GEOLOGIC CARBON SEQUESTRATION
OPPORTUNITIES IN PENNSYLVANIA
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Permeabilities in the Oriskany Sandstone range from less than 0.1 to almost 30 md.*"

Highly fractured rocks tend to have higher permeabilities, as do rocks in which carbonate
dissolution has occurred. Permeabilities are lower where fractures have been healed by
secondary mineralization, or where secondary dissolution of cements has been minimal.
Injection of fluids, therefore, would be more favorable in areas close to an updip pinchout
or along structures where fractures have not healed.

The Oriskany Sandstone has been used for the injection of industrial wastes in several
wells in the basin, and for injection of natural gas for gas-storage purposes in numerous
depleted gas fields. One injection project, a waste disposal well in Pennsylvania, had an
injection rate of about 20 gpm (76 Ipm) at an intake pressure of 1,400 psi (9.7 MPa)
during the initial investigation stage.!”® The Oriskany in this well ranged in depth from
5,250 to 5,426 ft (1,600 to 1,654 m). Average porosity and permeability were 5.2 percent
and 2.2 md, respectively. Following hydraulic fracture, the injectivity increased to 55
gpm (208 Ipm) at 1,700 psi (11.7 MPa). These data clearly indicate that, even in areas of
low porosity and permeability, the Oriskany can be used for sequestration of fluids as
long as hydraulic fracturing or acidizing is applied prior to injection.

The largest single storage problem for sequestration of CO; in the Oriskany is the
possibility of seal failure. Cap rock integrity problems have been cited as the single most
important constraint on long-term sequestration in all target storage sites.®® Mechanical
seal problems would probably be more likely to occur in areas where the structural
complexity places a porous or highly fractured rock in juxtaposition (vertical or lateral)
with open fractures or high-porosity zones in the sandstone. The integrity of Oriskany
reservoir cap rocks and fracture seals needs to be evaluated thoroughly for mechanical
and, possibly, chemical alteration potential before any project would begin.

4.1.4 Upper Devonian Sandstone Reservoirs

The excellent petroleum production history of the Venango Group sandstones in the
subsurface of southwestern Pennsylvania suggests that these rocks might be suitable for
the geological sequestration of CO,. More than 155 MMBO and an unknown quantity of
natural gas have been produced from relatively shallow fields and pools in southwestern
Pennsylvania, and most of that oil production is from Venango Group sandstones.*™*
This production history provides us with reasonably good capacity estimates and a
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proven pre-drilling seal. The high reservoir heterogeneity documented in the rocks'®? can
be a good choice for injecting and storing CO,.'®® This is because the fluid flow path is
tortuous, creating a longer migration path for the CO,. The longer the migration path, the
more CO; is trapped as an immobile residual fluid.

Venango Group sandstone reservoirs at depths greater 2,500 ft (762 m) in southwestern
Pennsylvania are restricted to the lowermost sandstones (Gordon through Bayard and
Lower Sandy zone) in pools developed along and adjacent to the border of Allegheny and
Washington Counties, eastern and southern Washington County, and most of Greene
County. Indeed, all of the Venango Group reservoirs, including the thicker Hundred-
Foot zone sandstones, are suitably deep for CO, sequestration. The sandstone depths
here range from 2,500 to 3,000 ft (762 to 914 m).

Porosity and permeability in the Venango Group sandstones of southwestern
Pennsylvania range from 2.5 to 27 percent and 0.2 to 300 md, respectively (Figure 3.4-3).
The porosity is a hybrid of reduced primary pore space and enlarged secondary voids that
formed through dissolution of mineral cements. Further petrographic analyses will be
imperative, however, if the Venango Group sandstones are considered for CO;
sequestration. While the present pore size distribution is both suitable and desirable for
sequestration, it is critical to note that this distribution is time-dependent for CO, due to
chemical reactions in the reservoir. The variable amounts of carbonate cement, clay
minerals, and feldspar in the rocks pose some risk for inducing changes in the initial pore
size distribution. Carbon dioxide injected into these sandstones would mobilize residual
oil, dissolve into brine, and promote dissolution of the carbonates, feldspars, and clays.
The brine could become supersaturated with dissolved solids. The kinetics of dissolution
and precipitation, and the potential changes in pore size distribution will require further
petrographic study, geochemical modeling, and testing.

We have no idea of the present distribution of fluids in the Venango Group sandstones.
The long history of petroleum production in these rocks assures us that considerable
amounts of brine and residual oil occupy most of the pore space. Much of the natural gas
has been produced, but serious methane migration problems in the area*® indicate that
gas phases still move between and leak from wells in the region. Further evaluations of
the Venango Group rocks for CO, sequestration will require extensive geophysical well
logging to determine relative fluid saturations in the reservoirs.
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There is a lack of fundamental information regarding the integrity of the post-petroleum-
production cap rocks. Reliable knowledge about present day capillary sealing
mechanisms of the cap rock and height of gas column that the seal can withstand is
critical, especially given the shallow depths (2,500 to 3,000 ft; 762 to 914 m) of these
rocks. For this reason, it will be necessary to obtain old and new cores of the potential
CO;, reservoir rocks. The very long history of petroleum production in southwestern
Pennsylvania, which includes various artificial stimulation and secondary recovery
efforts, requires us to consider the probability that the integrity of reservoir cap rock and
lateral seals have been compromised. Consequently, porosity, permeability, and
capillary-pressure measurements of reservoirs and cap rocks are essential before injecting
large amounts of CO, into these rocks. Further, the high density of oil-and-gas wells in
the region poses moderate and real risk for migration and leakage in this area; a detailed
evaluation of plugging and abandonment techniques would have to be conducted for
those wells known to have been abandoned, and a thorough field reconnaissance for
orphaned and/or improperly plugged wells, followed by proper plugging and
abandonment activities, would have to be completed to minimize or eliminate this risk.

In summary, the Venango Group sandstone reservoirs in southwestern Pennsylvania are
feasible targets for CO, sequestration, but offer limited storage capacity in that: (1) not all
of the reservoirs occur at depths in excess of 2,500 ft (762 m); and (2) lateral/vertical
variations in thickness and extent are expected for these reservoirs. The viability of these
prospective sequestration aquifers is also limited by the unknown integrity of post-
production cap rock and the high density of oil-and-gas wells in this area, which poses a
real risk for CO, migration and leakage.

4.2 Building a Digital Database of Statewide Sequestration Opportunities

The Survey is building a Carbon Sequestration Network (CSN) database as a means of
managing and evaluating prospective sequestration sites relative to available geologic
reservoir data. The CSN database will consist of two component parts, a digital database
and a statewide GIS. Together, these tools will allow us to perform initial analyses of
prospective sites based on geographic location and geologic data readily available to the
Survey. The CSN database is expected to evolve over time with respect to both the
number of potential sequestration sites archived in the database component and the type
and volume of geologic data that will be available in the GIS component for site analysis.
The overall intent is to provide the Commonwealth with a digital archive of geologic
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sequestration opportunities that may be utilized, as needed, to match CO, sources to
sinks.

5.0 NEXT STEPS

The foregoing preliminary assessment indicates that geologic formations in the
Commonwealth of Pennsylvania can support the development of a geologic sequestration
network in the Commonwealth (Figure ES-1; subject to detailed characterization to be
performed at each prospective sequestration site). In addition, there are opportunities, in
conjunction with the development of this network, to develop EOR opportunities in
portions of western Pennsylvania (Figure ES-2). In light of these opportunities, we
present the following next steps necessary to implement a carbon sequestration project.
These include a business plan, risk assessment, insurance, outreach, site characterization,
monitoring, and regional studies for future site development, as discussed below.

5.1 Business Plan

Significant scale economies can potentially be created by deploying CCS in an
orchestrated and staged large-scale network approach that will help mitigate initial high
cost levels. Combined with savings from shared infrastructure and the longer term
investment horizon of a scaled network (versus discrete and finite pilot projects), the
development of such networks offer the Commonwealth the opportunity to optimize
funding requirements while building a substantial infrastructure asset.

A complete project would represent an integrated network of CO, emitters (such as
power plants or other large industrial sources with deployed technologies to facilitate the
capture and compression of the CO,), pipeline companies (to transport the CO,) and
owners/operators of the wells and geologic strata (in which the CO, will ultimately be
sequestered).

It is anticipated that a business plan would be instrumental in securing public and private
funding for the development of a CCS network.

5.2 Risk Assessment

Risk is a matter of both perceived and real potential impacts to or on a wide variety of
issues. While costs and benefits can be discussed in somewhat abstract terms, risk is a
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personal, as well as a financial, matter. The preliminary risk assessment required by Act
129 will be conducted jointly and transparently by a group that will include
representatives from DCNR, academia, and engineering firms with expertise in a long list
of the elements of the overall project. This is quite likely the most complicated, as well
as the most critically important, of the steps described in this report. The feasibility of
the entire project rests on this assessment, and it must be thorough and comprehensive.
Failure to consider all risk could imperil the entire project if this risk assessment is
inadequate. Chapter 6 addresses this aspect in greater detail.

5.3 Insurance

The type and extent of insurance necessary for the geologic sequestration project will rely
heavily on the risk assessment component of the plan, as described herein, and will be
discussed in greater detail in the report that DCNR will submit pursuant to Act 129 by
November 1, 2009.

