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Tides and barometric pressure variations cause pore pressure changes in the solid earth. In boreholes which are hydraulically connected to confined aquifers these pore pressure changes can be observed as water level variations. In case of confined aquifers boreholes can be regarded as volumetric strainmeters. From June 2004 until May 2005 a large scale injection experiment was realised in the pilot borehole (4000 m) at the German Continental Deep Drilling (KTB) site in Bavaria. During this test the injection induced deformation was observed by a tiltmeter array around KTB consisting of 5 tiltmeter stations at horizontal distances from 1.6 to 3 km from the injection borehole. At each station the local groundwater level was observed in depths between 30 and 50 m. The pore pressure was recorded in the boreholes. The time series were checked for tidal signals and injection influence. The injection was not verified presumably due to the fact that the penetration of the injected water was controlled by local geology and tectonic faults zones. Although the boreholes extend only to shallow depths tidal signals are clearly observable in at least 2 of 5 stations. On December the 26 th 2004 the Sumatra-Andaman earthquake occurred which is clearly detectable in the pore pressure variations at all five stations.

Introduction

The influence of fluids is playing an increasing role in the discussion of geodynamic processes in the upper crust. Pump and injection experiments at large scales like at the KTB in Bavaria/Germany are helpful to understand fluid controlled processes as the massive induced pore pressure changes affect the local stress and deformation field. The super deep drill hole KTB, with a depth of 9101 m, and the local surroundings were intensively investigated by a lot of geoscientific projects, summarised e. g. by [START_REF] Emmermann | The German continental deep drilling program KTB: overview and major results[END_REF], [START_REF] Kümpel | Two Massive Hydraulic Tests Completed in Deep KTB Pilot Hole[END_REF].

In June 2004 an injection test started in the pilot borehole. Until May 2005 a total volume of 84,600 m³ water was injected. The injection increased the pore pressure and deformed the fluid filled pores and consequently the surrounding area. These deformations were observed in an array by five high resolution ASKANIA borehole tiltmeters. This tiltmeter type reacts sensitively to pore pressure changes which was proven in sediments by [START_REF] Kümpel | Verformungen in der Umgebung von Brunnen[END_REF] and in crystalline rocks by [START_REF] Weise | Neigungsmessungen in der Geodynamik -Ergebnisse von der 3-Komponenten-Station Metsähovi[END_REF] and [START_REF] Weise | Comparison of long-period tilt measurements: results form the two clinometric stations Metsähovi and Lohja, Finland[END_REF]. To record pore pressure variations the groundwater levels were observed at each tiltmeter station, meteorological parameter like precipitation and air pressure variations were recorded at the KTB. After a numerical simulation a maximum tilt of some milliarcseconds was expected at approx. 2.4 km distance from the injection point. The results of the observed deformation and the modelling are discussed by [START_REF] Jahr | Monitoring fluid induced deformation of the earth's crust: A large scale experiment at the KTB location/Germany[END_REF][START_REF] Jahr | Deformation, seismicity, and fluids: Results of the 2004/2005 water injection experiment at the KTB/Germany[END_REF]. The locations of the KTB and the tiltmeter/groundwater stations are shown in Fig. 1. Additionally the distances of the groundwater stations to the KTB pilot hole (injection point) and the borehole depths are shown.

As for the tilt observations only three stations could be used, because station Stockau was destroyed by lightning and station Püllersreuth was strongly disturbed by groundwater influences. At these two stations there are too many data gaps, however the stations Eiglasdorf, Mittelberg and Berg show tilt variation away from the injection point during the A c c e p t e d M a n u s c r i p t 3 injection period [START_REF] Jahr | Deformation, seismicity, and fluids: Results of the 2004/2005 water injection experiment at the KTB/Germany[END_REF]. The observed tilt was compared to the results of a numerical investigation carried out by the Finite Element Method (FEM). In the model the large fault systems (seismics reflector SE1, SE2, NdS and SE4) are included and the parameters (e.g. bulk modulus, hydraulic conductivity) for the faults and the surrounding area were systematically varied to find the best adapted model for the observed tilt. As a result of the tilt and modelling investigation an injection induced bulge of maximum 3.1 mm over the injection point was found [START_REF] Jahr | Deformation, seismicity, and fluids: Results of the 2004/2005 water injection experiment at the KTB/Germany[END_REF]. Up to the present it was not clear wether the groundwater levels were influenced by the injection. In this study this question and the signal content of the groundwater observations were investigated.

Each groundwater station was equipped with a 125 mm long Diver ® tool of Van Essen instruments. Above the Diver ® a packer was installed which sealed the borehole against direct atmospheric pressure changes and impeded water level changes, which means that direct pore pressure variations were recorded. This yields a more high frequency signal than pure water level changes. The pore pressure recordings reflect the volumetric strain. The sample rate was generally 5 minutes. The unit of the pore pressure is equivalent to cmWC (1 cm Water Column = 0.981 hPa). Pore pressure was recorded from May 2004 until September 2006. At Stockau the Diver ® was removed in April 2006 due to technical problems.

