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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.

Abstract

The project to develop an advanced hydraulic fracture mapping system consisted of both
hardware and analysis components in an effort to build, field, and analyze combined
data from tiltmeter and microseismic arrays. The hardware sections of the project
included: (1) the building of new tiltmeter housings with feedthroughs for use in
conjunction with a microseismic array, (2) the development of a means to use separate
telemetry systems for the tilt and microseismic arrays, and (3) the selection and
fabrication of an accelerometer sensor system to improve signal-to-noise ratios. The
analysis sections of the project included a joint inversion for analysis and interpretation
of combined tiltmeter and microseismic data and improved methods for extracting
slippage planes and other reservoir information from the microseisms. In addition,
testing was performed at various steps in the process to assess the data quality and
problems/issues that arose during various parts of the project. A prototype array was
successfully tested and a full array is now being fabricated for industrial use.
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1. Introduction

Hydraulic fracturing is an essential technology for fostering economic production of hydrocarbons from
oil and gas wells. It is used on most gas wells in the U.S. and also on a large percentage of the oil wells
to improve connectivity with the reservoir in order to access and produce the reserves. Hydraulic
fractures are created with numerous fluid systems (various gels, water, foam, CO,, N,), several types of
proppants (sand, ceramics, bauxite) of various strengths and densities, various perforation designs,
elaborate pump schedules, and different flowback and cleanup strategies. Given this diversity of
treatment options, optimization has always been hindered by an inability to directly observe what the
created fracture looks like and what its characteristics are. Instead, most fracture optimization has relied
on indirect pressure analyses, various well-testing and production analyses, and some near-wellbore
diagnostics, which provide a very limited and/or opaque view into the subsurface results.

Recent developments in hydraulic fracture mapping have resulted in a much improved window into the
subsurface that gives a more comprehensive view of the created fracture. The use of downhole tiltmeters
and downhole microseismic mapping, in particular, have allowed for reasonably accurate measurements
of created fracture heights, lengths, azimuths, asymmetry, and elements of complexity (complexity is a
particularly interesting element because its existence and prevalence was widely dismissed until
microseismic mapping provided proof).

Tiltmeters are extremely sensitive devices that measure the slightest deformation of the ground, much like
a carpenter’s level.! However, the tiltmeters used in hydraulic fracture mapping are designed for much
higher sensitivities and can measure tilts as small as one nanoradian. Figure 1 shows a schematic of a
tiltmeter sensor, which is an active device that uses a conductive fluid and suitably placed electrodes to
achieve the required precision. Arrays of tiltmeters are used to measure the deformation (actually
measured the gradient of displacement) around a fracture that is induced by the opening of the fracture.
This deformation is measured and then inverted for the size and shape of the fracture that created the
deformation.

Excitation Electrodes

P/Gas Bubble
v

Glass Case Conduc‘ve Liquid

Pick-up Electrode

Figure 1. Tiltmeter sensor

Microseismic mapping is performed with an array of triaxial seismic receivers, which detect very small
earthquakes that are induced by the changes in stress and pore pressure caused by the fracturing process.?
The geophones or accelerometers in these receivers need to be extremely sensitive and also have higher
frequency capabilities than typical VSP receivers, as the microseisms are generally small, high-frequency
events. The receiver array detects the microseisms, and P- (compressional) and S- (shear) arrivals are
determined during processing. By appropriate ray tracing, the distance and elevation to the microseism
can be determined. The particle motion of the P- and S-waves (the reason why tri-axial receivers are
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required) provides the information on the direction to the microseismic source. Since these microseisms
are generated in a zone surrounding the fracture, the overall shape and size of the fracture can be
evaluated from the spatial distribution of the microseisms.

In most fracture mapping situations, there is at most one monitor well close enough to be useful for either
microseismic or downhole tiltmeter mapping. In such cases, it is currently necessary to choose one of
these two technologies based upon the type of information that is required; however, there is no guarantee
a priori that the selected technology will actually yield better results. For example, tiltmeters are
insensitive to seismic noise, as induced by nearby drilling or fracturing equipment on the same pad, while
microseismic receivers may be “deafened” by the noise to the point that few or no microseisms can be
detected. On the other hand, microseisms gain an advantage as the monitoring distance increases because
resolution from the tilt measurements decreases with distance. There may be non-seismic intervals so that
microseismic monitoring misses part of the fracture, but tiltmeters respond to the deformation and will
always be perturbed by fractures in such intervals. Tiltmeters average the deformation from whatever
fracture or fractures are there so that complexity is difficult to deal with, whereas microseismic
monitoring is ideal for mapping complex fracture treatments. There are numerous similar advantages and
disadvantages of these two technologies that interplay under various circumstances, leading an observer
to the obvious conclusion that it would be optimal to have both technologies in a single array in the
monitoring well. This is the rationale behind the hybrid array concept.

In addition to the hybrid array, there are other activities that could be used to attempt an improvement in
the data obtained by the array and in the interpretation of the results. These include improvements in the
microseismic receivers, the tiltmeters, analysis procedures, and interpretation of the data.

Current microseismic receivers use geophones with relatively good characteristics; however, microseisms
are events that have characteristics that should be better detected using accelerometers. Finding or
developing an accelerometer with high temperature capabilities, high shock resistance, low noise, and a
relatively high resonant frequency could offer advantages in detecting small and/or far events.

Current downhole tiltmeter tools have very sensitive sensors, but coupling of the sensors to walls
currently uses bow spring centralizers or magnets and may not be the most noise-free method of
deploying these tools. Potentially a clamp arm (as on the microseismic tools) could provide better data
quality. In addition, noise generated in the tool (there are motors, amplifiers, A/D, telemetry, and various
other circuits in the tool, all requiring power and all possible sources of noise) could potentially be
reduced to improve data quality.

Analysis of these data sets is performed separately, resulting in a microseismic map and a tiltmeter map.
If there are discrepancies in the two maps, questions can arise as to how to merge the results into the most
consistent picture of the fracture. One solution is to develop a joint inversion that attempts to employ
both data sets in a single inversion process of the data.

Finally, data such as microseismic events offer much information about the fracturing process and the
reservoir that would be very useful in any analysis of a fracturing treatment. Developing better methods
for evaluating source parameters (key elements describing the slippage) could offer an improved
understanding of both the data and its relevance to the fracturing episode.

Pinnacle Technologies, Inc. 2
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2. Proposed Technical Approach

The following is the technical approach outlined in the original proposal to DOE.

Hydraulic fracture mapping can be key to understanding and optimizing the stimulation of wells in
unconventional gas reservoirs. While hydraulic fracture mapping is proving its value to the natural gas
industry, this is an emerging technology that has much room for improvement. Microseismic hydraulic
fracture mapping is currently performed using a multi-level (typically 12 levels) array of seismic receivers
(triaxial geophones) deployed in a well offset to the treatment well. Data from the geophones is
transmitted up a fiber-optic wireline to a data acquisition system for recording and then to a data
processing system for analysis. Downhole tiltmeter mapping is currently performed using a multi-level
(up to 15 levels) array of tiltmeters deployed in an offset well. Data from the tiltmeters is transmitted up a
single-conductor wireline for data acquisition and processing. Currently, microseismic and tiltmeter
arrays cannot be run concurrently and require separate observation wells offset to the treatment well.

The goal of this project is to develop and test an advanced system incorporating both seismic sensors and
tiltmeters in one tool. In addition, improved instrumentation (both microseismic and tilt) will be
developed and tested to improve viewing distance and accuracy. Finally, new data processing techniques
will be developed and tested that can improve the information derived from hydraulic fracture mapping.
These advancements will improve the quality of hydraulic fracture mapping results, reduce limits on the
use of fracture mapping and make it more cost effective.

The objectives of the proposed project are to:

o Develop a combination microseismic receiver-tiltmeter system eliminating the need for two
observation wells

« Improve microseismic receiver sensitivity by evaluating and testing accelerometer vs. geophone-
based instruments

« Improve tiltmeter sensitivity by evaluating and testing new instruments and by assessing tiltmeter
sensitivity in tools clamped in the wellbore as opposed to current tools, which are coupled to the
casing-formation with bow spring centralizers or magnets

o Develop a joint-inversion routine using microseismic and tiltmeter data

o Develop a microseismic source mechanism technique offering more information for both
reservoir characterization and hydraulic fracture optimization

2.1 Work Plan

The best means to perform this research and development was through modification of the existing
seismic tool (Geospace DDS-250). The DDS-250 is a fairly new tool but it has proven to be very reliable
in the field and it provides a solid platform for making these advancements; however, the DDS-250 was
developed for active seismic operations (e.g., crosswell seismic, VSP, etc.) and is not optimized for
passive seismic monitoring like hydraulic fracture mapping. Research needs to be performed to optimize
the DDS-250 for passive seismic monitoring. It will be more efficient, both time- and cost-wise, to
modify the existing tool rather than develop an entirely new system. Pinnacle owns fifteen DDS-250’s
and will make them available to the project for development of the advanced hydraulic fracture mapping
system.

Pinnacle Technologies, Inc. 3
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The work necessary for this project includes:
« Inspection of the DDS-250 tool for power and signal input levels

o Selection or development of a triaxial accelerometer package with sufficient sensitivity and
ruggedness

« Selection or development of a tiltmeter with sufficient sensitivity and ruggedness

« Design and fabrication of prototype circuitry for the seismic and tiltmeter instruments
« Design and fabrication of a prototype shuttle to hold the various components

« Installation and testing of the new instrumentation package in the receiver

o Comparison of the new combined tool performance with the current standalone tools
o Development of a joint inversion code to analyze microseismic-tiltmeter data

o Development of a rigorous source mechanism technique

The results of the work will be documented in a comprehensive final report and at least two industry
publications. The improvements will be incorporated into Pinnacle’s fracture mapping services. Pinnacle
is the leader in providing fracture mapping services to the oil and gas industry. Project results will be
featured in the multiple workshops and forums that Pinnacle conducts annually.

2.2 Tasks

2.2.1 Development of Combined Microseismic-Tiltmeter Receiver

Subtasks associated with this task are:

A. Inspection of Existing Tool

The types of accelerometers that will be used are constant-current devices; they typically require some
bias voltage and minimum current along with some amplification. As a result, they need low-noise
power, adequate voltage levels at the tools to allow full operation of the sensor, and sufficient power on

the instrumentation power line. These specifications will be measured on a Geospace DDS-250 receiver
to determine instrumentation constraints and design needs for power-conditioning circuitry.

Pinnacle Technologies, Inc. 4
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B. Selection of a Tri-Axial Accelerometer Package

Survey tri-axial accelerometer packages to find the optimal sensor. Many accelerometers are available
for a wide number of applications but they need to be screened to meet the sensitivity and ruggedness
requirements for standard oilfield application. Requirements are:

o ~1volt/g sensitivity

e Minimum 1,000 g shock resistance

o Operating temperature up to 150° C

o Resonant frequency no less than 5 kHz

« Fairly flat response out to 3,000 Hz (e.g., 3 dB point at least 2,500 Hz)
o Low power requirements

The objective is to find a tri-axial package, but we may find that many of the tri-axial packages have their
grounds tied together. For the level of accuracy needed in this application, this is not desirable and full
isolation of the three axes is required. If there is not a tri-axial package with the necessary requirement,
then we will look for individual accelerometers for each of the three sensor axes.

C. Selection or Design of a Tiltmeter Package

The current offset well dual-axis tiltmeters (optimized for a 2.875” receiver) are too large for the DDS-
250 (2.5” OD) microseismic receiver. The current treatment well dual-axis tiltmeters (optimized for a
1.6875” receiver) do not have the sensitivity necessary for offset well monitoring. We will design a
tiltmeter sensor packaged to fit in the DDS-250 with the sensitivity necessary for offset well fracture

mapping.
D. Design of a Power-Conditioning Circuit

Based on the tool characterization from Subtask 2.2.1 and the instruments selected in Subtasks B and C
we will design and build a power-conditioning circuit to provide the correct power requirements.

E. Design of the Accelerometer Supply & Amplification Circuit

The instruments selected in Subtask B may have their grounds all tied together and leading to noise
problems and cross talk that will destroy our ability to detect microseisms. To eliminate this problem, we
will design and build an accelerometer constant-current supply and amplification circuit that is fully
isolated and shielded and runs on battery power.

F. Design and Fabrication of a New Shuttle

The current sensor fixture, or shuttle, is designed to hold three SMC1850 or OMNI2400 geophones. This
shuttle needs to be replaced with a new one that holds the tiltmeters, accelerometer (or accelerometers),
the power regulation board, and the constant-current/amplifier board. Given the drawings for the current
shuttle, we will redesign it so that we could attach the accelerometers and circuit boards in a fully
compatible manner with tool assembly and performance considerations.

Pinnacle Technologies, Inc. 5
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G. Installation in a Receiver

Install the new shuttle with all the components into a prototype receiver while assuring that no damage is
done to any other parts or components. This will need to be done with tool system laid out and
operational.

H. Tiltmeter Data Acquisition

The current microseismic data acquisition system will be modified to control the tiltmeter sensors and
provide data acquisition. Tiltmeter data rates are very low compared to microseismic data rates and this
subtask should be straightforward.

I. Laboratory and Benchtop Testing

Laboratory and benchtop testing will be conducted as needed to support Task 2.2.1. Testing will be
performed on sub-assemblies and the fully assembled prototype tool.

2.2.2 Testing of the Combined Microseismic-Tiltmeter Tool

Yard tests and field experiments will be conducted to assess the performance of the new sensor packages
and combined microseismic-tiltmeter tool compared to the old tools. Comparison will be made using
perforation data (for the high frequency components) as well as data from hydraulic fracture monitoring.
Spectra, hodograms, noise levels, phase relationships, and other aspects of the signals will be examined
and compared. This comparison should result in accelerometer spectra with much greater amplitudes at
high frequencies, as opposed to the geophones with higher amplitudes at lower frequencies. This
comparison would also allow us to look at signal-to-noise ratios, arrival rise times, hodogram quality, and
other factors important to accurate processing. These field experiments will be conducted in onshore
domestic gas reservoirs where hydraulic fracturing is a routine aspect of well completion.

Subtasks associated with this task are:
A. Yard Testing

Yard tests will be conducted using the fiber-optic wireline and data acquisition system running a full array
of existing tools and the prototype tool. These tests are necessary to ensure the full system is operational
prior to field experiments in a well. Three yards tests are scheduled, each prior to a field experiment
(subtasks B and C below).

B. Single Receiver Field Experiments

Performance of a single prototype tool will be evaluated. The prototype tool will be run along with
several existing microseismic receivers to monitor perforations and hydraulic fracturing under typical
field conditions. This will allow comparison of data quality of the accelerometers in the prototype tool
versus the geophones in the existing tools. Two field experiments are planned in order to troubleshoot
tool operation problems and assess performance.

C. Multi-Receiver Field Experiment

Evaluation of the downhole tiltmeters and the joint-inversion code requires testing with multiple
prototype tools in order to see the deformation pattern caused by the hydraulic fracture. One field
experiment is planned to assess the downhole tiltmeter data versus the existing tools and to gather data for

Pinnacle Technologies, Inc. 6
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running the joint-inversion code. Pinnacle will convert five additional DDS-250 receivers to combination
microseismic-tiltmeter tools for this field experiment.

D. Build Multiple Combination Tools

Pinnacle will convert five DDS-250 to combination microseismic-tiltmeter tools using the
instrumentation and design proven in single-receiver testing.

E. Multi-Receiver Field Experiment

Perform a field experiment monitoring a hydraulic fracture treatment using six combination tools and six
existing DDS-250 tools. A hydraulic fracture treatment will be monitored from an offset observation
well.

2.2.3 Development of Joint Inversion Routine

Analysis of microseismic and tiltmeter monitoring data is usually performed separately and the final
results compared during the process of assessing the fracture or process geometry. A more accurate
approach would be to jointly analyze the two types of data and arrive at a single answer that best fits both
data sets. However, this is a very complex problem since tiltmeters measure earth deformation while the
seismic receivers calculate the location of micro-earthquakes. Development of a “joint inversion”
algorithm requires that both types of data be related to basic earth mechanics and the result be formulated
in terms of these mechanisms and the rock and process (e.g., fracture, waterflood, etc.) properties.

There are a number of ways to proceed with this formulation, but the most straightforward and simplest is
to assume that material properties are known so that microseismic locations are as exact as possible and
that the tiltmeter data are not perturbed in some unknown way by rock variations. Given this condition,
the tiltmeter data can be inverted in conjunction with event location results from the microseismic data
based on either probabilistic assessments or on mechanical models of microseismic development. Such
an inversion would ensure that microseismic data bounds and the tiltmeter-inferred process envelope
overlap as much as possible. The second step would be to invert for rock properties as well, which would
require re-analysis of the microseismic locations since these are dependent on formation velocities. This
step would be much more computationally intensive, given the required reevaluation of event locations,
but it potentially could provide formation information as well as maximally accurate monitoring results.
This second approach will obviously take considerable time to develop and will evolve as more is
understood about the combined data sets.

Subtasks associated with this task are:

A. Develop a Microseismic Uncertainty Analysis

The most direct path for the first approach is to develop a model that assesses uncertainty of the
microseismic events and to use this model in conjunction with the tiltmeter data to obtain fracture
geometry. The inversion would try to maximize the fit of the tiltmeter data and minimize the total
uncertainty from the microseismic data.

B. Develop a Joint Inversion Algorithm

An algorithm needs to be developed to handle diverse data sets with appropriate weighting for each set. It

iS necessary to assess the various inversion techniques, establish weighting criteria, and develop
constraints, and handle other facets of the inversion process.

Pinnacle Technologies, Inc. 7
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C. Develop a Microseismic Mechanical Model for Use in the Inversion

A more physically attractive approach is to develop a mechanical model of where microseisms should be
located given the various reservoir and process conditions and attempt to use this model in the joint
inversion. An initial mechanical model is available, but it would need to be upgraded and reformulated
for use in the inversion code.