5.4 Outreach

Because of the scope, expense, risks, pioneering nature, and potential nationwide benefits
of a geologic sequestration network project in the Commonwealth, extensive public
education is essential in this process. Chapter 8 discusses this topic in further detail.

5.5 Site Characterization

After preliminary data collection has been completed and a review of each potential
sequestration site’s geological characteristics is conducted, a more detailed analysis of the
proposed site(s) will be required. A significant component of this review will be the
cultural and demographic aspects of the site(s) and how the development of the site(s)
may impact, or be impacted by, non-geologic features. If the site(s) is (are) deemed
acceptable, a more detailed geologic analysis will begin.

Detailed characterization will require more intensive seismic reflection data. Previous
seismic data were two-dimensional (2-D), giving an indication of structure along a profile
and the presence/absence of problematic geologic features. 3-D seismic reflection will be
required to develop a complete picture of the site(s). Additional near-surface seismic
data will be collected to search for shallow geologic features that might compromise the
integrity of the storage area.
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Careful non-seismic analysis of all surficial features will also be required. This will
include mapping using remote sensing data; “on-the-ground” mapping; and near-surface
rock and soil sample collection and analyses.

The deeper features, those that intimately describe the reservoir and all its elements, must
be examined by drilling into the target formation(s) and performing in-situ testing.
Samples must be collected to examine both the strata that will contain the CO,, and those
strata that will confine it. In-situ tests will illuminate the critical parameters affecting the
size of the storage reservoir, the ease with which it can be filled, the probability of loss,
and numerous other project engineering aspects. This invasive step is both expensive and
time-consuming, but will be a necessary component of an investigation.

Each of these geologic steps, as well as others not listed, is critical to the understanding
of the site(s), and vital to the development of a complete risk assessment.

While the time required for a thorough evaluation is dependent on numerous factors
including money, availability of equipment and talented human resources, the geologic
efforts will likely require at least three years to fully describe each site selected for
sequestration.

5.6 Monitoring

Chapter 7 indicates some of the monitoring activities required at a potential sequestration
site. Monitoring must include a pre-development phase that gathers and evaluates the
stability and parochial nature of the area, pre-injection. This will allow us to assess the
performance of the reservoir during and following injection. Accurate monitoring will
also allow for remedial measures to be applied in a timely and effective manner, should
some problem arise. Monitoring also provides data necessary to periodically calibrate the
models used to predict reservoir performance.

Monitoring is a scientific necessity, but also a critical outreach element. The public must

recognize the scale of the monitoring, understand its intent, and believe that it is
appropriate to address any risk elements.
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5.7 Regional Studies for Future Site Development

The full development of a state geologic sequestration network that encompasses most/all
of the major point sources of CO, emissions will require the development — over time —
of multiple sequestration sites, sized and located according to network needs, geologic
conditions, regulatory frameworks, advancing technology, and the other factors described
in this report. Furthermore, should the primary site be found to have a disqualifying flaw,
additional sites will be required to begin network development. In addition, based on the
amount of CO; produced, there will be a continuing need for additional sites. A regional
study to develop prospects will require seismic reflection lines, additional LiDAR, and
statewide aeromagnetic surveys. Basic geologic mapping, much of which needs to be
done anew, will help define additional prospects. Most importantly, the large amount of
existing geologic data needs to be entered into a database for ease of use by the
Commonwealth and industry. Additional deep wells in previously unexplored regions of
the state could produce information that transforms the economic potential of the state.

6.0 RISKS ASSOCIATED WITH CO, IN GEOLOGIC RESERVOIRS

The potential risks associated with a CCS project employing geologic sequestration are

many. A thorough review of all aspects of a given project site will be required to
appropriately assess its risks as well as demonstrate to the public that the full project,
from CO; capture, to transportation to the sequestration site, to long-term storage, has
been evaluated and quantified. Items to be addressed include, among others: (1)
environmental issues ranging from land disturbance and habitat infringement to air
quality permits for compressor stations water withdrawals; (2) purchasing rights-of-way,
land surface, and mineral estates; (3) liability for leaks and related surficial damage; (4)
potential for vandalism to pressurized pipelines and/or electrical equipment; and (5)
backup sequestration sites in the event of primary site failure.

From a purely geological standpoint, the primary risks associated with a CCS project
include: (1) CO, and/or methane leakage out of the reservoir through faults and fractures,
or through unplugged or improperly plugged wells; (2) seismic events (earthquakes)
associated with fault slippage or stressed cap rock; (3) ground movement, particularly
surface uplift resulting from overpressuring the reservoir; (4) contamination of
groundwater supplies; and (5) displacement of brine and/or CO; into non-saline aquifers
or adjacent formations (pore space) owned by third parties (Figure 6.0-1). Each of these
is described in further detail below.
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Figure 6.0-1. Potential risks associated with geological sequestration of CO,.

Leakage of CO; that has been injected into a reservoir and/or methane that is native to the
reservoir can occur from a variety of factors. Although not all faults and major fracture
systems pose a risk to CO, leakage, open (hon-mineralized) faults and fracture systems
passing through reservoir seals can act as migration pathways for reservoir fluids,
including any native or injected gases or liquids. The integrity of the injection and
monitoring wells, and any other wells in the vicinity, are vital to a safe, reliable
sequestration system. The injection well must be properly constructed and inspected
during all phases of drilling, casing, cementing, and perforation of the casing and cement
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prior to injection. It is also imperative that any active or abandoned oil-and-gas wells in
the vicinity of the injection well either be plugged or established to have no connection
with the injection reservoir. Injecting CO, into an area occupied by unplugged or
improperly plugged wells invites leakage, especially if the injection reservoir formerly
acted as an oil and/or natural-gas producing or gas-storage reservoir. In Pennsylvania’s
older oil-and-gas fields, many drill holes exist that can constitute a leakage pathway for
reservoir gases, including injected CO,. The safest course of action would be to avoid
the oldest of these oil fields, such as those in the northwestern counties (especially
Venango, Warren, and McKean), because those areas contain large numbers of oil wells
drilled in the late 19th century for which no completion records currently remain.

Although not of great concern in an area as seismically stable as Pennsylvania, storing
large amounts of fluids in a rock formation could conceivably alter the rock’s mechanical
state and change the existing stress fields to the extent that earthquakes might occur. An
assessment of the seismic risk at the proposed injection site must occur prior to injection
in order to avoid any potential damages.

Injecting CO,, into a reservoir at a pressure greater than the native rock pressure might
result in sinking or uplift at the surface that will damage buildings and other
infrastructure. Several situations have occurred in Pennsylvania in the past where a gas
storage reservoir was overpressured, resulting in damage to structures at the surface
and/or to the other wells in the area. Such cases are rare, but they illustrate some of the
risks associated with storing gases under high pressure in a geologic reservoir.

Leakage of injected CO, and/or native methane through faults, fractures, or wells can
affect potable groundwater supplies. Even small amounts of CO; in groundwater can
cause significant deterioration in water quality by decreasing pH, which in turn will
dissolve calcium, increase water hardness, and potentially change trace element
concentrations to levels that exceed drinking water standards. Small amounts of methane
in groundwater have been known to find their way into houses through water wells, so it
is possible that CO, could experience the same fate.

Injection of CO, into a deep saline aquifer could cause displacement of native brine
and/or the CO;, itself into adjacent rock formations. Such an occurrence would not likely
affect drinking potable groundwater aquifers, since these are typically are very shallow (a
few tens to hundreds of feet) in comparison to deep saline aquifers used for geologic
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sequestration (those that are at least 2,500 ft (762 m) deep). Migration of brine or CO,
beyond the footprint of the CCS project — that is, beyond the limits of the sequestration
reservoir(s) dedicated for CO, injection and owned by the Commonwealth or project
partners — would, however, impact adjacent mineral/oil-and-gas rights owners.
Specifically, the migration of CO, or brine could displace hydrocarbons in the pore space
owned by third parties, thereby affecting the overall value of such mineral/oil-and-gas
ownership.

Additional risks may be posed at the pore-scale level in the sequestration reservoir itself.
These include: (1) porosity changes due to precipitation of minerals at or near the
injection site; (2) permeability changes due to swelling of in-situ minerals, deposition of
contaminants within the injectate, and/or precipitation of minerals in reduced pressure
zones away from the injection zone; and (3) solution of soluble minerals and redeposition
as the solution becomes saturated with respect to CO, or other constituents.

