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STRUCTURAL GEOLOGY OF THE SAN ANDREAS FAULT ZONE AT MIDDLE

MOUNTAIN, NEAR PARKFIELD, CENTRAL CALIFORNIA
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REVEALING A STRIKE-SLIP PLATE BOUNDARY: DRILL-BIT
SEISMIC IMAGING OF THE SAN ANDREAS FAULT AT THE
SAFOD SITE

by
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Figure 20: Satellite image of the SAFOD site. The location of the SAFOD drilling rig is marked by the yellow arrow. The
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Three-dimensional passive seismic waveform imaging around

the SAFOD site, California, using the generalized Radon transform
Haijiang Zhang,' Ping Wang,! Robert D. van der Hilst,' M. Nafi Toksoz'

Clifford Thurber,” and Lupei Zhu®
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« 3 Component Borehole

seismic array in pilot hole

« Short-spacing 3-
component surface array

(1]




500

i Duke Data Set

N » 3 Component Borehole
R seismic array in pilot hole

» Short-spacing 3-
component surface array




Duke Data Set




Duke Data Set
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Surface Channels

Downhole Z Channels

File 5960 at 14:15:11

Duke Data Set
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What is Seismic Interferometry?

Seismic interferometry—turning noise into signal

Anprew Curris, University of Edinburgh, UK

Peter GersTorFT, University of California at San Diego, USA
Haruo Saro, Tokoku University, Japan

RoeL Swieper, Colorado School of Mines, USA

Kees Wapenaar, Delft University of Technology, The Netherlands

Definition of seismic interferometry. The term interferom-
etry generally refers to the study of interference phenom-
ena between pairs of signals in order to obtain information
from the differences between them. Seismic interferometry
simply refers to the study of interference of seismic-related
signals. The prmupal mathematical operation used to study
this interference is crosscorrelation of pairs of 51811:115, but
one could equivalently consider convolution as the princi-
pal operation because crosscorrelation is simply convolu-
tion with the reverse of one of the two signals. The signals
themselves may come from background-propagating waves
or reverberations in the Earth, from earthquakes, from active
artificial seismic sources, from laboratory sources, or from
waveforms modeled on a computer—examples of using all
of these data types will be given below.

» Operators built using data
correlation

« SO data-adaptive
deconvolution is interferometry



Old Wine for New Bottles

GEOPHYSICS, VOL. 60, NO. 4 (JULY-AUGUST 1995); P. 978-997, 19 FIGS., 3 TABLES.
Walk-away VSP using drill noise as a source

Jaob B. U. Haldorsen*, Douglas E. Miller, and John J. Walsh**
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Geophysical Journal International

Geophys. J Int. (2010) doi: 10.11114.1365-246X.2010.04646.x

Array-conditioned deconvolution of multiple-component
teleseismic recordings

C.-W. Chen,'* D. E. Miller,> H. A. Djikpesse,? J. B. U. Haldorsen? and S. Rondenay'

lmparm of Earth, Atmospheric and Planetary Scieaces, Massachusetts Institute of Technology, Cambridge, MA 02139, US4
Emaill: cvchen@dtm. ctw edu

zbcpumof.lkfkmﬂlbddu Schimberger-Doll Research, Cambridge, MA4 02139, US4

(a) Honshu, Japan (m;=6.5; d=36 km)

(a) Honshu, Japan (0.0004)
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GEOPHYSICS, VOL. 59, NO. 10 (OCTOBER 1994), P.1500-1511,9 FIGS., 2 TABLES.

F*(0)

Multichannel Wiener deconvolution of vertical Flw)

T : = [flw)|* + Ex(w)
seismic profiles

Jakob B.U. Haldorsen*, Douglas E. Miller*, and John J. Walsh**

Numerator is conjugate of estimated signal (including phase
terms)

If denominator is omitted (replaced by 1), operator becomes
correlation with pilot. If Ey is estimated by a constant that’s
water-level decon.

Array decon uses data total energy (and does not depend on
phase).

Solves F*s = 1



Surface channel index

First Results: Rig Accelerometer
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Surface channels

Borehole Channels

Better Results: PHC13 as pilot

Stack of Files 5005 through 5080 Stack of Files 6005 through 6080
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16 July 2004: An Unfortunate Encounter

Pilot Hole Scan 6097
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(ms) referenced to PHZ13
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Data for Imaging
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Drillnoise Images
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Additional DNSP Images

P-wave velocity profile
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Figure 16: P
the GFZ/VPI survey. SAF denotes appro i Andreas Fault. Position

DEPTH (i)

Figure 5-8: USGS PSINE profile and inset of drill bit seismic data. The inset shows the migrated drill bit seismic data and the path of
the SAFOD well. Rectangles within the inset are locations of major shear zones as interpreted by Boness and Zoback (2004).

Made by Haldorsen & Taylor from surface data. From Stewart (2006)



Additional DNSP Images

Depth Image (stack)

P-wave velocity profile
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Figure 16: P-wave velocity profile of the SAFOD site. The profile was from ion of first arrival data from
the GFZ/VPI survey. SAF denotes approximate position of the surface trace of the San Andreas Fault. Position of the pilot hole is

indicated by the solid white line. Depth is referenced to sea level.
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Figure 6-1: Depth image of the SAFOD site. This is the same image as Figure 5-10 but
with faults interpreted using data from Solum et al (2006). The path of the wellbore is
indicated by the yellow line with the position of the bit at the time of these recording

indicated by the magenta diamond.

Made by Haldorsen & Taylor from combined surface & downhole data. From
Stewart (2006)



Outline

« SAFOD & the Duke/USGS Data set
* A Bit of Interferometry

« Simple Tomography with Earthquake
Source Data



Magnitude

e : EDC
e — CISN -ANSS)|-
Depth (km) : : : ’ > -
) 0-35 .
@ 35-70 2
70 - 150 : M 1.6 - 13 km NW of Parkfield, CA
150 - 300 :

300 -500 - ., X Date: 2004/09/16 04:58:21.49 UTC
500 - 800 : t . Depth: 3.35 km (2.08 mi)




Earthquake at about 7km

earthquake 1446 with picks
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samples@2ms

Deconvolved Drillnoise with EQ Timepicks
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P-wave velocity profile

EQ Timepicks
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Lensmaker's Tomography

« Ts = Traveltime from source in
source medium

 Tr = Traveltime from receiver
IN receiver medium

* Points where Ts+Tr < Tmeas
must be inside receiver
medium
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samples@2ms
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Comments

Array Decon looks like a robust & versatile tool.

Lensmask tomography could be applied to more earthquake
records

The collision between main well & pilot hole was probably
influenced by guiding in a plane of weakness associated with
a transverse fault

Thanks for your attention