2.2.4 Microseismic Source Mechanism Characterization

While microseismic fracture mapping is gaining acceptance by the natural gas industry, it is used on a
very small number of stimulation treatments. Currently, microseismic hydraulic fracture mapping is
focused almost entirely on determining the created fracture geometry (azimuth, length and height). There
is certainly other information contained in the microseismic data that could also be very useful to
operators. This could include information on the hydraulic fracture (such as propped fracture geometry),
the reservoir (such as natural fracture characterization) and reservoir performance (depletion patterns if
monitored long-term). Passive seismic monitoring has the ability to complement and augment active
seismic (e.g., 3D, 2D, crosswell, etc.) for reservoir characterization and performance assessment.

The fundamental basis for developing this capability is to characterize the source failure mechanism for
microseismic events. A microseismic source failure mechanism is described by the specification of the
failure plane orientation and dimensions, as well as the failure stress and slip direction. This is a difficult
task when the event is viewed from only one location, as is typical for oilfield use, as opposed to
earthquake seismology with multiple sensors for detection. Some work has been published on this topic®
® but has proven to be incorrect*®. This task will provide a robust source mechanism methodology for the
industry.

Seismic Diagnostics, Inc. (SDI) has been studying this issue recently with support from Pinnacle. This
task will expand on these initial efforts and builds on work performed using data from DOE-supported
projects (DOE/GRI M-Site and the Cotton Valley Fracture Imaging Project).

Subtasks associated with this task are:
A. Development and Evaluation of Microseismic Source Characterization Capabilities

Integrating measurements of microseismic failure mechanism data with event locations and origin times
can increase the usefulness of this technology to the industry. A microseismic source is characterized by
the specification of its origin time, location, and failure mechanism. Its failure mechanism is described by
the specification of the failure plane orientation and dimensions, as well as the failure stress and slip
direction. This effort will evaluate the existing source mechanism inversion code and develop a failure
stress and linear dimension component. The method will be tested using numerical simulation and data
from field experiments from several types of reservoirs.

B. Study to Improve Microseismic Signal-to-Noise Ratios

The utility of this technology will be increased by the development of reliable methods to significantly
increase the effective detection range of the existing observational technology. There are two paths to
increase the detection range of microseismic mapping: improve the instrument sensitivity or develop
noise filtering techniques. Other tasks in this proposal deal with improving the sensor sensitivity. The
effort described in this task is planned to address filtering techniques to improve signal-to-noise ratios and
increase the viewing range of microseismic mapping. This supports Pinnacle’s overall objective to
develop an advanced hydraulic fracture mapping system.
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The ambient background noise observed in monitor wells during hydraulic fracturing treatments typically
limits the useful microseismic detection range to less than 1,200 feet. It also limits the angular width of
the effective aperture for weak microseismic events, thus reducing the effective resolution of the methods
used to characterize these events. In addition, since many gas wells are laterally offset by 2,000 feet or
more, the impact of the monitor well ambient noise is to severely limit the potential for microseismic
hydraulic fracture diagnostics surveys. Consequently, there is a compelling need to identify and evaluate
cost-effective methods to reduce monitor well background noise levels without significantly altering the
microseismic signal waveforms. This effort will acquire manufacturer’s data on monitoring system
electromechanical noise level and evaluate existing noise data. Time series analysis methods will be
applied to the data to characterize the magnitude, polarization state, and organizational state of the
monitor well noise field. Processed sample records will be representative of the noise field:

« at different times during the monitoring operations
« atdifferent ranges
« in different geologic environments

Pending the outcomes of the noise characterization study, polarization state filters, prediction error
operators, and velocity filters, as well as combinations of types of these operators, will be evaluated to
determine their capabilities to reduce the magnitude of the monitor well noise field.

2.2.5 Technology Transfer

The objective of Task 2.2.5 is to ensure that the results of the project are effectively and efficiently
transferred to the industry. A comprehensive final report will be written documenting the results of the
project. At least one technical paper will be written and presented. Pinnacle conducts several hydraulic
fracturing workshops annually and results from this project will be included in the workshop.

Pinnacle is the leading supplier of hydraulic fracture mapping services in the industry and can use these
research results to improve fracture diagnostic services. This will make services based on this research
widely available to the industry.

This task will also ensure that project progress and results are communicated to DOE for project
management purposes. The periodic, topical, and final reports shall be submitted in accordance with the
DOE's “Financial Assistance Reporting Checklist” and the instructions accompanying the checklist.
Additionally a copy of all papers, articles and reports shall be submitted to the DOE COR for review via
email in MS Word format. Periodic reports and briefings (formal and informal) will be provided to DOE
as requested.

A. Technical Paper

Will prepare for publication and/or presentation at least two technical papers. The papers will directly
involve the DOE COR participation and review. The venues for publication shall be SPE and/or other
professional publications presenting and transferring the technology developed and reviewed in this
project to the petroleum industry as a whole.

B. Progress Reports and Briefings

Will prepare at the request of the DOE COR a technical paper for the DOE/NETL Annual Contractors
Review Meeting.

Pinnacle Technologies, Inc. 9
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C. Final Report
Will prepare a comprehensive final report for the project.
D. Briefings/Technical Presentations

o Detailed briefings for presentation to the COR at the COR’s facility in Pittsburgh, PA or
Morgantown, WV

« Provide and present a technical paper at the DOE/NETL Annual Contractors’ Review Meeting at
a site to be determined

o Updates will be provided to the DOE Project Manager as requested
E. Commercialization
Pinnacle can incorporate the improvements in tool technology that result from this project into our

hydraulic fracture diagnostic services. Pinnacle is the leading provider of microseismic and tiltmeter
fracture mapping services to the industry. Pinnacle is the only provider of tiltmeter fracture mapping.
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3. Work Results

This section describes the results obtained in this project. These results follow the overall task
numbering, but are listed by subtask because of the overlap of so many of the activities.

3.1 Development of Combined Microseismic-Tiltmeter Receiver

The primary result of this task was the development of a prototype hybrid array with the design and
fabrication of a new housing for the tiltmeters that accommodates the various microseismic conductors
that need to feed through the tiltmeter tool. In addition, development efforts were conducted to assess and
build accelerometers for testing in the microseismic tools.

After extensive investigation, it was decided that the best approach to obtaining an integrated
tiltmeter/microseismic array was not to place the tiltmeters inside the microseismic housing, but rather to
attach a modified tiltmeter tool to a microseismic tool and allow the clamp arm on the microseismic tool
to couple both instruments to the borehole wall. This approach would allow for each of the systems to
retain their separate telemetry, power, leveling, and other functions. The following work results reflect
that philosophy in the development of a hybrid array.

3.2 Tiltmeter Modifications

The problem of using a sufficiently sensitive tiltmeter in a tool small enough to match the microseismic
receiver (DS250) was solved independently by modifying the existing small-diameter tiltmeter (GEN I11)
to achieve a much higher sensitivity. These small diameter (1.6875 inch) tiltmeters could now be used as
the platform for designing a hybrid tiltmeter compatible with the DS250 receivers.

In order to use the current GEN 111 tiltmeters in a hybrid array with the DS250 microseismic tools, it was
necessary to devise a way to pass the microseismic interconnect wires through the tilt tools. However, the
current generation of tilt tools have no space internally, so it was decided to build an external housing in
which the current tiltmeter tool could be inserted, along with centralizers to hold the tiltmeter rigid within
the housing (as well as guide the wires) and adapters to hold and mate the tiltmeters to the end-cap
connectors.

Figure 2 shows a drawing of an assembled tiltmeter (without the outside housing), illustrating the mating
of the tiltmeter into the adapters and endcaps. The end adapters (grey) connect the tiltmeter housing
(blue) to the endcaps (black) and hold the tiltmeter rigidly in place. Centralizers ring the tiltmeter so that
it cannot wobble within the housing and act as guides to the wires that will be fed through on the outside
of the tiltmeter, but internal to the hybrid housing.

Figure 3 shows a detailed drawing of the adapter that holds the tiltmeter within the housing. The outside
diameter of the adapter is the same dimension as the centralizers and fits snugly within the external
housing. There are four cutouts on the adapter for the microseismic interconnect wires and a grooved
area where the tiltmeter fits into the adapter, along with screw holes to hold the tiltmeter in place. The
adapter bolts on to the endcap.

Figure 4 shows a detailed drawing of the power contact that fits within the adapter, and Figure 5 shows a
detailed drawing of the centralizers. The centralizers have an outside diameter that fits snugly within the
external housing and have internal cutouts for allowing passage of the microseismic interconnect wires
and for holding them in place.
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In addition to these parts, male and female end connectors were also obtained from GERI. These mate
directly into microseismic interconnects and receivers.

Other issues associated with the addition of a tiltmeter array to a microseismic array included power
considerations and communication capabilities. The tiltmeter power and data are multiplexed on a single
conductor of the fiber-optic line (all the other conductors are used for microseismic or CCL) with return
on the ground.
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3.3 Microseismic Modifications

Modifications made to the microseismic tools consisted of a redesign of the shuttle (the fixture that holds
the geophones) to accommodate accelerometers and their associated circuitry and a replacement of the
CCL negative power with the tiltmeter power. The CCL negative was attached to armor.

3.3.1 Inspection of Existing Microseismic Tools

Pinnacle obtained two receivers from Geospace with accelerometers in place of the geophones in order to
evaluate their response. The accelerometers used were Wilcoxin 731-20 sensors, which are currently the
most sensitive accelerometers on the market (also the most delicate). The tools were used in a number of
fracture tests and their response was assessed in various manners. Initial examination consisted of side-
by-side comparisons of the accelerometers and geophones (on adjacent tools). Spectra of the two sensors
were compared for both noise and event response. In general, the response of the two systems was fairly
similar, with accelerometers having a little better high-frequency response; however, some noise spikes
were observed in the accelerometer data that suggested there may be some problem with the power
provided to the accelerometers. In addition, the lack of significant improvement in the high-frequency
response is surprising, as accelerometers have much higher response at high frequencies. This behavior
suggests that something in the A/D system is filtering out the high-frequency content or the mechanical
system is incapable of transmitting higher frequencies.

Figure 7 shows an example comparison of the spectral response of adjacent levels — one geophone and
one accelerometer — for a perforation shot, which should have considerable high frequency content. The
spikes in the accelerometer data can be clearly seen, but the improvement at high frequencies is relatively
small and centered around 1,000 Hz.

Figure 8 shows another perforation example, but this time with a better high frequency response on the
accelerometers. Two accelerometer levels are shown here, along with the adjacent geophone level. The
signal-to-noise (SNR) ratios for this perforation are shown in Figure 9 as a function of frequency.
Clearly, the accelerometers are showing a much better response at the higher frequencies.
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In addition to the side-by-side comparison under normal conditions, a test was performed at a faster
sampling rate (1/8 msec sample interval, as opposed to the normal 1/4 msec sample interval) to see if the
response of the accelerometers was improved by allowing sampling of higher frequencies. However, this
test showed that there was no event data at frequencies above ~1,500 Hz, that is, the event response
looked just like the noise response. This was particularly surprising because the Wilcoxin 731-20 sensors
have a resonance at about 2,200 Hz that provides a mechanical gain of 100. This resonance should have
been evident in the data, yet it was not observed. Finally, the higher sampling rate also showed that the
noise increases with frequency above about 1,200 Hz, probably due to the A/D system.

Figure 10 shows an example of this behavior for a perforation in the Barnett Shale. The sampling rate is
1/8 msec and shows behavior similar to the previous examples for frequencies lower than about 1,200 Hz,
but has no advantage at higher frequencies because the noise floor is rising. This can be seen very clearly
in the SNR plot for this perforation in Figure 11. Above 1,500 Hz, all three sensors look the same
because the system electronic noise level is so high.
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These initial evaluations have provided useful information to begin detailed testing of the existing tool
system in order to determine its current response limits and methods to improve the response of the
system. These tests include examination of the accelerometer circuitry, inputting test signals in place of
the accelerometers and monitoring the system response, excitation of the accelerometers at the shuttle
fixture (the shuttle holds the accelerometers in place) and also on the housing, and various other tests of
system noise and capabilities. Some of the findings are given below:

It was immediately obvious that one huge problem is that all of the grounds on the accelerometers are tied
together, making the data quality less than desirable. This one feature adds noise and crosstalk between
channels and is probably the most significant factor that needs to be corrected to improve the response.
Crosstalk tests on the accelerometer tools and on a different geophone receiver showed that there is about
-100 to -120 dB crosstalk in the electronics, -95 to -115 dB through the geophones, and -25 dB through
the accelerometers. As a result, about 6% of the amplitude from one accelerometer channel bleeds over
into the others, while an insignificant amount of crosstalk occurs in the geophone receivers (only 0.001 —
0.0001%), which are fully differential.

A high frequency signal was input into the A/D (by replacing the accelerometer input with a function
generator input) and confirmed that the GeoRes (the data acquisition unit) can respond to high
frequencies. There is no filtering or anything else limiting the data-acquisition system. Thus, the
inability of this system to detect high frequencies with the tools is not due to the data-acquisition part of
the system. It was noted, however, that the design of the shuttle is not conducive to detecting high
frequencies. The shuttle carrying the accelerometers (or geophones) is coupled to the housing only
through four O-rings. Pinnacle’s tiltmeters are designed using this approach to mechanically filter out the
high frequencies and the same thing is probably happening on the accelerometer receivers. Some very
rudimentary tests were done to check on this and it appears that there is about a factor-of-four reduction in
amplitude at high frequencies relative to low frequencies.

It was verified that the increasing noise with increasing frequency (by as much as 30 dB from 1,400 to
3,500 Hz) is a system problem that occurs with any sensor. It is probably due to some aspect of the A/D
or the DSP functions. However, with the equipment on hand, it was not possible to diagnose the source
of this noise and this will need to be done later.

The accelerometers in the one tool that was opened up were found to have what appears to be a degraded
response. For the Wilcoxin 731-20A accelerometers, the resonant frequency should be at 2,200 + 100 Hz
and there should be a mechanical gain of ~40 dB. The response of two of the accelerometers were
measured, resulting in resonant frequencies of ~1700 and ~1900 with approximate mechanical gains of 15
to 25 dB, although the gain numbers are a little rough because of the limited equipment on hand. In any
case, this reduction in the resonance is exactly what happens as the tools become damaged due to
continued shock and possibly other factors (e.g., exposure to temperature).

At this time there is a reasonable explanation as to why the tools did not show any response at higher
frequencies in the field tests. First, the accelerometers were likely degraded and the mechanical gain was
considerably lower than expected. Second, the O-ring coupling limited how much high frequency energy
was getting into the tools. Third, the increasing noise with frequency (about 20 dB at 1,800 to 2,200 Hz)
hid any signal that might have reached the sensors. Combine them all and there is probably not much
potential to improve the high frequency response.
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These deficiencies in the prototype accelerometer receivers are actually a fairly positive result, as they
suggest that a marginally designed accelerometer system can work as good as or better than an excellently
designed geophone system. While there are still some questions and issues that need to be addressed, it is
believed that sufficient information has been obtained to:

1. Assure that the performance of the receivers can be improved with accelerometers

2. Suggest improvements in the current prototype tools to correct the deficiencies in this prototype
design

3. Begin searching for an optimal accelerometer for microseismic monitoring using these receivers

3.3.2 Accelerometer Investigation

Given the characteristics of microseisms and the cultural noise in wellbores, it is expected that
accelerometers would provide a better sensor for detecting microseisms in the downhole environment.
Microseisms are typically very small, high frequency, events, with the smaller events usually being higher
frequency. In addition, the cultural noise in a borehole typically decreases with increasing frequency.
Thus, a sensor that performs better at higher frequencies has a better chance of detecting these events.
Accelerometers, which measure acceleration, have an amplitude that is 2xf greater than the velocity
amplitude, where f is the frequency. In this way, accelerations are much greater amplitude at higher
frequencies if the sensor system can function appropriately at high frequencies. Negating this to some
extent is attenuation, which is greater at higher frequencies.

The general philosophy at the start of the project was to obtain a complete tri-axial accelerometer because
it would be guaranteed to be balanced (e.g., all three channels having the same sensitivity and resonance).
However, most of the tri-axial units that were found have their grounds tied together, which essentially
results in a single-ended configuration instead of the fully differential configuration that is needed.

Sandia National Laboratories performed most of the work on developing a new accelerometer for the
microseismic tools. After conducting detailed searches of accelerometer products that are available, a
database of several types of applicable sensors and vendors was developed. In general, applicable sensors
appear to fall into the categories of: (1) charge output sensors, (2) strain resistors output sensors, and (3)
MEMS sensors. However, strain resistors output sensors are not presently being considered for this use
because of several factors.

The charge output sensors may or may not have internal electronics. Those sensors without internal
electronics are typically ceramic composite devices with sensitivities of 10 pC/g, 100 pC/g or 1,000 pC/g
(pico-Coulombs/g). Sandia would provide a first-stage, low-noise, signal conditioning circuit for these
devices. Those with internal electronics typically have charge to voltage conversions that result in
sensitivities of 100 mV/g to 1,000 mV/g. While use of these latter sensors would save considerable time
and effort, it will be necessary to determine if the internal electronics can satisfy our particular noise
requirements.

MEMS sensors are typically variable capacitance and it is the nature of the MEMS device to have the
internal electronics integrated with the sensing unit in a very small physical package. Typical sensitivities
for these devices are 80 mV/g, 200 mV/g and 1,000 mV/g, for devices that are being considered.

Five different sensors, all from Endevco (Endevco has bought out several companies recently and now is
a huge presence in the accelerometer business) were procured for initial testing. These include the 2228C
triaxial, 7201-100 single-axis, 7251HT-100 single axis, 7703A-1000 single axis, and 7250A-10 single
axis accelerometers. In addition, the 2258A-10 and 7250A-2 single axis accelerometers were already on
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hand for testing. Evaluation of these products allowed Sandia to assess pros and cons of sensor type,
sensitivity, temperature, shock, and frequency response.

A basement lab (fewer environmental changes and vibrations) with an air table and shaker were used for
the initial testing. Figure 12 shows a photograph of the shaker table (top cylindrical device) on top of the
air table. Figure 13 shows a close-up photograph of the top of the shaker table with a reference
accelerometer (Wilcoxin 731-20A) mounted in the center and four of the test accelerometers mounted
around.

Test equipment for the evaluation is shown in Figure 14 and includes a function generator, amplifiers,
voltmeter, spectrum analyzer and phase-lock system.

