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Passive Seismic-Definition

O

“The study of microearthquakes —natural or induced—, in order to provide information

about the subsurface in large exploration areas or reservoir scale problems”

Main Passive Seismic applications:

Local Earthquake tomography (LET or PST)
Regional or Global Earthquake tomography
Reservoir or Hydraulic Fracturing Monitoring
Low Frequency Passive Seismic

Seismic Interferometry




Passive Seismic-History

O

Passive Seismic or Local Earthquake Tomography:

Introduced to seismology and geophysics in the mid-70s and applied tc
investigations worldwide for regional, structural and seismo-tectonic
purposes

Hydrocarbon Sector:
1995: First global attempt to apply Passive Seismic for Anadarko in Peru

1998: LandTech Enterprises introduces itself with a successful Passive Seismic
project for Enterprise Oil in NW Greece

2001: Official presentation of the results in Amsterdam (EAGE conference)

2003: AAPG Explorer presents an extended article on PST




Passive Seismic-History

O

8 EXPLORER

Passive Seismic

Passive seismic is based on the basic MNG?
principle that all the little creaks and groans
in the earth are actually seismic sources. It
is “3-D seismic imaging ... without the use
of artificial surface sources.”

See Passive Seismic puge 10




Passive Seismic Tomography — Why???

Does not involve
controlled or forced
sources

PASSIVE ?

"l Utilises earthquakes

S E’Sm ? ';:}",\'m.ﬂ,,, n i

1i NOT ambient noise!

Seismic waves are
X-raying the
sub-surface volume




Passive Seismic Tomography — Why???

Seismic sources are within or below the target!




Passive Seismic Tomography — Basic Principle

Station [j]

=t

The arrival-time residuals ‘5% % canbe writtenasa
linear system of equations:

Earthquake Sub-surf P S
Source [i] ub-surtace R=Y LAx +Ar,+Y —VAm,
volume

o ox; 1 Om,

where Ax< and Am: are the perturbations to the hypocenter
parameters and the velocity perturbations, respectively.

hj =1 + Tijs(xi, yi, zi, ufs), xj, yi, Zj),

The partial derivatives in the previously-mentioned equation can
be calculated, given the velocity model and the raypath from the
earthquake to the seismic station. The partial derivatives with
respect to the hypocenter parameters are given by the equation
(Lee and Stewart, 1981; Thurber, 1983):

T,  1(dx.)

3«1’.‘ 78 |‘.‘

xi,yi,zi hypocenter coordinates

ti is the origin time of the i-th
earthquake

XYz receiver coordinates




Passive Seismic Tomography — Deliverables

O

Main Deliverables

e 3D P-wave velocity cube (structural information)

3D Vp/Vs cube (lithological information)
e 3D Qp factor (rock properties)
e Accurate seismic event locations (related to active faults)

e Focal Mechanisms — Stress/Moment Tensors (fault characterization)




Passive Seismic Tomography — Advantages

O

Advantages

= Insensitive to penetration problems due to high velocity layers close to
the surface or HLH velocity effects that are common in thrust-belt

zones, basaltic environments etc.(in opposition to conventional seismic)
m Easily applicable in areas with accessibility limitations
= Environmentally friendly
m Cost Effective (especially for large exploration areas)

m Directly interpretable results




Passive Seismic Tomography — Benefits

O

Benefits

m Structural & lithological information for unexplored areas
m Stress/fault information

» Aid in well placement

s Improvement of poor quality conventional seismic data

m Correlation with other available data
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Passive Seismic Tomography — Land Equipment

