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The information presented in this overview is based on the report “World Shale Gas Resources: An Initial Assessment,” which
was prepared by Advanced Resources International (ARI) for the U.S. Energy Information Administration (EIA), the statistical
and analytical agency within the U.S. Department of Energy. The full report is attached. By law, EIA’s data, analyses, and
forecasts are independent of approval by any other officer or employee of the United States Government. The views in this
report therefore should not be construed as representing those of the Department of Energy or other Federal agencies.



Background

The use of horizontal drilling in conjunction with hydraulic fracturing has greatly expanded the ability of
producers to profitably produce natural gas from low permeability geologic formations, particularly
shale formations. Application of fracturing techniques to stimulate oil and gas production began to
grow rapidly in the 1950s, although experimentation dates back to the 19" century. Starting in the mid-
1970s, a partnership of private operators, the U.S. Department of Energy (DOE) and the Gas Research
Institute (GRI) endeavored to develop technologies for the commercial production of natural gas from
the relatively shallow Devonian (Huron) shale in the Eastern United States. This partnership helped
foster technologies that eventually became crucial to producing natural gas from shale rock, including
horizontal wells, multi-stage fracturing, and slick-water fracturing.® Practical application of horizontal
drilling to oil production began in the early 1980s, by which time the advent of improved downhole
drilling motors and the invention of other necessary supporting equipment, materials, and technologies,
particularly downhole telemetry equipment, had brought some applications within the realm of
commercial viability.?

The advent of large-scale shale gas production did not occur until Mitchell Energy and Development
Corporation experimented during the 1980s and 1990s to make deep shale gas production a commercial
reality in the Barnett Shale in North-Central Texas. As the success of Mitchell Energy and Development
became apparent, other companies aggressively entered this play so that by 2005, the Barnett Shale
alone was producing almost half a trillion cubic feet per year of natural gas. As natural gas producers
gained confidence in the ability to profitably produce natural gas in the Barnett Shale and confirmation
of this ability was provided by the results from the Fayetteville Shale in North Arkansas, they began
pursuing other shale formations, including the Haynesville, Marcellus, Woodford, Eagle Ford and other
shales.

The development of shale gas plays has become a “game changer” for the U.S. natural gas market. The
proliferation of activity into new shale plays has increased shale gas production in the United States
from 0.39 trillion cubic feet in 2000 to 4.87 trillion cubic feet in 2010, or 23 percent of U.S. dry gas
production. Shale gas reserves have increased to about 60.6 trillion cubic feet by year-end 2009, when
they comprised about 21 percent of overall U.S. natural gas reserves, now at the highest level since
1971.°

The growing importance of U.S. shale gas resources is also reflected in EIA’s Annual Energy Outlook 2011
(AEO2011) energy projections, with technically recoverable U.S. shale gas resources now estimated at
862 trillion cubic feet. Given a total natural gas resource base of 2,543 trillion cubic feet in the AE02011
Reference case, shale gas resources constitute 34 percent of the domestic natural gas resource base
represented in the AEO2011 projections and 50 percent of lower 48 onshore resources. As a result,
shale gas is the largest contributor to the projected growth in production, and by 2035 shale gas
production accounts for 46 percent of U.S. natural gas production.

! G.E. King, Apache Corporation, “Thirty Years of Gas Shale Fracturing: What Have We Learned?”, prepared for the SPE Annual Technic-
al Conference and Exhibition (SPE 133456), Florence, Italy, (September 2010); and U.S. Department of Energy, DOE's Early Investment
in Shale Gas Technology Producing Results Today, (February 2011), web site http://www.netl.doe.gov/publications/press/2011/11008-
DOE_Shale_Gas_Research_Producing_R.html

ZSee: U.S. Energy Information Administration, “Drilling Sideways: A Review of Horizontal Well Technology and Its Domestic Applica-
tion”, DOE/EIA-TR-0565 (April 1993).

® http://www.eia.doe.gov/oil_gas/natural_gas/data_publications/crude_oil_natural_gas_reserves/cr.html
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The successful investment of capital and diffusion of shale gas technologies has continued into Canadian
shales as well. In response, several other countries have expressed interest in developing their own
nascent shale gas resource base, which has lead to questions regarding the broader implications of shale
gas for international natural gas markets. The U.S. Energy Information Administration (EIA) has received
and responded to numerous requests over the past three years for information and analysis regarding
domestic and international shale gas. EIA’s previous work on the topic has begun to identify the
importance of shale gas on the outlook for natural gas.* It appears evident from the significant
investments in preliminary leasing activity in many parts of the world that there is significant
international potential for shale gas that could play an increasingly important role in global natural gas
markets.

To gain a better understanding of the potential of international shale gas resources, EIA commissioned
an external consultant, Advanced Resources International, Inc. (ARI), to develop an initial set of shale
gas resource assessments. This paper briefly describes key results, the report scope and methodology
and discusses the key assumptions that underlie the results. The full consultant report prepared for EIA
is in Attachment A. EIA anticipates using this work to inform other analysis and projections, and to
provide a starting point for additional work on this and related topics.

Scope and Results

In total, the report assessed 48 shale gas basins in 32 countries, containing almost 70 shale gas
formations. These assessments cover the most prospective shale gas resources in a select group of
countries that demonstrate some level of relatively near-term promise and for basins that have a
sufficient amount of geologic data for resource analysis. Figure 1 shows the location of these basins and
the regions analyzed. The map legend indicates four different colors on the world map that correspond
to the geographic scope of this initial assessment:

e Red colored areas represent the location of assessed shale gas basins for which estimates of the
‘risked’ gas-in-place and technically recoverable resources were provided.

e Yellow colored area represents the location of shale gas basins that were reviewed, but for which
estimates were not provided, mainly due to the lack of data necessary to conduct the assessment.

e White colored countries are those for which at least one shale gas basin was considered for this
report.

e Gray colored countries are those for which no shale gas basins were considered for this report.

Although the shale gas resource estimates will likely change over time as additional information be-
comes available, the report shows that the international shale gas resource base is vast. The initial
estimate of technically recoverable shale gas resources in the 32 countries examined is 5,760 trillion

* Examples of EIA work that has spurred or resulted from interest in this topic includes: U.S. Energy Information Administration,
AEO02011 Early Release Overview (Dec 2010); R. Newell, U.S. Energy Information Administration, “Shale Gas, A Game Changer for U.S.
and Global Gas Markets?”, presented at the Flame — European Gas Conference, Amsterdam, Netherlands (March 2, 2010); H. Gruens-
pecht, U.S. Energy Information Administration, “International Energy Outlook 2010 With Projections to 2035”, presented at Center for
Strategic and International Studies, Washington, D.C. (May 25, 2010); and R. Newell, U.S. Energy Information Administration, “The
Long-term Outlook for Natural Gas”, presented to the Saudi Arabia - United States Energy Consultations, Washington, D.C. (February 2,
2011).
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Figure 1. Map of 48 major shale gas basins in 32 countries

cubic feet, as shown in Table 1. Adding the U.S. estimate of the shale gas technically recoverable
resources of 862 trillion cubic feet results in a total shale resource base estimate of 6,622 trillion cubic
feet for the United States and the other 32 countries assessed. To put this shale gas resource estimate
in some perspective, world proven reserves® of natural gas as of January 1, 2010 are about 6,609 trillion
cubic feet,® and world technically recoverable gas resources are roughly 16,000 trillion cubic feet,’
largely excluding shale gas. Thus, adding the identified shale gas resources to other gas resources
increases total world technically recoverable gas resources by over 40 percent to 22,600 trillion cubic
feet.

The estimates of technically recoverable shale gas resources for the 32 countries outside of the United
States represents a moderately conservative ‘risked’ resource for the basins reviewed. These estimates
are uncertain given the relatively sparse data that currently exist and the approach the consultant has
employed would likely result in a higher estimate once better information is available. The methodology
is outlined below and described in more detail within the attached report, and is not directly
comparable to more detailed resource assessments that result in a probabilistic range of the technically

® Reserves refer to gas that is known to exist and is readily producible, which is a subset of the technically recoverable resource base
estimate for that source of supply. Those estimates encompass both reserves and that natural gas which is inferred to exist, as well as
undiscovered, and can technically be produced using existing technology. For example, EIA’s estimate of all forms of technically reco-
verable natural gas resources in the U.S. for the Annual Energy Outlook 2011 is 2,552 trillion cubic feet, of which 827 trillion cubic feet
consists of unproved shale gas resources and 245 trillion cubic feet are proved reserves which consist of all forms of readily producible
natural gas including 34 trillion cubic feet of shale gas.

® “Total reserves, production climb on mixed results,” Oil and Gas Journal (December 6, 2010), pp. 46-49.

7 Includes 6,609 trillion cubic feet of world proven gas reserves (Oil and Gas Journal 2010); 3,305 trillion cubic feet of world mean esti-
mates of inferred gas reserves, excluding the Unites States (USGS, World Petroleum Assessment 2000); 4,669 trillion cubic feet of world
mean estimates of undiscovered natural gas, excluding the United States (USGS, World Petroleum Assessment 2000); and U.S. inferred
reserves and undiscovered gas resources of 2,307 trillion cubic feet in the United States, including 827 trillion cubic feet of unproved
shale gas (EIA, AEO2011).
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Table 1. Estimated shale gas technically recoverable resources for select basins in 32 countries,
compared to existing reported reserves, production and consumption during 2009

2009 Natural Gas Market® Technically
(trillion cubic feet, dry basis) Recoverable
Proved Natural Shale Gas
Gas Reserves® Resources
Consump- Imports (trillion cubic (trillion cubic
Production tion (Exports) feet) feet)
Europe
France 0.03 1.73 98% 0.2 180
Germany 0.51 3.27 84% 6.2 8
Netherlands 2.79 1.72 (62%) 49.0 17
Norway 3.65 0.16 (2,156%) 72.0 83
U.K. 2.09 3.11 33% 9.0 20
Denmark 0.30 0.16 (91%) 21 23
Sweden - 0.04 100% 41
Poland 0.21 0.58 64% 5.8 187
Turkey 0.03 1.24 98% 0.2 15
Ukraine 0.72 1.56 54% 39.0 42
Lithuania - 0.10 100% 4
Others® 0.48 0.95 50% 2.71 19
North America
United States® 20.6 22.8 10% 2725 862
Canada 5.63 3.01 (87%) 62.0 388
Mexico 1.77 2.15 18% 12.0 681
Asia
China 2.93 3.08 5% 107.0 1,275
India 1.43 1.87 24% 37.9 63
Pakistan 1.36 1.36 - 29.7 51
Australia 1.67 1.09 (52%) 110.0 396
Africa
South Africa 0.07 0.19 63% - 485
Libya 0.56 0.21 (165%) 54.7 290
Tunisia 0.13 0.17 26% 2.3 18
Algeria 2.88 1.02 (183%) 159.0 231
Morocco 0.00 0.02 90% 0.1 11
Western Sahara - - - 7
Mauritania - - 1.0 0
South America
Venezuela 0.65 0.71 9% 178.9 11
Colombia 0.37 0.31 (21%) 4.0 19
Argentina 1.46 1.52 4% 134 774
Brazil 0.36 0.66 45% 12.9 226
Chile 0.05 0.10 52% 35 64
Uruguay - 0.00 100% 21
Paraguay - - 62
Bolivia 0.45 0.10 (346%) 26.5 48
Total of above areas 53.1 55.0 (3%) 1,001 6,622
Total world 106.5 106.7 0% 6,609
Sources:

TDry production and consumption: EIA, International Energy Statistics, as of March 8, 2011.
% proved gas reserves: Oil and Gas Journal, Dec., 6, 2010, P. 46-49.

*Romania, Hungary, Bulgaria.

* U.S. data are from various EIA sources.
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recoverable resource. At the current time, there are efforts underway to develop more detailed shale
gas resource assessments by the countries themselves, with many of these assessments being assisted
by a number of U.S. federal agencies under the auspices of the Global Shale Gas Initiative (GSGI) which
was launched in April 2010.2

Delving deeper into the results at a country level, there are two country groupings that emerge where
shale gas development may appear most attractive. The first group consists of countries that are
currently highly dependent upon natural gas imports, have at least some gas production infrastructure,
and their estimated shale gas resources are substantial relative to their current gas consumption. For
these countries, shale gas development could significantly alter their future gas balance, which may
motivate development. Examples of countries in this group include France, Poland, Turkey, Ukraine,
South Africa, Morocco, and Chile. In addition, South Africa’s shale gas resource endowment is
interesting as it may be attractive for use of that natural gas as a feedstock to their existing gas-to-
liquids (GTL) and coal-to-liquids (CTL) plants.

The second group consists of those countries where the shale gas resource estimate is large (e.g., above
200 trillion cubic feet) and there already exists a significant natural gas production infrastructure for
internal use or for export. In addition to the United States, notable examples of this group include
Canada, Mexico, China, Australia, Libya, Algeria, Argentina, and Brazil. Existing infrastructure would aide
in the timely conversion of the resource into production, but could also lead to competition with other
natural gas supply sources. For an individual country the situation could be more complex.

Methodology

This report represents EIA’s initial effort to produce a systematic assessment of the international shale
gas resource base and contains chapters on the 14 priority regions identified by EIA for initial study,
including 32 countries. These priority regions were selected for a combination of factors that included
potential availability of data, country-level natural gas import dependence, observed large shale basins,
and observations of activities by companies and governments directed at shale gas development.