Figure 12. Photograph of shaker table and air table in basement laboratory
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Figure 13. Photograph of Wilcoxin reference accelerometer (center) and four test accelerometers
mounted on the shaker for initial testing in basement laboratory
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Figure 14. Test setup for initial accelerometer evaluation

Based upon the initial tests, it appeared that both the Endevco 7703A series piezoelectric accelerometers
and the 7251HT series piezoelectric accelerometers with integral electronics would be sufficient for our
needs. The 7703A series, however, is rated to 288°C and has a very flat charge sensitivity out to that
temperature, thus assuring that response is not lost with increasing temperature. Thus, after initial testing
the 7703A was the preferred choice. The 7251HT series is rated to 150°C, which is barely sufficient for
our needs, but it also has a flat temperature response out to this temperature. The 7703A series has a
relatively flat amplitude response out to about 4,000 Hz and a resonant frequency of 20,000 Hz.

Using the 7703A series accelerometer would require that we add our own electronics to the
accelerometers, but this would allow us to ensure that a low-noise, high temperature, flat-response,
amplifier was used. In the testing, Sandia used the amplifier that is part of the Wilcoxin 731-20
accelerometers for initial evaluation. With this configuration, it was possible to obtain the same type of
output as the Wilcoxin (e.g., 10’s of volts per g) without any noise problems (at least qualitatively — final
evaluation of noise issues will come later in quieter environments).

The 7703A series accelerometers come in 50, 100, 200, 1000 picoCoulomb/g (pC/g) output. The initial
test was of a 100 pC/g model and it appears to have the best features. For example, the physical size of
the 100 pC/g is less than 1 inch, whereas the 200 and 1,000 units are over 1.25 inch. In addition, the
response of the 1,000 pC/g device is flat only out to about 2,000 Hz and the 200 is flat out to about 3,000
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Hz. The shock resistance of the 100 pC/g is 5,000 g’s, while the 200 is 2,000 g’s and the 1,000 is 1,000
g.

Relative to noise levels, most of the testing was done in the 10’s of mg range, which is a typical event
amplitude in the Barnett Shale. Sandia was able to take it down to 0.125 mg in the lab (the lab is too
noisy to go lower), which is about 3 to 4 times larger than the lowest signals that are currently event
detected.

Further testing concentrated on (1) getting equipment installed in a vault area so that noise floor
measurements could be made and (2) assessing the associated circuitry that would be required to power
and condition the Endevco 7703A accelerometer which is the most promising of the sensors.

Figure 15 shows a picture of the shaker table in the vault. The vault is a facility that was built
underground in the foothills of the mountains near Sandia Labs, with a concrete slab base and concrete
block walls. Figure 16 shows a photograph of the test electronics.
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Figure 15. Photograph of shaker table in the underground vault
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Figure 16. Photograph of test electronic in the vault

Initial vault testing of the selected accelerometers was very promising and suggested that the Endevco
7703A accelerometer is a very good choice for this work. Tests were run at 100 micro g, 50 micro g, and
1 micro g. The 1 micro g appeared to be right at the level of our capabilities in the vault (aircraft flying
overhead, ventilation, etc.), but data at 1 micro g could be observed in some frequency ranges. Based
upon the results, it appears that the sensor is good for measurements down to 1 micro g (our target) and
may actually be better, but Sandia was unable to perform such measurements in any available site. The
only possibility for a quieter site is probably to work downhole.

Figure 17 shows the measured output of the 7703A and the 7251-HT transducers while attempting to
hold the Wilcoxin response relatively constant. The Wilcoxin accelerometer has a resonance at about
2200 Hz and its response is continually increasing above a few hundred Hz, which is why both the input
and the other accelerometers show a decrease. No data can be obtained between about 2000 and 2400 Hz
due to the high mechanical gain of the Wilcoxin (potential to break the sensor). Alternately, the 7703A
and the 7251-HT can be used to derive a corrected response, as shown in Figure 18. This figure shows
the increasing sensitivity of the Wilcoxin accelerometer and the nearly flat response of the other two. The
input level is approximately 50 mg.
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Figure 17. Output response of sensors while attempting to hold Wilcoxin response constant
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Figure 18. Adjusted output response after correcting for Wilcoxin response

Finally, a normalized output of the 7703A as a function of input level is shown in Figure 19. For input
ranges from 50 ug to 50 mg, the outputs overlay very well, showing a consistent response across input
levels. However, the 1 pg input is such a low level (and almost in the noise) that accurate measurements
could only be made for frequencies below about 700 Hz. For higher frequencies, the behavior is less
certain.
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Figure 19. Normalized output as a function of frequency for various input levels

In summary, the results of accelerometer testing have shown that the accelerometer that was expected to
be the best one (Endevco 7703A-100) was quiet down to 1 ug, which was the noise level of the buried
vault in which the low-noise tests were performed. The noise floor could be lower than 1 pg, but there is
no method to test it without using a primary standards laboratory. No additional tests are needed,
however, because this noise floor is good enough for our needs. It was also found that this accelerometer
can be amplified to give several volts per g output (maybe as much as 10). This is approaching the
sensitivity of the Wilcoxin 731-20A accelerometers, which have the best response in the world (but they
have no shock resistance and are temperature sensitive). The 7703A have great shock resistance (5,000 g)
and can stand temperatures above 250 degrees C.

One problem with the 7703A is that it has a side mount, which makes it harder to use in the current
receiver fixture. In discussions with Endevco, it was found that they make the same unit in a top mount
and it is called a 7701. This unit is not in their standard catalog, but it does exist. Sandia acquired three
of them for use in the prototype testing. The characteristics of the 7701 were also checked in the vault
and found to be the same response as the 7703A. The final curve in Figure 19 (100 microg*) is the
response of the 7701; thus, the 7701 is our accelerometer of choice.

The next step is mating the 7701 with an amplifier. In the initial tests, Sandia decided to test the state-of-
the-art low noise amplifier that is currently used in the Wilcoxin 731-20A accelerometers. One of the
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reasons the 731-20A is such a good accelerometer is the very low noise amplifier. (Incidentally, the
design of that amplifier was done in a joint Sandia/Wilcoxin project under DOE funding over ten years
ago.) At this time, three amplifiers have been taken out of old Wilcoxin 731-20A accelerometers and
have been mated to Endevco 7701 accelerometers. One of these mated units was tested in the vault and
gave great response with low noise. Figure 20 shows one of the side-mounted Endevco 7703A
accelerometers with an amplifier from the Wilcoxin 731-20A mounted on top.

Figure 20. Photograph of Endevco 7703A accelerometer with Wilcoxin 731-20A amplifier mounted
on top

The other additional circuitry needed for the Endevco accelerometers is a constant-current power supply
circuit with amplification. Figure 21 shows a functional block diagram of this circuit. The constant-
current circuit needs clean supply power and a low-noise amplifier to perform adequately. Figure 22
shows a circuit diagram of the power supply circuit, and Figure 23 shows a circuit diagram of the power
supply circuit with additional conditioning of the output signal to better match the A/D of the GERI
system.
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Figure 21. Functional block diagram of constant-current power and amplification circuit
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Figure 23. Circuit diagram for constant-current power supply and additional conditioning
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3.4 Accelerometer Field Testing

The accelerometer sensor and associated circuitry described above was inserted into a shuttle, tested in
the laboratory, and then tested in the field by placing it at the bottom of a microseismic array just a short
distance from a standard geophone sensor. Both microseisms and perforations were recorded during two
Barnett Shale tests; however, the perforations are the best test of the accelerometer performance because
such explosive events generate considerable high frequency energy.

Figure 24 shows an example of the traces recorded for a large perforation on the geophone tool while
Figure 25 shows the same example for the accelerometer tool. In both cases, the top trace is the vertical
sensor while the two overlain traces on the bottom are the two horizontals. Only P-waves could be
detected from this perforation at this particular viewing location. A comparison of Figure 24 and Figure
25 reveals a higher frequency content for the accelerometer than for the geophone tool. Note that the two
sets of data are scaled differently and no inference should be made about the relative amplitudes of the
two sets of traces.

The different frequency response can be seen more clearly in the spectra of the two sondes, as shown in
Figure 26. The geophone spectrum is concentrated around 300 to 600 Hz, whereas the accelerometer has
its maximum energy in the 700 to 1,000 Hz range. The accelerometer also has considerable energy in the
300 to 600 Hz range, matching the geophone. The response of the geophone tool clearly drops off above
about 600 Hz. The accelerometer tool begins to drop off at about 1,000 Hz, but it is uncertain whether
this is reflecting the true energy content of the perforation (plus attenuation effects) or is some limitation
of the A/D system. The anti-aliasing filter is set at around 1700 Hz and should not be responsible for the
observed drop-off.
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Figure 24. Traces from geophone tool for a large perforation shot in Barnett Shale
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Figure 25. Traces from accelerometer tool for a large perforation shot in Barnett Shale
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Figure 26. Comparison of spectrum of accelerometer and geophone tools for a large perforation

Based upon this response alone, it appears that the accelerometer is performing much better than the
geophone, as there are much better high frequency capabilities with the accelerometer. However, the
accelerometer performance does not look nearly as good for small events. Figure 27 shows the traces for
a small microseismic event as detected from the geophones, and Figure 28 shows the same event as
detected on the accelerometer tool. In this example, the event is clearly seen on the geophone tool but is
considerably masked by noise in the accelerometer tool.

Figure 29 shows the comparison of the spectra for the two sets of data. The noise level for the
accelerometer is about 2 orders of magnitude greater than it is for the geophones. This noise is most
likely due to electronic noise rather than anything cultural. Figure 30 shows the noise spectrum for both
tools (no event). The relatively constant noise across all frequencies suggests that the noise is electron
rather than cultural.
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Figure 27. Traces from geophone tool for a small event in the Barnett Shale
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Figure 28. Traces from accelerometer tool for a small event in the Barnett Shale
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Figure 29. Comparison of spectrum of accelerometer and geophone tools for a small event

Pinnacle Technologies, Inc.

43




Development of an Advanced
Hydraulic Fracture Mapping System
3. Work Results

100000
— X Geo
\ ) —Y Geo
[ ——ZGeo
A N AN N
Jl\\ II\I' S O O N A S O N P ’\\_’ﬁ ,’{\——XACC
10000 4 3 f N S @ S v e ”ll\\/ 7S Y Acc
\, RURBLA W URE I \/)|' v b= =z Ace
‘1 nt oy Ao NAKAS ” SR l‘\-(l
S VO NN ﬁ‘ L TRANG 1 MmNy \lfI\\
c A%, N N N I BN/ / B, v SN —
= o g Lefy % )
I |
S 1000 y Uy RN Y v ' Yy
2 Vo \
g- “ \.—/\
<

100 +

Geophone & Accelerometer Noise Spectra
Very High Noise Levels With Accelerometer

10

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Figure 30. Comparison of spectrum of accelerometer and geophone tools for only noise

The observed noise levels on the accelerometer tool make it unusable for microseismic monitoring under
these conditions, but the results are not entirely unexpected. This is a first attempt to mate a new sensor
into a commercial tool, and much about this commercial tool is unknown and unavailable (proprietary to
the manufacturer). The high noise levels suggest a mismatch between the output of the accelerometer
circuit and the A/D input. Circuits can be developed (and are currently being developed) to better match
the accelerometer with the A/D, but this aspect of the work is outside of the scope of this project.

The results that were obtained have shown that an accelerometer tool is capable of detecting much higher
frequency energy than the geophones and will thus provide an enhanced capability to detect microseisms.
However, the GERI tool system is not optimized for accelerometer data, both in its input characteristics
and in the electronic noise generated at high sampling rates. Additional work will be performed to find
ways to improve these operating conditions.

In summary, this development effort has convinced us that better microseismic data can be obtained with
accelerometer sensors rather than geophones. Additional work will need to be performed to match the
accelerometers with the A/D system or alter the A/D system to take advantage of the accelerometer
capabilities.
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3.5 Testing of the Combined Microseismic-Tiltmeter Tool

Testing of a single tiltmeter tool on the microseismic array was attempted in May 2005 in a well in North
Texas. The tool malfunctioned because an electronics board failed in the well. The board rated for 80°C,
which was inadequate for the well (temperature 100°C). This component was replaced with a higher
temperature one for later tests.

Two additional attempts at fielding a single tiltmeter took place in August and September 2005 in North
Texas as part of a microseismic monitoring test. In the second test, the tiltmeter tool worked but one of
the sensor axes failed to rezero properly. The second axis worked fine and appeared to give good data.
The problems with the rezero were unrelated to the hybrid issues and were found and fixed. In general,
these tests showed that the combined array could function as required.

Initial fielding of an array containing both tiltmeters and microseismic receivers was performed in
December of 2005. This test consisted of three tiltmeters added to a 12-level string of microseismic
receivers during a test in the Barnett Shale. These tools were run on the fiber-optic wireline of the
microseismic array. The purpose of the test was to assess whether (1) the tiltmeter tools would function
properly using the electrical conductors of the fiber-optic wireline, (2) the tiltmeter tools would be
sufficiently clamped by being attached to the microseismic receivers (with their clamp arms), and (3) the
microseismic tools would be affected in any way (seismic and electrical response) by the presence of the
tiltmeters. There was no attempt to extract information about the fracture from the tiltmeter data since
three tiltmeters are insufficient for any inversion of the data. These initial tests were successful and
showed that the combined system would function properly. The tiltmeters ran acceptably, with some
issues in communication that were addressed later. The tiltmeter coupling was adequate to record the
deformation. The microseismic tools were unaffected by the addition of the tiltmeters once some noise
problems were addressed.

A more comprehensive test was carried out in May of 2006 during a coalbed-methane fracturing test in
Colorado. However, this test was conducted in the treatment well, with the additional issues of pressure
control and noise due to flowing fluids. In this test, five microseismic receivers (a typical number for a
treatment well test) and three tiltmeters were deployed on the fiber-optic wireline of the microseismic
system. All tools functioned correctly in this test and provided reasonable data.

Figure 31 shows an example of a microseismic event detected with the five microseismic receivers. This
is a very close event with high frequency content and difficult S-waves. The vertical sensor is shown by
the black trace and the two horizontal traces are overlain in red and blue. It shows that the tool is still
well coupled to the casing and is not adversely affected by the connected tiltmeter tools.
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Figure 31. Example microseismic event detected with 5-level receivers in hybrid array

Figure 32 shows an example of the tilt data that were obtained in this test. With only three levels, it is
very difficult to make any inferences about the fracture geometry, but the tiltmeters appear to be
functioning correctly. Early in the injection there are several jumps in the tiltmeter data that are probably
caused by rate changes that moved one or more tools. However, once the rate stabilizes and the tools
settle in, changes in the tilt field can be easily monitored. The two dashed vertical lines show start and
end points where the change in tilt was calculated for each of the levels. The left-hand plot shows those
tilt changes plotted against depth. In this case, the very large change in the tiltmeter at about 3,110 ft
suggests that the bottom of the fracture is near this location. The small change in the tiltmeter at about
3,080 ft suggests that this level is near the center of the crack and consequently saw very little tilt.
However, these results are speculative without more tiltmeters to show corresponding increases and
decreases in surrounding tilt values.

This test verified that the hybrid array is operational as it is currently designed and a larger array of both
microseismic and particularly tiltmeters can be deployed. As a result of these positive tests, a full array of
tiltmeter housings is being fabricated so this technology can be run as a service.
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Figure 32. Example tiltmeter data from three tiltmeter levels on hybrid array

3.6 Development of Joint Inversion Routine

The development of a joint inversion analysis consisted of several potential analyses that were
investigated to determine the best approach. These included an analysis of uncertainty, an evaluation of
using a mechanical model to link the microseismic and tiltmeter data, and the final formulation of a joint
inversion algorithm. In the end, it was decided that the link using a mechanical model was insufficiently
constrained because of the lack of the necessary data for most industrial applications and a more universal
distributional approach was formulated.

3.6.1 Joint Inversion

With two separate data sets — tiltmeter and microseismic — one has the capability of developing two
separate maps and comparing the results. This is a useful approach and could provide information about
the fracturing process that might not be otherwise evident. In the end, however, there is a need for a
single best answer giving the most likely fracture geometry. If the results from the two data sets are very
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similar, then the single best answer may be evident. More likely there will be some discrepancies in the
two individual answers and some method will be required to extract the best combined solution. One
approach to doing this is to jointly invert the data in some way to obtain a single, integrated solution. We
call this a joint inversion.

Developing a methodology for jointly inverting the two data sets is not necessarily a simple task since the
data sets are so diverse. If one starts with the raw data, the microseisms are a collection of waveforms
with discrete arrivals while the tiltmeter data are similar time-series responses with discrete events on
them. A final solution would marry analyses of both time series through some time-dependent
mechanical model, but such a complex analysis is not feasible at this time. However, by moving farther
along in the process and using the arrival time data and the tilt values at specific times, then it is possible
to link the tilt model and the microseismic event locations through the velocity structure.

If the microseismic data points are treated as a distribution of events with an azimuth and standard
deviation about that azimuth, a length distribution and a standard deviation associated with that
distribution, a height distribution (with standard deviation), an edge distribution (with standard deviation),
and dip (with standard deviation), then these distributions can be used to represent an envelope
surrounding a “model” fracture. This “model” fracture will have a well defined tilt field that will need to
agree with the observed tilt distribution (assuming some pressure or width). In addition, the microseismic
distributions will change as the velocity structure changes (events are relocated), thus allowing the
velocity structure to be refined as part of the inversion process.

The mechanism for performing the joint inversion is the Marquardt-Levenberg approach. In the
Marquardt-Levenberg (M-L) analysis, a model is provided to calculate derivatives as a function of the
desired output parameters and the M-L analysis uses a combined steepest descent and linearization
scheme to figure out how to minimize errors and obtain the best possible solution. For the tiltmeter
analysis this is straightforward, as equations describing the elastic tilt model (it could be a dislocation or
the flat elliptic crack used here) can be provided in the code and the differences between the observed tilts
and calculated tilts drive the algorithm toward the best-fit “model.” For the microseismic data, the
distributional misfit between the microseismic events and the “model” provide the rationale for changing
either the “model” of the fracture or the velocity structure (or both).

