
Since the distances between sites are short (< 1.5 km) and relative measurements between 
points are used, a quasi-stationary ice shelf can be assumed where differential tidal motion and 
atmospheric variations between sites are assumed negligible, i.e. common systematic effects are 
removed. With the underlying uniform motion of the ice shelf across the network removed, any 
remaining relative movements between network points can then be interpreted as strain. The 
strain rates are determined according to the procedure outlined by [1].

Maximum principal strain rates are of the order of 6-32 [x 10-3/yr] across the network, with two 
extremes of 87 and 97 [x 10-3/yr] in the two ‘sliver’ triangles, which are anchored on both sides of 
the rift tip and include the short across-rift tip baseline T2S1-T2N1. Minimum principal strain rates 
are about 1-17 [x 10-3/yr]. The orientation axes and magnitudes of the principal strain rates within 
the network are illustrated in Fig. 3.

In agreement with the 2005/06 results [2], triangles spanning the rift are generally characterised 
by maximum principal strain axes aligned normal to the rift (approx. longitudinal-to-flow), while 
triangles anchored entirely on one side of the rift generally exhibit maximum principal strain rates 
aligned parallel to the rift (approx. transverse-to-flow). This indicates that longitudinal-to-flow 
strain can be largely accounted for by rift opening. A rotation in the direction of the maximum 
principal strain is evident around the rift tip, which may be related to the rotation of the Loose 
Tooth as a whole as the T2 rift lengthens and the L1 rift widens.

It was determined that the T2 rift tip propagated only ~1 km in two years, significantly less than 
the previously reported rate of ~1.5 km/yr [3], suggesting a slowing down of rift propagation. 
Further evidence for this slowing down trend has recently been presented and accredited to 
either the rift propagating through existing fractures and shear bands within a suture zone 
(formed by two ice streams merging upstream) which causes a decrease in stress at the rift tip or 
the rift propagating into a thicker band of marine ice [2].
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INTRODUCTION
The majority of mass lost from the Antarctic ice sheet takes place at the fringing ice shelves via 
iceberg calving. Iceberg calving is controlled by the initiation and propagation of large scale rifts 
(fractures that penetrate through the entire ice shelf thickness), which precede large tabular 
iceberg detachment and can lead to ice shelf break-up.

Our study area is the Amery Ice Shelf (AIS), East Antarctica (Fig. 1), where we have observed an 
active rift system using a network of GPS stations. The Loose Tooth rift system is located at the 
front of the AIS and encompasses an area of about 30 km by 30 km, an area that will likely calve 
and produce a relatively large iceberg in the future. It consists of two longitudinal-to-flow rifts 
(denoted L1 and L2) and two transverse-to-flow rifts (denoted T1 and T2) (Fig. 2).

Fig. 2: Loose Tooth GPS network (2004/05).

A GPS network of 11 sites, situated around the tip of the T2 rift, was observed over three weeks 
during the 2004/05 Antarctic summer period (18 Dec – 9 Jan). The GPS data were processed in 
daily (24-hr) sessions with the Leica Geo Office version 5.0 software, using IGS precise 
ephemerides and full antenna phase centre variation models. The Saastamoinen model was 
applied to account for the tropospheric delay, while an ionosphere model was computed from the 
reference station data of each baseline.
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CONCLUSIONS
This study is one of a few field projects investigating an active ice shelf rift system and thereby 
contributing to a better understanding of ice shelf rift processes. Here, the strain rate distribution 
in close proximity to the tip of a propagating rift system on the Amery Ice Shelf has been 
determined using in-situ GPS observations. Transverse-to-flow strain rates generally exceed 
longitudinal-to-flow strain rates, with some notable exceptions in triangles anchored on both sides 
of the rift. Evident changes in the strain distribution can mostly be attributed to the GPS sites 
straddling existing longitudinal-to-flow fractures and the episodic movement of the rift tip. Results 
also confirm the trend that the T2 rift propagation is currently slowing down, the rift having only 
propagated by ~1 km in two years, between the Antarctic summer seasons of 2002/03 and 
2004/05.

Analysis of the GPS network using a cumulative sum (CUSUM) approach, obtained by 
differencing a pair of residual baseline time series situated approximately normal and parallel to 
the rift, is found to be an effective method to detect small baseline length changes. Simulation 
shows that using first differences (between successive epochs) as input, rather than the original 
baseline lengths, produces clear peaks or jumps in the CUSUM time series when a sudden 
change in baseline length occurs. This is confirmed by the results obtained from the 2004/05 
GPS data, reliably identifying a jump in the baseline length time series.

ACKNOWLEDGEMENTS and REFERENCES
GPS data collection was supported by the Australian Government Antarctic Division through an 
Australian Antarctic Science grant to the second author (#2338). Work at the University of 
Tasmania was supported by an IRGS grant (J0015638) to the first author and an ARC Discovery 
grant (DP0666733) to the second author. Satellite imagery was kindly provided by Neal Young 
(Antarctic CRC and Australian Government Antarctic Division).