7.0 MEASUREMENT, MONITORING, AND VERIFICATION (MMV)

It is important to recognize that the CO, injection performance at a sequestration site
must be measured and monitored to demonstrate that the models, studies, and
assumptions used to choose the site are valid, and that the guarantees given to the public
(at large) and neighbors (in particular) relative to safety are met throughout the life of the
project. Similarly, a CCS facility may face financial exposure under a federal cap and
trade program or other carbon regime if CCS credits are used to meet carbon constraint
standards and the sequestration site fails to some degree and the carbon leaks, financial
penalties would result from the release of stored CO,.'®> To these ends, any sequestration
site requires monitoring prior to, during, and after injection of supercritical CO; for
various reasons for the lifetime of the storage project. Further, the results from MMV
should be used in an iterative process in conjunction with modeling to inform site
selection, construction, operation, closure, and long-term stewardship or mitigation of
leakage should the need arise.*®®

Pre-injection monitoring must be begun prior to site disturbance to ensure that the
baseline characteristics of the site are known; this will facilitate the identification of any
post-injection variations at the site. While injection is proceeding, monitoring allows the
operator to chart the movement of CO, through the sequestration reservoir and identify
any anomalies that may indicate potential risk. After injection is complete, post-injection
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monitoring should be employed for several years (as many as 50 years according to some
sources) to ensure the injected CO, remains sequestered and does not migrate back to the
surface. The remainder of this section details some MMV methods that could be
employed by the Commonwealth.'*’

7.1 Seismic Activity

Pre-injection baseline data are required to demonstrate that the CCS site is not currently
seismically active. This will require placement of seismometers at the site as far in
advance of the beginning of injection activity as possible, preferably years in advance.
As injection begins, seismic monitoring will allow mapping of the progress of any small
rock movement at depth associated with the injection. This may also be useful as a
means of determining the progress of the CO, front as it moves through the reservoir.
Small changes in pressure may make the reservoir rocks move, even a small amount,
creating a seismic wave recorded at the surface. These seismic waves may be so small
that they could not be detected at any great distance, nor felt by humans.

7.2 Topographic Change

As CO; is injected, the land surface will be raised from its original elevation. Therefore,
it is possible to map the progression of the injection front as it moves through the
reservoir by repeatedly making highly precise topographic measurements. DCNR,
through its PAMAP program, acquired a baseline LiDAR coverage of the entire state in
2005-2008. LiDAR is a technique that uses thousands of laser beams, which are shot
upward and outward from the ground surface and timed as they bounce back to Earth,
resulting in a very detailed topographic map. Injection of CO, at any CCS site should be
preceded by a local LIDAR acquisition and periodic LIDAR measurement thereafter as
long as the site is considered active.

An alternative to LIDAR is to utilize Interferometric Synthetic Aperture Radar (InNSAR)
on a continuing basis, relying on repeated coverage to show changes in ground elevation
without necessarily determining exact elevations. INSAR utilizes the difference in
elevation between repeated radar flights to generate a map showing where change is
occurring. This could be accomplished using Uninhabited Aerial Vehicle Synthetic
Aperture Radar (UAVSAR), a NASA instrument on a fixed wing platform, or
Deformation, Ecosystem Structure and Dynamics of Ice (DESDynl), a NASA satellite
proposed for launch in the near future.*®
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Both LiDAR and INSAR would require a minimum of one year of acquisition before
injection to establish earth-tide variation and seasonal variation in groundwater flow.
After injection, monthly measurements would be required until the frequency of land
change can be established, and thereafter, at such frequency until the site is no longer
considered active.

Tiltmeters would also be useful in determining rates of land deformation. Tiltmeters
measure tiny changes in orientation of the ground. This approach would provide
continuous real-time data at a single point, as opposed to monthly data collected for a
wide area.

7.3 CO, Measurement

Sensitive CO, monitors should be emplaced in boreholes to monitor any CO,
concentration variations that could be associated with injection. Recent research at
MIT’s Draper Lab™ indicates that it is also helpful to flood the region with many small
detectors to detect real CO; variations in what may be a noisy CO, environment (seasonal
changes, atmospheric pressure, plant decay, and other activities may contribute to a
“noisy” background). Any leakage that may occur is likely to be localized along
fractures. Therefore, a carefully planned system of monitors, crossing known fractures,
will most likely provide early warning of any leakage.

When injecting CO; into a saline aquifer, CO; leakage would likely be preceded by
migration of native brines; therefore, a groundwater geochemistry sampling program
would be necessary at such a CCS site. Injection of known isotopes could serve as
tracers, which could be used to determine the source of the brine(s) and whether they may
have originated from the sequestration reservoir(s) used in the project.

7.4 Pressure Monitoring

Reservoir pressure should be monitored for the life of the sequestration reservoir.
Variations in pressure will be used to document the movement of supercritical CO,
through the reservoir, and pressure drops will assist with the identification of CO,
leakage during or after. This effort would require numerous monitoring wells.
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7.5 Seismic Reflection

Seismic reflection data can be used to monitor the location of CO; in the subsurface. By
sending a seismic wave into the ground and recording its reflected energy, it is possible to
map different rock layers (and their characteristics) in the subsurface. Rocks filled with
CO;, will have a different reflectivity (shown as bright spots in a seismic survey) than
those filled with brine. This is similar to a technique that has been used for many years in
the oil industry to detect gas in a reservoir prior to drilling. Repeated reflection seismic
acquisition (preferably 3-D) will allow mapping of CO, flow through the reservoir over
time.

7.6 Seismic Tomography and Vertical Seismics

Seismic tomography is analogous to a Computerized Axial Tomography (CAT) scan in
the medical field, except that it uses seismic energy rather than X-rays. By utilizing
boreholes and placing the seismic source at depth, it is possible to create a 3-D seismic
picture of the subsurface. In this regard, existing or new boreholes could be used for
geophysical monitoring using either a surface or down-hole source combined with down-
hole receivers.

7.7 Drilling

A series of boreholes should be drilled outward from the point of CO, injection. These
will act as geophysical measuring points and subsequently as geochemical sampling
points as the CO, pressure front advances through the subsurface.

7.8 Hyperspectral Imagery

An airborne scanner with 256 channels of visible and near infrared (NIR; the same
frequency as a remote controller for a television) coverage would allow mapping of
vegetation stress and change over time to indicate any CO, leakage to the surface.
Vegetation is highly responsive in the NIR; in fact, stressed vegetation shows a response
in the NIR well before it is discernable by the human eye. This technique could be
combined with LIiDAR data for an effective means of biomass mapping, the important
issue here being that a significant change in biomass could be an indicator of CO,
leakage.
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7.9 Thermal Hyperspectral Imagery

An airborne thermal scanner would allow remote mapping of methane and CO,. By
having many channels, discrete absorption features would be detectable in the thermal
region, just beyond the NIR spectral region. This portion of the spectrum can measure
gas absorption bands. Extensive ground-based observations are required in order to
differentiate signal from noise.

7.10 Resistivity and Self-Potential

Electrical geophysical techniques can be used to measure resistivity change in the
subsurface.’®® This may be useful in detecting brine movement in the near surface should
a leak occur, since salt water would have a higher conductivity.

In summary, Pennsylvania should utilize a combination of the various techniques
presented in this section as part of a comprehensive, ongoing MMV program at a
sequestration site. Each technique selected, based upon the unique characteristics of the
site, should be employed prior to the development of a CCS site so that proper baseline
conditions can be documented. To this end, preliminary work has already started with
respect to seismicity monitoring and LiDAR measurements on a regional basis across the
state. In addition, INSAR, hyperspectral imagery, and seismic reflection data (at a
minimum) should be acquired prior to site development.

8.0 PUBLIC OUTREACH, EDUCATION, AND ACCEPTANCE

No assessment of the feasibility of a state CO, sequestration network would be complete
without some preliminary consideration of the necessity of public involvement in the
myriad decisions that will be required as this work moves forward. Although the
American public’s awareness of CCS has grown recently — due in large part to the federal
government’s focus on global warming impacts and carbon cap and trade considerations
— there still remains an enormous lack of understanding of CCS technologies and the
issues surrounding its implementation and potential impact.

Developing an education and outreach program for a Commonwealth CCS initiative must
first start with a solid understanding of the communication challenges that surround CCS,
global warming, and the Pennsylvania audiences for which the information is intended.
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Because the geologic sequestration of carbon emissions has yet to be demonstrated at
commercial scale, it brings with it many unanswered questions, all of which could
significantly complicate or impede Pennsylvania’s efforts to combat global warming
through a thorough evaluation, consideration and implementation of CCS. As the
Commonwealth studies the geologic, economic, and technologic feasibility for
developing a carbon sequestration network, it, too, must analyze and plan for the social
science behind such an issue.

Some of the communications obstacles that this effort may face include:

e complexity of sequestration and climate change issues;

e general skepticism or lack of understanding of new technology;

e negative experiences with or distrust in government;

o safety perception or reality;

e perceived resource competition with renewable energy or energy efficiency;
e spending very large amounts of money in a time of fiscal crisis;

e short timeline/urgency; and

e local siting conflicts with tourism/environment.

As Pennsylvania moves forward with the feasibility analysis and, eventually, potential
siting of CCS facilities, involved partners must be certain information is provided in an
unbiased, open and transparent manner, with the various publics engaged in constructive
dialogue. Without this communication process, siting a CCS network in Pennsylvania
could prove to be difficult.

The goals of a comprehensive CCS outreach, education, and acceptance strategy should
be to:

e increase awareness and understanding of global warming and its effects on
Pennsylvania;

e increase the awareness, understanding, and acceptance of CCS as a safe and
effective technology to mitigate carbon’s impact on our environment;

e engage stakeholders in a two-way dialogue about the benefits and
shortcomings of CCS and its impacts on citizens and the environment; and

e create an open, accessible public process and record of activities.
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As with any comprehensive communications strategy, Pennsylvania must quickly and
fully engage various audiences as the CCS work begins. ldentifying those key
stakeholders and understanding their knowledge and acceptance of CCS should be the
first step in the process. Focus groups, interviews, research review, and meetings will be
key to gauging the current level of understanding of the technology, issues, and concerns
of these audiences.