The 14 regions and 32 countries covered in the report are:

e (Canada

e Mexico

e Northern South America (Columbia, Venezuela)

e Southern South America (Argentina, Chile, Uruguay, Paraguay, Bolivia, Brazil)

e Central North Africa (Algeria, Tunisia, Libya)

e Western North Africa (Morocco, Mauritania, Western Sahara)

e Southern Africa (South Africa)

e Western Europe (including, France, Germany, Netherlands, Norway, Denmark, Sweden, United
Kingdom)

e Poland

e Ukraine, Lithuania and other Eastern Europe countries

8 The Department of State is the lead agency for the GSGI, and the other U.S. government agencies that also participate include: the
U.S. Agency for International Development (USAID); the Department of Interior’s U.S. Geological Survey (USGS); Department of Inte-
rior’s Bureau of Ocean Energy Management, Regulation, and Enforcement (BOEMRE); the Department of Commerce’s Commercial Law
Development Program (CLDP); the Environmental Protection Agency (EPA), and the Department of Energy’s Office of Fossil Energy
(DOE/FE). See http://www.state.gov/s/ciea/gsgi/index.htm for more information.
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e China

e |ndia and Pakistan
o Turkey

e Australia

Russia and Central Asia, Middle East, South East Asia, and Central Africa were not addressed by the
current report. This was primarily because there was either significant quantities of conventional
natural gas reserves noted to be in place (i.e., Russia and the Middle East), or because of a general lack
of information to carry out even an initial assessment. In addition, certain limitations in scope reflected
funding constraints.

The consultant’s approach relied upon publically available data from technical literature and studies on
each of the selected international shale gas basins to first provide an estimate of the ‘risked gas in-
place,” and then to estimate the technically recoverable resource for that region. This methodology is
intended to make the best use of sometimes scant data in order to perform initial assessments of this

type.

Risked Gas In-Place

The risked gas in-place estimate is derived by first estimating the amount of ‘gas in-place’ resource for a
prospective area within the basin, and then de-rating that gas in-place by factors that, in the
consultant’s expert judgment, account for the current level of knowledge of the resource and the
capability of the technology to eventually tap into the resource. The resulting estimate is referred to as
the risked gas in-place.

Determining the risked gas in-place consists of the following specific steps:

1. Conduct a preliminary review of the basin and select the shale gas formations to be assessed.

2. Determine the areal extent of the shale gas formations within the basin and estimate its overall
thickness, in addition to other parameters.

3. Determine the ‘prospective area’ deemed likely to be suitable for development based on a
number of criteria and application of expert judgment.

4. Estimate the gas in-place as a combination of ‘free gas’® and ‘adsorbed gas
within the prospective area.

5. Establish and apply a composite ‘success factor’ made up of two parts. The first partis a ‘play
success probability factor’ which takes into account the results from current shale gas activity as
an indicator of how much is known or unknown about the shale formation. The second part is a
‘prospective area success factor’, which takes into account a set of factors (e.g., geologic
complexity and lack of access) that could limit portions of the ‘prospective area’ from
development.

"% that is contained

Technically Recoverable Resource

The estimated technically recoverable resource base is one of the basic metrics for quantifying the total
resource base that analysts would use to estimate future natural gas production. The technically

® ‘Free gas’ is gas that is trapped in the pore spaces of the shale. Free gas can be the dominant source of natural gas for the deeper
shales.

19 pdsorbed gas’ is gas that adheres to the surface of the shale, primarily the organic matter of the shale, due to the forces of the
chemical bonds in both the substrate and the gas that cause them to attract. Adsorbed gas can be the dominant source of natural gas
for the shallower and higher organically rich shales.
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recoverable resource estimate for shale gas in this report is established by multiplying the risked gas-in-
place by a shale gas recovery factor, which incorporates a number of geological inputs and analogs that
are appropriate to each shale gas basin and formation.

The basic recovery factors used in this report generally ranged from 20 percent to 30 percent, with some
outliers of 15 percent and 35 percent being applied in exceptional cases. The consultant selected the
recovery factor based on prior experience in how production occurs, on average, given a range of
factors including mineralogy, geologic complexity, and a number of other factors that affect the
response of the geologic formation to the application of best practice shale gas recovery technology.

Key Exclusions

The information contained within this report represents an initial assessment of the shale gas resource
base in 14 regions outside the United States. As such, there are a number of additional factors outside
of the scope of this report that must be considered when attempting to incorporate the information into
a forecast of future shale gas production. In addition, several other exclusions were made for this report
to simplify how the assessments were made and to keep the work to a level consistent with the
available resources.

Some of the key exclusions for this report include the following:

e Assessed basins without a resource estimate, which resulted when data were judged to be inade-
guate to provide a useful estimate. Including additional basins would, on average, likely result in an
increase in the estimated resource base.

e Countries outside the scope of the report, the inclusion of which would also likely add to the esti-
mated resource base — particularly since it is acknowledged that potentially productive shales exist in
Russia and most of the countries in the Middle East. While expanding the scope would likely result in
an increase in the estimated shale gas technically recoverable resources, this initial assessment did
not focus on those regions due to their substantial conventional gas resources. In other cases, the in-
frastructure or markets that would be a necessary precondition for gas production may not be built
within a meaningful time frame.

o Offshore portions of assessed shale gas basins were excluded, as well as shale gas basins that exist
entirely offshore.

e Coalbed methane, tight gas and other natural gas resources that may exist within these countries
were also excluded from the assessment.

e Shale oil was excluded from the assessment, although the contractor noted for several basins that
the limits of the assessed shale gas area were defined by the transition from higher maturity gas
prone areas to the lower maturity ‘oil window’.

e Production costs were not estimated for any of the basins. The costs of production could be greatly
impacted by a number of factors including the availability of existing infrastructure, availability and
cost of adequately trained labor, availability and cost of equipment such as rigs and pumping equip-
ment, the geologic features of the fields within the play such as depth and thickness, and a number
of other factors that affect the direct costs of production. Estimated production costs for each of the
basins would also need to be considered in order to estimate the potential future production of shale
gas given a future price.

e Above ground issues were not considered, such as access to the resource, can greatly affect produc-
tion costs and the timing of production.
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1. EXECUTIVE SUMMARY AND STUDY RESULTS

INTRODUCTORY REMARKS

The “World Shale Gas Resources: An Initial Assessment”, conducted by Advanced
Resources International, Inc. (ARI) for the U.S. DOE’s Energy Information Administration (EIA),

evaluates the shale gas resource in 14 regions containing 32 countries, Table 1-1.

The information provided in the 14 regional reports (selected for assessment by EIA)
should be viewed as initial steps toward future, more comprehensive assessments of shale gas
resources. The study investigators would have, if allowed, devoted the entire study budget to
just one of the 14 regions and would have judged this more in-depth time and budget
investment “well spent”. Alas, that was not possible. As such, this shale gas resource
assessment captures our “first-order” view of the gas in-place and technically recoverable
resource for the 48 shale gas basins and 69 shale gas formations addressed by the study. As
additional exploration data are gathered, evaluated and incorporated, the assessment of shale

gas resources will become more rigorous.
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Table 1-1. The Scope of the “World Shale Gas Resources: An Initial Assessment”

Number of
. . Number of Number of
Continent Region/Country : : Gas Shale
Countries Basins .
Formations
North |. Canada 1 9
Or. Il. Mexico 1 8
America
Subtotal 2 12 17
Sl lll. Northern South America 2 2 3
Ou. IV. Southern South America 6 4
America
Subtotal 8 6 10
V. Poland 1 3 3
VI. Eastern Europe 3 3 3
Europe
VII. Western Europe 7 6 9
Subtotal 11 12 15
VIII. Central North Africa 3 2 4
. IX. Morocco 3 2 2
Africa ,
X. South Africa 1 1 3
Subtotal 7 5 9
XI. China 1 2 4
. Xll. India/Pakistan 2 5 6
Asia
XIlI. Turkey 1 2 3
Subtotal 4 9 13
Australia XIV. Australia 1 4 5
Total 32 48 69

Two points are important to keep in mind when viewing the individual shale gas basin-

and formation-level shale gas resource assessments:

= First, the resource assessments provided in the individual regional reports are only
for the higher quality, “prospective areas” of each shale gas basin and formation.
The lower quality and less defined shale gas resource areas in these basins, that
may hold additional shale gas resources, are not included in the quantitatively

assessed and reported values.

= Second, the in-place and recoverable resource values for each shale gas basin and
formation have been risked to incorporate: (1) the probability that the shale gas
formation will (or will not) have sufficiently attractive gas flow rates to become
developed; and (2) an expectation of how much of the prospective area set forth for

each shale gas basin and formation will be developed in the foreseeable future.

February 17, 2011 1-2



World Shale Gas Resources: An Initial Assessment

No doubt, future exploration drilling will lead to adjustments in these two risk factors and
thus the ultimate size of the developable international shale gas resource. We would urge the
U.S. Energy Information Administration, who commissioned this valuable, “cutting edge” shale
gas resource assessment, to capture and incorporate the significant volume of shale gas
exploration and resource information that will become available during the next several years,

helping keep this shale gas resource assessment “evergreen”.

SUMMARY OF STUDY FINDINGS

Although the exact resource numbers will change with time, our work shows that the

international shale gas resource is vast.

= OQverall, we have identified and assessed a shale gas resource equal to 22,016 Tcf

of risked gas in-place, not including U.S. shale gas resources.

= Applying appropriate recovery factors, we estimate a technically recoverable shale
gas resource of 5,760 Tcf.

Importantly, much of this shale gas resource exists in countries with limited conventional
gas supplies or where the conventional gas resource has largely been depleted, such as in
China, South Africa and Europe.

The regional level tabulations of the risked in-place and technically recoverable shale

gas resource are provided in Table 1-2.

Table 1-2. Risked Gas In-Place and Technically Recoverable Shale Gas Resources:
Six Continents

Continent Risked C(a_?sf)ln-Place R'S;i?:gve;f;fgllza”y
(Tcf)
North America 3,856 1,069
South America 4,569 1,225
Europe 2,587 624
Africa 3,962 1,042
Asia 5,661 1,404
Australia 1,381 396
Total 22,016 5,760

A more detailed tabulation of shale gas resources (risked gas in-place and risked
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technically recoverable), at the country-level, is provided in Table 1-3.

Additional information on the size of the shale gas resource, at a detailed basin- and

formation-level, is provided in Appendix A.

Significant additional shale gas resources exist in the Middle East, in Russia, in
Indonesia, and numerous other regions and countries not yet included in our study. Hopefully,

future editions of this report will more fully incorporate these other important shale gas areas.
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Table 1-3. Risked Gas In-Place and Technically Recoverable Shale Gas Resources: 32 Countries

. Technicall
. . Risked Gas In- y
Continent Region Country Recoverable
Place (Tcf)
Resource (Tcf)
|. Canada 1,490 388
North -
America Il. Mexico 2,366 681
Total 3,856 1,069
Columbia 78 19
Ill. Northern South |-- - - - - - - - - - - -"-F—-———-——-———-—T—-——————— — 1
. Venezuela 42 11
America
Subtotal 120 30
_Argﬁnti@ I _2,712 e 24 o
Bolivia 192 48
Ssouth | |- -== il e Mttty
. Brazil 906 226
America IV. Southern South | — - — —| — — = — A
. Chile 287 64
America
_ _ _Paraguy [ 249 | _ 62 _ _
Uruguay 83 21
Subtotal 4,449 1,195
Total 4,569 1,225
Poland 792 187
Lithuania 17 4
VI. Eastern Europe | Kaliningrad | 76 [ 19
Ukraine 197 42
1,082 252
France 720 180
German 33 8
Europe Y
o1 Netherdands _ _ _ | _ __ 66 _ __ | ___1 17
VIl. Western Europe | ————— S_nggn ————————— 1—6‘1 ——————— 4—1— - =
Norway 333 83
__ Demmak_ _ | _ 92 _|_ 28 _ |
UK. 97 20
Subtotal 1,505 372
Total 2,587 624
Algeria 812 230
Libya 1,147 290
VIil. Central North Africal Tunisia | 61 | 8
Africa Morroco* 108 18
Subtotal 2,128 557
X. South Africa 1,834 485
Total 3,962 1,042
XI. China 5,101 1,275
: XII. India/Pakistan |} - - - - - -'”S"fi ————————— 290 - L
Asia Pakistan 206 51
XIIl. Turkey 64 15
Total 5,661 1,404
Australia XIV. Australia 1,381 396
Grand Total 22,016 5,760

* Includes Western Sahara & Mauritania
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COMPARISON OF STUDY FINDINGS

Prior to this study - - “World Shale Gas Resources: An Initial Assessment” - - only one
other study is publically available that addresses the overall size of the shale gas resource.
This is the valuable work by H-H. Rogner.!

Our detailed basin-by-basin assessments of the shale gas resource, show that the shale
gas resource in-place is larger than estimated by Rogner, even accounting for the fact that a
number of the large shale gas resource areas (such as Russia and the Middle East) have not

yet been included in our study (but are included in Rogner’s shale gas resource numbers).

= OQverall, our gas study established a risked shale gas in-place of 25,300 Tcf (when
we include our shale gas estimate for the U.S. of 3,284 Tcf) compared to Rogner’s
estimate of 13,897 Tcf of shale gas in-place when we exclude the areas of the world

not included in this study. (Rogner’s total shale gas in-place is 16,112 Tcf.)

= The largest and most notable areas of difference in the shale gas resource

assessments are for Europe, Africa and North America, Table 1-4.

Table 1-4. Comparison of Rogner’s and This Study Estimates of Shale Gas Resources In-Place

Continent H-H Rogner EIA/ARI
(Tcf) (Tcf)
1. North America* 3,842 7,140
2. South America 2,117 4,569
3. Europe 549 2,587
4. Africa* 1,548 3,962
5. Asia 3,528 5,661
6. Australia 2,313 1,381
7. Other*** 2,215 n/a
Total 16,112 25,300

*Includes U.S.shale gas in-place of 3,.824 Tcf, based on estimated (ARI) 820
Tcf of technically recoverable shale gas resources and a 25% recovery
efficiency of shale gas in-place.