Tidal analysis

A change in the barometric pressure acts twofold: as a surface load de/increasing the pore pressure as a direct load on the water column in the borehole, also called inverse barometric effect [START_REF] Kümpel | Tides in Water Saturated Rock[END_REF]. Open wells show a negative correlation between water level variations and air pressure. Because of the packer the inverse barometric effect is negligible and so the pore pressure of the array is mainly influenced by the surface load leading to a positive correlation with air pressure. diurnal beating periods can be seen. The tidal analysis results and the linear regression coefficient between pore and air pressure for each station is shown in table 1. For more detailed information about the tidal signals, tidal analyses were carried out by the program ETERNA 3.4 [START_REF] Wenzel | The nanogal software : Earth tide data processing package[END_REF]. The catalogue of [START_REF] Hartmann | The HW95 tidal potential catalogue[END_REF] was used and 17 wave groups were adjusted. ETERNA 3.4 was not developed for pore pressure. As pore pressure (unit cmWC) corresponds to volumetric strain (unit nstrain) this component was chosen for tidal adjustment [START_REF] Schulze | Charakter von Fluidpegel-und Porendruckschwankungen in Tiefbohrungen: Ergebnisse von KTB und Kola[END_REF], the amplitude factors have the unit cmWC/nstrain. The highest amplitudes were observed at the stations Stockau and Püllersreuth while at Berg the signal is hardly significant which is also shown by the low signal to noise ratio. The presence of the tidal constituents O1 and M2 in a well level signal is a well known indicator for the confinement of an aquifer [START_REF] Kümpel | Tides in Water Saturated Rock[END_REF]. So we can state that the aquifers at Püllersreuth and Stockau are more confined than at the other stations. In Berg the aquifer is nearly unconfined. Generally, the observed tidal amplitudes are rather small due to the shallow depths of the boreholes which are 30 to 50 m only. [START_REF] Bredehoeft | Response of well-aquifer systems to earth tides[END_REF] found that the amplitudes of the tidal signals in wells are inversely proportional to porosity when the matrix compressibility is neglected. Due to compaction the porosity decreases with increasing depth, therefore the amplitudes of tidal signals are less in shallow wells. [START_REF] Roeloffs | Hydrologic precursors to earthquakes: a review[END_REF] the resonance frequency of the nearly diurnal free wobble (NDFW). In spite of the big error bars these deviations may hint on influence of the NDFW. This finding from such shallow boreholes -only 42 m deep -is notable and appears to confirm the high quality of the data. [START_REF] Schulze | Charakter von Fluidpegel-und Porendruckschwankungen in Tiefbohrungen: Ergebnisse von KTB und Kola[END_REF] found in the 4000 m deep pilot borehole hints for the NDFW. This is the first time that the NDFW effect is likely to be found in level variations at shallow depths. One reason for this result is the fact that the pore pressure rather than water table variations are recorded due to the packer in the boreholes.

Assuming that the pore pressure increase due to the injection reaches the stations the local and regional elastic properties of the Earth's crust will change and consequently influence the tidal parameters. Tidal analyses were realised using a data window of 4 months length, moving along the whole time series and overlapping by 3 months. Because of the short window length only 12 wave groups could be adjusted. The variation of the amplitude factors of O1 and M2 at the station Püllersreuth (above) and Stockau (below) are shown in Fig. 4.

The interval of the injection period is marked in grey. The amplitude factors show no significant changes within the error bars, therefore the injection process has not been identified in the pore pressure data.

The observed time series of all 5 groundwater stations after reduction of air pressure and tides are shown in Fig. 5. Additionally the precipitation is displayed below. The injection period is marked but not visible in the data. At stations Püllersreuth and Stockau the pore pressure reacts more sensitively to precipitation than at the other stations. Precipitation also acts as a surface load and so confined aquifers can show greater sensitivity than unconfined aquifers. The black arrows point to the extrema due to snowfall and snowmelt. All graphs appear to show seasonal effects but for verification longer time series would be necessary. For test purposes the sample rate was changed on December 22 nd 2004 from 5 min to 1 min.

On December 26 th the Sumatra-Andaman earthquake occurred with a magnitude of 9.3. The time of origin was 00:58 UT. 13 min later the waves reached the stations at the KTB site. The surface waves due to the earthquake are clearly visible in the pore pressure data at all stations (Fig. 6). Note that the y-axes have different scales. The pore pressure variation at the station Stockau is 20 cmWC and twice as high as at the stations Berg or Eiglasdorf.