A suite of materials and messages will need to be developed and/or gathered, and tailored
in way that will speak to the various audiences. These may include fact sheets,
newsletters, displays, and videos, among other, that would all be accessible on a website.
The website should serve not only as a clearinghouse of information, but a place where
the public can track and comment on specific progress of Pennsylvania’s CCS initiative.

Much of the education and outreach should be conducted by a qualified team who is
credible, knowledgeable, and trusted. Formation of this team and development of their
roles and responsibilities should be a top objective in the communications strategy.
These experts will be the face of CCS in the Commonwealth, and will be the core
communicators with identified constituencies. This group of scientists, government
officials, respected community and environmental leaders, and academics will require set
themes, messages and presentations from which to work.

Much of the CCS outreach and education work will need to be through face-to-face
communications — briefings and detailed presentations to community organizations,
policy makers, environmental groups, associations, and other identified stakeholders.
Larger forums and events — perhaps developed through national and international CCS
work — should play into the overall mix of public outreach and education.

Even though face-to-face communications will be central to gaining a public acceptance
of CCS, the media will play an important role in helping to widely disseminate
information about Pennsylvania’s work. A media plan that targets key reporters and
media outlets, and works with editorial boards to ensure factual and unbiased
information, will help raise the general public’s awareness of this issue. It will be
important to closely monitor media coverage of CCS, particularly in smaller
communities, or those targeted for development. Misinformation should not go
unchallenged.
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Throughout every step of the Commonwealth’s CCS work, there needs to be
opportunities for those leading the project to hear from citizens. Those in leadership
roles should be willing and able to respond and react to questions and concerns. Citizens
must believe they are not being shut out of the work, particularly those identified as being
most impacted by this technology.

Pennsylvania is not alone in the need to educate affected stakeholders about CCS.
Worldwide focus on CCS has prompted international organizations, companies, and
consortiums to begin development of public education and outreach strategies. While
faced with its own communications challenges and circumstances, Pennsylvania should
capitalize on the explosion of international focus on this issue. By joining forces with
global organizations, scientists and experts, the Commonwealth can leverage expertise to
produce a credible and integrated communication program.
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11.0 GLOSSARY

3-D seismic: A method of displaying a three dimensional-image of the Earth’s
subsurface as created by the interpretation of the seismic data that have been collected
through numerous seismic surveys run in a grid pattern. 3-D seismic surveys display
more detailed information on the subsurface than do conventional surveys and contribute
significantly to field appraisal, exploitation, and production.

Acidizing: A process used by the oil-and-gas industry to help make a well begin to
produce by pumping acid down the well bore. This is used to: (1) remove mud injected
during drilling; or (2) injected into limestones and dolostones, and in sandstones
cemented with carbonate cement, to dissolve some of the rock or cement, thereby
increasing permeability and allowing hydrocarbons to flow more readily.

Adsorb: Pertaining to the accumulation of a substance on a surface through adsorption.
Adsorption: A process that occurs when the molecules of a fluid accumulate on the
surface of a solid or a liquid, forming a film.

Adsorption storage: The retention of CO, molecules onto the fracture faces and matrix
of organic-rich rocks such as coal or black shale.

Aeromagnetic: Pertaining to the natural magnetic signature of the Earth, as detected by
sensitive instruments flown over the area of interest by aircraft, and displayed as a map of
the variations or anomalies they detect.

Aggradational: Building up through deposition. For example, a pond will be filled with
mud and sand as the result of aggradation.

Anhydrite: A mineral consisting of calcium (Ca), sulfur (S), and oxygen (O), with the
chemical formula CaSQ,. It is akin to gypsum, but differs in having no water molecules
in the chemical matrix.

Ankerite: A mineral consisting of calcium (Ca), carbon (C), oxygen (O) and iron (Fe),

magnesium (Mg), and/or manganese (Mn) in the matrix, with the chemical formula
Ca(X)(COs), where (X) represents iron, magnesium, and/or manganese.
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Anticline: An upward fold in rocks, typically caused by mountain-building pressures.

/7
/

Arbitrary cutoff: The boundary between two different intergrading rock units, based on
geologic preferences such as rock color, bedding changes, or lithologic changes.

ArcGIS: A suite of geographic information system software products produced by
ESRI, a commercial company.

Argillaceous: Largely containing clay-size material. A synonym for “shaly.”

Avrtificial stimulation: Any method used to increase production in a well. Examples
include hydraulic fracturing, shooting with nitroglycerine, and acidizing.

Authigenic: Formed or generated in place, generally referring to portions of a rock that
were not transported as sediment to the site where the rock was formed. For example, in
some sandstones, minerals are formed by precipitation long after the sediments has been

hardened.

Basalt: A dark-colored igneous rock, generally created by volcanic activity.
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Basement: The undifferentiated complex of, generally, igneous and metamorphic rocks
that underlies.

Basin: A depression in rocks. In the structural sense, a basin is a downward fold that
dips inward in all directions.

Beach face: The section of a beach exposed to the action of waves.

Bedding: The arrangement of a sedimentary rock in beds or layers of varying thickness
and character.

Biochemical sequestration: The process of using microbes to convert CO, into useful
products such as methane (natural gas).

Braided: A type of stream that has a channel consisting of a network of smaller,
interweaving channels separated by small and often temporary low islands or bars, giving

it an aspect roughly reminiscent of braided hair or rope.

Brine: Salt-saturated water that that occupies the pore spaces of sedimentary rocks.
Essentially, concentrated sea water.

Calcareous: Containing more than 50% calcite. A synonym for “limey.”
Calcite: A common mineral composed of calcium (Ca), carbon (C), and oxygen (O) with
the chemical formula CaCOs. Calcite is the primary constituent in limestone and marble,

and commonly acts as cement in sandstone and conglomerate.

Capillary pressure: The difference in pressure across the interface between two
immiscible fluid phases within the pore space of a sedimentary rock.

Cap rock: A comparatively impermeable rock layer overlying a reservoir rock that
keeps the reservoir fluids from escaping upward.

Carbonaceous shale: A dark-gray or black shale with a significant carbon content. Also
called organic-rich shale.
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Carbonate: A rock originally formed by precipitation of calcareous minerals such as
calcite or dolomite. Examples of carbonate rocks include limestone and dolostone.

Carbon capture: The first step in carbon sequestration, involving capturing carbon
dioxide at its source before it is pressurized and turned into a supercritical fluid for
sequestering.

Carbon dioxide: A chemical compound, usually in a gaseous form, composed of carbon
(C) and oxygen (0), and having the chemical formula CO,. It is considered to be one of
the major greenhouse gases that contribute to global warming.

Carbon sequestration: Disposing of carbon dioxide through oceanic, chemical,
biochemical, terrestrial, or geological means.

Casing: Heavy metal pipe that is put into a borehole following drilling and cemented in
place. The pipe serves multiple purposes: (1) it keeps the rock in the wall of the borehole
from caving in and filling the hole; (2) it prevents drilling fluids from invading the rocks
being drilled; and (3) it prevents fluids within the rocks from entering the borehole.

Cement: Mineral material, such as calcite or silica, which fills the pore spaces in a
sedimentary rock and helps holds the grains together.

Cementation: The process by which sediment grains are bound together and solidified
into solid rock through the deposition and/or alteration of minerals within the pore spaces
of the rock.

Chalcedony: A very hard mineral that is composed of silicon (Si) and oxygen (O), and
has the chemical formula SiO,. It is essentially the same as quartz, but has an extremely
small crystal structure. Common names, depending on elemental impurities and
gemstone quality, include agate, carnelian, flint, jasper, onyx, and sard among many
others.

Chemical sequestration: Mixing CO, with an element or mineral that results in a stable
compound that has value in manufacturing, chemicals, agriculture, and other industries.
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Chert: (1) A common chalcedony mineral found in sedimentary rocks; (2) a common
sedimentary rock, usually a limestone or siltstone, with a substantial amount of the
mineral chert distributed throughout the rock.

Chlorite: A form of clay mineral commonly found in sedimentary rocks and composed
of aluminum (Al), silicon (Si), oxygen (O), hydrogen (H), and iron (Fe) or magnesium
(Mg). The chemical formula is (Mg, Fe*?, Fe**)sAlSiz010(OH)s.

Clastic: Pertaining to a rock or sediment composed of broken fragments derived from
pre-existing rocks. For example, quartz sand is a clastic sediment, and quartzose
sandstone is a clastic rock.

Clay mineral: Any of a complex group of very finely crystalline minerals typically
composed of aluminum (Al), silicon (Si), and oxygen (O) in combination with other
elements. Clay minerals typically are formed by the deterioration of other minerals such
as feldspar. Examples of clay minerals include chlorite, illite, and smectite among many
others.

CO; front: The moving contact between injected supercritical CO, and the natural fluid
(brine, oil, gas) content of the sequestration reservoir formation.

Coal: A combustible rock composed primarily of carbonaceous material derived from
ancient plants. Two main varieties occur in Pennsylvania — bituminous (soft coal) is
prevalent in western Pennsylvania and anthracite (hard coal) occurs exclusively in eastern
and northeastern Pennsylvania.