It should be noted that the use of a distributional approach eliminates the need for a mechanical model to
link the tiltmeter and microseismic data. This is a change of approach from the original work proposal.

A. Tiltmeter Model

The tiltmeter model is the 3D flat elliptic crack of Green and Sneddon® that is in the literature. The only
reason that this model was chosen is that it was already coded up and in an available program. The
Okada® dislocation approach could replace the crack model and would provide essentially the same
results.
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Considering a 3-dimensional flat elliptic crack opened by internal pressure and having the geometry
shown in Figure 33, Green and Sneddon® found an analytical solution for the following assumptions:

e infinite medium

« homogeneous isotropic material
« linear elastic behavior

e uniform pressure

e length > height (a > b)

Ve

z I — —————

a

Figure 33. Geometry of fracture for tilt calculations

Given these restrictions, the displacements and stresses can be given by
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In these equations, G is the shear modulus of the material and v is Poisson’s ratio. Additionally, Z is the
third coordinate while z is the complex variable given by z=x+iy and Z is its complex conjugate.

Given such forms of the equations, Green and Sneddon® found a solution of the problem by converting to
an ellipsoidal coordinate system, A, 4, &, given by

az(a2 - bz)x2 = (a2 + iXaz + ,uXa2 + s)
6202 - a2)y? = b2 + )2 + wfo? + )
a?h?z?% = Aue

where

w0>A20>pu>-h?>e>-a% .

In this coordinate system, the solution can be found as an integration of combined coordinates as

y2 z? ds
-[ﬂ 2t L !
T 32G E(k) b +s S sla? +slb? +5
where E(K) is an elliptic integral of modulus k, with
2 2
) o vas-b®
a

and with a complementary modulus, k’ = 1 - k
B. Application to a Vertical Fracture (Length > Height)

The tilts normal to the face of a long vertical fracture can be found as
ou; —-8AZ 2sn?u | du o4
=L (-2 )k '
ay ab cn?u | di oy
k2 snudnu d_u 2 oA A
cnu di) oy oz
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where sn, dn and cn are Jacobian elliptic functions, A is given by

ab’P
16GE(k) ’

u is defined as

cnu
a2—
snu

A=

and E(Kk) is the complete elliptic integral of the second kind. The additional derivatives are found from
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More information about these derivatives and other characteristics of the ellipsoidal confocal coordinate
system can be found in Whittaker and Watson.> This same reference has extensive information about the
Jacobian elliptic functions, as does Abramowitz and Stegun.® In addition, Sih and Liebowitz’ provide
some discussion on the 3D-elliptic-crack solution that is useful.

Similarly, the tilts parallel to the fracture face are found from

Ju, _ 8(L—2v)Ax {Snzu}d_uﬁ

oy as di oy
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where the additional derivatives are given by

A 2xalp?+2)
ox  (A-u)i-¢)

and

oxy 4(h12)2(a2 +ﬂxb2 +/1) _(az +/11b2 +/1)+R

2% Xy a?+b2+22 1{ x2 N y2 +£}
(a2+ﬂ)3 <b2+/1)3 2

The calculation of the A, x, v coordinates requires the solution of the cubic equation
23 +/12(a2 +b% —x%—y? —Zz)+i(a2b2 —b?x? —a%y? -a?z? —bZZZ)— a’b?z2=0

for A followed by solution of the quadratic equation
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for x and then
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The procedure for using these equations is as follows:
1. Select point x,y,Z for which the calculation is to be made
2. Determine the appropriate A,u,¢ for this point
3. Determine the value of u

4. Obtain tilts
C. Non-Vertical Fracture or Height Greater than Length

The previous solution is for a vertical fracture whose height is greater than its length, which is quite a
limiting constraint; however, this model can be used to also extract the tilts for a fracture with dip and for
one whose height is greater than its length. To obtain the tilts for these cases, it is necessary to obtain the
displacement derivatives for the seven other components. These are given as:
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To calculate these derivatives, some additional partial derivatives of A need to be calculated. These are
given by
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For vertical fractures that are taller than they are long, the normal tilt is given by interchanging a and b
(essentially switching the length and the height) and using duz/ox. The parallel tilt is given by ou,/ox.

For fractures with dip, it is necessary to rotate the displacement gradients into the correct orientation and
it is necessary to find the correct spatial parameters. Considering the transformation first, Figure 34
shows the fracture with dip and the observation well and a rotated view of this geometry. It is observed
that the two displacements of interest, the one normal to the fracture (u,) and the one parallel to the
fracture (u,) are given by

U, = Uz COSy +Uysiny

=u, ,

Pinnacle Technologies, Inc. 54



Development of an Advanced
Hydraulic Fracture Mapping System
3. Work Results

where @is the angle of the fracture plane referenced to the vertical (e.g., zero is a vertical fracture). The
tiltmeter array measures the variation of the displacement derivatives along the s direction,
Dy _ Oy 4 Oy oy

s 0JZ ds  Jy ds

and

é’up _ é’up dz éup dy '
s dZ ds Jy ds

\

Figure 34. Geometry for fracture with dip
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Since the two spatial derivatives are given by

d_Z_ —sin
ds 4
and
dy
— =c0s
ds 4
the tilt derivatives can be reduced to
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If the fracture is taller than it is long, then a and b should be switched and the appropriate derivatives are

Un =sinycosy —&+& —Sinzy&+0052y&
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and
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The final issue is the correct geometric parameters to characterize the distance from the fracture to the
tiltmeters. Referring to the unrotated schematic at the top of Figure 34, it can be found from geometry
considerations that

x>
Il
>

y=2Z,siny +y,cosy
and

Z=2,c08y—Y,Sing ,

where the variables with hats are the correct distances to use in the analysis. Of course, if the fracture is
taller than it is long, then the x and y variable need to be reversed so that

X=Z,siny+X,cosy

Y=Y,

where the vertical distance from the crack centerline to the tiltmeter of interest is now Xo.
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These equations complete the analysis of downhole tilt data for any fracture of any geometry, as long as it
is far from the free surface.

D. Microseismic Model

For this initial development, the microseismic events are assumed to be normally distributed in some
sensible manner about the fracture. If true, then they should have some characteristic height and length
that are functions of the actual fracture height and length, an overall azimuth and dip that is consistent
with the actual fracture, and an edge-on distribution that envelopes the fracture (assuring that the
microseismic events are at the right distance).

Starting with 3D locations obtained from the current velocity model, the (x, y) coordinates are then used
to determine the microseismic azimuth from directional statistics, and from this azimuth, edge (b;) and
side (r;) projections are obtained. The dip is obtained from the edge projection, again using circular
statistics and the side projection data provide means and variances of the event locations for height and
length calculations. From this approach, an azimuth, a dip, an average center depth, characteristic length
parameters, and characteristic height parameters can be extracted from the microseismic data.

The terms characteristic length and height parameters refer to the variances of those values. If the
fracture is symmetric (assumed here), then the average projected horizontal distance of the microseismic
events from the treatment well will be zero (equal distribution on both sides of the well). Similarly, an
edge-on projected distribution will have a zero mean (if centered on the well). The vertical event
locations will be distributed about the center depth of the fracture.

What is needed however is some way to relate the standard deviation of event distances to the fracture
length and the standard deviation of event depths (about the center) to the fracture height. Preliminary
testing has shown that characteristic heights and lengths that are about 60% of the actual height and
length provide microseismic distributions that mirror actual distributions. However, this may not be a
general rule and will require continual testing.

A second aspect of the distribution is the potential that the velocity structure is not correct and the events
are not centered in any way on the actual treatment well. This is handled by assuming that there is a
virtual wellbore at a point where the perpendicular line to the fracture azimuth which runs through the
actual wellbore intersects the fracture azimuth line. This point is well defined by the data and the well
location.

Given all of this information, a probability for that event location based on height, length, azimuth, and
dip can be obtained from

P(x;, i.2)= 21 Z exp{_(zi —ZZC)Z]

where z., r., and b, are the means and o;, o;, and o, are the standard deviations of the distributions
vertically, along the side projection, and along the edge projection, respectively, and the three separate
variables are assumed to be independent.
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There are actually two probabilities required for each event. The first is the probability of the event
location relative to the “model” and the second is the probability of the event location relative to the event
distribution. If the difference in these two probabilities is zero, then the model is perfectly aligned with
the event data and accurately represents the microseismic data. In general there will always be
differences and the goal is to minimize these differences in some least square approach.

E. Inversion Process

The inversion process is one that has previously been used to invert tiltmeter data alone, but has now been
modified to add microseismic distribution data. Essentially, the tilt distribution as a function of the
vertical sensor location (z) is given as

8
a_l:(z): F(h,LAP, y. ¢, 8¢ W, Ev)

where h is the fracture total height, L is the wing length (symmetry is assumed), AP is the net pressure, Y,
is the vertical depth to the center of the fracture, ¢ is the azimuth of the fracture relative to the monitoring
position, ¢& is the inclination of the fracture (complement of the dip), wgis is the separation between the
monitor well and the injection well, E is Young’s modulus, and v is Poisson’s ratio. The geometric
parameters are shown in Figure 35. It is generally expected that wgis, E, and v are known and these are
not usually free parameters in the inversion. The sense of ¢ is such that a fracture azimuth normal to the
line between the monitor and injection wells is 0° while a fracture directly approaching the monitor well
is 90°. Any of the first six parameters may be known and used as constraints on the results. To facilitate
the inversion, all of the free parameters are mapped onto the real axis, but this is more of a convenience
than a necessity.

The Levenberg/Marquardt algorithm seeks to minimize the function

2
obs }

in an efficient manner by determining optimum values of the unknown parameters. n is the number of tilt
observations. The formulation for a dislocation model would be the same, except that the dislocation
opening, b, would be used instead of the crack internal pressure, AP.

ou
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_ou
oz

calc

The microseismic event locations, both because of the nature of the microseismic origins and ubiquitous
noise, are distributed in some manner about a fracture length, height, azimuth, and dip. The microseismic
distribution can be added into this formulation by minimizing the difference between the observed
distribution about the model and the expected distribution about the model, as characterized by the self-
distribution of events as described above. In this way, the function to be minimized can be written as
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where W, is a weighting function that can be used to increase or decrease the effect of the microseismic
data.

Besides the model parameters for the tiltmeter data, the microseismic data now includes the effect of
velocities, which can also be extracted from the inversion. To extract the velocities, however, it is also
necessary to have a location algorithm in the inversion. Assuming the arrival times and azimuths are
correct, then a velocity can also be found which allows the microseismic and tiltmeter data to optimally
match. For the case of a constant velocity structure, the location algorithm can be a simple regression on
the distance equation. For a more complex velocity structure, a forward model and grid-search algorithm
is applied to obtain the re-located points. In such a case, it is necessary to invert for all of the velocities.

Plan View
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Figure 35. Geometry of fracture model Inversion

Using a probability function for the microseismic data is not intended to imply any particular geophysical
behavior, but rather it is simply a convenient method for: (1) assessing whether a microseismic event fits
the current model parameters, (2) treating the microseismic data like a true distribution with outliers, and
(3) developing an efficient function to be minimized jointly with the tiltmeter data.

F. Example Synthetic Data Set

The example synthetic data set is for a fracture 250 ft in wing length, 80 ft in height, pressurized at 500
psi and monitored from a well 500 ft away, directly normal to the fracture. The Young’s modulus is
4,000,000 psi and Poisson’s ratio is 0.2. The fracture azimuth is N45°E and is centered at 5,000 ft. For
this initial test, it is assumed that the velocities are correct and the microseismic data are accurate. Figure
36 shows this geometry.
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There are 100 microseismic data points with random error of + 20 ft and 20 tiltmeter measurements that
are exact. The microseismic locations were used to extract directional statistics with a length standard
deviation of 157 ft, a half-height standard deviation of 22.3 ft, and an edge standard deviation of 12.6 ft.
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Figure 36. Synthetic data set for testing joint inversion

Using an equal weighting on the microseismic probability, the inversion quickly arrived at the following

results:
Length 252.8
Height 715
Azimuth -0.3°
Dip 0.4° (from vertical)
Pressure 617 psi
Center 4998.4

With the exception of the pressure, all of the results are very close to the synthetic fracture from which
they were derived. If the weighting is changed so that it is 2 orders of magnitude weighted towards the
microseismic data, then the inversion returns the microseismic statistics (with no realistic pressure and
possible problems with dip). If the weighting is changed so that it is 2 orders of magnitude weighted
towards the tiltmeters, then the inversion returns the tiltmeter results. However, it has trouble getting only
tiltmeter results because there are so many free parameters (with a little noise, it probably would not find
the solution). With both data sets, however, the inversion is extremely stable and all parameters appear to
be derived with ease. In addition, we can look at various weightings and develop some uncertainty
estimates based on those weightings (grading from all tiltmeters, to both, to all microseisms), as well as
added value with the additional array.
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A more instructive example is to take the input data shown in Figure 36, mislocate it by applying the
wrong velocity, and then invert the mislocated data. Figure 37 shows the mislocated microseismic data
(left) and the locations recovered after the inversion (right). Table 1 shows a comparison of the model
values and the recovered inverted parameters. In this example, the pressure and dip are assumed known
(applied constraints) and the velocity model is constant, so only one of the two velocities can be found
(e.g., the location depends upon V,V/{V,-Vs}). The advantage of having some tiltmeter data is that it can
be used to improve the microseismic locations. Similarly, some microseismic locations can help to
improve the results from noisy tiltmeter data. If no constraints were used in this example, the results
would have been h=71.6, L=253, AP=614, azimuth=45°, dip=3.1°, center depth=4998.3, and V,=15,020
ft/sec, which are fairly accurate results, but nevertheless show the value of having some information on
which to ground the inversion.

Table 1. Synthetic Inversion Results

Parameter Model Inverted
Length (ft) 250 252
Height (ft) 80 79.7
Center Depth (ft) 5000 4999.5
Azimuth (deg) 45 45

V, (ft/sec) 15,000 15,010
Vs (ft/sec) 8,000 NA
Pressure (psi) 500 NA

Dip (deg) 0.0 NA
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Figure 37. Mislocated and inverted event locations for velocity case

G. M-Site Example

Perhaps the best test case for a combined microseismic and tiltmeter data set is the data from the DOE &
GRI sponsored M-Site experiments.? At M-Site, both tiltmeters (6 levels) and tri-axial accelerometers (30
levels) were cemented in a monitor well approximately 300 ft from a series of fractures conducted in two
intervals. The geologic setting is a fluvial environment, in which comprehensive fracturing experiments
were carried out in two intervals. The test zone of interest for this evaluation was labeled the “B”
sandstone at a depth of approximately 4,525 to 4,560 ft.**!

Numerous injections were performed in the B sandstone, with one particular minifrac providing a good
data set for testing this approach. The minifrac was pumped at 22 bpm, injecting a total volume of 400
bbl of a 40-1b linear gel. During the test, over 100 microseisms were detected and located and excellent
quality (high signal-to-noise-ratio) tiltmeter data were also obtained on all six tiltmeters.

Figure 38 shows a plan view of the microseismic data and a side view of the combined microseismic and
tiltmeter data, along with the theoretical tilts. Approximately 20 of the microseismic events are from a
second monitor well that has a 5-level wireline receiver array. For this case, the microseismic locations
are assumed to be correct, so the inversion provides a fracture geometry that gives a best-fit of the
microseismic distribution with the measured tilts. However, the wide distribution of microseismic events
does not lend itself to useful evaluation of the dip, so the dip was constrained to a vertical fracture (known
from the testing). The bottomhole pressure was also measured and used as a constraint (1,300 psi).
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Table 2 gives a comparison of the joint inversion results compared to the previous reported results for
individual technologies. The original tiltmeter results used an analytic model with homogeneous
formation properties,” whereas the original FE (finite element) results used variable layer properties.**

The major difference in the various results lies primarily in the height estimates. A combined analysis
yields a height that is somewhat greater than the height estimates from separate measurement techniques.
When combined, the requirements of matching azimuth and center position, as well as length and height,
require a greater height to best fit all of the data, subject to the constraints as well as the weighting and
other factors (that is, the microseismic distribution suggests a higher center whereas the tiltmeters suggest
a lower center).

Weighting is an issue that is still being investigated, as it plays a significant role in the type of results
obtained. A small microseismic weighting produces an azimuth that is oriented closer to the observation
well and a somewhat smaller fracture height, yielding a better fit of the tilt data. A larger microseismic
weighting (as used here) fits the microseismic events better and matches the event azimuth, but the fit of
the tilt data is somewhat weaker. Interestingly, the primary difference observed by changing the
weighting is a rotation of the fracture azimuth. In this case, the fracture azimuth is known precisely from
core-through tests, so a weighting that matched the known azimuth was preferred. Alternately, the same
results could be obtained by using an azimuth constraint.

Table 2. M-Site B Sandstone Comparison

Parameter Original Original Original Joint
Liseismic Tiltmeter FE Tilt Inversion

Center (ft) NA NA 4542 4547
Height (ft) 80+20 67 75-80 94.9
Length (ft) 230/375 W/E 425 NA (2D) 327.4
Azimuth N74W NA NA N74W
Dip NA 0° fixed 0° fixed 0° fixed
Press. (psi) NA 1300 1300 1300
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Figure 38. Microseismic and tiltmeter data from M-Site with inverted results

Taking the process one step farther, the microseismic data can be re-located as part of the inversion
process. However, only the events from the cemented receivers are used in this analysis, since the large
number of arrivals makes these data considerably more accurate. The original location analysis at M-Site
used a constant velocity medium because of the fluvial environment and the large number of receivers
(velocity effects wash out).”® In a homogeneous velocity medium, only one of the velocities is
independent, so the P-wave velocity was taken as a constraint at V, = 15,000 ft/sec and the S-wave
velocity was determined in the inversion. Figure 39 shows a plan-view and side-view map of the
microseismic locations and the tiltmeter fit for the re-location case.

