€5 \ British
BE5) Geological Survey

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

Seismic Monitoring of Inundation
of the Glendoe Hydro Scheme
Reservoir

Earth Hazards Programme
Open Report OR/12/062






BRITISH GEOLOGICAL SURVEY

EARTH HAZARDS PROGRAMME
OPEN REPORT OR/12/062

Seismic Monitoring of Inundation
of the Glendoe Hydro Scheme
Reservoir

The National Grid and other R Luckett and B Bapue
Ordnance Survey data are used

with the permission of the
Controller of Her Majesty’s
Stationery Office.

Licence No: 100017897/ 2013
2012,

Keywords
Induced seismicity.

National Grid Reference

SW corner 244000,802000
Centre point 246000,803500
NE corner 248000,805000

Bibliographical reference

LUCKETT, R, BAPTIE, B.
20132012, Seismic monitoring
of inundation of the Glendoe
hydro scheme reservoir. British
Geological Survey Open Report,
OR/12/062. 1746pp.

Copyright in materials derived
from the British Geological
Survey’s work is owned by the
Natural Environment Research
Council (NERC) and/or the
authority that commissioned the
work. You may not copy or adapt
this publication without first
obtaining permission. Contact the
BGS Intellectual Property Rights
Section, British Geological
Survey, Keyworth,

e-mail ipr@bgs.ac.uk. You may
quote extracts of a reasonable
length without prior permission,
provided a full acknowledgement
is given of the source of the
extract.

Maps and diagrams in this book
use topography based on
Ordnance Survey mapping.



© NERC 20132012, Al rights Keyworth, Nottingham British Geological Survey 2013
reserved 29; 2



BRITISH GEOLOGICAL SURVEY

The full range of our publications is available from BGS shops at
Nottingham, Edinburgh, London and Cardiff (Welsh publications
only) see contact details below or shop online at
www.geologyshop.com

The London Information Office also maintains a reference
collection of BGS publications, including maps, for consultation.

We publish an annual catalogue of our maps and other
publications; this catalogue is available online or from any of the
BGS shops.

The British Geological Survey carries out the geological survey of
Great Britain and Northern Ireland (the latter as an agency
service for the government of Northern Ireland), and of the
surrounding continental shelf, as well as basic research projects.
It also undertakes programmes of technical aid in geology in
developing countries.

The British Geological Survey is a component body of the Natural
Environment Research Council.

British Geological Survey offices

BGS Central Enquiries Desk
Tel 0115936 3143
email enquiries@bgs.ac.uk

Fax 0115936 3276

Kingsley Dunham Centre, Keyworth, Nottingham NG12 5GG

Tel 0115936 3241 Fax 0115936 3488
email sales@bgs.ac.uk

Murchison House, West Mains Road, Edinburgh EH9 3LA

Tel 0131667 1000 Fax 0131 668 2683
email scotsales@bgs.ac.uk

Natural History Museum, Cromwell Road, London SW7 5BD

Tel 020 7589 4090 Fax 020 7584 8270
Tel 020 7942 5344/45 email bgslondon@bgs.ac.uk

Columbus House, Greenmeadow Springs, Tongwynlais,
Cardiff CF157NE

Tel 029 2052 1962 Fax 029 2052 1963

Forde House, Park Five Business Centre, Harrier Way,
Sowton EX2 7THU

Tel 01392 445271 Fax 01392 445371

Maclean Building, Crowmarsh Gifford, Wallingford
0OX10 8BB

Tel 01491 838800 Fax 01491 692345

Geological Survey of Northern Ireland, Colby House,
Stranmillis Court, Belfast BT9 5BF

Tel 0289038 8462 Fax 028 9038 8461

www.bgs.ac.uk/gsni/

Parent Body
Natural Environment Research Council, Polaris House,
North Star Avenue, Swindon SN2 1EU

Tel 01793 411500 Fax 01793411501
www.nerc.ac.uk

Website www.bgs.ac.uk
Shop online at  www.geologyshop.com




Foreword

This report is the published product of a study by the British Geological Survey (BGS) . It
describes an experiment to monitor possible induced seismicity at the largest reservoir to be
impounded in Britain for decades.
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Summary

Impoundment of reservoirs is known to sometimes cause earthquakes. At Glendoe in the Scottish
Highlands the first large-scale hydro-electric power station to be built in the UK in almost 50
years was built in 2007/2008. In May 2008, a small network of seismometers was installed around
the area due to be flooded at Glendoe to monitor any possible seismicity and these stations were
maintained for a year after impoundment. Although a number of local earthquakes were recorded
with good signal to noise ratios, no seismicity was recorded that can be attributed to the reservoir.
This is perhaps because the dam is low, with a maximum water depth of 35m, whereas most
reservoir induced seismicity has been observed at dams with water depths of over 100m.