Coalbed methane: Natural gas produced from coal seams.

Coarsening-upward sequence: A sequence of rocks in which the sizes of the grains of
sediment gradually become larger from the bottom to the top of the sequence.

Coarse sand: Sand composed of grains that have diameters in the range of 0.5to 1
millimeter. A rock composed of coarse sand is called a coarse-grained sandstone.

Combination trap: A type of trap for oil and gas that has elements of both structural
traps and stratigraphic traps.

123 5/1/2009



Compaction: The process that reduces the bulk volume and the pore space of fine-
grained sediment by the weight of overlying sediment, turning it into rock.

Compressive strength: The maximum pressure applied through compression that a
material can withstand before it fails.

Conductivity: The ability of a fluid-filled rock to conduct an electric current.

Confining layer: A layer of impermeable rock that is vertically and/or laterally adjacent
to a reservoir, and is able to keep fluids from escaping.

Conformable: A term applied to a vertical sequence of rocks in which the layers formed
by regular, uninterrupted deposition.

Conglomerate: A sedimentary rock composed largely of grains larger than 2 millimeters
in diameter (including pebbles, cobbles, and boulders). Most conglomerates are
sandstones containing a large percentage of gravel.

Conglomeratic: Pertaining to a sedimentary rock having the composition and qualities
of a conglomerate. For example, a conglomeratic sandstone.

Continental shelf: The wide, flat underwater regions at the edges of many continents.

Contour line: A line drawn on a map connecting points of equal value. The most
readily recognizable contour lines are those on a topographic map indicating elevation.
Other examples include maps that have contour lines indicating drilling depth, thickness
of a formation, or net feet of a specific rock type within a formation.

Core: A cylindrical section of rock, typically anywhere between 1 and 6 inches in
diameter and between 1 inch and several tens of feet long, cut in a borehole using
specialized drilling tools. There are two basic types of cores, full-barrel core and
sidewall core.

Craton: A portion of the Earth’s crust that has attained stability and has not been
deformed for a long time.

124 5/1/2009



Cratonic: Pertaining to the craton.

Creep: The slow movement of a mineral, rock, or soil under stress. Creep generally
occurs as a result of gravitation (for example, soil creep on a slope), but vertical and
lateral stresses can also affect rocks and minerals as a result of small, constant stresses
acting over a long period of time.

Crop line: A line shown on a map indicating the surface expression of the boundary
between two rock units.

Crossover: On a geophysical log, the place at which two log signatures cross. For
example, where the density and neutron log signatures cross, the rock being logged is
considered to have relatively good reservoir potential.

Crystalline rock: A rock consisting of interlocking mineral crystals, rather than discrete
grains. The term generally is used to distinguish igneous and metamorphic rocks
(crystalline) from sedimentary rocks (non-crystalline).

Deltaic: Pertaining to a delta.

Density log: A type of geophysical log generated by recording the back scatter of
gamma rays into to the rock of the borehole. The density log measures the bulk density
of the rock and its contained fluids.

Density porosity: On a geophysical log, the calculated percentage of pore space in a
rock as measured by the density log.

Depleted: Pertaining to an oil-and/or-gas field that has reached its economic limit of
productivity. Even when all available technology has been exhausted, a field will still
contain as much as 70 or 80 percent of the original hydrocarbons in the reservoirs within
the area of the field.

DESDynl: A dedicated NASA satellite mission to study geologic hazards and global
environmental change. It is an acronym for Deformation, Ecosystem Structure and
Dynamics of Ice.
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Detachment: Pertaining to a large section of rock strata that has been separated along
faults and moved away from its original location.

Diabase: A type of igneous rock that formed dikes and sills in southeastern
Pennsylvania.

Diagenesis: All of a large variety of physical and chemical changes that take place
within sediment and the sedimentary rock it becomes from the time it is deposited to the

time it is exposed to erosion.

Dike: A body of igneous rock that intrudes into and cuts across the bedding of the
surrounding rock.

Dilation: Deformation to a rock caused by a change in its volume without a change in its
shape.

Dip: The angle that a bedding plane or fracture plane makes relative to horizontal. For
example, beds dipping at 90° are vertical whereas those dipping at 0° are flat-lying.

Dipmeter log: A type of geophysical log that can be used in conjunction with other
geophysical logs to determine and measure the dip and strike of rocks in the subsurface.

Disconformable: A term applied to a break in a vertical sequence of rocks where the
layers were interrupted during deposition.

Discontinuity: An interruption in deposition within a vertical sequence of rocks.
Dissolution: The process of dissolving a solid substance in a solvent.

Dissolution porosity: An increase in porosity within a rock caused by the dissolution of
grains, cement, or matrix.

Distal: Situated farthest away from the center or point of interest.
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Dolomite: A common carbonate mineral composed of calcium (Ca), magnesium (Mg),
carbon (C), and oxygen (O) with the chemical formula CaMg(CO3),. Dolomite is the
primary constituent in dolostone, and commonly acts as cement in sandstone and
conglomerate.

Dolostone: A carbonate rock composed primarily of the mineral dolomite.

Drill cutting: Rock chips cut by a drill bit during the drilling of a borehole and retrieved
in order to provide a record of the rock layers penetrated by the drill.

Drill-stem pressure test: A procedure for measuring the natural pressure in a reservoir
while the drill string is still in the borehole.

Drill string: An assemblage of connected pipes, collars, and bits used to drill a well.
Also called drill stem.

Dual induction log: A type of geophysical log that consists of two separate
measurements of electrical conductivity from different depths within the rock wall of a
borehole.

Ductile: The physical quality of a material, such as rock, that allows it to undergo 5 to
10% deformation before failing.

Duplex: A system of overlapping thrust faults that branch off from a single fault below
and merge with a separate thrust fault above. This process forms stacks of fault-bounded
rock bodies that are bounded above and below by thrust faults.

Earth-tide: The variable 12-hour, or longer, motion of the Earth caused by the
gravitational effects of the sun and moon.

Effective permeability: The ability of a rock to conduct one fluid, for example natural
gas, in the presence of other fluids such as oil or water.

Enhanced coalbed methane recovery (ECBM): An artificial method of producing
large quantities of coalbed methane from a coal seam by injecting another gas such as
carbon dioxide into the seam to drive off the methane.
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Enhanced oil recovery (EOR): A method of stimulating crude oil production in a

“depleted” reservoir by injecting another fluid such as water, steam, chemicals, or carbon
dioxide into the reservoir. The injected fluid helps loosen the oil from pore spaces in the
rock and flushes the oil to a nearby borehole while taking the place of the oil in the pores.

Epeiric sea: A sea or ocean situated within the interior of a continent.

Estuarine: Pertaining to an estuary, the seaward end of a river valley where fresh river
water meets and mixes with sea water.

Eustatic: Pertaining to worldwide changes in sea level, affecting all oceans
simultaneously. For example, increasing water volume in the oceans by melting the ice
caps causes a eustatic rise in sea level.

Evaporite: A type of sedimentary rock formed by precipitation of minerals produced in
saline water as a result of evaporation.

Facies: Characteristics of a rock unit that reflect the conditions of its origin. These
characteristics may change relative to the same rock unit or to other rock units that are
deposited at the same time, reflecting changes in the depositional environments.

Fault: A fracture in rocks along which movement has taken place.

Fault slice: A rock mass that is bounded on at least two sides by faults.

Feldspar: A general name for a group of common rock-forming minerals composed of
aluminum (Al), silicon (Si), oxygen (O), and one of several other elements. The
chemical formula is [X]AISizOg, where [X] stands for potassium (K), sodium (Na),

calcium (Ca), barium (Ba), rhubidium (Rh), strontium (Sr), or iron (Fe).

Fining-upward deposit: A sequence of rocks in which the sizes of the grains of
sediment gradually become smaller from the bottom to the top of the sequence.
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Flagstone: A hard form of thin-bedded, fine-grained sandstone that splits fairly
uniformly into thin slabs suitable for use in flooring, retaining walls, as decorative stone
facades, etc.

Fluid saturation: The measure of the gross pore space in a reservoir rock that is
occupied by a fluid, expressed as a percentage.

Fluvial: Pertaining to streams and their processes.

Fluvial-deltaic: Pertaining to streams associated with deltas and their processes.

Fold: A bend in rock layers caused by deformation. The two primary types of folds are
anticlines and synclines.

Foreshore: The outer, seaward-sloping part of a shore or beach lying between the tide
levels.

Formation: A body of rock identified by its character and position within a rock
sequence that allow it to be mapped as a unit.

Formation microimager (FMI): A type of specialized geophysical log produced by
Schlumberger that generates an electrical image of the borehole from numerous
measurements of fluid resistivity in the rock.

Fracture face: The surface of a fracture.

Fracture porosity: The pore space within a rock that results from the presence of
fractures.

Framework grains: Particles (grains) within a sedimentary rock that support one
another in a rigid arrangement because they are in direct contact.

Gamma-ray log: A type of geophysical log that measures the natural gamma radiation

emitted by subsurface rocks. The gamma-ray log is used to determine the type of rock
penetrated in the borehole and to establish formation boundaries in the subsurface.
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Gas absorption band: The the wavelength range over which electromagnetic energy is
absorbed by a particular gas.