Pinnacle Technologies, Inc. 64




Development of an Advanced
Hydraulic Fracture Mapping System
3. Work Results

The results are very similar to those shown in Figure 38 (although there are fewer events), with the
primary difference being some additional estimated length. The final results are a N72°W azimuth, L =
400 ft, h=89 ft, and center at 4,548 ft. The S-wave velocity was found to be 8,600 ft/sec, compared to the
original 8,750 ft/sec.
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Figure 39. Microseismic and tiltmeter data from M-Site with inverted results with velocity

H. Mounds Drill Cutting Injection Experiment Example

The Mounds Drill Cuttings Injection Experiment***® was another test in which both microseismic and

tiltmeter data were obtained."**® Experiments at this site simulated the behavior expected to occur in
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repeat injections of solid-loading slurries into various formations for disposal of drill cuttings. A series of
small injections (50 to 100 bbl) were performed in two different intervals, but the one of interest here is
the Atoka Shale.

Monitoring of the Atoka Shale injections, into a perforated interval at 1,940 to 1,960 ft depth, was
performed with an 8-level tiltmeter array in an observation well at a distance of 140 ft and with a 5-level
microseismic array at a distance of 250 ft. However, the microseismic data was very sparse in the Atoka
tests, so most of the inferences about fracture geometry were made from the downhole tiltmeters or from
a surface tiltmeter array.

There were 20 injections into the Atoka Formation over a three-day period and the fifth injection was
chosen as one having good quality tiltmeter data. Additionally, since this injection was early in the
overall testing, it is not expected that there was too much complexity yet due to the development of a
disposal domain.

Figure 40 shows the plan-view and side-view maps of the inversion results, assuming the microseismic
data are located correctly. During the whole first day of testing in the Atoka (eight injections) there were
only about a dozen microseisms observed. However, the downhole tiltmeters had responses as large as 50
microradians and the surface tiltmeters also obtained good quality data.

Constraints on the inversion included a measured net pressure of 425 psi and a vertical fracture. The
microseismic data were highly weighted so that the inverted azimuth approximately matched the azimuth
derived from the microseism, which were weak by themselves, but matched the azimuth measured by
surface tiltmeters. Table 3 shows a comparison of the results from this joint inversion with previously
reported data. The main effect of the joint inversion is to allow the fracture to shift up or down, although
this does depend to some extent on how highly the microseismic data are weighted (a small weighting
yields a deeper center location).

There was no attempt made to relocate the microseismic data in this example since it was so sparse of a
data set. Note that the limited microseismic data do not match the tiltmeter geometry very well, but these
few events are actually taken from all of the eight injections on that day and are used primarily for
azimuth and also for some general control of height and length.

Table 3. Comparison of Mounds Atoka Results

Parameter Original Tilt Alternate Tilt Joint Inv.
Center (ft) 1974 1914 1935
Length (ft) 239.5 173 165
Height (ft) 79.6 101 116
Azimuth (deg) N73W N75W N71W
Dip (deg) 1° 0° (fixed) 0° (fixed)
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Figure 40. Mounds Atoka fracture inversion with poor microseismic data

3.6.2

Uncertainty Analysis

In order to develop joint analysis techniques for microseismic and tiltmeter mapping, it is helpful to have
methods to assess uncertainty of the measurements. For microseismic mapping, the uncertainty can be
determined explicitly if the formation has a constant velocity. However, for real-world problems where
there is a significant velocity structure that cannot be ignored in analysis, the determination of uncertainty
is not easily determined. The problem occurs because the determination of microseismic event locations
in a non-homogeneous velocity structure is solved using a grid search routine that compares the observed
travel times with calculated travel times for the given velocity structure (e.g., Vidale'” and Nelson and
Vidale'®). The approach is simple and extremely effective, in that it is guaranteed to always find the
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absolute best-fit point, but it is not conducive to generating information on errors. In fact, the current
accepted approach to error analysis is a Monte Carlo technique that would be much too cumbersome for
practical application.

However, a method has been devised to take the grid-search results and estimate the standard errors of the
grid-search location procedure using a modification of the approach that results from analysis in a
homogeneous formation. Initial tests of the approach show reasonable agreement with test cases
developed to assess the error.

In examining uncertainty in microseismic locating, it has always been expected that the size of the total
residual (misfit or difference between observed and calculated times) is a qualitative representation of the
standard error and hence can be used for uncertainty estimates. However, previous studies show that
under controlled conditions (e.g., for a constant velocity model), the residual of the best-fit location
provides a gross over-estimate of the positional uncertainty. A current hypothesis is that most of the
residual is due to the uncertainty in the origin time and the positional uncertainty is only a small fraction
of that number. Thus, the problem now is to figure out some straightforward way to estimate positional
uncertainty given the non-usability of the residual.

A significant effort was spent examining the residuals as a function of position and origin time, and
numerous test cases were constructed to see if there was some obvious way to partition the residual into
an origin-time component and a positional component. The information that is available includes the
solution location (t,, z,, and r,), the calculated travel times for the best-fit point, the receiver locations,
and the observed arrival times. No reliable relationships were found between any combinations of these
from which positional uncertainty could be derived.

One possible solution, however, is to take a similar approach as that obtained in the regression solution
where accurate errors and uncertainties can be established. For background, the error analysis for the
regression is shown and then the modification of that approach is given. Finally, some results follow.

A. Constant Velocity Model

The location analysis for a constant velocity model uses a joint p-s regression to calculate the elevation of

and distance to the microseism. It starts with the equations for distance squared in order to get rid of the
square root, giving a P-wave equation,

and an S-wave equation,

Vsz(tsi _to)2 = (ro )2 +(Zi - Zo)2 '

where the V, and V; are the P- and S-velocities, r refers to the horizontal distance, z refers to the elevation,
t is the time, the subscript “0” denotes the origin location and the subscript “i”” denotes the i" receiver.
The equation to be minimized is a combination of the two of them,

F :szn:[vpz(tpi _to)2 _(ro)2 _(Zi _20)2]2
5 IS Y A
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The n and m variables are the numbers of P-wave and S-wave arrivals respectively. Variables w, and ws
are weighting functions which can be used if one of the phases has less certainty than the other. The
result of the minimization is the location coordinate, (r,, z,, t,), Which places the microseism in a two-
dimensional vertical plane at the time the microseism occurred.

The solution of these equations for r,, z,, and t, is quite complicated, as all of the terms need to be
multiplied out to extract and solve for the variables. However, this approach was chosen because it
allows us to use any collection of P-wave and S-wave data that is available. It is not necessary to have
both P- and S-data on the same level, nor is it even necessary to have any data from either phase
(although there must be three arrival times to solve the equations). The second advantage to using this
approach is that it lends itself to fast uncertainty analyses using standard regression methods. To use
standard methods, however, it is first necessary to transform the regression equation to standard form.
Given the following substitutions:

yi =25 -V 23, for P-waves;
y, =23 —V2t2 +t§(\/p2 —VSZ) ,  for S-waves;
X =Zpi for P-waves;
X =Zg for S-waves;
Xo =V 72ty for P-waves;
Xp =V Ity for S-waves.

The distance equation can now be written as
Yi =80 ta1Xy +83Xp; 4

where

2
0!

a, =V, -1l -z
a; =2z, ,and

This equation is now in a standard format for multiple regression. Note that while this equation appears
much easier to solve than the one actually used, it would require an iterative solution since t, is in the y;
term. Thus the direct solution is preferred and is used in practice.

We can now take averages and normalize the equation to get
Yi=a; Xy + Xy

where
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X; = lei
j
Xy = ] Xy
p

Yi=Yi—a, —aX; —a%,
Xi =X =%
Xoi = X1 = X%,

and j is the total number of arrival times in the regression. Since the variances of a; and a, are simple,
ie.,

O'szzi
Sa1: 2 12
leiZXZi _leiXZi
j j j
oY X
Saz = 2 J2
leiZXZi _leiXZi
j j

]

with o being the deviations mean square,

1

Oy, Esal
1

Oy, = E Saz

from the definitions of a; and ay.

The determination of the variance of r, is considerably more difficult since the definition of a, involves
several terms and squares of those terms. However, the equation can be re-setup as

y, :szi(tpi —t0)2 =r? +(zpi —20)2 =r2+x

for the P-wave, with a similar term for the shear wave. This can now be rewritten as a standard linear
regression format,

Yi=a+ X .

In this case, the variance of « is the variance of the y;, so the y; can be used to estimate the variance of the
square of r,,.
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B. Application to Vidale/Nelson Grid Search

The distance equation above is not suitable for the case with variable velocity structure because the travel
path is actually an assemblage of travel paths through the different layers with different velocities.
However, it seems reasonable to assume that for the case of mildly varying velocity structure, a velocity
characteristic of each receiver-source pair can be used. In such a case, the calculated travel times and
known distances can be used to extract “pseudo-velocities” as

2 +(zi -2,)°
tcz_a\lc
pi

and

o 2y

Sl calc
tsi

In addition to these pseudo-velocities, it is also necessary to calculate the squared sum of these velocities
(for use with the t, terms).

After this calculation, the analysis is the same except that these new velocities are used. The results will
be accurate for any constant-velocity analysis, should be reasonable for small velocity variations, and the
only question is what happens when the velocity model has large contrasts.

Given the standard deviations for r, and z,, the code then finds the time contour that best reflects these
errors. In practice, the code finds the residual at four points (+s;, -S,, +S;, and —s;) and then uses the
maximum of these to estimate the one standard deviation misfit contour. The difference between this
misfit time and the minimum residual (that is, the one standard deviation residual for position) is used to
determine the two and three standard deviation misfits. Each of these contours can then be plotted.

C. Test Case

The synthetic test case that was used to evaluate the residuals in the first place was now used to see how
the results would work. This case used a symmetric receiver array (12 levels), spaced 40 ft apart, with a
source at a distance of 800 ft and located vertically in the center of the array. The P- and S-velocities are
15,000 ft/sec and 9,000 ft/sec. There is £1 msec random error added to the calculated travel times.

Using the old formulation for error estimates, the total misfit residual was 0.598 msec and the contour out
to twice this value extended many 10’s of feet. The residual contours for this approach are shown in
Figure 41. The contours extend out three standard deviations in the plot.

Using the new approach, the height error is 10.6 ft and the distance error is 8.6 ft. These numbers agree
well with those obtained statistically (11.2 and 5.6) for 18 realizations, and those from the regression
directly (10.6 and 8.6 also). Using these values, the one standard deviation positional misfit contour is
0.0036 msec greater than the residual, a far cry from the 0.598 msec greater that would come from
assuming that the residual is representative of the positional error. Figure 42 shows the misfit contours
out to three standard deviations now.
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Figure 41. Residual contours from 0.6 to 1.7 msec
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Figure 42. Uncertainty contours out three standard deviations using new approach

This approach now provides a relatively simple way to estimate the errors associated with any
microseismic event, and this error analysis can be used in more advanced joint inversion procedures
where the errors can be coupled into the inversion process.
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4. Microseismic Source Mechanism Characterization

The microseism that is generated during the fracturing (or other) process contains significant information
about its source that can be gleaned from the data under certain conditions. In particular, the fault plane
orientation and the direction of slippage are both potentially determinable if the microseism can be
observed from several different locations. These are the source mechanisms.

As an example, the theoretical equation for a double-couple source, which is a good approximation of a
fault slippage or microseismic event, for the case of a horizontal fault plane slipping in the x direction
(see Figure 43) is given below. Basically, it is a displacement function, u(x, t), as a function of the source
moment, M,, the distance away, r, the velocities, V, and Vs, the density, p, and the time, t. The various A’
vectors represent the radiation pattern and include terms for the near field (N), intermediate field (IP and
IS), and the far field (FP and FS). These are the components that a hodogram would provide directional
information about.

1 1 r/V
u(x,t):—AN—4j M, (t-7)z
472'/0 r riv,

it ZAIP%MO LI ZAISLZMO -
ArpV ] r V, ) AdnpV, r Vs

st 3AFPEI\)I0 SIS 3AFSEI\)IO -
4V, r Vo) AmpV, r V

AN =9sin20cos ¢ F — 6(cos260cos ¢ O — cosOsin ¢ )
A™ = 4sin20¢os ¢  — 2(cos 26 cos ¢ O — cosOsin g ¢)
A'S = —3sin20cos ¢ T +3(cos20¢cos¢ 8 — cosOsin g ¢)
A"’ =sin20cosg ¥

A" = cos20cosg 0 —cosOsing ¢
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X

Figure 43. Schematic of angles for double couple source

In microseismic monitoring, it is almost always assumed that the monitoring location is far enough away
that only the far field components are of importance. In such a case, the radiation pattern, that is the
amplitude as a function of angle(s), is reduced to

AP =sin26cospr

A" = 0526 ¢0s 00 — cosGsinpg

The variation of the P-wave amplitude as a function of depth and azimuthal angle (¢) is shown in Figure
44. Note that the P-wave changes sign as the fault plane is crossed.
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Figure 44. Variation of P-wave amplitude with depth and as a function of azimuthal angle (¢)
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The variation of the Sy-wave amplitude as a function of depth and azimuthal angle (¢) is shown in Figure
45. The Sy, wave is that component of the S-wave in the ¢ direction.
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Figure 45. Variation of Sp-wave amplitude with depth and as a function of azimuthal angle (@)
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The variation of the S,-wave amplitude as a function of depth and azimuthal angle (¢) is shown in Figure
46. The S, wave is that component of the S-wave in the ¢ direction.
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Figure 46. Variation of S,-wave amplitude with depth and as a function of azimuthal angle (¢)

These curves show that there is a very large variability in amplitudes that depend upon the monitoring
location relative to the fault plane and the slip direction. By using ratios of S/P, S,/P, and S,/P, it is
possible to invert observed data to estimate the source mechanisms, with some caveats and uncertainties
depending upon conditions. This is the objective of this work.

4.1 Improvements in the Source Mechanism Approach

The basic approach to determining source mechanism information is to use the array-wide data to
estimate the focal mechanism vector (fmv) of the slippage. The fmv is the pair of vectors that define (1)
the normal to the plane of slippage, which would be vertical in Figure 43, and (2) the direction of slip,
which would be in the y direction in Figure 43. The importance of treating this arrangement as a pair of
vectors is that a reversal in the two vectors would have exactly the same radiation pattern. In other words,
a fault plane normally pointing in the y direction in Figure 43 having slippage in the z direction would
give exactly the same results. It is the vector pair of the fmv that provides all of the key information
necessary to fully evaluate the slippage characteristics.
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Two approaches to determining the fmv have been developed and evaluated. One is an algorithm that
uses data in the frequency domain, the other one is a time-domain methodology. Testing and application
has shown that the time-domain approach is more suitable for this analysis and all further work has
progressed in the time domain.

As noted above, the amplitude ratios of the various phases have information in them that can be used to
extract information about the radiation pattern and thus the fmv. To do this, an inversion process is
required to take measured amplitude ratios and output the fmv. This inversion was available prior to the
start of this project, but there were considerable limitations in its application. To enhance its capabilities,
a method for the estimation of the vector mean and variance was developed and integrated into the
existing inversion code and then applied to existing data sets.

Test results on a Barnett Shale data set indicated that existing codes yielded orientation angle estimates
with a mean standard deviation of 8° to 10° when individual vector polarity reversals were accounted for
and assuming that the solution grid sampling interval and amplitude ratio measurement errors were the
primary cause of the observed orientation angle variance. To improve this result, the solution grid
sampling interval was reduced from 6° to 3°. The maximum permissible deviation from a double couple
dislocation was reduced from 3° to less 0.5°. A module for the estimation of the P/Sh relative polarities
was added to the data attributes acquisition code, and the use of these data as an additional constraint was
integrated into the inversion code to mitigate a problem that arises due to a polarity reversal issue.

The revised codes were re-applied to the Barnett Shale data set referenced above. The test results
indicated that the revised codes yield orientation angle estimates with a mean standard deviation of ~6°
and the occurrence of apparent polarity reversals was significantly reduced.

4.1.1 Application to Dual-Monitor Well Tests

The increasing use of two dual-monitor well sensor arrays for the acquisition of microseismic data during
hydraulic fracturing dictated the requirement for modification of existing software tools to use these data
for fmv orientation estimates. Completion of this task did not require the incorporation of new methods
into the existing tool set, but did require a substantial level of effort to modify the take-off angle, data
attributes acquisition, and inversion tools to operate on either one or two dimensional arrays and return
and/or display one or two dimensional output files.

The microseismic data acquired during a Lower Barnett Shale stimulation was used for the initial trials of
the dual-well software. While the dual-well takeoff angle and data attributes passed their performance
tests, the performance test of the inversion tool yielded ambiguous results, primarily because of the
narrow effective takeoff angle apertures (~4°) resulting from the placement of the monitor well sensor
arrays in the high velocity zone above the low velocity Lower Barnett stimulation zone. Remedial actions
were deferred until dual-well data acquired in a medium characterized by a simple velocity structure were
acquired and processed so that a fair evaluation of software could be performed; unfortunately, no dual-
well tests outside of the Barnett Shale were available for analysis during the period of this project.

4.1.2 Extensional and Compressional Environments

The original Solution Grid Generation Tool returned approximately orthogonal vector pairs in a focal
hemisphere centered on the direction of a horizontal axis that is presumed to be the local direction of the
minimum principal stress. While this configuration is applicable to data acquired in structurally
extensional geologic environments (typical of most — but not all — sedimentary basins in which we
produce oil and gas), the minimum principal stress direction in structurally compressive geologic
environments can be vertically oriented.
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After examination of the problem, it was determined that to efficiently address both cases, the solution
grid hemisphere should be centered on a vertically directed axis. The Solution Grid Generation Tool was
revised to return distinct orthogonal vector pairs, both of which intersect the upper focal hemisphere and
one of which is spaced at 3° intervals across its entire surface. A performance test demonstrated that the
revised Solution Grid Generation Tool yielded the expected results and returns ~160,000 possible solution
vector pairs. Application to one data set in such an environment yielded impressive results.

4.1.3 Order Ambiguity Problem

The changes to the Solution Grid Generation Tool identified above dictated the requirement for
substantive changes in the module used for the order ambiguity resolution to ensure that fmv orientation
estimates could be made for microseismic data acquired in either structural environment. An examination
of the changes necessary to acquire the capability to resolve the order ambiguity associated with fmv
orientation estimates derived from microseismic data acquired in compressive structural environments
indicated that a simple expansion of the method embodied in the module was impractical. Consequently,
a different technical approach was devised. This approach is derived from the methods used in
earthquake seismology to determine the local principal stress directions and relative magnitudes from a
suite of fmv orientation estimates. It requires the user to specify either a compressional or an extensional
structural environment as well as approximate orientations of the local principal stresses. Two possible
stress states are associated with each structural environment. A module that embodies this method was
written and integrated into the inversion tool for test purposes.