** Rogner estimate includes one-half of Middle East and North Africa (1,274)
and Sub-Saharan Africa (274 Tcf).

*** Includes FSU (627 Tcf), Other Asia Pacific (314 Tcf) and one-half of Middle
East/North Africa (1,274) Tcf.

" Rogner, H-H., “An Assessment of World Hydrocarbon Resources”, Annu. Rev. Energy Environ. 1997, 22:217-62.
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Figure 1-1 Map of 48 Major Shale Basins in 32 Countries
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2. SHALE GAS RESOURCE ASSESSMENT METHODOLOGY

INTRODUCTION

This C hapter s ets forth our m ethodology for a ssessing the i n-place and r ecoverable
shale gas resources for the 14 regions (encompassing 32 countries) addressed by this study.
The methodology relies on extensive geological information and reservoir properties assembled
from the technical literature and data from publically available company reports and
presentations. This pu blically a vailable i nformation has been au gmented by i nternal ( non-
confidential) p riorw orkon U .S.and i nternationals hale gasby Advanced R esources

International.

The regional reports should be viewed as initial steps toward future, more
comprehensive as sessments o f shale g as r esources. A s addi tional ex ploration dat a ar e
gathered, evaluated and incorporated, these regional assessments of shale gas resources will

become more rigorous.

RESOURCE ASSESSMENT METHODOLOGY

The m ethodology for conducting the basin- and formation-level as sessments of s hale

gas resources includes the following five topics:

1. Conducting preliminary geologic and reservoir characterization of shale basins and
formation(s).

2. Establishing the areal extent of the major shale gas formations.
3. Defining the prospective area for each shale gas formation.

4. Estimating the risked shale gas in-place.

5. Calculating the technically recoverable shale gas resource.

Each of these five shale gas resource assessment steps is further discussed below.
The s hale gas resource as sessment for C entral N orth Africa and par ticularly the Ghadames

Basin is used to illustrate certain of these resource assessment steps.
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2.1. Conducting Preliminary Geologic and Reservoir Characterization of
Shale Basins and Formation(s).

The resource assessment begins with the compilation of data from multiple public and
private sources to define the shale gas basins and to select the major shale gas formations to
be assessed. The stratigraphic columns and well logs, showing the geologic age, the source
rocks and other data, are used to select the major shale formations f or f urther study, as

illustrated in Figure 2.1 for the Ghadames Basin of southern Tunisia.

Preliminary geological and reservoir data are assembled for each major shale formation,

including the following key items:
» Depositional environnent of shale (marine vs non-marine)
» Depth (to top and base of shale interval)
= Structure, including major faults
= Gross shale interval
= Organically-rich gross and net shale thickness
= Total organic content (TOC, by wt.)
» Thermal maturity (Ro)

These geologic and reservoir properties are used to provide a first order overview of the
geologic characteristics of the major shale gas formations and to help select the shale gas

formations deemed worthy of more intensive assessment.
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Figure 2-1: Southern Tunisia, Ghadames Basin Stratigraphic Columni

(The two major shale gas formations, the Silurian Tannezuft and the Devonian Frasnian, are highlighted.)
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2.2. Establishing the Areal Extent of Major Shale Gas Formations.

Having identified the m ajor s hale gas formations, the next step is to undertake more
intensive study to define the areal extent for each of these formations. For this, the study team
searches the technical literature for regional as well as detailed, local cross-sections identifying
the shale gas formations of interest, as illustrated by Figure 2.2 for the Silurian and Devonian
shale gas formations in the Ghadames Basin. | n addition, the study team draws on i nternal
cross-sections previously prepared by Advanced Resources and, where necessary, assembles

well data to construct new cross-sections.

The regional cross-sections are used to define the lateral extent of the shale formation in

the basin and/or to identify the regional depth and gross interval of the shale formation.

Figure 2.2 : Ghadames Basin Structure Depth Map and Cross Section '

(The geological ages containing the two major shale gas formations, the Devonian and the Silurian, are highlighted.)
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3. Defining the Prospective Area for Each Shale Gas Formation.

An important and challenging resource assessment step is to establish the portions of
the basin that, in our view, are deemed to be prospective for development of shale gas. The

criteria used for establishing the prospective area include:

» Depositional Environment. An important criterion is the depositional environment of

the shale, particularly whether it is marine or non-marine. Marine-deposited shales
tend to have lower clay content and tend to be high in brittle minerals such as quartz,
feldspar and carbonates. B rittle shales respond favorably to hydraulic stimulation.
Shales deposited in non-marine settings (lacustrine, fluvial) tend to be higher in clay,

more ductile and less responsive to hydraulic stimulation.

Figure 2.3 provides a ternary diagram useful for classifying the mineral content of the
shale for the Marcellus Shale in Lincoln Co., West Virginia. Figure 2.4 illustrates the
relationship bet ween s hale f ormation mineralogy, shale brittleness and shale

response to hydraulic fracturing.

Figure 2.3. Ternary Diagram of Shale Mineralogy (Marcellus Shale).

Quartz (Q)

Calcite (C) Clay (Cly)

Source: Modified from AAPG Bull. 4/2007, p. 494 & 495
JAF028263.PPT
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Figure 2.4. Relationship of Shale Mineralogy (Q, C and Cly) and Thermal Maturity to Gas Flow

Source: Modified from AAPG Bull. 4/2007, p. 494 & 495
JAF028263.PPT

= Depth. The depth criterion for the prospective area is greater than 1,000 meters, but
less than 5, 000 meters ( 3,300 feetto 16,500 feet). A reas s hallower than 1, 000
meters have lower pressure and a lower gas concentration. In addition, shallow
shale g as formations h ave risks o f hi gher w ater c ontent i n t heir nat ural fracture
systems. Areas deeper than 5,000 m have risks of reduced permeability and much

higher drilling and development costs.

» Total Organic Content (TOC). In general, the TOC of prospective area needs to be

equal to or greater than 2%. Figure 2.5 provides an example of using a gamma ray
log to identify the TOC content for the Marcellus Shale in the New York (Chenango
Co.) portion of the Appalachian Basin.

Organic m aterials such as microorganism fossils and pl ant m atter providet he
requisite carbon, oxygen and hy drogen atoms needed to create natural gas and oil.
As such TOC is an i mportant measure of the gas g eneration potential of a s hale

formation.
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Figure 2.5. Relationship of Gamma Ray and Total Organic Carbon

= Thermal Maturity. Thermal maturity measures the degree to which a f ormation has

been exposed to high heat needed to break down organic matter into hydrocarbons.
The reflectance of certain types of minerals (Ro%) is used as an indication of

Thermal Maturity, Figure 2.6.

The thermal maturity of the prospective area needs to have a Ro greater than 1.0%,
with a second higher quality prospective area defined as having a Ro greater than
1.3%. Higher thermal maturity settings also lead to the presence of nanopores which
contribute t o addi tional por osity i nt he s hale m atrix. F igure 2.7 p rovides an
illustration of the relationship between thermal maturity and the development of

nanopores in the shale matrix.

» Geographic Location. The prospective area is limited to the onshore portion of the

shale gas basin.
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Figure 2-6. Thermal Maturation Scale

Figure 2-7. Thermal Maturity and Gas Storage Capacity

Nanopores
in Maturing
Kerogen

Source: Reed et al. Texas BEG

JAF028263.PPT
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The prospective area contains the higher quality portion of the shale gas resource and,
in general, covers less than half of the overall basin area. The prospective area will contain a
series of s hale g as q uality ar eas, t ypically including a g eologically f avorable, high r esource
concentration “ core area” and as eries o f | ower q uality and | ower r esource ¢ oncentration
extension areas. H owever, t he further delineation o f t he prospective ar ea w as bey ond t he

scope of this initial resource assessment study.

The U .S. B arnett S hale i llustrates the p resence o fa hi gh quality “ core ar ea”, t wo
extension areas (called Extension Area #l and Extension Area #2) and a lower thermally less
mature (combination of oil, condensate and natural gas) play along the northern edge of the

basin, Figure 2.8.

Figure 2-8. Barnett Shale Resource and Play Areas

Fort Worth Basin
All Barnett Wells

The total Barnett Shale gas
Core Area play covers 8,000 mi2, with
about 4,000 mi?2 of the area
prospective for natural gas.

¢ Core Area (1,548 mi?). High
resource concentration area with
EUR per well of 2.5 Bef.

Extension Area #1 + Extension Area #1 (2,254 mi?).
Area of emerging drilling and
production with EUR per well of
1.5 Bcf.

Extension Area #2 * Extension Area #2 (4,122 mi?).
Area of lower productivity with
EUR per well of 0.8 Bef.

JAF028263.PPT

A m ore det ailed r esource as sessment, i ncluding i n-depth app raisal o f new ly drilled
exploration wells, with modern logs and rigorous core analyses, will be required to define these

next levels of resource quality and concentration for the major international shale gas plays.

4. Estimating the Risked Gas In-Place (GIP).
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Detailed geologic and reservoir data are assembled to establish the free as well as the
adsorbed gas in-place (GIP) for the prospective area. Adsorbed gas can be the dominant in-
place resource for shallow and highly organically rich shales. Free gas becomes the dominant

in-place resource for deeper, higher clastic content shales.

a. Free Gas In-Place. The calculation of free gas in-place for a g iven areal extent
(acre, square mile) is governed, to a large extent, by four characteristics of the shale formation

- - pressure, temperature, gas-filled porosity and net organically-rich shale thickness.

= Pressure. The study methodology places particular em phasis on identifying areas
with ov erpressure, w hich enabl es a hi gher ¢ oncentration of gas to be c ontained
within a fixed reservoir volume. A normal hydrostatic gradient of 0.433 psi per foot of

depth is used when actual pressure data is unavailable.

» Temperature. The study assembles data on the temperature of the shale formation,
giving particular emphasis on identifying areas with higher than average temperature
gradients and surface temperatures. A normal temperature gradient of 1° F per foot
of depth plus a surface temperature of 60° F are used when actual temperature data

is unavailable.

= Gas-Filled P orosity. The study assembles the por osity dat a from core or | og

analyses available in the public literature. When porosity data are not available,
emphasis is placed on i dentifying the mineralogy of the shale and i ts maturity for
estimating porosity values from analogous U.S shale basins. Unless other evidence

is available, the study assumes the pores are filled with gas and residual water.

= Net Organically-Rich Shale T hickness. T he overall shale interval is obtained from

prior stratigraphic studies of the formations in the basin being appraised. The
organically-rich thickness of the shale interval is established from log data and cross
sections, where available. A net to gross ratio is used to estimate the net thickness

of the shale from the gross organically-rich shale interval.

The above data are combined using established P VT reservoir engineering e quations
and conversion factors to calculate free GIP per square mile. The calculation of free GIP uses

the following standard reservoir engineering equation:

February 17, 2011 2-10



Assessment of International Shale Gas

43560* A hd(1- Sv)

GIP =
By
Where: Bg = 0.02829zT
A is area, in acres (with the conversion factors of 43,560 square feet per acre

and 640 acres per square mile).

h is net shale thickness, in feet (a minimum TOC criterion of 2% (by wt.) is used
to define the net organically-rich pay from the larger shale interval and the
gross organically-rich shale thickness.)

) is porosity, a dimensionless fraction (the values for porosity are obtained from
log or core information published in the technical literature or assigned by
analogy from U.S. shale gas basins; the thermal maturity of the shale and its
depth of burial can influence the porosity value used for the shale).

(1-Sw) is the fraction of the porosity filled by gas (Sg) instead of water (Sy), a
dimensionless fraction (the established value for porosity (¢) is multiplied by
the term (1-Sy) to establish gas-filled porosity; the value Sw defines the
fraction of the pore space that is filled with water, often the residual or
irreducible reservoir water saturation in the natural fracture and matrix
porosity of the shale; liquids-rich shales may also contain condensate and/or
oil (So) in the pore space, further reducing gas-filled porosity.

P is pressure, in psi (pressure data is obtained from well test information
published in the literature, inferred from mud weights used to drill through the
shale sequence, or assigned by analog from U.S. shale gas basins; basins
with normal reservoir pressure are assigned a gradient of 0.433 psi per foot
of depth; basins with indicated overpressure are assigned pressure gradients
of 0.5 to 0.6 psi per foot of depth; basins with indicated underpressure are
assigned pressure gradients of 0.3 to 0.4 psi per foot of depth).

T is temperature, in degrees Rankin (temperature data is obtained from well
test information published in the literature or from regional temperature
versus depth gradients; the factor 460 °F is added to the reservoir
temperature (in °F) to provide the input value for the gas volume factor (By)
equation).

By is the gas volume factor, in cubic feet per standard cubic feet and includes
the gas deviation factor (z), a dimensionless fraction. (The gas deviation
factor (z) adjusts the ideal compressibility (PVT) factor to account for non-
ideal PVT behavior of the gas; gas deviation factors, complex functions of
pressure, temperature and gas composition, are published in standard
reservoir engineering text.)
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b. Adsorbed Gas In-Place. In additiont o free g as, shales can ho Id significant

quantities of gas adsorbed on the surface of the organics (and clays) in the shale formation.

A Langmuir isotherm is established for the prospective area of the basin using available
data on TOC and on t hermal maturity to establish the Langmuir volume (V) and the Langmuir

pressure (P.).

Adsorbed gas in-place is then calculated using the formula below (where P is original

reservoir pressure).
Gc=(V.*P)/(P.+P)

The above gas content (G¢) (typically measured as cubic feet of gas perton of net

shale) is converted to gas concentration (adsorbed GIP per square mile) using actual or typical
values for shale density. (Density values for shale are typically in the range of 2.65 to 2.8 gm/cc

and depend on the mineralogy and organic content of the shale.)

The estimates of the Langmuir value (V) and pressure (P,) for adsorbed gas in-place
calculations are based on either publically available data in the technical literature or internal
(proprietary) dat a dev eloped by Advanced Resources from prior work on v arious U.S. and

international shale basins.

In general, the Langmuir volume (V) is a function of the organic richness and thermal
maturity of the shale, as illustrated in Figure 2.9. T he Langmuir pressure (P) is a function of
how readily the adsorbed gas on the organics in the shale matrix is released as a function of a

finite decrease in pressure.

