-driven events is complex and 
contains a long-period tilt signal not previously recognized in glacial 
settings, attributed here to hydraulic jacking. While the process of hy-
draulic jacking has been modeled and inferred on hard-bedded glaciers 
elsewhere from measurements of basal water pressure and ice surface 
velocity (e.g., Iken and Bindschadler, 1986), the measurements present-
ed here offer further observational evidence and glaciological context 
for its identifi cation in seismic and instrumental measurements. Future 
use of broadband seismometers to record ground deformation, in addi-
tion to elastic waves, could help illuminate hydrological controls on the 
dynamics of other glaciers.

Our subglacial observations further illustrate how, in circumstances 
like those observed at Engabreen, temporary enhancement of basal slid-
ing and ice-bed separation can become self-arresting when the consequent 
changes to cavity volume and connectivity allow the excess water to estab-
lish a more effi cient passage through the system. Although the tendency 
for sliding speed to respond to meltwater input depends strongly on the 
rate of meltwater supply (e.g., Bartholomew et al., 2012), the ability of 
a glacier to arrest meltwater-driven slip once initiated must be a complex 
function of continued meltwater supply and bed geometry, as well as an-
tecedent hydrological conditions.
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