The revised inversion code was applied to a previously acquired set of data attribute profiles derived from
microseismic data recorded during a hydraulic fracturing stimulation in a compressive structural
environment. During the first test of the new order ambiguity resolution module, 71 out of a sample
population containing 184 solution vector pairs (~ 38%) were rejected because the occurrence of dual
stress state compatibility prevented the determination of their respective orders. By “dual stress state
compatibility” it is meant that one of the vectors in the pair is identified as the source plane normal in one
stress state, while the other vector in the pair is identified as the source plane normal in the second stress
state.

Two specific actions were taken to address the dual stress state compatibility issue. The first was to
develop a tool for the determination of the density distribution of a sample population of unit vectors and
that is independent of the order and polarity of the vectors. The second was to develop a module for the
estimation of three seismic metrics that may be used to characterize a particular fmv pair and that can be
used to find the dual stress state solution that most resembles the metrics characterizing uniquely ordered
fmv pairs in the sample population. Applying these tools to the 71 vector pairs in the dual stress state
category resulted in the reassignment of 37 vector pairs to unique stress state category.

4.1.4 Related Source Location Populations

The observation of linear clusters of microseismic epicenters is not uncommon when the monitored
hydraulic fracturing stimulation is executed in a naturally fractured rock formation. A simple hypothesis
for the explanation of the occurrence of this phenomenon is based upon the following assumptions.

The microseismic sources activated by the stimulation are constrained to lay on large scale fracture planes
whose orientations are determined by the orientations of the contemporaneous principal stress directions.

The large scale fracture planes are orthogonal to the plane defined by the maximum and minimum
principal stress directions.

Pinnacle Technologies, Inc. 81



Development of an Advanced
Hydraulic Fracture Mapping System
4. Microseismic Source Mechanism Characterization

If these assumptions are valid, then it should be possible to determine the location, seismic extent, and the
orientation of the large scale fractures that act as the principal elements of the fluid flow paths activated
during a hydraulic fracturing stimulation. Development and utilization of the tools necessary to make
these determinations would more closely align microseismic hydraulic fracture diagnostics service
company capabilities with client’s needs for quantitative information about the network of connected
natural fractures in the vicinity of the treatment well, since it is likely that this network strongly influences
the recoverability rate and the ultimate, economically feasible recovery volume for the stimulated well.

The assumptions listed above imply that the microseismic source locations should plot as multiple
straight lines when resolved in the plane defined by the local maximum and minimum principal stress
directions characterizing each stress state. Moreover, the projections of the unit vectors normal to the
microseismic source planes, when viewed in the same plane, are expected to be either normal to their
respective source location lines or make an acute angle with this line that is predictable from a linear
friction model with a frictional sliding coefficient in the range of 0.6 to 0.8. Finally, the normal to the
plane defined by the estimated focal mechanism vector pair associated with each microseismic source is
expected to be sub-parallel to the intermediate principal stress direction characterizing its particular stress
state. An exploratory test was designed to determine if these properties could be identified in an
integrated microseismic source-location/fmv pair data set.

The 79 fmv pairs in the Reverse-Thrust subset of the sample population acquired in a compressive
structural environment were first searched using the previously identified (Task 2.2.1, Subtask D) density
distribution tool. This search resulted in the identification of three different microseismic source arrays
with failure planes favorably oriented for two-dimensional reactivation. Resolution of the source location
vectors of the events in these arrays into the plane orthogonal to the intermediate stress direction revealed
that a large majority of the source locations were distributed in tight clusters along lines that defined the
directions favorably oriented for two-dimensional reactivation in the reverse-thrust structural
environment. Finally it was found that the normals to the fmv planes for the events in these clusters were
roughly sub-parallel to the estimated intermediate principal stress direction.

The favorable exploratory test results justified the development of a software tool set to characterize the
large scale natural fractures reactivated by a hydraulic fracturing stimulation. The software tool set was
designed to incorporate the use of the density distribution tool to identify the locations of microseismic
sources whose failure plane normals contribute to the occurrence of significant peaks in the density
distribution. A software tool was designed and developed to:

e Resolve the source location vectors of the events contributing to the previously determined
density peaks into the plane orthogonal to the intermediate principal direction

o Separately display the source location distributions of the events contributing to each density
peak

o Permit the user to identify and interactively select the source locations that contribute to separate,
distinct linear clusters

o Use linear regression methods to determine the slope and intercept of the linear clusters and to
compute the Analysis of Variance statistics characterizing the “goodness of fit” at the 90%
confidence

« Save the linear regression results for each linear cluster in each density peak

A separate tool was designed and developed to operate on the linear regression results returned by the
interactive tool. It uses this information to determine the orientation, location, and seismically perceptible
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extent of the natural fractures as defined in an ENZ Cartesian coordinate referenced to a point chosen by
the user. It then creates a 3-dimensional visualization of the inferred natural fractures.

Application of the software tools resulting from the completion of this new software tool to the
exploratory test data set resulted in the identification and determination of the orientation and location of
eight natural fractures with seismically perceptible dimensions of several hundred feet. Five of these
fractures were favorably oriented for reverse fault movement, three were favorably oriented for sub-
horizontal thrust fault movement, and two of these fractures appeared to intersect the perforated interval
of the treatment well. The existence of these two sub-horizontal fractures was partially confirmed by
client data that indicated the occurrence hydrocarbon shows at depths close to where these fractures
appear to intersect the treatment well.

4.1.5 Improvements in Signal-To-Noise Ratios

One of the initial objectives of the project was to improve signal-to-noise ratio (SNR) through some
combination of hardware, software and procedures. Initial thoughts ranged from sensor improvements to
filtering and other digital-signal-processing approaches. However, it was found that significant
improvements in the SNR could be obtained by stacking receivers, and no further work on other
methodologies was conducted.
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5. Technology Transfer

The primary method of technology transfer is commercialization of this product. Pinnacle is in the
process of developing a full hybrid array for application in both offset-well and treatment-well tests. This
hybrid array is expected to be available for use in the second quarter of 2007.

In addition to the commercial product, Pinnacle has written an SPE paper on the joint inversion and a Gas
Tips article on the hybrid concept. The SPE paper is titled “Improving Hydraulic Frac Diagnostics by
Joint Inversion of Downhole Microseismic and Tiltmeter Data” by N.R. Warpinski, L.G. Griffin, E.J.
Davis, Pinnacle Technologies Inc., and T. Grant, National Energy Technology Laboratory, paper number
SPE 102690, presented at the 2006 Annual Technical Conference and Exhibition in San Antonio, Texas,
September 2006. The Gas Tips article is titled “Hydraulic Fracture Mapping with Hybrid
Microseismic/Tiltmeter Arrays” published in October 2006.

Other technology transfer media include this final report and previous monthly or other updates to DOE,
as well as a final presentation for DOE.
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6. Conclusions

The project has successfully completed the development of an advanced fracture mapping system that
includes both microseismic receivers and tiltmeters in a combined downhole array. The combined system
takes advantage of the best features of both technologies, yielding a superior mapping result compared to
either technology by itself. This combined result is obtained by using both sets of data in a “joint”
inversion of the results, that is, an inversion that jointly applies both data sets to a single model of the
process.

From a hardware perspective, the combined mapping system was obtained by fabricating new housings
for the tiltmeters that could be linked to the microseismic system and allow for pass through of the
additional wires required for microseismic operation. In addition, a method to use two separate telemetry
systems (fiber optic for the microseismic system and electrical for the tiltmeter array) was developed and
applied.

In addition, improvements to the signal-to-noise ratio (SNR) were attempted both by developing
accelerometers and by stacking tools. The accelerometers were successfully integrated into the
microseismic receivers, but unfortunately had elevated noise levels. Independent work is still ongoing to
solve noise problems with the accelerometers and these may eventually be used to improve the SNR.
Stacking of multiple receivers was performed successfully and this approach yielded a significant
improvement in SNR. Stacking of three tools (essentially three separate tools connected together) gave
improvements of about a factor of 2 in SNR by reducing digitization noise, resonance effects, and random
noise (e.g., gas bubbles impinging on tools).

From an analysis standpoint, a joint inversion was developed that uses a mechanical fracture model for
the tiltmeter with a microseismic distribution about the mechanical model. In this way, both sets of data
are referenced to a “model” and deviations of the data from the model are handled by changing the model
to best fit the data. The model includes not only fracture parameters (e.g., length, height, azimuth and
dip), but also the velocity structure of the formation so that microseismic events are correctly located.

Finally, methods were advanced for assessing fault slippage planes and deducing information about stress
levels and fault orientations. This was done by analyzing the microseisms from an earthquake perspective
based on the measured response at each receiver in the array. These methods allow for some evaluation
of reservoir characteristics based upon the microseismic response.
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Abstract

Downhole microseismic and downhole tiltmeter mapping are
the primary direct diagnostic techniques for monitoring the
geometry of hydraulic fractures at depth. Although these
techniques have seldom been used together because of a lack
of available monitor wells, the advent of new hybrid arrays
having both microseismic receivers and downhole tiltmeters
has now made application of both technologies from a single
well possible. This paper discusses algorithms for joint
inversion of the combined data along with the development of
hybrid arrays for combined tiltmeter and microseismic.
Examples from several data sets show how the combined
results can be used to improve velocity models and obtain
better constrained-height estimates, as well as improved
confidence in other fracture geometry parameters.

Introduction
Diagnosis of hydraulic fracture behavior and geometry and
accurate design of fracture treatments usually require much
more information about the geology, stress, permeability, rock
moduli, and other parameters than is customarily available. As
a result, it has fallen on fracture diagnostics to provide a more
detailed understanding of the overall behavior of propagating
hydraulic fractures, particularly in complex or unconventional
environments. The subsequent incorporation of these direct
measurements of fracture dimensions into hydraulic fracture
simulators then enables the creation of customized calibrated
models that can be used as predictive tool for specific areas.
While there are numerous fracture diagnostic techniques
available to the industry, high-resolution mapping of hydraulic
fractures is primarily performed with either the microseismic
technique using downhole receiver arrays or downhole
tiltmeter monitoring. These two techniques measure different
properties and different characteristics of the hydraulic

fracture, potentially yielding alternate perspectives of the
results of a treatment. In general, these two types of
measurements have not been performed on the same tests
because each requires its own observation well.

Improvements in borehole technology, telemetry, and
computational capabilities have now made it possible to
combine both of these technologies in a single diagnostic
array, allowing both types of information to be obtained in a
single observation well. The microseismic data provides a
detailed map of micro-earthquakes that are induced by the
hydraulic fracturing process, whereas the tiltmeters provide an
integrated measure of the actual rock deformation. Separately,
they both give important information about fracture growth
process and the resultant geometry. Jointly, however, they can
provide a much more complete, or composite, view of the
fracture. This is particularly true if the two data sets can be
jointly analyzed, or inverted, to give a single overall view of
the fracture.

The previously described coupling of tiltmeters and
microseismic  receivers, analyzed by joint inversion
techniques, has been the focus of a US DOE funded project on
fracture diagnostics. This paper describes some initial
approaches taken in obtaining both tiltmeter and microseismic
data during a fracture treatment and also some analysis
methods that have been used to jointly analyze the data.

Downhole Tiltmeter and Microseismic Technologies
Downbhole tiltmeter mapping and microseismic mapping using
downhole receivers are the two fracture monitoring
technologies that can provide high-resolution monitoring of
hydraulic fracture growth and behavior. A brief overview of
each of these technologies is discussed separately below.

Downhole Tiltmeter Mapping. Tiltmeters'” are extremely
accurate measuring devices that use a sophisticated bubble
sensor — much like a carpenter’s level — to detect changes in
the angular position of the sensor. Sensitivities of these
sensors are typically in the nanoradian (10 radians) range,
equivalent to 0.2 inch movement over a 3,000 mile span. A
measurement of the angular position, which is equivalent to
the gradient of displacement orthogonal to the displacement
direction, provides all the information needed to determine
how the earth is deforming in response to some process.
Tiltmeters only measure the tilt along a single axis, so a
full tilt measurement (magnitude and angle) requires two
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orthogonal sensors. The reference direction for tiltmeters is
determined by gravity, nominally directly downward. These
sensors can be used in both surface and downhole applications
to measure earth movements that are induced by some
deformation process, such as a hydraulic fracture. Surface
tiltmeters have been employed to map fractures for over three
decades, but the downhole application of this technology'~” is
relatively recent. The advantage of being downhole is that the
sensors are much closer to the process so the signals are larger
and more facets of the process are resolvable. Still, offset well
applications typically require high sensitivity tiltmeters (e.g.,
tens of nanoradian) unless the monitoring well is very close to
the process or the induced deformations are large.

Hydraulic fractures produce a well-defined tilt signature
that can be inverted using an appropriate model to deduce
fracture geometry parameters. For downhole applications,
either a dislocation model or a crack model give the same
results when the monitor position is greater than about one
hydraulic fracture characteristic dimension (usually the
height). The dislocation models that have been rigorously
checked and catalogued by Okada® are normally used for
tiltmeter analyses because of their versatility, but the 3D
ellipsoidal fracture of Green and Sneddon’ is also used and is
more accurate at monitoring positions very close to the
hydraulic fracture.

Microseismic Mapping. Microseismic monitoring is the
detection and location of earthquakes that are induced by
downhole injection or production processes.'*'? The approach
is similar to standard earthquake seismology, except that it is
generally applied with downhole receiver systems instead of
surface seismic stations.

Microseismic monitoring has been performed for several-
decades, but this technology has recently expanded because of
improvements in receiver technology, telemetry, and
processing capabilities. The application of this technology
consists of placing an array of triaxial geophone or
accelerometer receivers downhole, fixing them in place and
orienting them, recording seismic data during the fracturing
process, finding earthquake “events” within the data, locating
those events, and interpreting the overall results.'*'®

The microseisms associated with hydraulic fractures are
very small earthquakes that are induced by changes in either
(or both) pore pressure and stress due to the inflating of the
hydraulic fracture and leakoff of the fracturing fluids."” These
earthquakes are shear slippages that generally occur along
existing failure planes. Such failure planes could be faults,
natural fractures, bedding planes, shale dewatering features,
and various other discontinuities in the rocks. These
microseisms form a “cloud” around the hydraulic fracture,
outlining its shape and azimuth.

Detecting and separating the microseisms from the
background seismic noise requires commonplace event-
detection programs that are readily available.'® To locate these
“events” with a single vertical array of sensors (the typical
application), it is necessary to determine arrival times of the P
wave (compressional wave) and the S wave (shear wave), as
well as determine the particle motion of either the P wave, S
wave or both. Location schemes include regressions or grid-

search procedures, depending on the velocity model and
geometry.

Hybrid Tiltmeter/Microseismic Arrays

Both tiltmeters and microseismic monitoring technologies are
limited by noise and distance. Microseismic monitoring also
requires an accurate velocity model of the rocks between the
events and the receivers, while tiltmeter modeling requires a
model for the process that is occurring (e.g., a dislocation or a
crack model). The use of hybrid arrays' consisting of both
tiltmeters and microseismic receivers probably cannot help
very much with the distance problem, but it certainly can help
mitigate effects of noise on both systems, improve the velocity
structure (microseismic), and sharpen up results from a less-
than-ideal model (tiltmeter).

Downhole tiltmeter arrays are generally run into a
wellbore on a wireline and use magnetic coupling of the
sensor tools (although they were originally run on
centralizers). Microseismic receiver arrays are generally run
into a wellbore on a wireline and employ either clamp arms or
other types of mechanisms to solidly couple the receiver to the
wellbore to assure high-frequency response. A hybrid system
can take many forms, but the most convenient is to package
the tiltmeter system into a housing that connects directly to a
seismic receiver, thus assuring a positive clamping of both
tools.

In such a geometry, the primary issues are wiring and
telemetry, although the supply of sufficient power and
limitations on total tool-string weight are also important
factors. Microseismic monitoring requires high-speed
sampling (e.g., "% msec sampling to capture the high
frequencies typical of these microseisms) and multi-level tri-
axial systems will need telemetry rates of several megabits per
second to send all of the data to the surface. Tiltmeter data, on
the other hand, only requires low-speed sampling (e.g., 1-10
Hz), so the initial hybrid system has kept the two telemetry
systems separate. To achieve the desired high-speed telemetry
rates, the microseismic receivers are run on a fiber-optic
wireline, but these wirelines are manufactured in a seven-
conductor design, so there are six additional copper wires for
power and other needs. The wiring of this system has been
reconfigured so that two wires are available for the tiltmeter
power and telemetry (the rest are used by the microseismic
system for power, clamping, and other needs). At the surface,
data from both systems are processed separately, prior to final
data analysis.

Joint Inversion Of Hybrid Data

The ultimate joint inversion of microseismic and tiltmeter data
would consist of a poro-thermo-mechanical model of the
fracture/rock system that predicts zones of microseismic
activity as well as tiltmeter response. One such model has
previously been developed for microseismic predictions,'” but
its use is unfortunately not appropriate for anything but a full-
blown science project because of a lack of sufficient input data
(all 3 stresses, pore pressure, moduli, permeabilities, poro-
elastic parameters, etc. for all layers) to ever provide
meaningful results in a typical fracturing application. Other
such models also exist in different forms (e.g., Settari et al.>").
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However, simpler approaches can also be developed that
concentrate on extracting geometry parameters and potentially
some formation parameters such as velocities. There are many
ways to formulate such a model with varying degrees of
complexity, but one relatively straighforward approach is
given here for initial application of this technology.

The approach used for these initial studies consists of a 3D
ellipsoidal fracture model for the tilts coupled with a
distributional model for the microseismic data. The
distributional model treats the microseism as a set of arrival
times (P and S waves) and azimuths (from particle-motion
analyses) that can be located or re-located using updated
velocities to yield distributions of events about mean values of
azimuth, dip, height, and length. A Levenberg/Marquardt
non-linear solver (e.g., as discussed in Warpinski & Engler’")
performs the inversion for fracture parameters and formation
velocities. The 3D ellipsoidal fracture model was used here
instead of the dislocation model because it was already set up
for this inversion procedure from previous work.”'