The free gas in-place (GIP) and adsorbed GIP are combined to estimate the resource
concentration (Bcf/mi?) for the prospective area of the shale gas basin. Figure 2.10 illustrates
the relative contributions of free (porosity) gas and adsorbed (sorbed) gas to total gas in-place,

as a function of pressure.
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Figure 2-9. Marcellus Shale Adsorbed Gas Content

Adsorbed Gas Content: Lower TOC Adsorbed Gas Content: Higher TOC
(Gas Content in scf/ton vs pressure) (Gas Content in scf/ton vs pressure)
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Figure 2-10. Combining Free and Adsorbed Gas for Total Gas In-Place

Adsorption Isotherm (Gas Content vs. Pressure)
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Establishing the Success/Risk Factors. Two specific judgmentally es tablished

success/risk factors are used to estimate risked GIP within the prospective area of the shale gas

formation. These two factors, are as follows:

Play Success P robability Fac tor. T he s hale gas pl ay s uccess pr obability f actor

captures t he likelihood t hat at| east s ome s ignificant por tion of the s hale g as
formation will provide gas at attractive flow rates and bec ome developed. C ertain
shale gas formations, such as the Muskwa Shale/Otter Park in the Horn River Basin
are al ready under dev elopment and thus would hav e a pl ay pr obability f actor of
100%. M ore s peculative s hale gas formations with limited g eologic and reservoir

data, may only have a play success probability factor of 30% to 40%.

As exploration wells are drilled, tested and produced and information on the viability

of the shale gas play is established, the play success probability factor will change.

Prospective Area Success (Risk) Factor: The prospective area success (risk) factor

combines a series of concerns that could relegate a portion of the prospective area
to be uns uccessful or unproductive f or g as pr oduction. T hese c oncerns i nclude
areas with high structural complexity (e.g., deep faults, upthrust fault blocks); areas
with lower thermal maturity (Ro between 1.0 and 1.2); the outer edge areas of the
prospective area with lower net organic thickness; and other information appropriate

to include in the success (risk) factor.

The prospective ar ea s uccess (risk) factor al so c aptures the am ount of av ailable
geologic/reservoir data and the extent of exploration that has occurred in the
prospective area of the basin to determine what portion of the prospective area has
been sufficiently “de-risked”. As exploration and delineation proceed, providing a
more rigorous definition of the prospective area, the prospective area success (risk)

factor will change.

These t wo success/risk f actors ar e c ombined t o derive a s ingle composite s uccess

factor with which to risk the GIP for the prospective area. Appendix B provides a t abulation of

the play success probability and prospective area success factors assigned to each of the major

shale gas basins included in this resource assessment.
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As i ntroduced abov e, t he hi story o fs hale gas exploration has s hownt hatt he
success/risk factors, particularly the prospective area success/risk factor, change over time. As
exploration wells ar e drilled and t he favorable s hale gas reservoir s ettings and pr ospective
areas are more fully established, it is likely that larger assessments of the gas in-place will

emerge.

6. Estimating the Technically Recoverable Resource.

The technically recoverable resource is established by multiplying the risked GIP by a
shale g as r ecovery f actor, w hich i ncorporates a num ber o f geological i nputs and anal ogs
appropriate to each shale gas basin and formation. The recovery factor uses information on the
mineralogy of the shale to determine its favorability for applying hydraulic fracturing to “shatter”
the shale matrix. The recovery factor also considers other information that would impact gas
well productivity, such as: presence of favorable micro-scale natural fractures; the absence of
unfavorable deep cutting faults; the state of stress (compressibility) for the shale formations in
the prospective area; the relative volumes of free and ads orbed gas concentrations; and t he

reservoir pressure in the prospective area.

Three basic gas recovery factors, i ncorporating s hale mineralogy, reservoir properties

and geologic complexity, are used in the resource assessment.

» Favorable Gas Recovery. A 30% recovery factor of the gas in-place is used for

shale g as ba sins and formations that hav e | ow c lay ¢ ontent, | ow t o m oderate
geologic c omplexity and favorable r eservoir pr operties s uch as an ov erpressured

shale formation and high gas-filled porosity.

» Average Gas Recovery. A 25% recovery factor of the gas in-place is used for shale

gas basins and formations t hat have a m edium clay c ontent, m oderate g eologic

complexity and average reservoir pressure and properties.

= Less Favorable Gas Recovery. A 20% recovery factor of the gas in-place is used for

shale gas basins and formations that have medium to high clay content, moderate to

high geologic complexity and below average reservoir properties.

A recovery factor of 35% is applied in a few e xceptional c ases with es tablished high
rates of well performance. A recovery factor of 15% is applied in exceptional cases of severe

under-pressure and reservoir complexity.
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Finally, shale gas basins and formations that have very high clay content (e.g., non-
marine shales) and/or have very high geologic complexity (e.g., thrusted and high stress) are
categorized as non-prospective and excluded from this shale gas resource assessment.
Subsequent, more intensive and smaller-scale (rather than regional-scale) resource
assessments may identify the more favorable areas of a basin, enabling portions of the basin
currently deem ed non -prospectivet o be add edt o the s hale gasr esource as sessment.
Similarly, advances in well completion practices may enable more of the very high clay content
shale formations to be e fficiently stimulated, also enabling these basins and f ormations to be

added to the resource assessment.

a. Two Key Gas Recovery Technologies. Because the native permeability of the
shale gas reservoir is extremely low, on the order of a few hundred nano-darcies (0.0001 md to
0.001 md), efficient recovery of the gas held in the shale matrix requires two key well drilling and

completion techniques, as illustrate by Figure 2.11:

Figure 2-11. Lower Damage, More Effective Horizontal Well Completions Provide Higher Reserves Per Well
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Long Horizontal Wells. Long horizontal wells (laterals) are designed to place the gas

production well in contact with as much of the shale matrix as technically and

economically feasible.

Intensive W _ell _Stimulation. Large volume hydraulic stimulations, conducted in

multiple, closely spaced stages (up to 20), are used to “shatter” the shale matrix and
create a permeable reservoir. This intensive set of induced and propped hydraulic
fractures provided the critical flow paths from the shale matrix to the horizontal well.
Existing, s mall s cale n atural fractures ( micro-fractures) w ill, i f open , ¢ ontribute

additional flow paths from the shale matrix to the wellbore.

The efficiency of the hydraulic well stimulation depends greatly on the mineralogy of the

shale, as further discussed below.

b. Importance of Mineralogy on Recoverable Resources. The mineralogy of the

shale, particularly its relative quartz, carbonate and clay content, significantly determines how

efficiently the induced hydraulic fracture stimulates the shale, as illustrated by Figure 2.12:

Shales with a hi gh percentage of quartz and c arbonate tend to be b rittle and w ill
“shatter”, leading to a vast array of small-scale induced fractures providing numerous
flow paths from the matrix to the wellbore, when hydraulic pressure and energy are

injected into the shale matrix, Figure 2.12A.

Shales with a high clay content tend to be ductile and to deform instead of shattering,
leading to relatively few induced fractures (providing only limited flow paths from the
matrix to the well) when hydraulic pressure and energy are injected into the shale

matrix, Figure 2.12B.
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Figure 2-12. The Properties of the Reservoir Rock Greatly Influence the Effectiveness of Hydraulic
Stimulations.

High clastic content shales are brittle and shatter, providing multiple
dentrict fracture swarms. High clay content shales are plastic and absorb energy,
providing single-planar fracs.

12A. Quartz-Rich (Brittle) 12B. Clay-Rich (Ductile)

Barnett Shale Cretaceous Shale

Source: CSUG, 2008
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c. Significance of Geologic Complexity. A variety of complex geologic features can

reduce the gas recovery efficiency from a shale gas basin and formation:

» Extensive Fault Systems. A reas with extensive faults can hinder gas recovery by

limiting the productive length of the horizontal well, as illustrated by Figure 2.13.

» Deep Seated Fault System. V ertically extensive faults that cut through organically
rich s hale i ntervals ¢ an i ntroduce w ater i nto t he shale m atrix, r educing r elative

permeability and gas flow capacity.

= Thrust Faults and O ther High Stress Geological Features. C ompressional t ectonic
features, such as thrust faults and up thrusted fault blocks, are an indication of basin
areas with high lateral reservoir stress, reducing the permeability of the shale matrix

and its gas flow capacity.
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Figure 2-13. 3D Seismic Helps Design Extended vs. Limited Length Lateral Wells
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SUMMARY

The step-by-step application of the above discussed shale gas resource assessment

methodology leads to three key assessment values for each major shale gas formation:

» Gas In-place C oncentration, r eported i n terms of B cf per square mile. T his key
resource as sessment value defines the richness of the shale gas resource and i ts

relative attractiveness compared to other gas development options.
» Risked Gas In-Place, reported in Tcf for each major shale gas formation.
» Risked Recoverable Gas, reported in Tcf for each major shale gas formation.

The risked gas in-place and recoverable gas provide the two “bottom line” values that
help the reader understand how large is the prospective shale gas resource and what impact

this resource may have on t he energy, particularly the natural gas supply, options available in
each region and country.
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Table 2-1, constructed for two major shale gas basins and f our shale gas formations,
provide a concise summary of the resource assessment conducted for Central North Africa.

Additional detail is provided in each of the 14 regional shale gas resource assessment reports.

These i ndividual r eports al so al locate the risked s hale gas i n-place an d r ecoverable
shale gas resource to the various countries holding the assessed shale gas basins. For
example, the assessment report for Central North Africa further details the shale gas resource
(reported at the basin- and formation-level in T able 2-1) to the three countries holding these

resources - - Algeria, Libya and Tunisia.

Table 2-1: Reservoir Properties and Resources of Central North Africa

° Basin/Gross Area Ghadames Basin (121,000 mi?) Sirt Basin (177,000 mi?)
g § Shale Formation Tannezuft Frasnian Sirt-Rachmat Etel
Geologic Age Silurian Middle Devonian [[Upper Cretaceous| Upper Cretaceous
w2 Prospective Area (mi2) 39,700 12,900 70,800 70,800
*2 Interval 1,000 - 1,800 200 - 500 1,000 - 3,000 200 - 1,000
w |Thickness (ft) |Organically Rich 115 197 2,000 600
S Net 104 177 200 120
z Interval 9,000- 16,500 | 8,200 - 10,500 9,000 - 11,000 11,000 - 13,000
o  |Depth (ft)
Average 12,900 9,350 10,000 12,000
£ & |Reservoir Pressure Overpressured | Overpressured Normal Normal
2 § [Average TOC (wt. %) 5.7% 4.2% 2.8% 3.6%
§ & [Thermal Maturity (%Ro) 1.15% 1.15% 1.10% 1.10%
E a Clay Content Medium Medium Medium/High Medium/High
§ GIP Concentration (Bcf/miz) 44 65 61 42
o |Risked GIP (Tcf) 520 251 647 443
& [Risked Recoverable (Tcf) 156 75 162 11
REFERENCES
i Acheche, et al., 2001.
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l. CANADA

The gas-bearing shales of Canada are concentrated in Alberta and British Columbia of
Western Canada and in Quebec, Nova Scotia and New Brunswick of Eastern Canada.

WESTERN CANADA

Western C anada has five | arge s edimentary b asins t hat ¢ ontain thick, or ganic-rich
shales - - the Horn River, Cordova Embayment and Liard in northern British Columbia; the Deep
Basin/Montney in central Alberta and British Columbia; and the Colorado Group in central and

southern Alberta, Figure I-1.

Figure I-1. Shale Gas Basins of Western Canada
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The five large Western Canada shale gas basins contain a total of 1,326 Tcf of risked
gasin-place. (This as sessmentis consistent with t he British C olumbia M inistry of E nergy,
Mines and Petroleum Resources estimates of 500 Tcf of gas in-place for the Horn River Shale,
200 Tcf of gas in-place for the Cordova Embayment Shale and 35 to 250 Tcf of gas in-place for

the Montney Resource Play, a combined shale gas and tight gas sand play.)’

The risked, technically recoverable shale gas resource for these five Western Canada

basins is estimated at 355 Tcf, as shown on Table |-1.

Table I-1. Shale Gas Reservoir Properties and Resources of Western Canada

g Basin/Gross Area Horn River:(8,100 mi?) (22;%0;?2) Liardi(4,300 mi?)
§ Shale Formation Muskwa/Otter Park Evie/Klua Muskwa/Otter Park | Lower Besa River
« Geologic Age Devonian Devonian Devonian Devonian
w2 Prospective Area (miz) 3,320 3,320 2,850 1,940
.2 Interval 250 - 730 110 - 205 150 - 350 490 - 1,100
& [Thickness (ft) [Organically Rich 420 160 230 630
3 Net 380 144 207 441
z Interval 6,300 - 10,200 6,800 - 10,700 5,500 - 6,200 6,600 - 12,300
o Depth (ft)
Average 8,000 8,500 6,000 9,000
= g |Reservoir Pressure Moderately Moderately Normal Moderately
S s Overpressured Overpressured Overpressured
§ 2 |Average TOC (. %) 3.5% 3.5% 2.0% 3.5%
& g Thermal Maturity (%Ro) 3.80% 3.80% 2.50% 3.80%
Clay Content Low Low Low Low
g GIP Concentration (Bcf/mi?) 152 55 61 161
2 |Risked GIP (Tcf) 378 110 83 125
& |Risked Recoverable (Tcf) 132 33 29 31
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& . . - Colorado Group
B Basin/Gross Area Deep Basin (2,650 mi?) (124,000 mP?)
(=)
a Shale Formation Montney Shale | Doig Phosphate |2WS & Fish Scales
@ Geologic Age Triassic Triassic Cretaceous
e Prospective Area (miz) 1,900 3,000 48,750
g Interval 200 - 1,100 70-220 300 - 2,000
w Thickness (ft) |Organically Rich 400 165 923
S Net 240 150 105
_E" Depth (f) Interval 3,000 - 9,000 6,800 - 10,900 5,000 - 10,000
P Average 6,000 9,250 6,900
= ¢ |Reservoir Pressure Overpressured Moderately Underpressured
et Overmpressured
g U |Average TOC (wt. %) 3.0% 5.0% 2.4%
= E Thermal Maturity (%Ro) 1.50% 1.10% 0.61%
Clay Content Low Low Low
S |GIP Concentration (Bcfimi?) 99 67 21
§ Risked GIP (Tcf) 141 81 408
& [Risked Recoverable (Tcf) 49 20 61

