M Pinnacle

Development of an Advanced
Hydraulic Fracture Mapping System

Final Report for
U. S. Department of Energy
DE-FC26-04NT42108

Reporting Period Start Date:  April 15, 2004
Reporting Period End Date: ~ January 31, 2007

By:

Norm Warpinski
Steve Wolhart
Larry Griffin
Eric Davis

Pinnacle Technologies, Inc.
9949 W. Sam Houston Parkway N.
Houston, Texas 77064






Development of an Advanced
Hydraulic Fracture Mapping System

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.
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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

Pinnacle Technologies, Inc. 26



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

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.

Pinnacle Technologies, Inc. 31




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

8
7 W}
p
6 4
51 i
3]
()]
8
S
5
2
| Y
8 3
2 | —e— Wilcoxin 731-20
—a— Endevco 7703A-100
—a— Endevco 7251HT-100
1 4
—e— Input Level
O T T T T T
0 500 1000 1500 2000 2500 3000
Frequency (Hz)

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
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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
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where E(K) is an elliptic integral of modulus k, with
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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
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where sn, dn and cn are Jacobian elliptic functions, A is given by
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u is defined as
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a2—
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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
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where the additional derivatives are given by
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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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