The equations associated with the tilt response in the 3D
crack model are given in Warpinski,”> based on the original
Green and Sneddon formulation.” Essentially, the tilt
distribution as a function of the vertical sensor location (z) is
given as

Ju
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where /4 is the fracture total height, L is the wing length
(symmetry is assumed), AP is the net pressure, y. is the
vertical depth to the center of the fracture, ¢y is the azimuth of
the fracture relative to the monitoring position, J is the
inclination of the fracture (complement of the dip), wy; is the
separation between the monitor well and the injection well, £
is Young’s modulus, and v is Poisson’s ratio. The geometric
parameters are shown in Figure 1. It is generally expected that
was, E, and v are known and these are not usually free
parameters in the inversion. The sense of ¢y is such that a
fracture azimuth normal to the line between the monitor and
injection wells is 0° while a fracture directly approaching the
monitor well is 90°. Any of the first six parameters may be
known and used as constraints on the results. To facilitate the
inversion, all of the free parameters are mapped onto the real
axis, but this is more of a convenience than a necessity.

The Levenberg/Marquardt algorithm seeks to minimize the

function
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in an efficient manner by determining optimum values of the
unknown parameters. z is the number of tilt observations. The
formulation for a dislocation model would be the same, except
that the dislocation opening, b, would be used instead of the
crack internal pressure, AP.

The microseismic event locations, both because of the
nature of the microseismic origins and ubiquitous noise, are
distributed in some manner about a fracture length, height,
azimuth, and dip. Handling of the distributional characteristics
of the azimuth and dip are straightforward, as the mean and
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variance are readily obtained from directional statistics (e.g.,
Mardia®). Approaches to handle the length and height
distributions are less clear and will continue to be investigated
as more combined data sets are obtained (see later discussion).

For this initial development, the microseismic events are
assumed to be normally distributed about some characteristic
height and length that are functions of the actual fracture
height and length. Preliminary testing has shown that
characteristic heights and lengths that are about 60% of the
actual height and length provide microseismic distributions
that mirror actual distributions.

Plan View

Frac Well

Observation Well

Microseisms Edge View

Side View

=]

Figure 1. Geometry of Fracture Model Inversion.

The procedure for processing the microseismic data is to
start with 3D locations obtained from the current velocity
model. The (x, y) coordinates are then used to determine the
microseismic azimuth from directional statistics”, and from
this azimuth edge (b;) and side (r;) projections are obtained.
The dip is obtained from the edge projection, again using
circular statistics and the side projection data provide means
and variances of the event locations for height and length
calculations. Finally, a probability for that event location
based on height, length, azimuth, and dip can be obtained from
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where z., r,, and b, are the means and o, o;,, and o, are the
standard deviations of the distributions vertically, along the
side projection, and along the edge projection, respectively,
and the three separate variables are assumed to be
independent.

An expected probability for this event can also be obtained
by using the current model azimuth, dip, characteristic length
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and characteristic height to obtain projections and then
variances. However, the distributions associated with the
current model are distributed differently and take into account
the azimuth of the model and the center location of the model,
as well as height and length. This expected probability can be
compared with the current location probability to update the
model. The Levenberg/Marquardt algorithm now seeks to
minimize the combined function
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where W, is a weighting function that can be used to increase
or decrease the effect of the microseismic data.

Besides the model parameters for the tiltmeter data, the
microseismic data now includes the effect of velocities, which
can also be extracted from the inversion. To extract the
velocities, however, it is also necessary to have a location
algorithm in the inversion. Assuming the arrival times and
azimuths are correct, then a velocity can also be found which
allows the microseismic and tiltmeter data to optimally match.
For the case of a constant velocity structure, the location
algorithm can be a simple regression on the distance equation.
For a more complex velocity structure, a forward model and
grid-search algorithm is applied to obtain the re-located points.
In such a case, it is necessary to invert for all of the velocities.

Using a probability function for the microseismic data is
not intended to imply any particular geophysical behavior, but
rather it is simply a convenient method for (1) assessing
whether a microseismic event fits the current model
parameters, (2) treating the microseismic data like a true
distribution with outliers, and (3) developing an efficient
function to be minimized jointly with the tiltmeter data.

Data Analysis

Three types of analyses have been performed to date. The
analyses include evaluations of synthetic data, joint
microseismic and tiltmeter data from a single well where the
combined sensors were cemented in place, and joint analysis
of microseismic data from separate wells. In addition, data
from a hybrid-array test in a treatment well have also been
examined to assess the performance of the hybrid system.

Synthetic Data. Synthetic data was used to test the behavior
of the model, understand the capabilities of the inversion
under ideal conditions, and evaluate distributional approaches.
Figure 2 shows an example of a synthetic microseismic and
tiltmeter data set that was used for initial evaluation of the
joint inversion. The tiltmeter data are based on a fracture with
L=250 ft, h=80 ft, P=500 psi, v=0.2, and E=4x10° psi as
monitored from a monitor well 500 ft away placed normal to
the fracture azimuth. The microseismic data are randomly
distributed within an envelope that is somewhat larger than the
fracture dimensions.
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Figure 2. Example synthetic data.

A direct inversion of these data returns the input
dimensions of the fracture to three decimal places and is not
particularly interesting. A more instructive example is to take
the input data shown in Figure 2, mislocate it by applying the
wrong velocity, and then invert the mislocated data. Figures 3
and 4 show the mislocated microseismic data and the locations
recovered after the inversion, respectively. Table 1 shows a
comparison of the model values and the recovered inverted
parameters. In this example, the pressure and dip are assumed
known (applied constraints) and the velocity model is
constant, so only one of the two velocities can be found (e.g.,
the location depends upon V,V/{V,-V,}). The advantage of
having some tiltmeter data is that it can be used to improve the
microseismic locations. Similarly, some microseismic
locations can help to improve the results from noisy tiltmeter
data. If no constraints were used in this example, the results
would have been Ah=71.6, L=253, AP=614, azimuth=45°,
dip=3.1°, center depth=4998.3, and V,=15,020 ft/sec, which
are fairly accurate results, but nevertheless show the value of
having some information on which to ground the inversion.
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Figure 3. Mislocated microseismic data.
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400

Table 1. Synthetic Inversion Results

Parameter Model Inverted
Length (ft) 250 252
Height (ft) 80 79.7
Center Depth (ft) 5000 4999.5
Azimuth (deg) 45 45

V, (ft/sec) 15,000 15,010
V (ft/sec) 8,000 NA
Pressure (psi) 500 NA

Dip (deg) 0.0 NA

M-Site Data. Perhaps the best test case for a combined
microseismic and tiltmeter data set is the data from the DOE
& GRI sponsored M-Site experiments.* At M-Site, both
tiltmeters (6 levels) and tri-axial accelerometers (30 levels)
were cemented in a monitor well approximately 300 ft from a
series of fractures conducted in two intervals. The geologic
setting is a fluvial environment, in which comprehensive
fracturing experiments were carried out in two intervals. The
test zone of interest for this evaluation was labeled the “B”
sandstone at a depth of approximately 4525 to 4560 ft.**>*

Numerous injections were performed in the B sandstone,
with one particular minifrac providing a good data set for
testing this approach. The minifrac was pumped at 22 bpm,
injecting a total volume of 400 bbl of a 40 Ib linear gel.
During the test, over 100 microseisms were detected and
located and excellent-quality (high signal-to-noise-ratio)
tiltmeter data were also obtained on all six tiltmeters.

Figure 5 shows a plan view of the microseismic data and a
side view of the combined microseismic and tiltmeter data,
along with the theoretical tilts. Approximately 20 of the
microseismic events are from a second monitor well that has a
5-level wireline receiver array. For this case, the microseismic
locations are assumed to be correct, so the inversion provides
a fracture geometry that gives a best fit of the microseismic
distribution with the measured tilts. However, the wide
distribution of microseismic events does not lend itself to
useful evaluation of the dip, so the dip was constrained to a
vertical fracture (known from the testing). The bottom-hole
pressure was also measured and used as a constraint
(1300 psi).

Table 2 gives a comparison of the joint inversion results
compared to the previous reported results for individual
technologies. The original tiltmeter results used an analytic
model with homogeneous formation properties,® whereas the
original FE (finite element) results used variable layer
properties.?®

The major difference in the various results lies primarily in
the height estimates. A combined analysis yields a height that
is somewhat greater than the height estimates from separate
measurement techniques. When combined, the requirements
of matching azimuth and center position, as well as length and
height, require a greater height to best fit all of the data,
subject to the constraints as well as the weighting and other
factors (that is, the microseismic distribution suggests a higher
center whereas the tiltmeters suggest a lower center).

Weighting is an issue that is still being investigated, as it
plays a significant role in the type of results obtained. A small
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microseismic weighting produces an azimuth that is oriented
closer to the observation well and a somewhat smaller fracture
height, yielding a better fit of the tilt data. A larger
microseismic weighting (as used here) fits the microseismic
events better and matches the event azimuth, but the fit of the
tilt data is somewhat weaker. Interestingly, the primary
difference observed by changing the weighting is a rotation of
the fracture azimuth. In this case, the fracture azimuth is
known precisely from core-through tests, so a weighting that
matched the known azimuth was preferred. Alternately, the
same results could be obtained by using an azimuth constraint.

200

100 N7aw | . Treatment Well
~
~- \‘\ : {
e T 5
PR A AR 3 *
0] ¢ CreCerThgbsd
e S : RS
- * ‘\\ - ‘ .
L SN o
= . <
g PR IS
2 100 h
- 7 *
-é "
o
=z
Y .
-200 4 R
-300 4
[ ]
Observation Well
-400 : : : : : : :
-300 -200 -100 0 100 200 300 400 500
Easting (ft)
4200 -9 : 10 microradians
0\ :
43001 | N
_ A
& 4400 ?\,
|
-‘g'. 1/ M d
8 4500 1 4 | e | s »
[N $ M :‘w”":,. 0,!“‘ L4 o
*
4600{ | o | T ————
Iy
I
4700 — : : : : : :
-400 300 -200 -100 0 100 200 300 400 500

Distance Along Fracture (ft)

Figure 5. M-Site combined tiltmeter and microseismic test.

Table 2. M-Site B Sandstone Comparison

Parameter | Original | Original | Original | Joint
useismic | Tiltmeter | FE Tilt Inversion
Center (ft) | NA NA 4542 4547
Height (ft) | 80+20 67 75-80 94.9
Length (ft) | 230/375 | 425 NA (2D) | 327.4
W/E
Azimuth N74W NA NA N74W
Dip NA 0° fixed | 0°fixed | 0° fixed
Press. (psi) | NA 1300 1300 1300

Taking the process one step farther, the microseismic data
can be re-located as part of the inversion process. However,
only the events from the cemented receivers are used in this
anlaysis, since the large number of arrivals make these data
considerably more accurate. The original location analysis at
M-Site used a constant velocity medium because of the fluvial
environment and the large number of receivers (velocity
effects wash out).”> In a homogeneous velocity medium, only
one of the velocities is independent, so the P-wave velocity
was taken as a constraint at ¥, = 15,000 ft/sec and the S wave
velocity was determined in the inversion. Figure 6 shows a
plan-view and side-view map of the microseismic locations
and the tiltmeter fit for the re-location case.

The results are very similar to those shown in Figure 5
(although there are fewer events), with the primary difference
being some additional estimated length. The final results are a
N72°W azimuth, L = 400 ft, /=89 ft, and center at 4548 ft.
The S-wave velocity was found to be 8,600 ft/sec, compared
to the original 8,750 ft/sec.
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Figure 6. M-Site re-located resulits.

Mounds Data. The Mounds Drill Cuttings Injection
Experiment’’?® was another test in which both microseismic
and tiltmeter data were obtained.”"***° Experiments at this site
simulated the behavior expected to occur in repeat injections
of solid-loading slurries into various formations for disposal of
drill cuttings. A series of small injections (50 — 100 bbls) were
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performed in two different intervals, but the one of interest
here is the Atoka shale.

Monitoring of the Atoka shale injections, into a perforated
interval at 1940 to 1960 ft depth, was performed with a 8-level
tiltmeter array in an observation well at a distance of 140 ft
and with a 5-level microseismic array at a distance of 250 ft.
However, the microseismic data was very sparse in the Atoka
tests, so most of the inferences about fracture geometry were
made from the downhole tiltmeters or from a surface tiltmeter
array.

There were 20 injections into the Atoka formation over a 3
day period and the 5™ injection was chosen as one having
good quality tiltmeter data. Additionally, since this injection
was early in the overall testing, it is not expected that there
was too much complexity yet due to the development of a
disposal domain.

Figure 7 shows the plan-view and side-view maps of the
inversion results, assuming the microseismic data are located
correctly. During the whole first day of testing in the Atoka (8
injections) there were only about a dozen microseisms
observed. However, the downhole tiltmeters had responses as
large as 50 microradians and the surface tiltmeters also
obtained good-quality data.
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Figure 7. Mounds Atoka results — injection number 9.

Contraints on the inversion included a measured net
pressure of 425 psi and a vertical fracture. The microseismic
data were highly weighted so that the inverted azimuth
approximately matched the azimuth derived from the
microseism, which were weak by themselves, but matched the
azimuth measured by surface tiltmeters. Table 3 shows a
comparison of the results from this joint inversion with

previously reported data. The main effect of the joint inversion
is to allow the fracture to shift up or down, although this does
depend to some extent on how highly the microseismic data
are weighted (a small weighting yields a deeper center
location).

There was no attempt made to relocate the microseismic
data in this example since it was so sparse of a data set. Note
that the limited microseismic data do not match the tiltmeter
geometry very well, but these few events are actually taken
from all of the eight injections on that day and are used
primarily for azimuth and also for some general control of
height and length.

Table 3. Comparison of Mounds Atoka results

Parameter Original Tilt | Alternate Tilt | Joint Inv.
Center (ft) 1974 1914 1935
Length (ft) 239.5 173 165
Height (ft) 79.6 101 116
Azimuth (deg) | N73W N75W N71W
Dip (deg) 1° 0° (fixed) 0° (fixed)

Fielding A Hybrid Array

An initial fielding of a hybrid array was performed at an
unspecified site in a coalbed methane reservoir. However, this
test was a treatment-well hybrid array®!, which does not lend
itself readily to the joint inversion because the treatment-well
tiltmeter data is primarily usable (at this time) for fracture
height measurements.

The hybrid array consisted of five microseismic tools and
three tiltmeter tools run together and locked in place with the
microseismic clamp arms. Figure 8 shows an example of the
tiltmeter data obtained on the three tiltmeter tools in the hybrid
array. Injection started at about 14:02, at which time there was
considerable movement and rezeroing of the tiltmeter tools in
the flowstream. Once pumping stabilized (at about 14:08), the
tiltmeters showed a gradual change that resulted in the total tilt
change at the end of pumping as displayed on the left-hand
side of the plot.
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The tilts observed in Figure 8 are insufficient to describe
the fracture top and bottom; however they are consistent with
measurements the previous day using a larger number of
tiltmeters to diagnose height growth (top at around 3050 ft and
other tilt peaks reflecting potential secondary fractures in the
vicinity of the perforations at ~3120 ft).

Figure 9 shows example treatment well microseismic data
from the 5-level array in the hybrid system. Because it is
treatment-well data, it is noisier and rings somewhat due to the
moving fluids. Nevertheless, these events can be analyzed and
located to provide fracture azimuth and height, as well as
length for some cases (e.g., where the fracture is relatively
short), as Bailey and Sorem®' have shown.

Initial
Arrival

Level 1

Level 2

Level 3

Level 4

Level 5

X ¥ ZiX ¥ Z X Y Z X Y Z X ¥ Z

—> 5ms +—

Figure 9. Example hybrid microseismic data — 5 levels.

Discussion

Downhole microseismic and tiltmeter monitoring are the two
primary diagnostic techniques available at this time to map
fractures and infer growth patterns. The two technologies
measure very different effects of the fracturing process.
Tiltmeters measure direct deformation that is the summed
effect of induced fracture or fractures, while the microseismic
array detects and locates microearthquakes induced by
changes in stress and pore pressure. Combining the two
technologies gives a more comprehensive view of the fracture
and its behavior.

These two technologies have routinely been run separately
in offset wells dedicated to a particular array, but such an
approach limits their application because of the need for
additional monitoring wells. A hybrid array containing both
types of sensors solves this problem.

Inferences of fracture geometry and growth pattern have
generally relied on separate analyses of the two technologies.
Such an approach is useful as it provides some level of
comfort when the two analyses match up, but results from the
two technologies may not match well for numerous reasons,
such as distance of monitoring, noise, poor viewing location,
and many others. In these case in particular, performing a joint
inversion of the data is a sensible step to extract the best
possible information from the data.

Developing a joint inversion is relatively straightforward
from the tiltmeter side, as long as there is a clear
understanding of the mechanism causing the deformation

(e.g., a pressurized hydraulic fracture). From the microseismic
side, however, the analysis is less direct. Certainly a complete
mechanical model of the changes in stress and pressure due to
the fracture could be coupled with the existing natural fracture
planes and the required rock properties, but the detailed
information required to exercise such a model is never
available except in rare cases when a comprehensive scientific
experiment is being performed (e.g., the Multiwell
experiment™ and M-Site”). Using the microseismic data in a
distributional sense appeared to be a reasonable compromise
to minimize the amount of input data required to perform the
joint inversion. This approach does allow for re-location of the
microseismic events if the compressional and shear velocities
are not constrained, but does not require any other poro-
mechanical properties and stresses.

The distributional approach assumes that the microseismic
data should pass throught the treatment wellbore, be aligned
with the fracture azimuth, be correctly vertically centered, and
be distributed in some reasonable manner along the length.
The distribution with respect to the model is straightforward,
since the azimuth height, length, center depth, and dip are
parameters of the model. The model distribution is compared
with the actual distribution at any iteration, where the actual
distribution is centered about its own vertical center,
regression azimuth, and the location of a virtual wellbore that
is a projection of the treatment-well location on the
microseismic azimuth plane. The objective of the inversion is
to find parameters such that the locations of the microseisms
match the model parameters as closely as the weighting
requires.