Horn River Basin

Geologic Characterization. The Horn River B asin covers anar eaof 8,100 mi? in
northern British Columbia and the Northwest Territory. Its western borderis defined by the
regionally significant Bovie Fault, which separates the Horn River Basin from the Liard Basin.
Its northern border, in Northwest Territory, is defined by the thinning of the shale section and by
lack of data. Its southern border is defined by the shallowing and pinch-out of the shale. Its
eastern bo rder i s de fined by Slave Point/Keg River Up lift and thinning of the s hale. The
prospective ar ea f or Muskwa/Otter P ark Shale covers a 3, 320 mi? area al ong t he w estern

portion of the basin, Figure |-2.
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Figure I-2. Horn River (Muskwa/Otter Park Shale) Basin and Prospective Area

The Horn River, as well as t he ot hert wo north B ritish C olumbia shale g as basins
(Cordova Embayment and Liard Basin), contains a stack of organic shales, with the Middle
Devonian-age Muskwa/Otter Park and E vie/Klua most prominent, Figure 1-3. These two shale
units were mapped in the Horn River Basin to establish the prospective area with sufficient
thickness and resource concentration favorable for shale gas development. Other shales in this
basin include the high organic content but lower thermal maturity Mississippian E xshaw/Banff

Shale and the thick but low organic content Late Devonian Fort Simpson Shale.
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Figure I-3. NE British Columbia, Devonian and Mississippian Stratigraphy
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Reservoir Properties (Prospective Area)

Muskwa/Otter Park (Middle Devonian). The Middle Devonian Muskwa/Otter Park black
shale, the upper shale interval within the Horn River Group, is the main shale gas target in the
Horn River Basin. Dirilling depth to the top of the Muskwa Shale ranges from 6,300 to 10,200

feet, averaging 8,000 feet for the prospective area. The Muskwa/Otter Park shale is moderately
over-pressured in the center of the basin. The or ganically-rich gr oss t hickness of 420 feet
covers much of the overall Muskwa/Otter Park interval of 500 feet, with a net thickness of 380
feet. Total organic content (TOC) in the prospective area averages 3.5% (by wt.) for the net
shale thickness investigated. Thermal maturity (R,) is high, averaging about 3.8%, placing this
shale gas inthedrygas window. Because of t he high t hermal m aturity (high R ,) in the
prospective area, the gas has a CO, content of 10%. The Muskwa/Otter Park Shale has a high

quartz/low clay content, favorable for hydraulic stimulation.

Evie/Klua ( Middle Devonian). The Middle Devonian Evie/Klua black shale, the lower
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shale interval within the Horn River Group, provides a secondary shale gas target in the Horn
River Basin. T he top of the E vie/Klua s hale i s appr oximately 500 feet below the top of the
Muskwa/Otter Park Shale, separated by an organically lean rock interval. T he organically-rich
Evie/Klua shale thickness, with an average TOC of 3.5%, is about 160 feet (gross) and 144 feet
(net). T hermal m aturity (R,)is high, atabout 3.8%, pl acing t his shale gas in thedry gas

window, with potential for the presence of CO,. The Evie/Klua Shale has a low clay content.

Other Shales. The Horn River Basin also contains two shallower shales - - the Upper
Devonian/Lower Mississippian Exshaw Shale and the Late Devonian Fort Simpson Shale. The
Exshaw Shale, while rich in TOC (5%) is relatively thin (10 to 30 feet). The shallower portions of
the E xshaw S hale app earto be i nthe gas condensate window. T he m assively t hick For t
Simpson shale, with an interval of 2,000 to 3,000 feet, is organically lean (TOC <1%). Because
of less favorable reservoir properties and | imitations of data, these two s hale units hav e not

been included in the assessment.

Resources. The prospective ar ea for both the H orn R iver Muskwa/Otter P ark and
Evie/Klua s hales i s approximately 3,320 mi?. W ithin t his pr ospective ar ea, the Horn Riv er
Muskwa/Otter Park shales have a rich resource concentration of about 152 Bcf/mi?. As such,
therisked gasin-placeis 378 Tcf. Based o n favorable r eservoir mineralogy and o ther
properties, we estimate a risked technically recoverable shale gas resource of 132 Tcfin the
Muskwa/Otter Park Shale. The thinner Evie/Klua Shale has a resource c oncentration of 55
Bcf/mi?, and 110 Tcf of risked gas in-place with 33 Tcf as risked technically recoverable,
Table I-1.

Activity. The gas processing capacity in the Horn River Basin is being expanded to
provide i mproved m arket ac cess to s hale g as production from this basin. For example, the
Cabin Gas Plant, with 800 MMcfd of capacity, is due on's treamin Q3 of 2012 and t he Fort
Nelson Gas Plant is being expanded to 1 Bcfd. Pipeline infrastructure is also being expanded to
bring the gas south to the Deep Basin and then to the Kitimat LNG export plant on the Pacific
coast of British Columbia, due on line in 2014. A 287-mile Pacific Trail Pipeline would connect
the Kitimat LNG export plant with S pectra E nergy’s West C oast Pipeline S ystem, Figure 1-4.
The Kitimat LN G terminal has an announ ced s end-out capacity of 5 million tons of LNG per

year.
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Figure I-4. Horn River LNG Export Pipeline and Infrastructure

A number of major and independent companies are active in the Horn River Shale Play.
For example, EnCana plans to drill 41 long horizontal wells as part of their 2010 joint program
with Apache to achieve a year-end exit rate of 100 MMcfd, net to EnCana. Devon is in the early
stages of de-risking its 170,000 net acre lease position, projected to hold nearly 10 Tcfe of net
risked resource. The company plans to drill 7 horizontal wells in 2010. EOG has acquired a
157,000 net acre lease position, with potential recoverable resources of 9 Tcf. lIts two significant
pilot/development ar eas hav e book ed 850 B cf of proved r eserves, as of the end o f2009.
Quicksilver has a 130 ,000 net ac re | ease po sition w ith a pr ojected recoverable resource
potential of over 10 Tcf. Nexen has drilled 18 horizontal wells, establishing production capacity
of 100 MMcfd.

Cordova Embayment

Geologic Characterization. The Cordova Embayment covers an area of 4,290 mi? in

the extreme northeastern corner of British Columbia, extending into the Northwest Territory. It
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is separated from the Horn River Basin on the west by the Slave Point Platform. Its northern
and southern boundaries are defined by a thinning of the shale. Its eastern boundary is a facies
change along the British Columbia and Alberta borders. The dominant shale gas formation, the
Muskwa/Otter Park Shale was m apped t o es tablisht he 2,850 m i’ prospective ar ea w ith

minimum thickness for favorable shale gas development, Figure I-5.

Reservoir Properties (Prospective Area)

Muskwa/Otter Park. The Middle Devonian Muskwa/Otter Park Shale is the main shale

gas target in the Cordova Embayment. The drilling depth to the top of the Muskwa Shale in this
basin ranges from 5,500 t o 6, 200 f eet, av eraging 6,000 feetin the prospective area. The
reservoir pressure is normal. The organically-rich gr oss t hickness is 230 feet, with a net
thickness of 207 feet. Total organic content (TOC) in the prospective area is 2.5% for the net
shale thickness investigated. Thermal maturity averages 2.0% R,, placing the shale in the dry
gas window. The Muskwa/Otter Park Shale has a moderately high quartz content, favorable for

hydraulic stimulation.

Other S hales. The de eper, relatively t hin E vie/Klua Shale i s s eparated fromt he
overlying Muskwa/Otter Park by the Slave Point and Sulfur Point Formations, Figure I-6. T he
overlying Exshaw and Fort Simpson shales are shallower, thin or low in organics. These shales

have not been included in the assessment.

Resources. The prospective area of the Cordova Embayment Muskwa/Otter Park
Shale is approximately 2,850 mi®>. Within this prospective ar ea, the s hale has a moderate
resource concentration of 61 Bcf/miZ. As such, the shale gas in-place is 83 Tcf risked. Based
on favorable reservoir mineralogy and other properties, we estimate a risked technically

recoverable shale gas resource of 29 Tcf for the Cordova Embayment, Table I-1.

Activity. Nexen has acquired a 38,000-acre lease position in the Cordova Embayment
and has drilled one new exploration well. Penn West Energy Trust and Mitsubishi have formed
a joint venture to develop the estimated 5 to 7 Tcf of recoverable shale gas resources on their

120,000-acre (gross) lease area, planning to drill 5 wells in 2010.
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Figure I-5. Cordova Embayment (Muskwa/Otter Park Shale) Outline and Figure I-6. Cordova Embayment Stratigraphic Column
Prospective Area
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Liard Basin

Geologic Characterization. The Liard Basin covers and area of 4,300 mi’ in northern
British Columbia. Its eastern border is defined by the Bovie Fault, which separates the Liard
Basin from the Horn River Basin, Figure |-7. Its northern boundary is currently defined by the
British Columbia and the Yukon/Northwest Territories border. Its western and southern

boundaries are defined by structural folding.

Figure |-7. Liard Basin Location, Cross Section and Prospective Area

The dominant shale gas formation in the Liard Basin is the Middle Devonian-age Lower
Besa River Shale, equivalent to the Muskwa/Otter Park and Evie/Klua shales in the Horn River
Basin. Additional, less organically-rich and less prospective shales exist in the basin’s Upper
Devonian- and Mississippian-age shales, such as the Middle Besa River Shale (Fort Simpson
equivalent) and the Upper Besa River Shale (Exshaw/Banff equivalent), see Figures I-3 and I-8.
The prospective area for the Lower Besa River Shale covers a 1,940 mi® area along the eastern

portion of the basin, Figure 1-9.
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Figure I-8. Liard Basin Stratigraphic Cross Section

Source: D. W. Morrow and R. Shinduke, “Liard Basin, Northeast British Columbia: An Exploration
Frontier”, Geological Survey of Canada (Calgary), Natural Resources Canada
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Figure I-9. Liard Basin and Prospective Area (Lower Besa River Shale)

Reservoir Properties (Prospective Area)

Middle D evonian (Lower Besa River). The Lower Besa River organically-rich shale is

the main shale gas target in the Liard Basin. Drilling depths to the top of the formation in the
prospective area range from 6,600 to 12,300 feet, averaging about 9,000 feet. The organically-
rich Lower Besa River section has a gross thickness of 630 feet and a net thickness of 441 feet.
Total organic content (TOC) in the prospective area can reach as high as 5%, averaging 3.5%
for the net shale interval investigated. The thermal maturity of the prospective area is high, with
an average R, of 3.8%. The geology of the Besa River Shale is complex, with numerous faults
and thrusts. The Lower Besa River Shale is quartz-rich (40% to >80%), with episodic intervals

of dolomite and more pervasive intervals of clay.

Resources. TheLi ard B asin’s Low er B esa R iver S hale has ahi ghr esource
concentration of 161 Bcf/mi®. Given a prospective area of 1,940 mi?, the risked shale gas in-
place is approximately 125 Tcf. Based on relatively favorable reservoir mineralogy but
significant s tructural c omplexity, we es timate ar isked technically recoverable s hale g as

resource of 31 Tcf for the Liard Basin, Table I-1.
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Exploration Activity. Transeuro Energy Corp. and Questerre Energy Corp., two small
Canadian oper ators. ha ve drilled and ¢ ompleted t hree ex ploration w ells pr oducing from the
Besa River and Mattson shale/siltstone intervals at the Beaver River Field. The gas is being
sold into the existing gas gathering and pipeline system, initially built for the conventional gas
play in this area. In addition, Nexen has recently acquired a large 170,000-acre lease position

in this basin.
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Deep Basin

Geologic Characterization. The Deep Basin of Alberta and British Columbia covers a
massive area of over 54,000 mi? along the border of Alberta and British Columbia, Figure 1-10.
The basin contains the Montney and Doig Phosphate Resource plays, two large, multi-
depositional Triassic-age hydrocarbon resource accumulations containing over 1,000 Tcf of gas
in-place in conventional g as formations, tight gas sands and shale gas. (Separately, for a
private study, Advanced Resources previously assessed the Montney tight gas sand resource

in-place at over 500 Tcf).

A critical step for assessing the Montney Resource Play is establishing where to draw
the demarcation line between the shale gas and the tight gas resource areas. For this study,
we have designated the areas west of the Deformation Front as “shale gas dominant” and the

areas east of the Deformation Front as “tight gas dominant”, Figure I-11.

The M ontney Resource P lay is ov erlain by t he M iddle T riassic-age D oig Fo rmation,
incorporating the Diog Phosphate shale gas play, which reaches prospective thickness in the

western portion of the Deep Basin.

Reservoir Properties (Prospective Area)

Montney S hale ( Lower Tr iassic). The Low er Triassic M ontney S hale ¢ overs a

prospective ar ea o f app roximately 1, 900 mi? on t he nor thwestern ed ge of the D eep B asin,
Figure 1-12. Drilling depth to the top of the Upper Montney Shale ranges from 3,000 to 9,000
feet, averaging 6,000 feet for the prospective area. T he interval from the top of the Upper
Montney to the base of the Lower Montney encompasses up to 1,000 feet, with an extensive
100- to 500-foot interval separating the two units, Figure I-13. The organically-rich gross
thickness for the Montney Shale averages 400 feet, with a net thickness of 240 feet. The total
organic content in the prospective area averages 3% for the net shale thickness. The thermal
maturity (R,) ranges from about 1.3% on the eastern edge of the shale play to 2.0% on the
western edge, placing the shale into the dry gas window. The Montney Shale has a favorable

quartz to clay ratio, making the formation attractive for hydraulic fracturing.
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Figure | -11. Montney and Doig Resource Plays, Stratigraphy
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Figure | -12. Deep Basin, Montney Shale Prospective Area Figure I-13. Cutback Ridge — Montney Type Log
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Doig Phosphate Shales (Middle Traissic). The Middle Triassic Doig Phophate play has

a thick section of organically rich shale along the western edge of the Deep Basin that forms the
prospective area, Figure 1-14. Drilling depth to the top of the Doig Phosphate Shale averages
9,250 feet. The organic-rich D oig P hosphate ranges from 130 to 200 feet thick with ane t
thickness of 150 feet in the western prospective area. The thermal maturity (R, 1.1%) places
the shale in the wet gas window. T he total organic contact is moderate to high, averaging 5%
within the D oig P hosphate Shale. X-ray diffraction of cores taken from the D oig P hosphate
Formation show significant levels of quartz with minor to moderate illite clay and trace to minor

amounts of pyrite and dolomite, making the formation favorable for hydraulic fracturing.