Gas column: The vertical producing zone of a gas-producing formation.

Gas drive: A form of secondary recovery method in which air or natural gas is injected
into a reservoir to help reestablish the rock pressure and loosen the oil in the pore spaces
of the rock so that it can be flushed to a nearby borehole.

Gas effect: An effect methane gas has on neutron and density logs that causes them to be
misinterpreted. Because gas is less dense than liquids, a gas reading on the density log
translates into porosity that is too high; however, gas has much less hydrogen per unit
volume than oil and water, so the gas reading on the neutron log translates to porosity
that is too low. The use of a combination of neutron and density logs is advantageous
because the average of neutron and density porosity values is usually close to the true
porosity, regardless of the type of rock in the borehole.

Gas phase: The state of an element or compound with relatively low density and
viscosity and without a specific shape or volume. H,O has three phases: solid (ice),
liquid (water), and gas (steam or water vapor).

Geodatabase: a database designed to store, query, and manipulate geographic
information and spatial data. Also called a spatial database.

Geographic Information System (GIS): A sophisticated computer mapping system that
captures, stores, analyzes, manages, and presents digital geographic data, allowing users
to create interactive queries, analyze spatial information, create and edit data and maps,
and present the results in easily understood formats.

Geologic map: A map that records some aspect of geology such as the location,
distribution, thickness, or attitude of surface and subsurface rocks.

Geologic province: An extensive region that is characterized by similar geologic

history, or by similar geological features such as folds and faults, rock types, or
topography.
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Geologic sequestration: Storing CO, underground in saline aquifers, coal seams,
carbonaceous shales, salt caverns, depleted oil-and-gas reservoirs, or other rock units.

Geologic structure: Layers of rocks that have been displaced from their normal
horizontal position by the forces of nature. Common geologic structures include folds,
faults, and joints.

Geophysical log: A graphic record of the physical characteristics of the rock in a
borehole measured by various instruments and plotted by depth. A suite of geophysical
logs can give valuable information on formation boundaries, rock type, amount of pore
space, type and amount of fluids in the rock, temperature, direction and angle of dip,
presence of and offset along faults, and other important features. Some of the more
common geophysical logs used in Pennsylvania include gamma-ray, caliper, neutron,
density, resistivity, temperature, photoelectric, sonic, and dipmeter.

Geothermal gradient: The rate of increase in temperature in the Earth with depth.

Gigatonne: One billion metric tonnes, a mass equal to 2,204,626,600,000 pounds
(1.1023 hillion tons).

Glauconite: A name usually given to a group of greenish minerals composed of
aluminum (Al), silicon (Si), oxygen (O), hydrogen (H), and potassium (K) or iron (Fe).
The chemical formula is [X]Al,Sis019(OH),, where [X] is either potassium or iron.

Gneiss: A metamorphic rock composed of bands of minerals that formed by the
application of heat, pressure, or chemical changes to a sedimentary or igneous rock.

Granule: A sediment grain larger than coarse sand (0.5 to 1 millimeter) but smaller than
a pebble (4 to 64 millimeters).

Gravity: The gravitational force of the Earth, as measured by very sensitive instruments
at the Earth’s surface, and displayed as a map of the gravitational variations or anomalies
they detect.

Greenhouse gas: Any gas, such as carbon dioxide, water vapor, or methane, which traps
heat and causes an increase in temperature.
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Grid data: Raster-based GIS data formats composed of square grid cells each with an
associated X, Y, and Z value. The X and Y points give the grid a geographic location
and the Z-value represents the information being mapped, for example elevations, depths,
or thicknesses.

Group: A rock unit consisting of one or more formations.

Gypsum: A common mineral composed of calcium (Ca), sulfur (S), oxygen (O), and
hydrogen (H). The chemical formula is CaSO4+2H,0. Gypsum is popularly known as
Epsom salts and is the main ingredient in plaster of Paris.

Halite: A common mineral composed of sodium (Na) and chlorine (Cl), with the
chemical formula NaCl. In large accumulations it is called rock salt. In its unrefined
state it is used for road salt, and when refined it is table salt.

Hematite: A common mineral composed of iron (Fe) and oxygen (O), with the chemical
formula Fe;Os. In large amounts, it is a valuable iron ore. In minute amounts, it often

occurs as a cement in sedimentary rocks.

Heterogeneity: The measure of how parts of a rock sample are different from one
another.

Heterogeneous: Pertaining to the aspect of a rock that consists of multiple
characteristics having a large number of variations.

Highstand systems tract: An aggradational to progradational set of genetically related
beds that overlie the maximum surface of marine flooding during sea level rise.
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Hydraulic fracturing: Also called “fracing” (pronounced “fracking), the process of
creating porosity and permeability in a reservoir by injecting large amounts of fluid into
the rock of a borehole under high pressure. The pressurized fluid fractures the rock, and
the fractures are propped open with sand or some other granular material that is injected
with the fluid. This allows gas or oil trapped in the reservoir to flow to the borehole.

Hydrocarbon: Any of a large variety of chemical compounds in which carbon (C) and
hydrogen (H) are the primary ingredients. Methane (CH,) is the simplest hydrocarbon
compound. Other well-known examples include propane and butane.

Hydrodynamic flow regime: A range of fluid flows having similar flow form and
resistance.

Hyperspectral: Pertaining to information collected from across the electromagnetic
spectrum. For example, infrared, ultraviolet, and visible light.

Igneous rock: A rock that cools and crystallizes out of a molten state. There are two
broad categories of igneous rocks: (1) those that cool at or close to the Earth’s surface
(volcanic or extrusive). Examples include basalt, pumice, and obsidian or volcanic glass;
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and (2) those that cool at some depth below the Earth’s surface (plutonic or intrusive).
Granite is an example of a plutonic igneous rock.

Immiscible: Pertaining to the relationship of two or more fluids that, at equilibrium, will
not completely dissolve into one another. For example, oil and water are immiscible.

Impermeability: An aspect of rock in which the pore spaces are not connected, keeping
fluids from being transmitted from one place to another under pressure.

Incised valley-fill deposit: An accumulation of sediment that fills all or part of a valley
that has been cut down into the surrounding landscape.

Injectate: A fluid that is injected into a borehole. Examples include water, brine, and
carbon dioxide.

Injection string: That portion of the casing in a well through which a fluid is injected
into the rock within the borehole for the maintenance of pressure or for enhanced
recovery of hydrocarbons.

Injectivity: The rate and pressure at which fluids can be pumped into a formation
without fracturing the rock.

In-situ: In the original place or site.

Insoluble residue: The material remaining after a rock sample has been dissolved in
acid.

Interbedded: Pertaining to beds lying between, or alternating with, beds of a different
character. For example, where thin beds of sandstone alternate with beds of shale.

Interferometric synthetic aperture radar (InNSAR): A remote sensing technique that
uses two or more synthetic aperture radar images to generate maps of surface
deformation or digital elevation using differences in the phase of the radar waves
bouncing off the Earth’s surface and returning to the satellite or aircraft carrying the
instruments. This technique can potentially measure centimeter-scale changes in
deformation over time spans of days to years.
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Intergranular porosity: The accumulated pore space in a sedimentary rock that occurs
between adjacent grains, expressed as a percentage of the rock volume.

Intergranular void: An open space between the grains of a sedimentary rock.
Interstitial fluid: A fluid that occurs within the pore space of a sedimentary rock.

Intraconstituent porosity: The pore spaces developed within sediment grains as a result
of irregularities within or leaching of the grains.

Island arc: A generally curved belt of volcanic islands.

Isoline: The general name for a line on a map that connects points of equal value. For
example, the lines of elevation on a topographic map are isolines.

Isopach map: A type of map that uses isolines to indicate the thickness of a rock unit.
Isotope: Any of the different types of atoms of the same element, each having a different
atomic mass as a result of different numbers of neutrons in the nucleus. For example, the
nucleus of hydrogen most commonly has one proton but no neutrons. The hydrogen
isotope called deuterium has one proton and one neutron, and the isotope called tritium
has one proton and two neutrons.

Joint: A fracture in rock along which movement has not taken place.

Kinetics: The rates of chemical reactions, the factors that affect those rates, and the
reaction mechanisms associated with the formation or dissolution of minerals in a rock.

Lagoonal: Pertaining to a lagoon, a shallow body of seawater that is separated from the
open sea by an elongate strip of land, such as a sand bar, barrier island, or reef.

Lamination: The thinnest recognizable layer of deposition in a sedimentary rock,
typically shale or very fine-grained sandstone.
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Leaching: The act of creating a cavity in a salt bed or salt dome by flushing water into
the rock to dissolve the salt.

Legacy data: Geological data already in existence. For example, known outcrops and
structures in a particular area.

Lens: A body of sedimentary rock that is thick in the middle and thin at the edges (that
is, lens-shaped).

LiDAR: A remote sensing technology that measures properties of scattered light to find
range and/or other information of a distant target. The term is an acronym for Light
Detection And Ranging.

Limestone: A carbonate rock composed primarily of the mineral calcite.

Lithologic: Pertaining to the physical character of the rocks.

Lithology: The study, description, and physical character of rocks. Also often used as a
synonym for rock type.

Lithostratigraphic: Pertaining to the organization of rock strata.

