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Summary

In this work we considered the geological structure at the German deep drill site
(KTB) as a prototype of a geothermal system. We used microseismic data in
combination with surface seismic 1maging results for characterization of the
geothermal reservoir. First, we located microseismicity induced by fluid injection
experiment. Then, we applied SBRC approach and estimated rock diffusivity
using three clouds of microseismicity which corresponded to two different fault
zones and background rock. Using the large scale surface reflection imaging result
and assuming positive correlation between the seismic reflectivity and the
hydraulic permeability, we constructed 3D permeability model. Finally, we
applied our reflection microseismic 1maging approach to the microseismic
waveforms recorded at single three-component geophone and constructed the
high-resolution 1mage of inner structure of the fault zone.

KTB project

The German Deep Drilling Site (KTB) 1s located on basement rock at the western
margin of the Bohemian Massif. About 4 km west of the KTB, the Franconian
Lineament outcrops, a NW-SE trending, deep-reaching system of thrust faults,
which separates the basement block from Permo-Mesozoic sediments.

During a one-year hydraulic experiment in 2004/2005, water was constantly
injected 1n the open-bottom section of the KTB pilot hole at 4 km depth, where the
borehole 1ntersects one of these faults. This fault (SE2 reflector) 1s characterised
by steeply dipping seismic reflections (Harjes et al. (1997)).
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Figure 1. Sketch of the KTB fault systems (after Graessle et al. (2006)).

The seismicity was monitored by a seismic network, which consisted of a
borehole seismometer in KTB main hole at 200 m horizontal distance from the
injection source and variable number of near-surface stations (on average 10—15
stations). Most of the stations were 1nstalled within radius of 3 km from the KTB.
All 1nstruments were 3-component seismometers and data were recorded
continuously at sample rates 200—1000 Hz.

Figure 2. Left: Configuration of the KTB 1njection test

in 4 km depth (green bullet) and the seismic sensors

(red diamonds). Also shown is the seismic reflectivity
- after Buske (1999). Right: Map view of the station
A distribution; black square is the KTB site.
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Characterisation of a geothermal reservoir using
microseismic data

Microseismicity location

The cumulative number of events detected by near-surface stations was 146, and
more than 3000 for the borehole sensor. All events were small with magnitudes 1n
the range of -3.0 to +0.3. Only the events which were also recorded by near-
surface stations could be precisely located. We applied a two- step location
procedure: absolute location was first determined by a grid-search algorithm
(NonLinLoc, Lomax et al. (2000)) in a local 3D velocity model. These locations
were then refined by a double-difference relocation (Waldhauser and Ellsworth

(2000), Waldhauser (2001)).
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Figure 3. Location of induced microevents in plan view (left) and two side views (vertical NW-SE and SW-NE planes,
middle and right).

Surface seismic imaging and seismic attributes
analysis

In order to get a large scale model of the fault zones we used the image obtained
from a 3-D pre-stack depth migration of the ISO89-3D data set (Buske (1999)). To
enhance specific geological features which were we not able to obtain using only
the original migrated seismic data we also conducted additional seismic attributes
analysis. The seismic attributes were represented in the form of absolute energy
values calculated by Hilbert transform of migrated seismic data (Jaya et al.

(2009)).
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Figure 4. Top-left and top-right: horizontal and vertical
sections of the seismic attributes cube obtained from
surface seismic 1maging (background), located
microseismic events (black dots), borehole sensor (red
dot). Bottom-left: vertical slices at several lateral
positions of the seismic attributes cube in a different
color scale.

Construction of permeability model
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Shapiro et al. (2006) applied Seismicity Based Reservoir e

events 2004-05

Characterization (SBRC) approach to the three stages of the :
fluid 1njection experiment and estimated rock diffusivity
using three clouds of microseismicity at 9 km depth which
corresponded to SE1 fault zone, at 4 km depth (SE2
reflector) and 5.4 km depth (background rocks).

Dsei: 0.05 m?/s — 0.2 m?/s
Dse2: 0.01 m?/s — 0.02 m?/s
DBackground: 0.004 mz/S — 0.01 mz/S

Figure 5. Seismicity induced by injection experiments of years
1994 (blue), 2000 (green) and 2004/2005 (red). Depth migrated
image ISO89-3D 1s shown on the background.

Refinement of the background diffusivity

s ' ' ' ' The time delay between injection start
: and first event occurrence 1s mainly
¥ controlled by background diffusivity =
N A P | background diffusivity can be specified
— .. . . . | by fitting this delay
“ S (C. Langenbruch pers. coop.).
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Figure 6. Top: injection pressure. Bottom: seismicity rate
and cumulative number of events.

Permeability tensor estimation
Estimated half-radiuses:
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Figure 7. Ellipsoidal envelope of the microseismic cloud
representing permeability tensor.

In order to construct 3D permeability model we made an assumption about the
positive correlation between the seismic reflectivity and the hydraulic diffusivity.
Our suggested permeability model consists of three bodies: i1sotropic body of
background permeability, low permeable SE2 fault zone and high permeable SE1
zone. Using seismic attributes as a reference map of the reflectivity, we separated
the whole volume into three parts by specifying two thresholds for the attribute
values.
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N = 1.68 = 10! Pa — poroelastic modulus

N = 1.9 = 104 Pa s — viscosity of the fluid
(Rothert, 2004)

g 8
P
Kggq = 1.1 * 101°m2=1.1%104D
Kgpo = 1.6 * 107" m2=1.6 103D
8 km - — 15 km

Kgg = 2.2 * 10018 m?2 =2.2+10°D

13.5 km Local X 8km 15km Local Y 7 Km

Figure 8. Obtained permeability model. Left: vertical section. Right: horizontal section.
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Microseismic reflection imaging

In order to get a high resolution image of SE2 fault zone we applied our
microseismic imaging approach (Reshetnikov et al. (2010)) to the waveforms
recorded at the borehole sensor. Using Fresnel-Volume-Migration (Buske et. al.
(2009)) technique we constructed 3D 1mages of the data between P- and S- first
arrivals which we interpreted as PP reflections. There was a complicated network
of reflectors revealed in the vicinity of microseismicity cloud which belonged to
SE2 reflector. Obtained result 1s mainly consistent with seismic attributes by the
location and dip. Furthermore, 1t provides a more detailed image of the fine
structure of the fault zone due to higher frequencies used 1n our study (60 — 350

Hz).

Figure 10. Image of the PP reflected waves from 414 microseismic events (blue dots) recorded at single 3C geophone (red
dot). Left: vertical section. Right: horizontal section.
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Figure 11. Comparison of surface seismic imaging results (on the background) and images from microseismic events (black
slices). Red point — geophone position, black dots — microseismic events. Left: vertical section. Right: horizontal section.
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