Figure I-14. Doig Resource Play, Doig Phosphate Prospective Area
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Resources. The prospective area for the Montney Shale is estimated at 1,900 mi? and
the prospective area of the Doig Phosphate Shale is estimated at 3,000 mi?>. Within these
prospective ar eas, the s hales hav e m oderately-rich r esource ¢ oncentrations of abou t 100
Bcf/mi? for the Montney Shale and 67 Bcf mi? for the Doig Phosphate Shale. As such, the risked
shale gas in-place is 141 Tcf for the Montney Shale and 81 T cf for the Doig Phosphate Shale.
Based on favorable mineralogy and ac ompact pac kage of s hale, we es timate ar isked
technically recoverable shale gas resource of 49 Tcf for the Montney Shale and 20 Tcf for the

Doig Phosphate Shale.

Exploration Activity. A significant number of wells have been drilled into the Montney
and D oig Resource plays. The bulk of the wells have targeted the clastic- and siltstone-rich
tight gas intervals sourced by the organically-rich shales. An extensive system of existing gas

pipelines link the Deep Basin to Canadian and U.S. natural gas markets.

Colorado Group

Geologic Characterization. The Colorado Group Shales cover a massive, 124,000 mi?
square mile area in southern Alberta and s outheastern Saskatchewan. The western boundary
of the C olorado Group ist he C anadian R ockies O verthrust. T he northern and eas tern
boundaries are defined by shallow shale depth and |oss of net pay. The southern boundary is
the U.S./Canada border. The Colorado Group encompasses a thick, Cretaceous-age sequence
of sands, mudstones and shales. Within this sequence are two shale formations of interest for
natural gas development - - the Fish Scale Shale Formation in the Lower Colorado Group and
the Second White Speckled Shale Formation in the Upper Colorado Group, Figure 1-15. We
selected the 5,000 to 10,000 foot depth contours for defining the prospective area, to capture

the potential for both thermogenic as well as biogenic gas generation, Figure |-16.

Reservoir Properties (Prospective Area). In the prospective area, the depthtothe
Second White Speckled (2WS) and the Fish Scale shales ranges from 5,000 feet near Medicine
Hat (on the east) to over 10,000 feet in the west. The Fish Scale Shale is generally about 200
feet deeper than the 2WS. The interval from the top of the 2WS to the base of the Fish Scales
Shale ranges from 300 feet in the east to over 1,000 feet in the west, with an organically-rich
gross pay of 523 feet. We assume a c onservative net to gross ratio of 20%. Much of the
Colorado Group Shale appears to be underpressured at about 0.25 to 0.3 psi/ft. The total

organic carbon content of the shale ranges from 2% to 3%. In the prospective area, the thermal
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maturity of the shale is low (R, of 0.4% to 0.8%). However, the presence of biogenic gas plus
some low-temperature cracking of kerogen appear to have provided adequate volumes of gas
generation in the deeper portions of the basin. The rock mineralogy appearsto be lowto
moderate in clay (ductile clays and ot her m aterials of 31 %) and thus favorable for hy draulic

fracturing.

Resources. The potentially prospective area of the Colorado Group shale is 48,750 mi?,
covering much of southwestern Alberta. Within this prospective area, the shale has a relatively
low gas concentration of 21 Bcf/mi>. The shale gas in-place is 408 Tcf risked. Based on
potentially f avorable s hale m ineralogy, but ot her | ess favorable r eservoir pr operties such as
lower pressure and an uncertain gas charge, we estimate a risked technically recoverable shale

gas resource of 61 Tcf for the Colorado Group, Table I-1.

Exploration Activity. To date, the C olorado Group S hales hav e s een only | imited

exploration and development, primarily in the shallower eastern portion of the play area.

February 17, 2011
-19



Figure I-15. Colorado Group Stratigraphic Column
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Figure I-16. Colorado Group, Prospective Area
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EASTERN CANADA

Eastern Canada has four potential shale gas plays, namely - - the Utica and Lorraine
shales in the St. Lawrence Lowlands of the Appalachian Fold Belt of Quebec, the Horton Bluff
Shale in the Windsor B asin of northern N ova S cotia, and t he Frederick B rook S hale inthe
Moncton Sub-Basin of the Maritimes Basin in New Brunswick. These three shale gas basins
are in an early exploration stage. Therefore, only preliminary shale gas resource assessments
are offered for the Utica and Horton Bluff shales. Insufficient information exists for assessing

the Lorraine and Frederick Brook shales.

The two assessed Eastern Canada shale gas basins contain 164 Tcf of risked gas in-
(The Canadian S ociety f or U nconventional G as ( CSUG) ¢ ites an OGIP for

unconventional g as of 181 Tcf (unrisked) fort he Utica Shale.?)

place.
The risked, t echnically

recoverable resources for these two basins are estimated at 33 Tcf, Table I-2.

Table I-2. Gas Shale Reservoir Properties and Resources of Eastern Canada

. Appalachian Fold Belt|  Windsor Basin
S B Al
& asin/Gross Area (3,500 mi?) (650 mi?)
Q
§ Shale Formation Utica Horton Bluff
Geologic Age Ordovician Mississippian
=  |Prospective Area (mi?) 2,900 524
g Interval 1,000 - 3,000 500- 1,000
& |Thickness (ft) [Organically Rich 1,000 500
©
= Net 400 300
>
< Interval 4,000 - 11,000 3,000 - 5,000
& [Pepth(®) 1 erage 8,000 4,000
= & |Reservoir Pressure Slightly Overpressured Normal
2 T |Average TOC (wt. %) 2.0% 5.0%
§ §' Thermal Maturity (%Ro) 2.00% 2.00%
© a |Clay Content Low Unknown
g GIP Concentration (Bcfimi®) 134 82
9  |Risked GIP (Tcf) 155 9
« |Risked Recoverable (Tcf) 31 2

St. Lawrence Lowlands Basin (Quebec)/Utica Shale

Geologic Characterization.

The Utica Shalei s located within the S t. Law rence

Lowlands and G aspe Peninsula of the Appalachian Fold Belt in Quebec, Canada, Figure 1-17.
The Uticais an U pper Ordovician-age s hale, | ocated above the c onventional Tr enton-Black

River Formation, Figure 1-18. A second, |less defined, thicker but lower T OC Lorraine Shale
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overlies the Utica. B ecause of limited data, the Lorraine Shale play is notincluded in this

assessment.

Figure I-17. Utica Shale Outline and Prospective Area
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Figure I-18. Utica Shale Stratigraphy

Source: L. Smith AAPG, AAPG Bulletin, v. 90, no. 11 (November 2006), pp. 1691-1718
JAF21299.A
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Reservoir Properties (Prospective Area). The Utica Shale in Quebec is structurally
much more complex than the Utica Shale in the Appalachian Basin of New York. Three major
faults - - Yamaska, Tracy Brook and Log an’s Line - - form structural boundaries and par titions
for the Utica Shale play in Quebec. The extensive faulting and thrusting in the shale introduces
considerable ex ploration and ¢ ompletionrisk. T he depth tothe top of thes hale in the
prospective area ranges from 3,000 to over 11,000 feet, shallower along the southwestern and
northwestern boundaries and deeper along the eastern boundary. The thickness of the Utica
Shale interval ranges from 1,000 feet to over 3,000 feet, with an organically rich gross interval of
1,000 feet. With a net-to-gross ratio of 40%, the net organic-rich shale is estimated at 400 feet.
The t otal organic content (TOC)r angesfrom 1%t o3 %, witht he hi gher TOC v alues
concentrated in the Upper Utica Shale. The thermal maturity is high, ranging from R, of 1.1% to
4% and averaging 2%, placing the shale mostly in the dry gas window. Data on quartz and clay

contents are not publicly available.

Resources. The prospective area of the Utica Shale in Quebec is estimated at 2,900
mi.  Within this prospective area, the shale has arich gas concentration of 134 Bcf/mi®. As
such, the risked shale gas in-place is 155 Tcf. With moderate clay content, but severe geologic
complexity within the prospective area, we estimate a risked technically recoverable shale gas

resource of 31 Tcf for the Utica Shale.

Exploration Activity. Two significant s ize oper ators, Talisman and Forest Oil, pl us
numerous s maller companies such as Questerre, Junex, Gastem and Molopo, hold leases in
the U tica S hales o f Quebec. A pproximately 25 exploration wells ha ve been dr illed with
moderate results. Market access is provided by the Maritimes and Northeastern pipeline as well

as the TransCanada Pipeline to markets in Quebec City and Montreal.

Windsor basin (Nova Scotia)/Horton Bluff Shale

Geologic Characterization. The Horton B luff Shale is | ocated in north-central Nova
Scotia. It is an Early Mississippian Shale within the Horton Group, Figure 1-19. Because the
Horton Bluff Shale rests directly on the pre-Carboniferous, igneous and metamorphic basement,
it has experienced high heat flow and has a high thermal m aturity (R, of 1.5% to 2.5%) in

northern Nova Scotia. The Horton Bluff Shale geology is complex and faulted.
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Figure I-19. Horton and Frederick Brook Shale (Horton Group) Stratigraphy

Source: Mukhopadhyay, 2009 JAF2T208 Al

Reservoir Properties (Prospective Area). The regional extent of the Horton Shale
play is only partly defined as the basin and prospective area boundaries are highly uncertain. A
preliminary outline and prospective area of 524 mi? for the Horton Bluff Shale play is provided in
Figure 1-20. The depth of the prospective area ranges from 3,000 to 5,000 feet. The shale
interval is on the order of 500 to 1,000 feet thick with 500 feet of organic-rich gross pay and 300
feet of net pay. The TOC is 4% to 5% (locally higher). The thermal maturity of the prospective
shale area ranges from an R, of 1.1% in the south to an R, of over 2.5% in the northeastern
portion of the area, placing the bulk of the Horton Bluff Shale in the dry gas window. Data from
the Kennetcook #1, drilled to test the Horton Bluff shale in the Windsor Basin provided a portion

of the data on reservoir properties.
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Figure 1-20. Preliminary Outline and Prospective Area for Horton Bluff Shale (Nova Scotia)

Resource. The potentially prospective area of the Horton Bluff Shale in Nova Scotia is
524 mi®, covering the northern and eastern portions of the play area. Within this prospective
area, the shale has a resource concentration of 82 Bcf/mi?. As such, our preliminary estimate is
9 Tcf of risked shale gas in-place. Given the geologic complexity in the prospective area, we

estimate a risked technically recoverable shale gas resource of 2 Tcf for the Horton Bluff Shale.

Exploration Activity. Two small operators, Triangle P etroleum and Forent E nergy,

have acquired leases and have begun to explore the Horton Bluff Shale.
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Moncton Sub-Basin (New Brunswick)/Frederick Brook Shale

The Frederick Brook Shale is located in the Moncton Sub-Basin of the larger Maritimes
Basin of N ew B runswick, Figure I-21. This Mississippian-age s hale i s c orrelative with t he
Horton Group in Nova Scotia, Figure 1-19. The Moncton Sub-Basin is bounded on t he east by
the Caledonia Uplift, on the west by the Kingston Uplift and on the north by the Westmoreland
Uplift, Figure [-22. Because of limited data, the definition of the prospective area of the

Frederick Brook Shale has not yet been established.

The Fr ederick B rook Shalei ss tructurally c omplex, w ith ex tensive f aulting a nd
deformation. Its depth ranges from about 3,000 feet along the basin’s eastern edges to 15,000
feetin the north. The total organic content of the shale ranges widely, from 1% to 10% and
typically from 3% to 5%. N o data are available on the mineralogy of the shale. The shales
thermal maturity ranges from immature R, < 1% in the shallower portions of the basin to highly

mature (R, > 2%) in the deeper western and southern areas.

Figure I-21. Location of the Moncton Sub-Basin

MARITIMES
Moncton
Sub-Basin
Source: Geological Survey of Canada, 2009 CSPG CSEG CWLS Convention, Canada JAF21297 Al
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Much of the data for this preliminary assessment of the Frederick Brook Shale is from
the M cCully g as field al ong t he s outhwestern edge o fthe Moncton Sub-Basin and f rom a
handful of vertical exploration wells. Other area, such as the Cocagne Sub-Basin, Figure |-22,

may also be prospective for the Frederick Brook Shale but have yet to be explored or assessed.

Figure I-22. Structural Controls for Moncton Sub-Basin (New Brunswick) Canada

Source: P.K. Mukhopadhyay, Search and Discovery Article #10167 (2008)
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Natural Gas Profile

Canada is a major producer and a net exporter of natural gas. In 2009, Canada
produced 5,697 Bcf of natural gas, making it the world’s third largest producer of this resource.
Canada consumed 3,342 Bcf and exported 2,758 Bcf to the U.S. in 2009.

Overall nat ural gas p roduction i n 2009 dec lined by nearly 6% from 2 008, with g as
exports to the U.S. dropping below 3 T cf for the first time in this decade. M uch of Canada’s
natural gas production is concentrated in the Western Canada Sedimentary Basin, particularly
in the province of Alberta. C onventional natural gas production in Canada has been s teadily
declining, with coalbed methane, tight gas and more recently shale gas production helping stem

the decline.

Canada’s proved reserves of natural gas, which had been declining steadily, stabilized
at 58 Tcf in 2009.

