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Abstract

Since 1997, two quartz tube strainmeters at the Geodynamic Observatory Moxa, located 30 km south of Jena, are used to obser
long-period horizontal deformation signals. Both strainmeters are 26 m long with orientations NS and EW and are installed in
a gallery. To this system a third component was added in 1999, which connects the ends of the quartz tubes diagonally. This
component is realised as a laser strainmeter, running through a 38 m long horizontal borehole. The first data analyses show hig
signal-to-noise ratios for the tidal frequencies and also the free oscillations caused by the Sumatra earthquake in December 20C
are clearly detectable.

It can be shown that the quartz strainmeter extending in EW direction generally contains significant more noise induced by
barometric pressure than the NS-component. The laser strainmeter record shows strong influences of changing barometric pressu
due to the fact that the beam does not run in a vacuum. This influence is reduced in the higher frequencies by sealing the ends ¢
the horizontal borehole with high quality glass. In addition, the observations are clearly temperature dependent and the influence o
rainfall could be verified by two irrigation experiments.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Regarding the observation of the deformation of the Earth crust and the global Earth strainmeters are the mos
important sensor systems besides gravimeters and tiltmeters. The deformation of the solid Earth due to tides and th
normal modes after big earthquakes are detectable as well as local deformations, which can be caused by local tectoni
or environmental variations.

The strainmeters are “classically” constructed as quartz or invar wire extensometers and are installed in galleries o
caves, but also laser based systems are more and more deployed. Representatively for recent strainmeter developme
and installations we refer to papersAgnew and Wyatt (1989)lakemoto et al. (1993, 1998)avydov and Dolgikh
(1995) Gomberg and Agnew (1996Amoruso et al. (1998)0noue et al. (2001 Kopaev and Milyukov (2002and
Latynina and Vasil'ev (2003)

In the years from 1996 to 1999 the observatory Moxa was reconstructed, renewed and extended from the origina
seismological station to a geodynamic broadband observataty €t al., 2001 For the seismic frequencies the low
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Fig. 1. Overview of the Geodynamic Observatory Moxa with location of the two quartz tube strainmeters and the laser strainmeter.

noise level at Moxa site was well knowiKl{nge and Teupser, 1988This was confirmed also for the long (e.g.
Earth tides) and the very long periods (polar motionKsgner (2002)andKroner et al. (2004)The strainmeters are
part and parcel of the Geodynamic Observatory Moxa. The optimisation of the installation inside the gallery and the
identification of disturbing influences as well as their reduction are still the main objectives of the ongoing research

Fig. 2. Installation of the laser strainmeter in the EW gallery, consisting of the control unit, the laser and the laser gun in front of the horizontal
borehole.
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Fig. 3. Sealing of the horizontal borehole: (a) the data show an amplified level of high frequency noise, which is also visible in the spectrum, and (b)
sealing the borehole improves the signal-to-noise ratio significantly as can be seen in the time series and the spectrum; 5-day long data examples

because strainmeters are one of the most sensitive instruments regarding these two issues. This paper is dealing w
these points.

2. Strainmeter installations at the Geodynamic Observatory Moxa

The Geodynamic Observatory Moxa was put into operation in 1964, purely under seismological aspects. Two
guartz tube strainmeters, which are orientated parallel to NS and EW, were included but they were used only as strai
seismographs until the 1990s. Both strainmeter components consist of 2 m long quartz tube segments, flanged togeth
and suspended on Wolfram wires. Each end of the 26 m long strainmeters is deep seated with the underground; at tt
other ends at the elbow of the galleifyig. 1) inductive distance sensors (Hottinger) are attached. They observe the
motion of the “free” end of the strainmeters in relation to a fixpoint. The measurement range is 0.2 mm with a dynamic
range of 20 bit. The distance changes, e.g. due to the tidal caused deformation of the hill, can therefore be observe
with a resolution in the subnano-range. The gallery is surrounded by schist of Lower Carboniferous, which means
compact consolidated rocks, riddled with clefts.