1.   Brunner FK, Coleman R and Hirsch B 1981. A Comparison of Computation Methods for Crustal Strains
from Geodetic Measurements. Tectonophysics, 71, 281-298.

2.   Bassis JN, Fricker HA, Coleman R, Bock Y, Behrens J, Darnell D, Okal M and Minster JB 2007. Seismicity
and Deformation Associated with Ice-Shelf Rift Propagation. Journal of Glaciology, 53(183), 523-536.

3.   Fricker HA, Young NW, Coleman R, Bassis JN and Minster JB 2005. Multi-year Monitoring of Rift
Propagation on the Amery Ice Shelf, East Antarctica. Geophysical Research Letters, 32(2), L02502.

4.   Iz HB 2006. Differencing Reveals Hidden Changes in Baseline Length Time-Series. Journal of Geodesy, 
80, 259-269.

Cumulative sum (CUSUM) charts are a graphical method of change point detection and can be 
used to reveal subtle changes in baseline time series [4]. Forming the difference of two baselines 
that share a common site reduces common systematic errors and thereby allows the detection of 
small changes with better signal-to-noise ratios. If the two baselines run approx. parallel and 
perpendicular to the expected deformation, any hidden changes in the time series can be 
detected, although these changes will be reduced in magnitude as any common signal is 
removed in the difference. 

In practice, after removing any linear trends and periodic variations from the baseline length time 
series, the resulting residuals are used as quasi-observations for further analysis. Any sudden 
change in the slope of the CUSUM indicates a shift in the mean, i.e. a jump in baseline length. 

Several cases were investigated in a simulation, including a uniform linear trend in baseline 
length, a change of the linear trend in a particular epoch, a change of the linear trend including a 
jump in baseline length, a linear trend changing to a constant baseline length, a linear increase-
then-decrease situation, and a jump with constant baseline lengths on either side (Fig. 5a).

If first differences (between successive epochs) are used as input rather than the original 
baseline lengths proposed by [4], any sudden change in slope of the CUSUM (here between 
days 13 & 14) appears as a clear peak or jump (Fig. 5b). However, potential difficulties in 
distinguishing a jump from a peak are also evident.
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Fig. 5: CUSUM simulation: (a) cases investigated and (b) selected results.
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Transverse-to-flow strain rates generally exceed 
longitudinal-to-flow strain rates, with the obvious 
exception of the two ‘sliver’ triangles and the situation 
behind the rift tip. These findings are in general 
agreement with results obtained during the following 
2005/06 Antarctic summer season, using an almost 
identical network configuration [2].

When analysing strain rates determined using 4-day 
averages, changes in strain rate distribution are evident 
through both variations in axis orientation (up to 30°) 
and in magnitude (up to 50% in some cases). These 
changes are most likely caused by the movement of 
existing longitudinal-to-flow fractures (see Fig. 2), 
spaced about 300-400 m apart, and the episodic 
movement of the rift tip.

Several baseline pairs of the 2004/05 Loose 
Tooth GPS network are analysed using the 
CUSUM technique. A known jump in baseline 
length across the rift tip on day 9, inferred 
from seismic data collected at the sites [2], 
can be reliably detected as a peak on day 8 in 
all (but one) pairs containing an across-rift tip 
baseline (Fig. 6). These results show that the 
CUSUM technique is an effective method to 
detect small baseline length changes.  

Other peaks are visible, possibly attributable 
to fractional movements in longitudinal flow 
lines and across-rift jumps, but at this stage no 
conclusive statement can be made due to the 
limited number of baselines available. In order 
for a jump to be reliably determined, it needs 
to be present in multiple baseline pairs. 

In order to investigate possible changes in rift fracture 
mechanics between field seasons, the earlier 2002/03 
summer season results are combined with, and 
compared to, the strain rates obtained in 2004/05. 
Considering ice shelf flow and rift propagation between 
field seasons, both networks are referenced to the rift tip 
(Fig. 4), however, obviously referring to different parts of 
the ice shelf.

In the 2002/03 summer season, a sparser 6-station 
network with baselines < 5 km was deployed for 46 days 
(8 Dec – 23 Jan). Principal strain rates were of the order 
of 2-21 [x 10-3/yr] across the network, generally smaller 
than in 2004/05. Transverse-to-flow strain rates 
exceeded longitudinal-to-flow strain rates, with the 
exception of a balanced situation in front of the rift tip. 
Maximum principal strain rates were generally smaller at 
the front of the tip, compared to the situation on either 
side of the rift. 

Fig. 3: Strain distribution (2004/05).

Fig. 6: CUSUM results (2004/05).
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Fig. 4: Combined 2002/03 and 2004/05 
networks, relative to rift tip.

Fig. 1: Amery Ice Shelf        
(image courtesy of NASA/ 

Goddard Space Flight Center). 