Canada’s natural g as pipeline system is highly interconnected withthe U.S.  Within
Canada, TransCanada Pipeline operates a 25,600-mile network including the 13,900-mile, 10.6
Bcfd Alberta System and the 8,900-mile, 7.2 Bcfd Canadian Mainline. Spectra Energy operates
a 3,540-mile, 2.2 Bcfd pipeline system connecting western Canada gas supply regions with
markets in the U.S. and Canada. Spectra Energy also operates the Maritimes and Northeast

Pipeline linking eastern Canada gas supply with markets in the eastern U.S.
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I MEXICO

INTRODUCTION

Thick, organic-rich and thermally mature source rock shales of Jurassic- and
Cretaceous-age occur in northeast and east-central Mexico, along the country’s onshore portion
of the Gulf of Mexico Basin, Figure II-1. These shales are time-correlative with gas productive

shales in the United States, including Eagle Ford, Haynesville, Bossier and Pearsall shales. *

However, compared with the shale belts of Texas and Louisiana, Mexico’s coastal shale
zone is narrower, less continuous and structurally much more complex. Regional compression
and thrust faulting related to formation of the Sierra Madre Ranges has narrowed Mexico's
coastal plain, creating a series of partly prospective, discontinuous sub-basins.? Many of
Mexico’s largest conventional oil and gas fields have been discovered here, both onshore and
offshore. Conventional gas is produced mainly from sandstone reservoirs of Miocene and
Pliocene age sourced by deep, organic-rich and thermally mature Jurassic (Tithonian) and
Cretaceous-age shales. These deep source rocks are the principal targets for shale gas

exploration in Mexico.

Based on regional mapping and source rock characterization, Advanced Resources
(ARI) estimates that the five Mexico onshore basins assessed in this study contain
approximately 2,366 Tcf of geologically risked shale gas in-place, Table II-1. An estimated 681
Tcf (risked) is judged to be technically recoverable. Structural complexity (faulting and folding),
excessive depth (>5,000 m), and locally thin or absent shale on paleo highs constrain the
resource assessment. No shale gas leasing or exploration activity has been reported to have

occurred in these five basins.
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Figure II-1. Onshore Shale Gas Basins of Eastern Mexico’s Gulf of Mexico Basin.

Cross-section locations are noted
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Table II-1. Shale Gas Reservoir Properties and Resources of Mexico

§ Basin/Gross Area Burgos Basini(24,200 mi?) Sabinas Basini(23,900 mi?)
(%]
'E Shale Formation Eagle Ford Shale | Tithonian Shales | Eagle Ford Shale|Tithonian La Casita
Geologic Age L-M Cretaceous Upper Jurassic L-M Cretaceous Late Jurassic
w2 Prospective Area (miz) 18,100 14,520 12,000 12,000
£ Interval 300 - 1,000 100 - 1,400 300 - 1,000 200 - 2,600
& |Thickness (ft) |Organically Rich 600 500 500 800
S Net 400 200 400 240
) Interval 3,390 - 16,400 5,000 - 16,400 5,000 - 12,500 9,800- 13,100
o |Depth (ft)
Average 10,380 12,000 9,000 11,500
= 9 |Reservoir Pressure Normal Normal Underpressured | Underpressured
o =
S & [Average TOC (wt. %) 5.0% 3.0% 4.0% 2.0%
& g Thermal Maturity (%Ro) 1.30% 1.30% 1.30% 2.50%
Clay Content Low Low Low Low
g GIP Concentration (Bcf/miz) 209 75 113 58
9 |Risked GIP (Tcf) 1,514 272 218 56
& [Risked Recoverable (Tcf) 454 82 44 11
] . Tampico Basin . Veracruz Basin
= B Al . T PI (2,810 mi? :
5 asin/Gross Area (15,000 mi2) uxpan Platformi(2,810 mi?) (9,030 mi2)
(%)
E Shale Formation Pimienta Tamaulipas Pimienta Maltrata
Geologic Age Jurassic L-M Cretaceous Jurassic Upper Cretaceous
w2 Prospective Area (miz) 14,240 1,950 1,950 8,150
*2 Interval 16 - 650 50 - 500 400 - 1,000 0- 600
' |Thickness (ft) [Organically Rich 490 300 490 300
g Net 245 225 245 120
) Interval 3,300 - 10,700 6,000 - 10,100 6,600 - 10,700 9,850 - 12,000
o |Depth (ft)
Average 6,200 7,900 8,500 11,200
= ¥ |Reservoir Pressure Normal Normal Normal Normal
° s
§ 9 [Average TOC (wt. %) 3.0% 3.0% 3.0% 2.0%
& E Thermal Maturity (%R0) 1.30% 1.25% 1.30% 1.50%
Clay Content Low Low Low Low/Medium
g GIP Concentration (Bcfimi?) 63 65 72 29
o  |Risked GIP (Tcf) 215 25 28 38
o |Risked Recoverable (Tcf) 65 8 8 9

In April 2010 PEMEX announced plans to drill Mexico’s first shale gas test well in

Coahuila state sometime during this year, while in August 2010 Pemex Director General Juan

Jose Suarez listed shale gas among Mexico’s "great future" untapped opportunities.
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GEOLOGIC CHARACTERIZATION
Regional Geology

Onshore eastern Mexico contains a series of medium-sized basins and structural highs
(platforms) within the larger western Gulf of Mexico Basin.® These structural features contain
organic-rich marine shales of Jurassic and Cretaceous age that may be prospective for shale
gas development. The accurate coastal shale belt includes the Burgos, Sabinas, Tampico,
Tuxpan Platform, and Veracruz basins and uplifts. While detailed geologic maps of these areas
generally are not publicly available, ARI constructed a general pattern of shale depth and

thickness from a wide range of published local-scale maps and cross sections.

Many of Mexico’s shale basins are too deep in their center for shale gas development
(>5 km), while their western portions tend to be overthrusted and structurally complex.
However, the less deformed eastern portions of these basins and adjacent shallower platforms
are structurally more simple. Here, the most prospective areas for shale gas development are

buried at suitable depths of 1 km to 5 km over large areas.

Pyrolysis geochemistry, carbon isotopic and biomarker analysis of oil and gas fields
identify three major Mesozoic hydrocarbon source rocks in Mexico’'s Gulf Coast Basin: the
Upper Cretaceous (Turonian to Santorian), Lower-Mid Cretaceous (Albian-Cenomanian), and --
most importantly — Upper Jurassic (Tithonian), the latter having sourced an estimated 80% of
the conventional oil and gas discovered in this region.* These targets, particularly the Tithonian,

also appear to have the greatest potential for shale gas development, Figure I1-2.

This section discusses the shale gas geology of the individual sub-basins and platforms
along eastern Mexico’s onshore Gulf of Mexico Basin. The basins discussed start in northern
Mexico near Texas moving to the south and southeastern regions close to the Yucatan

Peninsula.
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Figure 1I-2. Stratigraphy of Jurassic and Cretaceous rocks in the Gulf of Mexico Basin, Mexico and USA.

Shale gas targets are highlighted.

Modified from Salvador, A. and Quezada-Muneton, J.M., 1989
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Burgos Basin

Overview. Located in northeast-most Mexico’s Coahuila state, directly south of the Rio
Grande River, the Burgos Basin is the southern extension of the Maverick Basin in Texas, the
latter hosting the highly productive Eagle Ford and Pearsall shale plays. The Burgos Basin

covers a total area of approximately 24,200 mi°.

Reservoir Properties (Eagle Ford Shale). Based on an analog with the Eagle Ford
Shale in Texas, ARI considers the Eagle Ford Shale in the Burgos Basin to be Mexico’s top-
ranked shale prospect. In the western margin of the Burgos Basin the Eagle Ford Shale gross
pay ranges from 100 to 300 m thick (average 200 m), Figure 11-3.> Recognizing the sparse
regional depth and thickness control on the Eagle Ford Shale in the Burgos Basin®, we estimate
a prospective area of 18,100 mi? within the 1 km to 5 km depth window, Figure 1I-4, with a net
organically-rich shale thickness of 400 feet. The eastern section of the basin is excluded as the
shale is deeper than 5 km. Total organic content (TOC) is estimated at 5% (average) with a
mean vitrinite reflectance of 1.3% R,. Because reservoir pressure data were lacking; a
hydrostatic pressure gradient (0.43 psi/ft) was assumed. The surface temperature in this region

averages approximately 20°C, while the geothermal gradient typically is 23°C/km.

Resources (Eagle Ford Shale). Within its 18,100 mi* prospective area, the Eagle Ford
Shale exhibits a high resource concentration of 210 Bcfmi®. Risked shale gas in-place is 1,514

Tcf with a risked technically recoverable resource of 454 Tcf.
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Figure 1I-3. Stratigraphic Cross-Section Along the Western Margin of the Burgos Basin.

Section is flattened on top Cretaceous. The Eagle Ford Shale (EF) here ranges from about 100 to 300 m thick (average 200 m).

A A’

Modified from Horbury et al., 2003
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Figure II-4. Burgos Basin Outline and Shale Gas Prospective Area.
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Reservoir Properties (Tithonian Shale). The Upper Jurassic Tithonian Shale is the
other important petroleum source rock in the Burgos Basin. Extrapolating from the structure of
the younger Eagle Ford, the average depth of the Tithonian Shale is 12,000 feet, with a
prospective range of 5,000 to 16,400 feet. Gross thicknesses can be up to 1,400 feet, with an
organically-rich net pay of 200 feet. A moderate TOC of 3.0% and thermal maturity of 1.30% R,

are estimated for the Tithonian Shale.

Resources (Tithonian Shales). With a prospective area of 14,520 mi?, the Tithonian
Shale of the Burgos Basin has an average resource concentration of 75 Bcf/mi®. The risked

shale gas in-place is 272 Tcf with a risked technically recoverable resource of 82 Tcf.

Sabinas Basin

Overview. The Sabinas is one of Mexico’s largest onshore marine shale sub-basins,
extending over a total area of 23,900 mi® in the northeast part of the country, Figure 1I-5. The
Sabinas Basin is structurally quite complex, having been deformed into a series of tight, NW-SE
trending, evaporate-cored folds of Laramide origin called the Sabinas foldbelt. In addition,
withdrawal of Lower Jurassic salt during early Tertiary time induced an overprint of complex

salt-withdrawal tectonics.”’

Much of the basin is probably too structurally deformed for shale gas development,
although a small area on the northeast side of the basin is more gently folded and may be
prospective. The Eagle Ford (Turonian) and the Late Jurassic La Casita Fm (Tithonian)® in this
basin appear to be the most prospective for shale gas development (The deltaic to continental

Cretaceous Olmos Shale appears to be rich in terrigenous clay and coals).

Reservoir Properties (Eagle Ford Shale). The Eagle Ford Shale (Turonian) is
distributed across the NW, NE, and central portions of the Sabinas Basin. It consists of a 300-m
thick sequence of black shales rhythmically interbedded with sandy limestone and carbonate-
cemented sandstone. We assume an organically-rich interval of 500 feet with 400 feet of net
pay. We have used the Eagle Ford Shale in the Maverick Basin of South Texas as the analog
for reservoir properties, using a TOC of 4%, a thermal maturity of 1.30% (R,) and moderate to
low gas-filled porosity. By extension of Burgos Basin data to the east, the average depth for the
prospective Eagle Ford is 9,000 feet. Based on reported data, we use an underpressured

gradient of 0.28 psi/ft for the Sabinas Basin.
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Figure II-5. Sabinas Basin Outline and Shale Gas Prospective Area.
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Resources (Eagle Ford Shale). Within a prospective area of 12,000 mi?, the Eagle
Ford Shale of the Sabinas Basin has a resource concentration of 113 Bcf/mi®. The risked shale

gas in-place is estimated at 218 Tcf, with a risked technically recoverable resource of 44 Tcf.

Reservoir Properties (La Casita Fm). The underlying La Casita Fm (Tithonian) is
regarded as the primary hydrocarbon source rock in the Sabinas Basin, consists of organic-rich
shales deposited in a deepwater marine environment. The La Popa sub-basin is one of
numerous sub-basins within the Sabinas Basin, Figure 1I-6.° The La Popa is a rifted pull-apart
basin that contains thick source rock shales. Up to 370 m of black carbonaceous limestone is
present in the Upper Jurassic La Casita Fm (Tithonian), overlying several km of evaporitic
gypsum and halite. Total shale thickness in the La Casita ranges from 60 m to 800 m. Thick
(300 m), prospective La Casita Fm shales have been mapped at depths of 2,000 to 3,000 m in
the central Sabinas Basin. Nearby, a thicker sequence (400-700 m) was mapped at greater
depth (3,000 to 4,000 m). We assume an organically-rich interval of 800 feet with 240 feet of
net pay. TOC ranges from 1.0% to 3.0%, and thermally the shale is well into the dry gas
window (R, = 2 to 3%).

Resources (La Casita Fm). Uncertainty of reliable formation depths along the edges of
the Sabinas limited our estimate of the prospective area to 12,000 mi? for the La Casita Fm.
With gas in-place concentrations for the La Casita Fm at 58 Bcf/mi?, the risked shale gas in-

place is 56 Tcf, with a risked technically recoverable resource of 11 Tcf.
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Figure 1I-6. Geologic Map of the La Popa Sub-Basin, Southeastern Portion of the Sabinas Basin.

Note the numerous detachment and salt-controlled folds.

Source: Hudson and Hanson, 2010.
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Tampico Basin

Overview. Bounded on the west by the fold-and-thrust belt of the Sierra Madre Oriental
(Laramide) and on the east by the Tuxpan platform, the Tampico-Mizatlan Basin extends north
from the Santa Ana uplift to the Tamaulipas arch north of Tampico. At the northern margin of

the basin is an arch, limited by a series of faults extending south from the Tamaulipas arch.

In the southern Tampico Basin, the Pimienta Shale is at a prospective depth of 1,400 to
3,000 m. Three structures dominate this area. The NE-SW trending Piedra de Cal anticline in
southwest Bejuco area is about 40 km long with a Pimienta Shale cresting at 1,600-m depth.
The SW-NE trending Jabonera syncline in southeast Bejuco is about 20 km long, with a
maximum shale depth of 3,000 m in the east and a minimum of about 2,400 m in the west. A
system of faults defines the Bejuco field in the center of the area. Two large areas (Llano de

Bustos and La Aguada) remained emergent and lack upper Tithonian shale deposits.