Since 1997 the two quartz tube strainmeters are connected to the permanent monitoring equipment of Moxa obsel
vatory. The system was supplemented by a third horizontal component in MarchFi§99 (In cooperation with the
company SIOS, limenau, Germany, a laser strainmeter was installed, running through a 38 m long horizontal borehol
(Figs. 1 and 2but, due to the high complexity and high costs the laser beam is not running through vacuum. Its ends

Table 1
Noise in the tidal diurnal, semi-diurnal, terdiurnal and quarter-diurnal bands given by the Fourier-spectra of the residuals: due to ttomimstallati
the deepest part of the gallery the NS strainmeter shows the lowest noise level

Frequency intervals [cpd] Noise
Laser strainmeter [nstrain] Quartz NS strainmeter [nstrain] Quartz EW strainmeter [nstrain]
0.800-1.193 0.3244 0.1212 0.2383
1.733-2.127 0.1809 0.0683 0.1113
2.800-3.193 0.0786 0.0604 0.0612
3.800-4.193 0.0570 0.0478 0.0430

0.01-6.0 (white noise) 0.0888 0.0357 0.0656
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“connect” the fixed end points of the quartz tube strainmeters. The laser is based on the principle of the Michelson
inferometer and the laser strainmeter consist of a stabilised He—Ne laser with a wave length of 633 nm. The resolutic
of the installation in Moxa is 1.24 nm (SIOS, personal communication). The technical realisation of the laser equipmen
and the data acquisition under conditions of high humidity and low temperature were a challenge because the electror
and optical components usually are not designed for these conditions.

3. Data

The data of all three strainmeters are sampled with intervals of 10s. Temperature changes are monitored at thr
sites inside the horizontal borehole and an additional barometric pressure sensor records changes at the end poin
the laser beam. As a pure instrumental effect, due to fact that the laser beam is running through the air, the laser stre
signal depends strongly on local barometric pressure fluctuations which result from changes in the refraction index c
the air in the borehole. A significant improvement of the signal-to-noise ratio could be achieved by sealing the ends ¢
the horizontal borehole with glass. The data examplegn3shows an amplified level of high frequency noise, which
is significantly reduced after the sealing of the borehBlg.(3a and b). This effect is clearly discernible in the spectra
of a 5-day long record before and after sealing: the noise of frequencies higher than 2 cph is reduced by about or
order of magnitude. Unfortunately, the laser strainmeter recording was interrupted, due to a failure in the electroni
control unit, just at the time of the big Sumatra earthquake on December 26, 2004 and the following days.
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Fig. 4. Free modes of the Earth, due to the Sumatra earthquake on December 26, 2004. The spectra are calculated for 2 days after the earthqu
begin at 6 UT.
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Fig. 5. Temperature inside the gallery. Since November 2001 after the reconstruction work was finished the temperature is-€oh3@jra\(er
the year, due to the cover of about 35 m. Spikes are due to unblocking the entrance of the gallery.
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Fig. 6. Barometric pressure changes on November 19, 2004 (lower curve): both quartz tube strainmeters are significantly affected by the barometri

pressure event. An increase of the

strainmeter values means a compression of the surrounding rocks.
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But this event and in particular the following free modes were observed by both quartz tube strainmeters with signif:
icant signal-to-noise ratio${g. 4). The spectra of the free modes clearly demonstrate the necessity of reducing noise
in this frequency band. As only a few number of strainmeters exist in Mideurope, e.g. at the Black-Forest-Observatory
at Walferdange observatory or at the observatory in Sopron, these observations are of particular importance.