1 Introduction

A small array of seismometers was deployed to monitor possible induced seismicity associated
with filling of the reservoir behind a new hydroelectric dam at Glendoe. It is well established that
filling large reservoirs can trigger earthquakes (Talwani, 1997). Such induced seismicity often
occurs soon (between a few days and a year) after the reservoir reaches its maximum depth.
Impoundment of a reservoir can trigger seismicity in two ways, an immediate response to loading,
and a delayed response due to the diffusion of pore pressure (Rajendran and Talwani, 1992;
Simpson et al., 1988). The first case is the most obvious with events occurring while reservoirs
are filled or soon after. These earthquakes tend to be directly beneath the reservoir or very close.
The second type of seismicity can continue for years and may be related to changes in water level
in the reservoir (Simpson and Negmatullaev, 1981) . These earthquakes can occur up to 10 km
from large reservoirs. Statistical analysis of reservoirs worldwide (Baecher and Keeney, 1982)
has shown that depth is the most important parameter when assessing the likelihood of reservoir
induced seismicity. This study suggests that the chance of seismicity being induced by a
reservoir only 35 m deep is negligible. However, they mainly consider earthquakes large enough
to be widely recorded or felt, rather than small events that can only be detected by a network local
to the reservoir. An example of a shallow (31 m) reservoir that was closely monitored is that at
Acu Dam in Brazil (Ferreira et al., 1995). Here monitoring started some years after the reservoir
was impounded but many small events were detected. This reservoir, however, has a volume 200
times greater than the reservoir at Glendoe.

In May 2008, a small network of four seismometers was installed around the area due to be
flooded at Glendoe to monitor any changes in background seismicity and investigate the
occurrence of any events induced by the impoundment of the reservoir. These stations were
maintained for a year after impoundment. In this report, continuous data recorded on the four
seismometers are analysed in order to detect any events and determine their locations and other
characteristics.

The Scottish and Southern Energy Glendoe Hydro Scheme is the first large-scale conventional
hydro-electric power station to be built in Scotland for almost 50 years. A dam built across the
river Tarff 600m above Loch Ness forms a reservoir 900 m by 1800 m at its maximum extent.
Water from an area of 15 square kilometres drains naturally into the reservoir and a system of
underground pipes and tunnels gathers water from an additional area of 60 square kilometres in
the surrounding hills. Up to 12 million cubic metres of water are stored, depending on operation
of the power station. The dam is long and low, with a length of 960 m and a maximum height of
35 m for a short stretch in the river valley. The power station is housed about 6 km from the
reservoir in a cavern 250 m below ground level. Work on the reservoir began in August 2006, and
the dam was completed in September 2008, when impoundment started. The reservoir was full by
early December 2008, when power generation began. Figure 1 shows the dam before and after
impoundment.



Figure 1: View of the reservoir from site GQUA in May 2008 and in May 2009.
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Figure 2: The locations of the four temporary seismic stations. Glendoe reservoir is shown at
its approximate high water level.

2 Network Deployment

The network was installed over two days on May 13" and 14™ 2008. Four stations were deployed
(Figure 2): one three component, broadband instrument and three single component, short period
instruments. The broadband station was situated near to the viewing platform above the dam and
was given the code GVIE. Here, a Nanometrics Trillium 240 seismometer, with a lower corner
period of 240 seconds, was installed alongside a Nanometrics Taurus digitiser. The sampling rate
was set to 200 Hz, giving an upper usable frequency of 100 Hz. At the other three sites, Geotech
S-13J seismometers were installed. These are single vertical component instruments with a lower
corner frequency of 1 Hz and were digitised at 200 Hz using Reftek 310-01 digitisers. At all the
sites, power was provided by solar panels and batteries. Data were stored on the digitisers’ flash
memory and downloaded on regular maintenance trips. The co-ordinates of the stations are given
in the appendix. The short period stations were removed in spring 2010 after being without power
over the winter. GVIE remained to contribute to the national network as there is no other station
close by. However, it is not ideal for this purpose as there are no communications and data need
to be downloaded periodically. At some point in the future a new permanent site will be installed
nearby and GVIE will be decommissioned.



2008 2009
May Jun Jul Aug Sep Oct NovDec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Deg

GVIE
GPIP

GQUA
GTRA

Table 1: Weeks when each station was functioning.