S-100 Borehole Seismic Sensor

24bit, very low power consumption 3C seismic shallow borehole seismic sensor

Sampling rate: 1-1000 samples/sec Bandwidth 0.2 — 100Hz




Land Equipment — Latest Developments

O

X1 Portable Seismograph General Specifications
' ® 24 or 32 bit,

® Sampling Rate: 1-4000 sps

® 3-6 channels

® Ultra low power consumption: 0.56 W

® 52 days using a single car battery

® Data storage: 52 days @ 100 sps (4GB FC)
®*Dimensions: 16 x 10 x 7 cm

®Weight: 460 gr

®Operation Temperature: -20 — 70 C

® Differential Input

®On Site Event Detection and P & S phase picking

®Various Telemetry Options




Land Equipment — Latest Developments

O

S200 Shallow Borehole Sensor General Specifications

® 3 Components

® Bandwidth : 0.2 — 100 Hz

® 2-4 geophones per component

® Automatic Signal Amplification
®Operation Temperature: -20 — 70 C

® Ideal for Surface Frac monitoring Applications




Passive Seismic Tomography — Project stages

O

s Feasibility study:
Seismicity level of the area estimated through available datasets &
desktop seismic network design. If necessary, check seismicity level
by installing a sparse seismic network for 1-2 months.

m Seismic Network Installation

s Acquisition and data processing
s 3D Tomographic inversion & QC of results

s Interpretation/Correlation with available data




Passive Seismic Tomography — Feasibility

India Seismicity Indonesia Seismicity




Feasibility — Latest Developments

O

Feasibility Procedure
e Seismicity Assessment for the Area of Interest

e PST Sensitivity Tests (Checkerboard) for Different Recording
Periods and Network Layouts (Case Studies)

e PST Modeling According to Provided Geological Model (2D to 3D
model) for Different Recording Periods and Network Layouts

(Case Studies)

e Feasibility Study Results Evaluation




Passive Seismic Tomography — Land Network Installation




Passive Seismic Tomography — Acquisition

O




Data Acquisition- Latest Developments

O

Data Transfer- Telemetry Options (WiFi, GSM-3G, Wi-fly Satelite )




Acquisition-Seismic Network Design (Albania)
Effect on PST results
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Acquisition-Seismic Network Design (India)
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PST Results Comparison:
Same acquisition period-Different Station Number and Distribution

Vp disrsuon & surface
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Passive Seismic Tomography — Acquisition/Processing
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PST — Data Processing
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Data Processing- Latest Developments

O

Automatic Microseismic Event Detection

I. Energy Based Algorithm (recommended for high seismicity records)

* Improved STA/LTA algorithm.

* Dynamic threshold based on the statistical properties of the STA/LTA “ratio”.
« Simple and fast, demands low computational resources.
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Data Processing- Latest Developments

O

Automatic Microseismic Event Detection
il.  Algorithm Based on Statistical Methods (recommended for noisy records)

Two — stage procedure, based on a non-strict hypothesis testing scenario:

* First stage: Estimation of the empirical pdf of the seismic noise (using statistical methods

such as sampling, modeling, clustering).
» Second stage: Use of a thresholding scheme in order to detect the microseismic events, in

a non-strict hypothesis testing framework.
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Data Processing- Latest Developments

O

Automatic Microseismic Event Detection

ili. Algorithm Based on Signal’s Polarization Attributes in Time-Frequency domain
(recommended for extremely noisy records)

» Fourier analysis on different frequency sub-zones.
» Evaluation of the polarization differences among the three components.
Regression analysis technique in order to correct errors due to sensor’s interference.

» Development of a characteristic function based on the above differences, for the
microseismic event detection.
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Data Processing- Latest Developments

O

Automatic P&S Phase Picking
I. P-phase picking:

» The kurtosis criterion is applied on the segment of the record that includes a seismic
event.
» The maximum slope of the kurtosis curve is assigned to the P-onset time.