Lithostratigraphy: The study, description, and organization of rock strata.

Littoral: Pertaining to the bottom of the ocean that lies between high and low tides.

Longshore bar: An low sand ridge build by wave action that occurs parallel to, and at a
distance from, the shoreline.

Lower shoreface: The portion of the seafloor along a coast that is deeper than the area
affected by normal wave action.

Marble: A metamorphic rock composed primarily of calcite that was formed by
applying heat and pressure to a limestone.
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Marine shelf bar: A submerged (or partly submerged) ridge occupying seafloor
between the shoreline and the deep ocean.

Matrix: Fine-grained material in a sedimentary rock that encloses, or fills the interstices
between, larger grains.

Metamorphic rock: A rock formed from a pre-existing rock by the chemical or physical
actions of heat, pressure, or chemical alteration. Common metamorphic rocks include
marble, slate, and gneiss.

Methane: A flammable compound composed of carbon (C) and hydrogen (H), and
having the chemical formula CH,. Methane is the primary ingredient in natural gas.

Microfracture: A very small or fine fracture in rock.

Microporosity: The pore space in a rock that is has diameters of less than 2 nanometers
(billionths of a meter).

Migration: The movement of a fluid, such as oil or gas, from the place where it is
formed (source rock) to a reservoir.

Millidarcy: A measurement unit of permeability; one thousandth of a darcy. A darcy is
defined as the measure of the flow of 1 cubic centimeter per second of a fluid with a
viscosity of 1 centipoise under a pressure gradient of 1 atmosphere per centimeter acting
across an area of 1 square centimeter.

Mineralogy: The study of the formation, occurrence, properties, composition, and
classification of minerals.

Mineral storage: The storage of carbon dioxide through the chemical reaction of the
CO, with the minerals and brine in the rock unit being used for sequestration.

Miscible: Pertaining to the relationship of two or more fluids that, at equilibrium, will
mix with one another to form a single fluid.
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Moldic porosity: Pore space in rock formed by the preferential dissolution of grains,
cement, or other materials, resulting in a void or empty mold that bears the shape of the
former material.

Monitoring well: A well used to monitor the hydraulic head or sample the groundwater
for chemical constituents.

Monocrystalline: Pertaining to a mineral formed as a single crystal-unit so all parts have
an identical crystal orientation.

Mud log: A continuous description of the drilling mud and drill cuttings produced from
a borehole that permit analysis of subsurface rocks and their potential for oil-and -gas
production during drilling.

Mudrock: A general term for any sedimentary rock composed of clay- and silt-size
particles.

Multicycled sediment: Sediment that has undergone more than one stage of deposition
and erosion. For example, the Oriskany Sandstone is the end product of deposition,
lithification, and erosion of at least two older formations.

Multistory: Pertaining to rock units that contain numerous layers of a particular
lithology, separated by other lithologies. For example, a formation that has five or six
thick sandstone beds separated by tens of feet of shale.

Net feet: The total thickness of a particular lithology in a formation, determined by
adding together the individual thicknesses of all layers of that lithology.

Neutron log: A type of geophysical log generated by recording the intensity of neutron
or gamma radiation produced when the rock in a borehole is bombarded by neutrons.
The neutron log indicates the presence of fluids in the rock, and can be used with the
gamma ray log to calculate porosity.

Neutron porosity: On a geophysical log, the calculated percentage of pore space in a
rock as measured by the neutron log.
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Normal: Formed at right angle to; perpendicular.

Oceanic sequestration: Using the ocean to sequester carbon dioxide, either by injecting
liquefied CO; directly into the deep ocean where the increased pressures and decreased
temperatures would keep it in its supercritical phase, or by stimulating the growth and
reproduction of phytoplankton that remove CO, from the atmosphere during
photosynthesis.

Offshore bar: A low, elongate body of sand in the ocean, either submerged or above
water level, situated some distance from the shoreline.

Onlap: The phenomenon of successively younger layers of rock extending progressively
further across an erosion surface in older rocks.

Organic-rich: Containing a large amount of material derived from once living
organisms; carbonaceous.

Orogeny: The process of mountain building.
Orthophotography: Photography of the Earth’s surface from the air or space that has
been geometrically corrected so that the scale is uniform and the photograph has the same

lack of distortion as a map of the same region.

Orthoquartzite: A quartzose sandstone so thoroughly cemented it has the appearance of
quartzite, a type of metamorphic rock.

Outcrop: That part of a rock formation that appears at the surface.

Overburden: The geological material (rock and soil) that lies above the area or rock
formation of interest.

Overpressured: Pertaining to a rock unit in which the pore pressure is greater than
normal pore pressure for a rock unit at that depth.

Paleotopographic high: An elevated portion of land surface, such as a hill, that existed
in the geologic past and has been preserved within the rock record.

139 5/1/2009



PAMAP: An electronic map of Pennsylvania that is currently being created as a
seamless, consistent, high-resolution set of digital geospatial data products. The map is
being compiled from new high-resolution aerial photography and elevation data, and
from existing digital map resources developed by state and federal agencies, counties,
regional agencies, and municipalities.

Parasequence: An asymmetrical shallowing-upward sedimentary cycle in which all
parts were deposited in lateral continuity to one another, and bounded by marine flooding
surfaces and their lateral correlative surfaces.
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Pay: That part of a rock unit that produces or is capable of producing oil, gas, water, or
other economic product.

Perforation: A hole punched through the steel casing and cement in a well into the
producing formation so that fluids can flow from the formation into the well.
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Permeability: The capacity of a reservoir rock to allow fluids to pass through it,
expressed in millidarcy.

Permeable: Pertaining to a rock that will allow fluids to pass through it.

PETRA: A sophisticated suite of software products from IHS, a commercial oil-and-gas
information company, that provides integrated applications in database management,
geological mapping, construction of cross-sections, analysis of geophysical logs,
production and reservoir analysis, and 3-D modeling.

Petrographic: The branch of petrology that focuses on detailed descriptions of rocks.

Petrology: The study of rocks and the conditions in which they form.

Petrophysics: The study of the physical and chemical properties that describe the
occurrence and behavior of rocks.

pH: The measure of the acidity or alkalinity of a fluid. The pH scale ranges from 0 to
14, where values from 0 to <7 are called acidic, values equal to 7 are called neutral, and

values from >7 to 14 are called basic. The term is an acronym for potential of Hydrogen.

Phase: A distinct state of matter in a system. For example, the three phases of H,O are
ice (solid), water (liquid), and steam (gas).

Pinchout: The progressive thinning of a rock unit to the point where it disappears.

Plutonic: Pertaining to a body of igneous rock that has cooled and crystallized from a
molten state below the surface of the Earth. Granite is an example of a plutonic rock.

Pore geometry: The size, shape, and relative position of a pore space in rock.

Porosity: The ratio of the volume of the pore space within a reservoir rock to the volume
of the whole rock, generally expressed as a percentage.
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Porous: Pertaining to a rock that has open pore spaces.

Precipitation: The formation of a solid mineral from a supersaturated solution.

Primary porosity: The original pore space in a rock that survived the process of
lithification.

Production string: The last string of casing set in a well prior to production.
Progradational: Building outward through deposition. For example, a delta will
prograde out into the ocean as mud and sand continue to be carried by the river currents
through the channels.

Proximal: Situated nearest to the center or point of interest.

Pyrite: A mineral consisting of iron (Fe) and sulfur (S), and having the chemical formula
FeS,. Itis commonly called “fool’s gold.”
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Quartz: A mineral consisting of silicon (Si) and oxygen (O), and having the chemical
formula SiO..

Quartzite: A metamorphic rock derived from a quartzose sandstone.

Quartzose: Having a composition rich in quartz.

Ramping up: Pertaining to a fault slice that is torn from the crust of the Earth and thrust
upward 10° to 30° (or more).

Reflectivity: The ability of a rock or fluid surface to reflect seismic energy.

Regression: The retreat of the sea from land, occurring as a result either of sea level
drop or tectonic uplift of the shoreline or seafloor.

Remote sensing: The acquisition of data about one or more aspects of the physical,
chemical, or biological makeup of the Earth by the use of devices that are not in physical
contact with the Earth. For example, towing the devices behind an airplane or ship, or
housing them in a satellite.

Repressurizing: Pumping a fluid into a reservoir through a borehole in order to return
the rock pressure to its original state.

Reservoir: A subsurface rock unit that has sufficient porosity and permeability to
contain fluids such as oil, gas, and water.

Reservoir pressure: The pressure recorded in a borehole in a reservoir rock.

Residual fluid: The fluid that remains on the walls of a previously saturated pore after
the critical pressure for the fluid in the pore has been reached.

Rifted core: The depressed center of a fault-bounded anticline, formed when the flanks
of the anticline are thrust over the center.

Resistivity: The fundamental measure of a material that represents how strongly a
material opposes the flow of an electric current.
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Rutile: A mineral composed of titanium (Ti) and oxygen (O), and having the chemical
formula TiO,.
Saline aquifer: An underground reservoir rock that contains salt water.

Salinity: The total quantity of dissolved solids in brine, measured by weight in parts per
thousand (0/00).

Salt: The general term for naturally occurring sodium chloride (NacCl), or halite.

Sandstone: A sedimentary rock composed of sand-sized particles, regardless of
composition.