Table 1 shows when each station was working. As can be seen, there were problems with all of
the short period sites from the start of the first winter onwards. This was largely due to the
combination of bad weather and solar panels (Figure 3) although problems with the Reftek
digitisers were also an issue.

Figure 3: Solar panel at GVIE in December 2008. The solar panel here was cleared but the
other three sites were unreachable and so remained without power until the new year.

3 Processing

The algorithm used to detect events is the same as that used in the Earthworm acquisition package
(Johnson et al., 1995). First the traces were filtered between 1 Hz and 25 Hz to remove noise
outside of the range of the signal. Then at each station a 1 second, short-term average (STA) of
the trace is calculated and 100 of these STAs are averaged to get the long-term average (LTA). In
addition to these two “straight' averages, there are corresponding rectified averages. The short-
term rectified average (STAR) is taken from the absolute value of the difference between the trace



and the LTA, averaged for one second. The long-term rectified average (LTAR) is the 100 second
average of STAR.

These four averages are combined to determine the station trigger status:
eta=STAR -ratio* LTAR - | STA-LTA | - quiet

If eta is greater than 0.0, the station is considered triggered. The constants ratio and quiet were
set using local earthquakes recorded on the Glendoe stations, as well as on other stations of the
BGS network. Values were found that allowed the stations to trigger on the local events but
which minimised the number of false triggers in the same day. Different values were needed for
each site:

e GVIE ratio=3.0,quiet=5.0

e GPIP ratio = 2.5, quiet = 3.0

e GQUA ratio=3.0,quiet=5.0

e GTRA ratio=3.3, quiet=5.0

At times when three or four stations were operating the condition was then applied that at least
two of the stations should trigger within the same 10 second window. These network triggers
were then looked at by eye. When only one or two stations were working every station trigger for
GVIE was checked by eye.
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Figure 4 Contributing stations of the permanent BGS network that were used to refine
locations made by the Glendoe network.



4 Results

A search was made for events between 1% September 2008, the month when impoundment started,
and the end of October, 2009. For those periods when three or four stations were operating, 77
network triggers were detected. These triggers were all examined and those which were due to
noise or known local earthquakes (of which there were ten) were discarded. For those periods
when only one or two stations were working 359 single station triggers on GVIE were
investigated. These were almost all noise, often concentrated into short time periods when,
presumably, work was being done to the road or viewing platform near the site. Of all of these
events only two were earthquakes which were not already in the BGS database. Continuous data
for other BGS stations in Scotland were examined at these times and in both cases small signals
were observed at some of the nearest sites. Arrival times were picked at the Glendoe stations and
any other useful sites and locations made using the standard BGS location software, hypoinverse-
2000 (Klein, 2002). The waveforms and locations are included as an appendix.
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Figure 5: Location of earthquakes detected by the Glendoe network that were not detected
by the National network.

The two locations are 16 km northeast of the dam and 6 km to the northwest. The ML1.2 January
2009 event is too far away to have anything to do with the dam and simply shows that the BGS
network in Scotland is not yet dense enough to detect events of this size everywhere. The ML1.3
June 2009 event is close to the reservoir but is near the surface and within a kilometre of the
cavern under the mountain between the dam and Loch Ness, where the power station is situated. It
seems much more likely that this earthquake is associated with stress changes caused by the
excavation of the cavern than by the water in the reservoir.



5 Conclusions

An array of four seismometers was installed around the area due for inundation as the reservoir
for a new power station at Glendoe. This was done to monitor for possible induced seismicity as
the reservoir was impounded or soon afterwards. The network was left in place for over a year
after the reservoir was full but no induced seismicity was observed. A detection threshold was
estimated by measuring an average maximum noise amplitude at GVIE for October 2008. If the
single station trigger at GVIE is assumed to detect any signal of amplitude greater than 5 times
this noise amplitude then any earthquake of magnitude 0.5 ML or greater would be detected
within 15 km. This is a conservative estimate and at most times smaller events would be detected.
The lack of seismicity is probably due to the shallowness of the reservoir, which, despite its size,
is only 35 m deep at its deepest point.
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Appendix

Event files in Nordic format (Havskov and Ottemoller, 2005) and trace plots for the earthquakes
located by the Glendoe network .
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Co-ordinates of the stations deployed around Glendoe resevoir:

GPIP 57° 5.68' N 4° 30.66' W 649m
GQUA 57° 5.42" N 4° 33.00' W 644m
GTRA 57° 6.06" N 4° 32.14' W 618m
GVIE 57° 6.06" N 4° 33.57' W 663m
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