Il. S-phase picking:
 Eigenvalue analysis on 3C data.
* Development of a characteristic function, based on the maximum eigenvalues of
the above analysis.
« Kaurtosis criterion on the characteristic function.
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Data Processing- Latest Developments

O

Case Study for Automatic Event Detection-P&S Phase Picking

Automatic Manual Auto vs Manual

8400 Events 600 Events 500 Common Events




Data Processing- Latest Developments
1D Vp &Vs model estimations using Teleseismic Data-Receiver Functions

O
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Passive Seismic Tomography Results

O
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3D Vp Structural Information - Carbonates

OF

Vp=5.6 Km/sec, crests @~1.2 Km
border. Lake. ENT97-02

3D Velocity Structure
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3D Vp/Vs Lithological Information - Evaporites

Vp=5.3 Km/sec

Lake, ENT97-04. view from SE Delvinaki
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Passive Seismic Tomography Results: Areas with Difficult Geotectonic
Conditions/Poor Quality Seismic Data/Difficult Topography

Vp Cross-Section (PST)
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PST-Delvina Results (3D View Vp & Vp/Vs)

O
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Passive Seismic Tomography — QC

O

Minimization of model and travel-time RMS residuals

Comparison to local geology or well data if available

Internal QC tests like ray density (DWS) or resolution matrix

diagonal elements (RDE)

Synthetic tests (i.e Checkerboard Test)







PST results QC - Comparison to Well Information

O

Vp at well location VSP vs Passive Vp Vp/Vs at well location
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PST Results Quality Control: DWS of Vp (Ray Density

DWS of Vp at surface
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PST Results Quality Control: Vp Checkerboard Test

Checkerboard Test of Vp at surface
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PST Interpretation/Integration

@,

e Comparison/Calibration to local geology or well data if available

e Fault Characterization according to recorded Seismicity and PST

3D Models

e Structure identification and characterization according to Vp and

Vp/Vs values

e Integrated processing and interpretation with existing Geophysical

/Geological Data

e Reprocessing Low Quality Conventional Seismic based on PST

Models




Geology & Well Info vs. PST results | Profile II (Delvina)




Local Geology vs. PST results | Assam (India)

O

Vp distribution at surface
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Event Distribution — Fault Identification/Characterization

O

Global view of event distribution
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Focus on events around the evaporitic uplift
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Moment Tensors
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Stress Tensors - Depth & Spatial Distribution
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Latest Developments - PST— Gravity — MT
Data Integration | Delvina Gas Field
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Passive Seismic Tomography — Gravity — MT
Data Integration | Delvina Gas Field

O

Depth distribution of model points satisfying the adopted criteria
5.1km/s< Vp <5.4km/s || 1.78< Vp/N's <1.80 || 2.63g/cc< d <2.68g/cc || 2.7< log(rho) < 3.9

L | | In
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Selection Criteria: value ranges observed around a known productive horizon
: 5.1 to 5.4km/s || Vp/Vs: 1.78 to 1.80 || Density : 2.63 to 2.68g/cm’ || Log(rho) : 2.7 to 3.9-Depths below 2km




Passive Seismic Tomography — Interpretation Results
(Delvina Gas Field-ALBANTA)




2D Seismic Data Re-processing
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Fault Characterization — Reservoir scale / Delvina

Hydraulic Acid Fracing Monitoring

(using shallow borehole seismic sensors)

Injection performed in the well D-12

Injection depth:
2800-3100m (MSL)

32 events recorded at the surface
Event Magnitudes: -0.25 to 2.3R
Event Depths: 2.5 — 3.1km below MSL

Events located using 3D Vp and Vp/Vs
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3D Event Distribution
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Passive Seismic-Projects
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Summary

O

...Going back to 2001 in Amsterdam EAGE Annual Meeting.....

..... People were wondering when they looked at our moto:

“ USE EARTHQUAKES to FIND OIL”

Now after 13 years... PASSIVE SEISMIC is a very useful and common tool for E&P.....

SEIMOTECH/LANDTECH have done significant progress....
EQUIPMENT

SOFTWARE

DESIGNING/ACQUISITION/PROCESSING/INTERPRETATION
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