Nevertheless, it is the weighting and two characteristic
distribution factors (for height and length) that are still very
subjective and are currently being investigated as more data
are obtained. The effect of the weighting is obvious, but how
to apply it in an appropriate manner is less clear. Choosing a
large microseismic weighting returns the microseismic results;
choosing a low weighting returns the tiltmeter model results.
Methods to normalize the individual data sets are now being
investigated in order to obtain more predictable behavior as
the weighting is adjusted.

The characteristic height and length factors, which are the
ratios of the distributional standard deviations to the “true”
height and length, appear to be fairly constant (~0.6) for a
well-distributed data set like the synthetic data shown in the
first example. However, for an asymmetric distribution like
the M-Site data, the standard deviation is considerably smaller
and a lower factor is required to match the data. For these
analyses, the factors were adjusted at the beginning of the
inversion to yield an acceptable starting geometry of the
microseismic data. However, better ways to select these
parameters need to be determined and investigation into this
process is continuing. The solution may potentially be the
application of a different distribution function that more
closesly matches microseismic data.

In spite of the subjectiveness of the distributional factors,
the results are not found to change much when factors are
varied by reasonable amounts. Typical changes in height and
length were found to be less than 10% when the factors were
dropped from 0.6 to 0.3 to better match an asymmetric data
set. This result suggests that these parameters are not that
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critical in most data sets, although they certainly could have a
significant effect under some conditions.

As noted earlier, this distributional approach is not meant
to imply any specific geophysical behavior or process other
than expecting the microseisms to be distributed about the
fracture in all dimensions. It is simply a convenient method of
matching the microseismic event distribution with the current
model so that the model can be related to both the tiltmeter
data (directly through the deformation behavior) and the
microseismic data.

Finally, a hybrid array offers considerable potential for
obtaining accurate data to calibrate the velocity model for
microseismic monitoring. The velocities along the ray paths of
interest (mostly horizontal, as opposed to the vertical ray paths
obtained from dipole sonic logs) can be obtained as an
inversion parameter that is constrained by the deformation
observed by the tiltmeter.

Conclusions

Hydraulic fracture mapping technology is rapidly becoming a
critical element in the development of unconventional
resources such as tight-gas sands, gas shales, and coalbed
methane. In technology plays such as these, information about
the created fracture is essential to optimizing recovery and
maximizing the economic returns. Technologies that can
improve information about the induced fracture geometry and
growth have the potential to significantly influence
development strategies and economic decisions.

Hybrid downhole tiltmeter and microseismic arrays
combine two technologies into one system to maximize
information and minimize the footprint of the monitoring
procedures. The use of one monitoring well instead of two
significantly reduces costs to the operator and also provides
the potential to obtain more information, such as when only
one monitoring well is nearby.

A joint inversion offers a methodology for extracting a
single result from a combined tiltmeter and microseismic data
set, rather than two separate answers that may or may not be
entirely consistent. It is still valuable to obtain separate results
(to evaluate consistency of the data), but the combined answer
has the potential to provide more accurate and more complete
results. In addition, the hybrid approach provides considerable
potential for calibrating the velocity model for the
microseismic analysis.

The joint inversion process is still somewhat subjective
due to weighting and distributional issues that are not well
defined. As additional data and experience are gained, it is
expected that some of these issues will be circumvented.
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Nomenclature
b = dislocation width, L, ft.
b; = edge projection of i microseism, L, ft.

b, = microseismic center edge projection, L, ft.
E = Young’s modulus, m/Lt, psi.

G = function to be minimized.

h = fracture height, L, ft.

L = fracture length, L, ft.

n = number of tiltmeter data points.

P = Probability distribution.

AP = average net pressure in fracture, m/Lt%, psi.
r. = microseismic center length projection, L, ft.
r; = length projection of i microseism, L, ft.

u = deformation displacement, L, ft.

V, = compressional velocity, L/t, ft/sec.

V, = shear velocity, L/t, ft/sec.

wgis = monitor well distance, L, ft.

x = coordinate axis, usually east, L, ft.

x; = x coordinate position of i™ microseism, L, ft.

y = coordinate axis, usually north, L, ft.
y. = vertical center of fracture, L, ft.

y: = y coordinate position of i" microseism, L, ft.

z = vertical coordinate axis, L, ft.

z. = microseismic vertical center position, L, ft.

z; = z coordinate position of it microseism, L, ft.

oy = fracture azimuth, deg.

oy = fracture inclination, deg.

v = Poisson’s ratio.
0;, = distribution standard deviation about edge, L, ft.
o, = distribution standard deviation about length, L, ft.
o, = distribution standard deviation about depth, L, ft.
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Hydraulic Fracture Mapping
With Hybrid Microseismic/

Tiltmeter Arrays

A project to develop a new method for fracture mapping combines the best features of two of the
most widely used current mapping technologies — downhole tiltmeters and microseismic monitoring.
The new “hybrid” array provides an improved capability for monitoring and interpreting fracture growth.

ydraulic fracturing is employed in

almost all U.S. onshore natural gas

wells to improve the deliverability of
the well and economics of the development.

The application of hydraulic fracturing is par-
ticularly important in unconventional gas reser-
voirs, where economics may be marginal even
with a successful stimulation. In such reservoirs,
the application of new technology to character-
ize, access, stimulate and produce the reservoir is
critical for optimization of the stimulation treat-
ments and field development. Many of these
resources can be characterized as “technology
plays,” where economic development would be
impossible without some of the advanced tech-
nology employed.

One of these new technologies is hydraulic
fracture mapping, which is frequently used to
provide information about the growth and geo-
metric features of the fracture. This type of map-
ping is a subset of fracture diagnostics, which
encompasses all technologies used to derive
information about the fracture and its effective-
ness. Fracture diagnostics include logging and
tracers to provide near wellbore information,
pressure analyses and pressure-history matching
with a model, and well testing and production
analyses among others. Fracture mapping could
be defined as the process of determining fracture
geometry through direct measurements of geo-
physical properties influenced or altered by the
fracturing process.

Fracture mapping technologies
There are only three proven types of fracture
diagnostics that can measure far-field frac-
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ture geometries: surface tiltmeter mapping,
downhole tiltmeter mapping and microseis-
mic mapping. To explain these technologies,
it is necessary to describe the sensors used to

make the measurements.

Sensors

Tiltmeters are sensitive devices that measure
the slightest deformation of the ground, much
like a carpenter level. However, the tiltmeters
used in hydraulic fracture mapping are designed
for higher sensitivities and can measure tilts as
small as 1 nanoradian. Figure 1 shows a
schematic of a tiltmeter sensor, which uses a
conductive fluid and suitably placed electrodes
to achieve the required precision. Arrays of tilt-
meters are used to measure the deformation
around a fracture induced by the opening of the

fracture. This deformation is measured and

then inverted for the size and shape of the frac-
ture that created the deformation.
Microseismic mapping is performed with an
array of tri-axial seismic receivers, which detect
small earthquakes induced by the changes in
stress and pore pressure caused by the fracturing
process. The geophones or accelerometers in
these receivers need to be sensitive and also have
higher frequency capabilities than typical VSP
receivers, as the microseisms are generally small,
high-frequency events. The receiver array detects
the microseisms, and P (compressional) and S
(shear) arrivals are determined during processing.
By appropriate ray tracing, the distance and ele-
vation to the microseism can be determined. The
particle motion of the P and S waves (the reason
why tri-axial receivers are required) provides the
information on the direction to the microseismic

source. Since these microseisms are generated in
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example of tilt and microseismic measurements.

azone surrounding the fracture, the overall shape
and size of the fracture can be evaluated from the
spatial distribution of the microseisms.

Mapping technologies

Surface tiltmeter mapping is a significant recon-
naissance tool for mapping fracture azimuths
and dip (especially valuable for evaluating hori-
zontal vs. vertical fractures), but being far away
from the fracture (at the surface), geometric
parameters such as height or length can only be
obtained for shallow fractures. Surface tiltmeters
are often used in conjunction with downhole tilt-
meters and microseismic mapping, but they are
not integral to the hybrid system.

If an array of these tiltmeters are placed
downbhole across from the fracture, more infor-
mation about the height, width and fracture
center can be obtained. In many circumstances,
fracture length can also be determined from
downhole tiltmeters, along with dip and possi-
bly azimuth. Figure 2 shows an example of the
deformation that occurs alongside a vertical
fracture and the subsequent tilt that would be
measured in an offset well. The shape of the tilt
field provides information on height, dip and
center while the amplitude of the tilts also

helps specify width and length.

Microseismic mapping is also performed with
downhole arrays, but it relies on detecting micro-
earthquakes caused by the deformation mea-
sured with the tiltmeters and by leakoff of
fracturing fluid. Because hundreds of these
earthquakes may be created, there is potential for
obtaining detailed structural information about
the fracture that would otherwise be impossible
to obtain. Figure 2 also shows an example of the
typical microseismic activity that might be
observed in such a fracture.

Hybrid microseismicAiltmeter array

In most fracture mapping situations, there is at
most one monitor well close enough to be useful
for microseismic or downhole tiltmeter map-
ping. In such cases, it is necessary to choose one
of these two technologies based upon the type of
information required. However, there is no guar-
antee @ priori that the selected technology will
actually yield better results. For example, tilt-
meters are insensitive to seismic noise, as induced
by nearby drilling or fracturing equipment on the
same pad, while microseismic receivers may be
“deafened” by the noise to the point that few or
no microseisms can be detected. On the other
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hand, microseisms gain an advantage as the
monitoring distance increases because resolution
from the tilt measurements decreases with dis-
tance. There are numerous similar advantages
and disadvantages of these two technologies that
interplay under various circumstances, leading an
observer to the conclusion that it would be opti-
mal to have both technologies in a single array in
the monitoring well. This is the rationale behind
the hybrid array concept.

A project to develop hybrid arrays has been
ongoing for more than 2 years. The first part of
this project is developing the necessary hard-
ware and equipment for fielding these two
arrays on the same wireline and sending both
sets of data to the surface simultaneously.
Fortunately, the microseismic arrays are fielded
on fiber-optic wirelines that also have six elec-
trical conductors for power and other uses. The
optical fiber is necessary for the high-density
telemetry requirements of a microseismic array,
such as 12 levels x 3 channels x 4,000 sam-
ples/sec x 4 byte data x 8 bits = 4,608,000
bits/sec, run with even a minimum number of
tools. Use of 15 or 20 receivers would increase
this accordingly. However, because the data
telemetry is handled easily by the fiber alone,
there are free conductors that can be used inde-
pendently for the tiltmeter data, which is run
multiplexed (only two conductors needed).
While a combined telemetry system is the ulti-
mate solution, this separate-system approach
was envisioned to be one that could prove up
the hybrid system in the shortest time.

Given this separate-system approach, the pri-
mary hardware needs were crossovers between
tools and a method to pass the microseismic
telemetry and power lines through the tiltmeters.
This was accomplished by constructing a new
tiltmeter housing with space for additional lines
and new end caps and connectors to mate with
the microseismic receivers. Other issues included
getting appropriate power downhole to all tools
and ensuring all telemetry remained functional.
Surface equipment remained the same for each
set of tools.



Joint inversion of hybrid data
The result of a hybrid-array monitoring
test would be a tiltmeter map and a
microseismic map, each of which would
show its own perspective of the fracture
geometry. In many cases, these two maps
will not agree because of: some inability
of one or the other to clearly “see” the
fracture; some degree of complexity that
cannot be easily reconciled by the tilt-
meter model; non-seismic intervals that
do not produce microseisms yet still have
deformation; or any number of plausible
causes. In these cases, the best result will
likely be one that provides a best-fit solu-
tion for both data sets. Since the tilt-
meter results require an inversion (fitting
the data to a model) to produce the frac-
ture parameters, a sensible approach is to
tie the microseismic data to that same
model and determine how well the event
locations match the model, that is, jointly
inverting the data.
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As noted above, inversion of the tiltmeter data

is straightforward. A model of the process is

selected (or several models together, as would

occur with multiple fractures), a forward model

calculation is made with some initial conditions,

the observed data is compared with the forward

model calculation, and a decision is made on how
to change the model to better fit the data. This
process is repeated until the model adequately fits

the data.

The uncertain part is how to adequately fac-

tor in the microseismic data. The ultimate

approach would be to construct a structural
model of fracture deformation and leakoff, cal-

culate the stress perturbations and pore pres-

sure changes around the fracture, determine

the normal and shear stress on existing failure

planes (fracture and faults), calculate where

slippage is likely to occur and then use the slip-

page zone as an envelope that must contain the

microseisms. Unfortunately, this approach is

complicated and requires data about the reser-

voir that is seldom available (all three stresses,

good; the interpretation is the issue),

the formation velocities are then the

remaining parameters that can result
in movement of microseismic loca-

tions. Yet formation velocities are not
pore pressure, fracture sets, faults, coefficient of  always precisely known in many situations. An
friction, poroelastic parameters, permeabilities  inversion that not only finds the best model
of the matrix and fractures, etc.) and guessing  geometry, but also finds optimized velocities
that provide an overall best fit of the total

data set, is clearly a desirable result. Such is

these parameters would not be a good way to
improve mapping results.

There are simpler approaches, which are not  the approach taken in the joint inversion inves-
structural, but still require the microseismic data  tigated here.
to adequately fit the model. One such approach
Treatment-well hybrid array

In addition to the offset-well approach given

is distributional, that is, the microseismic events
must be distributed in some reasonable way
about the model fracture. When they do not dis-
tribute adequately about the model, the model is

above, it is clear that a hybrid array run in the
treatment well offers the potential for consid-
in error and must be changed, similar to the way ~ erable information about the fracture if no
the tiltmeter inversion changes the model to  nearby monitoring wells are available.
match the tilt data. The primary questions here ~ Treatment well microseismic arrays are typi-
are: how to handle the distribution and what

parameters to invert.

cally run with rigid interconnects and a gyro
tool to orient the string. Adding tiltmeters to
In the simplest sense, the microseismic dis-  this string adds the potential for additional new
tribution about its own center of mass is com-  information and corroborating information.
pared with the distribution about the fracture ~ For example, if the tiltmeters — bi-axial devices
model. If the model and microseism co-align,  that will provide a direction of the deformation
then the model is “correct;” if not, the model is  if the sensors are oriented — are now oriented,
changed. An initial approach is to find the then the orientation of the tilt defines the
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fracture azimuth, which can be compared with
the azimuth derived from the locus of micro-
seismic data. Treatment-well tiltmeters are pri-
marily a height-measurement system, which

can be compared with the microseismic height.

Initial prototype field test

"Two protype hybrid arrays were tested in wells to
work out final details and evaluate problems last
year and early this year, but the first fielding of an
array in a fracture-monitoring test was con-
ducted in May in a coalbed methane field in
Colorado. This test had five microseismic
receivers and three tiltmeters run together on a
fiber-optic wireline. Several minifracs and cali-
bration injections (no proppant) were monitored
with the tools in various positions relative to the
perforated interval.

Figure 3 shows an example of the type of
microseismic event detected after shut in (there
is generally too much noise to hear events dur-
ing pumping). This example shows an arrival
on five levels of an event that is about horizon-
tal with level 4 at a distance of a little more
than 100ft.

Figure 4 shows an example of the tilt data
(right side) from one of the calibration tests and
a graph of the tilt changes vs. depth during the
shut-in period. An examination of the changes in
these measurements (center) suggests the frac-
ture bottom was somewhere in the vicinity of the
lower tiltmeter (about 3,110ft) giving a large tilt
response, and the fracture center was near
3,080ft with not much change in the tilt. The
fracture top could not be clearly identified with
only the three available tiltmeters. The left side
shows a histogram of the observed microseismic
heights, which agrees fairly well with the limited
tiltmeter data.

Conclusions

The hybrid tiltmeter project has been used to
develop combined tiltmeter/microseismic map-
ping arrays that can be used for obtaining the
most precise fracture mapping measurements
possible. These arrays have been tested in the
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Figure 4. An example of tiltmeter data from hybrid array test, compared with microsei;

mic events.

field and shown that both data sets can be
obtained simultaneously in the same well.

A method for jointly inverting the two data
sets has also been developed. In addition to a
microseismic map and a tiltmeter map, the joint
inversion provides an estimate of fracture dimen-

sions that is a combination of the two. <>

Acknowledgments

The authors and Pinnacle Technologies would
like to thank the U.S. Department of Energy,
through the National Energy Technology
Laboratory in Pittsburgh and Morgantown, Pa.,
for their support of this work under contract No.
DE-FC26-04NT42108.

References

1. Wright, C. A.: Tiltmeter Fracture Mapping:
From the Surface and now Downhole, Petroleum
Engineer International (1998) 71, 50.

2. Warpinski, N.R., Branagan, P'T, Peterson,
RE. Wolhart, SL. and Uhl, J.E.: Mapping
Hydraulic Fracture Growth and Geometry Using
Microseismic Events Detected by a Wireline

20 GasTIPS ¢ Volume 12 ¢ Number 3 ¢ 2006

Retrievable Accelerometer Array, SPE paper No.
40014 presented at the Gas Technology
Symposium, Calgary, March 15-18,1998.

3. Wright, C., Davis, E., Griffin, L., Fisher, K.,
King, G., Warpinski, N., Ward, J. and Samson,
E.: Seismic Mapping Tool Incorporating Seismic
Receivers and Tiltmeters, US Provisional Patent
Application 60/553,876, Filed March 16, 2004.
4. Warpinski, N.R., Griffin, L.G., Davis, EJ.,
and Grant, T., Improving Hydraulic Frac
Diagnostics by Joint Inversion of Downhole
Microseismic and Tiltmeter Data, SPE paper
No. 102690 presented at the SPE Annual
Technical Conference and Exhibition, San
Antonio, Sept 24-27.

5. Bailey, J.R., and Sorem, W.A.: Logging Tool
Enables Fracture Characterization for Enhanced
Field Recovery, SPE Paper No. 95909 presented
at the SPE Annual Technical Conference and
Exhibition, Dallas, Oct 9-12, 2005.

6. Wright, C., Davis, E., Ward, J., Samson, E.,
Wang, G., Griffin, L., Demetrius, S., and Fisher,
K.: Treatment Well Tiltmeter System, U.S. Patent
7,028.722, April 18.