Schist: A metamorphic rock that has been altered from a fine-grained sedimentary rock
such as shale by heat or pressure or both, so that minerals occur in roughly parallel layers.

Seal: An impervious rock adjacent to a reservoir rock in the subsurface that acts as a
barrier to the passage of migrating fluids.

Secondary porosity: The total pore space developed in a rock after its deposition and
emplacement, which results from processes such as dissolution of minerals and
fracturing.

Secondary recovery: An artificial method of restoring or increasing production from a
reservoir after the natural producing mechanism and reservoir pressure declines as a

result of depletion. Gas injection and waterflooding are examples of secondary recovery.

Secondary void: A pore space developed in a rock after its deposition and emplacement
that results from processes such as dissolution of minerals and fracturing.

Sedimentary basin: A depression, created through subsidence, that fills with sediment.
Sedimentary rock: A rock that forms from sediment that has accumulated through the

actions of wind, water, ice, or gravity. Common sedimentary rocks include coal, shale,
limestone, and sandstone.
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Seismically stable: Pertaining to an area that is not prone to earthquakes.

Seismic reflection: The process of bouncing seismic (sound) waves off various rock
layers within the Earth and recording the time they take to return to the surface in order to
determine depth and composition of the layers of interest.

Seismic survey: The process of gathering seismic data in an area.

Seismic tomography: A technique comparable to that of the CAT scan that is used to
image the interior of the Earth with pressure waves that are generated by seismic
surveying equipment.

Seismic wave: A pressure or sound wave that travels through the Earth as the result of
an earthquake, explosion, or other strong vibration.

Seismometer: An instrument that measures and records motions of the Earth’s crust
generated by earthquakes, explosions, or other strong vibrations.

Self-potential: A naturally occurring electric potential difference in the Earth, measured
by an electrode relative to a fixed reference electrode. Also called spontaneous potential.

Sequence boundary: A significant erosional unconformity, the product of a fall in sea
level that erodes the exposed sediment of an earlier sequence. See sequence stratigraphy
graphic under “Highstand systems tract.”

Sequence stratigraphy: A branch of stratigraphy that subdivides sedimentary rock
deposits into units of varying scales bounded above and below by unconformities that are

assumed to represent time lines within the sedimentary sequence.

Sequestration capacity: The volume of a rock that is capable of storing carbon dioxide.
Sericite: A fine grained mica mineral formed by alteration of feldspar.

Serpentinite: A green metamorphic rock composed of hydrated magnesium silicates
formed by the alteration of other minerals.
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Shale: A very fine-grained sedimentary rock composed of clay minerals that have been
compacted to a finely laminated structure.

Shoreface: The narrow, shallow part of the inner continental shelf adjacent to shore in
which waves regularly agitate the bottom.

Sidewall core: A small, cylindrical sample of rock cut from the wall of a borehole by a
specialized tool.

Silica: A generic term for silicon dioxide (SiOy).

Sill: A body of igneous rock that intrudes parallel to the bedding of the surrounding rock.

Siltstone: A sedimentary rock composed of silt-sized (between 1/256 and 1/16
millimeters in diameter) particles.

Sinkhole: A depression or open hole in the ground that was formed either by dissolution
of limestone or by collapse of a subsurface void like a mine opening.

Smectite: A type of clay mineral.

Solubilize: To make something soluble.

Solution-mining: The process of dissolving a salt bed by circulating water, thus forming
a void in the bed.

Sorting: The distribution of grain sizes in sedimentary rock.

Specific gravity: The density of a substance relative to the density of water.

Sphalerite: A mineral composed of zinc (Zn) and sulfur (S), and having the chemical
formula ZnS.

Stratal: Pertaining to a stratum (rock layer).
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Stratigraphic: Pertaining to the study, description, and organization of strata (layers of
rock).

Stratigraphic trap: A trap for oil, gas, or water that involves changes in the rock, rather
than in structural deformation.

Stratigraphy: The study, description, and organization of rock strata.

Strike: The orientation of the plane of a fold, fault, fracture, or bedding where it
intersects the horizontal.

Structural: Pertaining to rock deformation or the features that result from it.
Structural closure: In an anticline, dome, or other structural trap, the vertical distance
between a geologic structure’s highest point and lowest closed structure contour.
Structural elevation: The depth above or below sea level of the mapped surface of a

rock layer or formation.

Structural trap: A trap for oil, gas, or water that is the result of folding, faulting, or
other deformation.

Structure contour: A line drawn on a map connecting points of equal elevation of a
surface of a rock unit that indicates depth, showing the structural deformation of the rock
unit.

Subaerial: Pertaining to conditions occurring in the open air.

Sublittoral: Pertaining to conditions occurring in the ocean between low tide and a
depth of about 300 feet.

Subsea elevation: Depth below sea level, generally referenced relative to the mean
elevation of the ocean surface.

Subsurface: Pertaining to anything beneath the surface of the Earth.
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Sulfate: A mineral compound containing, along with other elements, sulfur (S) and
oxygen (O), and having the chemical formula (X)SO4, where (X) represents an element
such as calcium (Ca) or barium (Ba).

Supercritical: Pertaining to a fluid, existing at a temperature and pressure above where
the density of the gas and liquid phases equal, that can move through solids like a gas and

dissolve materials like a liquid.

Syncline: A downward fold in rocks, typically caused by mountain-building pressures.
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Tectonic: Pertaining to the forces involved in deformation of the Earth’s crust.

Tectonism: A general term for all movement of the Earth’s crust produced by tectonic
process.

Tensile strength: The maximum stress applied perpendicular to rock body that the rock
can withstand before it breaks.

Terrestrial sequestration: Using plants and soils to store carbon dioxide.
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Thermal hyperspectral imagery: Imagery collected from near infrared spectral region
of the electromagnetic spectrum.

Thermal region: That part of the electromagnetic spectrum considered solely with
reference to their heating effects, such as infrared radiation.

Thermal scanner: A detector that is sensitive to infrared (heat) radiation.

Thin section: A fragment of rock or mineral that is ground to a thickness of about 3
millimeters, thin enough to be transparent or translucent, and viewed through a
microscope in order to study its composition and properties.

Thrust fault: A type of fault in which one side is pushed up and over the other side.

Thrust sheet: A body of rock above a large-scale thrust fault that is nearly horizontal in
orientation.

Tidal channel: A channel extending from offshore to a lagoon or salt marsh that the
tidal currents follow.

Tidal creek: A small estuary.

Tidal ridge: A sand bar within a tidal channel oriented parallel with the tidal current.
Tight: Pertaining to a rock with very low permeability.

Tiltmeter: An instrument used to measure small changes in the tilt of the Earth’s
surface, usually in relation to a liquid-level surface or to the resting position of a
pendulum.

Topographic: Pertaining to the configuration of the surface of the Earth.

Topography: The general configuration of a land surface or any part of the Earth’s
surface.

Tortuous: Pertaining to rock having many twists and turns within its pore space.
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Transgressive: Pertaining to the spread of sea over land as a result of sea level rise or
tectonic subsidence of the land area.

Type-1 sequence boundary: An unconformity characterized by deep stream cutting and
an abrupt shift of deposition toward the sedimentary basin.

Type-1 stratigraphic sequence: A sequence of strata that originated during a relative
fall in sea level below the position of the present shoreline.

Unmineable coal seam: A coal seam that is too deep and/or too thin to be considered
economically mineable.

Trap: Any barrier to the movement of oil, gas, or water, thus allowing the fluid to
accumulate in a reservoir.

UAVSAR: A specifically designed NASA radar system used to acquire airborne repeat
track synthetic aperture radar data for differential interferometric measurements. It is an
acronym for Uninhabited Areal Vehicle Synthetic Aperture Radar.

Unconfined rock unit: A rock unit without specific structural or stratigraphic traps.

Unconformable: Pertaining to two strata that are separated by an obvious hiatus in
deposition.

Unconformity: A surface within a rock sequence that separates younger from older
strata, displaying evidence of erosion or non-deposition over a significant period of time.

Unconventional gas reservoir: A rock unit that, until recently, was not considered to
contain commercially producible quantities of natural gas. For example, coal,
carbonaceous shales, and very low-permeability sandstones.

Underpressured: Pertaining to a rock unit in which the pore pressure is less than normal
pore pressure for a rock unit at that depth.

Updip: In the general direction of highest elevation on an inclined rock layer.
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Upper shoreface: The portion of the seafloor that is shallow enough to be agitated by
normal wave action.

Upland: A general term for land having higher elevation than the surrounding or
regional land areas.

Viscosity: A property of a material that makes it resistant to flow.
Volumetric storage: Storage of carbon dioxide in which the CO; is occurs throughout
the three-dimensional pore volume of the rock, rather than merely on the surface (as in

adsorption storage).

Vug: A small cavity in a rock, typically lined with crystals of a different mineral
composition than the enclosing rock.

Waterflood: A secondary recovery operation in which water is injected into the
producing formation in order to maintain reservoir pressure and force oil towards the

producing wells.

X-ray diffraction: An analytical technique used to determine the structures and
compositions of materials by passing X-rays through the material.

Zircon: A mineral composed of zirconium (Zr), silicon (Si), and oxygen (O), and having
the chemical formula ZrSiOa.
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