At the station Püllersreuth the pore pressure variations due to the surface waves of the earthquake are more than 50 cmWC (Fig. 7). Further signals at about 130 min (R2) and 220 min (R3) after the first occurrence are visible (marked with arrows). The areal strain data of the Black Forest Observatory (BFO) in Schiltach approx. 320 km away from KTB are shown for comparison (Fig. 7) (Zürn 2008, pers. comm.). The areal strain data have a sample rate of 5 sec and also show the signals R2 and R3. R1 denotes the first Rayleigh waves from the earthquake origin which took the minor arc to the stations. R2 denotes the Rayleigh waves which went the other way round the Earth i.e. took the major arc and R3 denotes the same waves like R1 after an additional travelling around the Earth. [START_REF] Schulze | Charakter von Fluidpegel-und Porendruckschwankungen in Tiefbohrungen: Ergebnisse von KTB und Kola[END_REF] found similar influences of earthquakes in the KTB pilot hole, however, because there was no packer installed only the fluid level changes were recorded. A Sumatra earthquake on the 4 th of June 2000 caused water level variations of 1.2 hPa and R2 and R3 were also detected. The record at Püllersreuth is another indicator for a more confined aquifer at this station than at the other stations.

After large earthquakes free oscillations of the Earth take place. This happened also after the Sumatra-Andaman earthquake 2004. Stacking the tiltmeter data of all five stations over a period of 48 hours the free modes are clearly visible [START_REF] Jentzsch | Erdeigenschwingungen nach dem Sumatra-Erdbeben vom 26. Dezember 2004 -beobachtet mit fünf ASKANIA-Bohrloch-Neigungsmessern an der KTB[END_REF]. Also in the areal strain data of the BFO the free modes are detectable [START_REF] Zürn | Die radiale elastische Grundschwingung der Erde nach dem N-Sumatr-Aceh-Beben vom 26[END_REF]. Although pore pressure recordings are not typical for investigations of the Earth's free Results of the tidal analyses of the observed pore pressure time series. Pore pressure was recorded in cmWC (cm Water Column). For tidal analyses the component volumetric strain was chosen which is in units of nstrain. Accordingly, the amplitude factors are in units cmWC/nstrain. 

  s c r i p t pressure time series of the stations Stockau and Püllersreuth. In Fig. 2 the first two months of data of the station Püllersreuth are shown before (black) and after (grey) air pressure correction. The diurnal tides are clearly visible but also the semidiurnal tides and the 14

  and Rotár-Szalkai et al. (2006) found a positive correlation of observed tide amplitudes and well depth for the M2 component. The amplitude factors for the wave groups in the diurnal frame for the station Stockau and Püllersreuth are shown in Fig. 3. Positive deviations at PSI1 and PHI1 and at a closer

  deviation at K1 are visible. The positive step near PSI1 is in accordance with
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		regression		amplitude	observed
		coefficient between		factor	amplitude	S/N
		pore pressure			
		and air pressure		[cmWC/nstrain] [cmWC]
	Stockau	0.458 ± 0.003	O1	0.0430 ± 0.0012 0.322 ± 0.009	37
			M2	0.0737 ± 0.0006 0.577 ± 0.004	129
	Püllersreuth	0.691 ± 0.006	O1	0.0778 ± 0.0014 0.582 ± 0.011	54
			M2	0.0815 ± 0.0007 0.639 ± 0.005	120
	Eiglasdorf	0.691 ± 0.003	O1	0.0064 ± 0.0014 0.048 ± 0.011	5
			M2	0.0137 ± 0.0006 0.107 ± 0.005	22
	Mittelberg	0.153 ± 0.003	O1	0.0040 ± 0.0011 0.030 ± 0.008	4
			M2	0.0065 ± 0.0005 0.051 ± 0.004	13
	Berg	0.520 ± 0.003	O1	0.0030 ± 0.0011 0.022 ± 0.008	3
			M2	0.0024 ± 0.0005 0.018 ± 0.004	5
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A c c e p t e d M a n u s c r i p t 7 oscillations all five pore pressure time series were stacked for improvement of the signal to noise ratio and then fourier analysed. Nevertheless, no peak can be clearly identified as a free mode frequency in the spectrum of the stacked time series. The reason is that pore pressure signals of free oscillations of the Earth have much lower amplitudes than tides and are often masked by noise.

Summary and conclusions

The system borehole-aquifer can be used as a volumetric strainmeter especially in the case of confined aquifers. Especially when the borehole is sealed by a packer the pure pore pressure variation is observable. Our investigations show that the pore pressure at the stations in the area around KTB reacts in a different way to air pressure, precipitation and tides due to different aquifer characteristics. The aquifers at Stockau and Püllersreuth are more confined than at the other stations. These two stations show clearly tidal signals. Deviations from the mean amplitude factor at the wave groups K1, PSI1 and PHI1 appear to indicate influence of the NDFW effect which is a new observation in shallow wells. At all stations the surface waves of the Sumatra-Andaman earthquake 2004 are clearly detectable. In Püllersreuth the pore pressure variation is more than 50 cmWC which is a surprisingly high amplitude. Earth's free oscillations are not proved in the pore pressure recordings due to the small amplitudes of the free modes and the noise level in the data.

The injection is invisible in the pore pressure data. The additional water volume during the injection increased pore pressure. Probably, the large fault systems of the KTB surrounding absorbed the additional pore pressure and so no effects of the injection were observed. Especially the SE2 reflector which hydraulically connects the pilot hole with the main hole affects the local water movement. Also strong precipitation and seasonal trends in the pore pressure data may have masked injection effects.