The tidal analyses were carried out for 13 main tidal constituents and the barometric pressure using the same :
months of data (September 13, 2001-July 16, 2002) for all three strainmeter components. The noise was estimated by
Fourier-spectra of the residuals resulting from the tidal analysis. The comparison of the three strainmeter componen
shows the highest noise level for the laser strainmdgdslé 1), which is due to the fact that the sealing of the horizontal
borehole was carried out only in February 2002. Therefore, the improved installation and the reduced noise level al
applied only for the second part of the analysed data set of the laser strainmeter. Due to the installation in the deepe
part of the gallery the NS strainmeter shows the lowest noise level. For the diurnal and semi-diurnal frequencies th
EW strainmeter is about twice as much influenced by environmental noise sources as the NS strainmeter.

4. Environmental influences

The comparison of the strainmeter recordings with strain data of other observatories shows that we have to consid
significant environmental influences on the strainmeters due to the instrument site.

Inside the gallery the environmental conditions are very stable regarding the temperature: due to the cover of abol
35 m with rock the temperature of 86 is constant over the year with changestff.1°C. These stable conditions
are achieved since November 2001 after the reconstruction works inside the gallery were fiRighBd KHowever,
barometric pressure changes influence all three strainmeters, which is clearly shown by the data example shown
Fig. 6. On November 19, 2004 a strong barometric pressure event was observed atfigoalower curve). Both
quartz tube strainmeters show an additional signal, as often also in this case the EW strainmeter (upper curve) is mc
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Fig. 7. Temperature changes on January 3, 2005 (lower curve): a temperature disturbance of about 1 h (opening of gallery door) causes an additio
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affected by the pressure front than the NS strainmeter (middle curve). In general, this influence is bigger by about 25%
A strong temperature influence on the quartz tube strainmeters is observed, too: a temperature disturbarie@ of 0.12
during less than 1 h, due to entering of the gallery, yields strain influences of up to 6—8 nstrain over an interval of 4 h
in both componentsHig. 7).

Besides the significantinfluences due to barometric pressure and temperature, it was suspected that also precipitati
can affect the strain signals. For a verification of a relation between rain and strain due to pore pressure changes w
carried out two irrigation experiments in April 2005. With the support of the voluntary fire brigade of Moxa about
30 n? water was irrigated on the upper part of the hill above the observatory and the change in strain and in the watet
level 20 m westwards of the EW strainmeter was observed. In the first experiment the water was mainly irrigated in a
small NS running ditch and a small stripe of soil next to it (total width about 0.5 m). In the second experiment an area
of about 800 i, 20 m above the ditch, was irrigated. A clear, additional induced strainmeter signal could be observed
on both strainmeterd=(g. 8). Between 2 and 9 h after the begin of the experiments the water level increased by about
800 mm for experiment 1 and over 100 mm for experiment 2. Before this, both strainmeters show the induced signals
with amplitudes between 10 and 70 nstrain. This means: also for precipitation like rain events but also snowmelt, we
have to expect additional strain signals.

By numerical modelling relevant transfer mechanisms of pressure-induced signals could be identified and the
observed effects qualitatively explained. These finite-element modelling gives explanations for the polarity of pressure-
induced effects and the coupling of EW to NS phenomé&marfer et al., 2005; Steffen et al., 200 addition, they
could explain the observed dependency on the direction of the pressure wave but also on the topography in the vicinit
of the observatorySteffen et al., 2006; Kroner et al., 2005
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Fig. 8. Irrigation experiments and induced effects on the quartz tube strainmeters.
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5. Conclusion

Three strainmeters are running since 1999 in the Geodynamic Observatory Moxa. It can be shown that the quar
strainmeter extending in EW direction contains significant more barometric pressure-induced noise than the NS
component. Both quartz tube strainmeters show also strong influences by precipitation, proved by two irrigatior
experiments. The laser strainmeter record is strongly influenced by changing barometric pressure, due to the fact tt
the beam does not run in a vacuum. This influence is minimised by sealing the ends of the horizontal borehole witl
high quality glass. Noise investigations in the tidal frequency band as well as the free mode analysis show the hig
quality of the strainmeter data.
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