Reservoir Properties (Pimienta Fm). Near the city of Tampico, some 50 conventional
wells have penetrated organic-rich Upper Jurassic (Tithonian) Pimienta Fm shales at depths of
about 1,000 to 3,000 m, Figure 1I-7. Detailed shale thickness data are not available, but the
Pimienta Fm here generally ranges from 200 m thick to as little as 10 m thick on paleo highs.
We estimate an average net shale thickness of 245 feet for the prospective area. Average net
shale TOC is estimated at 3%, with a thermal maturity of 1.3% Ro.

Resources (Pimienta Fm). Excluding the paleo highs, the prospective area of the
Pimienta Shale is 14,240 mi? in the Tampico Basin. The resource concentration averages 63
Bcf/mi?.  We estimate a risked shale gas in-place of 215 Tcf, with a risked technically

recoverable resource of 65 Tcf.
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Figure II-7. Potentially Prospective Pimienta Formation (Tithonian) Shale, Tampico Basin.
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Tuxpan Platform

Overview. This feature southeast of the Tampico Basin is a subtle basement high
capped with a well-developed Early Cretaceous carbonate platform.*® A particularly prospective
and relatively well defined shale gas deposit is located in the southern Tuxpan Platform.
Approximately 50 km south of the city of Tuxpan, near Poza Rica, a dozen or so conventional
petroleum development wells in the La Mesa Syncline area penetrated thick organic-rich shales
of the Pimienta (Tithonian) and Tamaulipus (Lower Cretaceous) Formations.** A detailed cross-
section of the Tuxpan Platform shows thick. Lower Cretaceous and Upper Jurassic source
rocks dipping into the Gulf of Mexico Basin, Figure II-8. These source rocks reach prospective
depths of 2,500 m.

Reservoir Properties (Tamaulipas Fm). The Lower Cretaceous Tamaulipas Fm spans
a depth range of 6,000 to 10,100, averaging 7,900 feet. The gross interval averages 500 feet
while the net organically-rich pay is 225 feet. TOC in the Tamaulipas Fm is estimated at 3.0%.

The thermal maturity is slightly lower than for the deeper Pimienta, at 1.25% R..

Resources (Tamaulipas Fm). Given limited data on the younger Tamaulipas Fm, the
prospective area of the Pimienta Shale was used, limiting the area to 1,950 mi?, Figure 11-9. The
shallower Tamaulipas Shale is estimated to hold about 65 Bcf/mi® with a risked shale gas in-

place of 25 Tcf. The Tamaulipas Fm has a risked technically recoverable resource of 8 Tcf.

Reservoir Properties (Pimienta Fm). The Pimienta Shales range from 140 to 350 m
thick, is 2,400 to 3,300 m deep, and is prospective for shale gas development across a nearly
80-km long trend. However, southeast of Poza Rica some areas have thin to absent shale,
probably due to submarine erosion or lack of deposition. The gamma ray log response in the

organic-rich Pimienta shale indicates high TOC.

Resources (Pimienta Fm). In the Tuxpan Platform, the prospective area of the
Pimienta Fm shale is 1,950 mi®. Greater depth pushes the resource concentration to 72 Bcf/mi?
and the risked shale gas in-place to 28 Tcf. The risked technically recoverable of the Pimienta

Shale equals 8 Tcf.
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Figure 1I-8. Detailed Cross-Section of the Tuxpan Platform in East-Central Mexico Showing Thick Lower
Cretaceous and Upper Jurassic Source Rocks Dipping into the Gulf of Mexico Basin.
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Figure 11-9. Potentially Prospective Shale Gas Area of the Tuxpan Platform.
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Veracruz Basin

Overview. The Veracruz Basin extends over a total area of about 9,030 mi® onshore
near its namesake city. The basin’s western margin is defined by thrusted Mesozoic carbonates
(early Tertiary Laramide Orogeny) of the Cordoba Platform and Sierra Madre Oriental, Figure II-
10. The basin is asymmetric in cross section, with gravity showing the deepest part along the
western margin. The basin comprises several major structural elements, from west to east: the
Buried Tectonic Front, Homoclinal Trend, Loma Bonita Anticline, Tlacotalpan Syncline, Anton

Lizardo Trend, and the highly deformed Coatzacoalcos Reentrant in the south.*?

Reservoir Properties (Upper Cretaceous Maltrata Fm). The Upper Cretaceous
(Turonian) Maltrata Formation is a significant source rocks in the Veracruz Basin, with up to 80
m of shaly marine limestones and TOC exceeding 2%. Currently the Maltrata is in the late oil-

to-gas preservation window, with R, of 1.0% to 1.3%.

Resources (Upper Cretaceous Maltrata Fm). Assuming that 90% of the Veracruz
Basin is in a favorable depth range, the prospective area of the Upper Cretaceous Maltrata Fm
of the Veracruz Basin is 8,150 mi>. ARI estimates a relatively low resource concentration of 29
Bcf/mi?, resulting in a risked shale gas in-place of 38 Tcf. The risked technically recoverable

resource is estimated at 9 Tcf.
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Figure 1I-10. Veracruz Basin Outline and Shale Gas Prospective Area.
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NATURAL GAS PROFILE

Mexico produced 1.84 Tcf of natural gas in 2008 and consumed 2.36 Tcf,"®* Mexico’s
Gulf of Mexico Basin is the country’s main petroleum producing area, with approximately 12.7
Tcf of proved natural gas reserves as of 2010. The Southern Region of Mexico includes the
majority of the reserves though the Northern Region is expected to grow as unconventional
prospects are explored. With an estimated total 681 Tcf of technically recoverable resources,

shale gas could greatly expand Mexico’s existing natural gas reserves.

State-owned Pemex operates more than 5,700 miles of natural gas pipelines across
Mexico as well as much of the distribution network. There are currently ten active import
connections with the United States, which saw 338 Bcf of U.S. imports to Mexico and 28.3 Bcf

of Mexico’s gas exports to the U.S. in 2009.

EXPLORATION ACTIVITY

Despite the close proximity of successful shale gas plays in the USA, such as the Eagle
Ford Shale in South Texas, no shale gas exploration drilling has yet occurred in Mexico. The
national oil company PEMEX plans to drill the country’s first shale gas test well sometime later

this year, very likely targeting the Eagle Ford Shale in Coahuila state.
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[lI. NORTHERN SOUTH AMERICA

INTRODUCTION

A series of Late Cretaceous-age organic-rich shales exist in northern South America.
These shales have sourced the vast majority of the conventional oil and gas produced from
Venezuela and Colombia, in particular from the Maracaibo Basin and its inclusive Catatumbo
Sub-basin, Figure 1ll-1.> These organic-rich shale source rocks in these basins are age-

equivalent to the prolific South Texas Eagle Ford Shale in the United States.

Based on regional mapping and analysis of available geologic data, the Maracaibo and
Catatumbo onshore basins in Venezuela contain the most prospective shale gas plays in
northern South America, holding an estimated 120 Tcf of risked shale gas in-place, Table IlI-1.
Technically recoverable shale gas resources are estimated at approximately 30 Tcf. While a
high proportion of these two basins contain shale source rocks, significant areas are immature
for gas generation and/or are excessively deep for exploration and production (over 5,000

meters).

In addition, the Upper Magdalena Valley and Llanos basins in west-central and eastern
Colombia were analyzed for shale gas potential. While thick sequences of Late Cretaceous
black shales are also present here, low thermal maturities? (~0.5% Ro) persist across the region
and the shale gas formations appear to be immature for gas generation. Further limiting the
prospectivity of the Columbian shales are the complex Andean tectonics which include

numerous thrust and extensional faults, particularly in the Llanos Foothills.?
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Figure Ill-1. Gas Shale Basins of Northern South America.
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Table lll-1. Gas Shale Reservoir Properties and Resources of Northern South America.

© : Maracglbo Catatumbo Sub-Basin
= Basin/Gross Area Basin (2,380 mi2)
_3 (20,420 mi?) ’
,§ Shale Formation La Luna Fm La Luna Fm Capacho Fm
Geologic Age Late Cretaceous| Late Cretaceous Late Cretaceous
w2 Prospective Area (mi2) 1,800 1,310 1,950
*2 Interval 100 - 400 100 - 300 590 - 1,400
Y |Thickness (ft) [Organically Rich 200 200 800
S Net 180 180 320
z Interval 12,500 - 15,000 6,000 - 7,200 6,500 - 8,500
o Depth (ft)
Average 13,500 6,600 7,500
£ & |Reservoir Pressure Normal Normal Normal
2 £ |Average TOC (wt. %) 5.6% 4.5% 1.3%
§ & |Thermal Maturity (%Ro) 1.25% 1.05% 1.10%
= a [Clay Content Low/Medium Low/Medium Low/Medium
g GIP Concentration (Bcfimi?) 93 74 106
o |Risked GIP (Tcf) 42 29 49
& |Risked Recoverable (Tcf) 11 7 12

MARACAIBO BASIN (VENEZUELA)

Geologic Characterization. The Maracaibo Basin in northeastern Venezuela is
situated in a triangular intermontane depression.* The western edge of the basin is bounded by
the Sierra de Perija mountain range. The Merida Andes define the southern limit and the Truijillo
Mountains the eastern extent of this basin, Figure IlI-2. Beginning in the Late Jurassic,
sediments were deposited in depressions defined by north-northeast trending normal faults.®
Throughout the Cretaceous and Paleocene, clastic and carbonate material along with marine
shales were laid down across the passive margin, eventually becoming the main source rocks

of the Maracaibo Basin.

By the end of the Paleocene, when the Caribbean plate began to collide with
northwestern South America, the main sedimentary depocenter shifted from northwest to
southeast. The convergence resulted in subsidence and a 3-mile thick Eocene foreland wedge
of clastic sediments that accumulated across much of the present-day Maracaibo Basin. The
area was then affected by regional uplift across the central and northeastern portions during the
The uplift of the
surrounding mountain ranges resulted in Miocene-Holocene subsidence of the basin.

Oligocene, which brought about erosion and an Eocene unconformity.
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Figure lll-2. Regional Outline of the Maracaibo Basin.
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Modified from Escalona, A. and Mann, P., 2006

Major structural features present within the Maracaibo Basin include the Icotea and
Pueblo Viejo faults which run north-south through central Lake Maracaibo and its eastern flank.
The Burro Negro Fault stretches northwest-southeast in the northeastern portion of the basin.
The Valera Fault runs north-south along the eastern portion of the basin. These structural
elements are mapped in Figure 11I-2 and shown in the corresponding seismic cross-sections of
Figures IlI-3 and IlI-4. To the east of the Icotea Fault, numerous minor faults make up a small
pull-apart basin, extending up to the Eocene unconformity. The seismic profiles also show most
of the hydrocarbon reservoirs present reside below this erosional surface.
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Figure llI-3. Seismic Profiles, Maracaibo Basin.

Modified from Escalona, A. and Mann, P., 2006
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Figure lll-4. Seismic Profiles, Maracaibo Basin.

Modified from Escalona, A. and Mann, P., 2006
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Despite these and other geologic complexities, the Maracaibo Basin is home to some of
the world’s richest source rocks and conventional oil and gas reservoirs. In particular, the Late
Cretaceous shales of the La Luna Formation are a highly prospective target for shale gas

exploration, Figure IlI-5.

Figure IlI-5. Maracaibo Basin Stratigraphy.

Source: Escalona, A. and Mann, P., 2006

Reservoir Properties (La Luna Shale). The Cretaceous (Cenomanian-Santonian) La
Luna Formation, deposited under anoxic conditions, has long been a focus of study for
conventional onshore oil production as it is the primary source rock for the hydrocarbons in the
Maracaibo Basin.® Limestone intervals within the La Luna Fm can be excellent oil reservoirs,
sourced by hydrocarbons of the adjoining deep shales. The outer-shelf shales of the overlying
Colon Fm act as effective petroleum seals across the region, with most oil seepage only

occurring via fault pathways.
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Distributed across much of the Maracaibo Basin, the black calcareous La Luna Shale
ranges from 100 to over 400 feet thick, thinning towards the south and east,® Figure IlI-6.
Maximum thickness of nearly 500 feet occurs in the extreme northern part of the basin. To the
south and along Lake Maracaibo’s eastern flank, the La Luna averages about 200 feet thick.
ARI estimates that between one- and two-thirds of the gross thickness is net source rock pay.
While it is widely accepted that the formation was deposited in an anaerobic setting, paleowater
depth estimates range from over 3,000 feet® to only 160 feet.’® The deeper environment is
based on faunal assemblages, whereas the shallow deposition theory argues for upwelling of

deep water onto a shallow platform.

Figure IlI-6. La Luna Fm Isopach, Maracaibo Basin.

February 17, 2011 111-8



World Shale Gas Resources: An Initial Assessment

Depth to the Precambrian-Jurassic basement in the Maracaibo Basin reaches over
20,000 feet in southern Lake Maracaibo and its onshore eastern edge, Figure IlI-7. Much
shallower depths occur towards the west, where the basement depth quickly rises to 5,000 feet.
Depth to the La Luna Fm ranges from less than 5,000 to over 15,000 feet, generally deepening
from northeast to southwest, Figure 1lI-8. ARI's mapping indicates that the best shale gas
potential exists at depths of 12,500 to 15,000 feet, the interval where the La Luna becomes

thermally mature and gas prone.

Thermal maturity of the La Luna Fm increases from west to east across the Maracaibo
Basin, from less than 0.7% R, to over 1.7% R, east of Lake Maracaibo, Figure 11-9.1* Vitrinite
reflectance data indicate the unit is mainly in the oil generation window, with only a narrow area
of the eastern basin prospective for shale gas. This gas prone area covers approximately 1,800
mi? and establishes the prospective area for this basin. The western boundary is defined by the
1.0% R, contour. The eastern edge is limited by maximum 15,000-ft depth, inferred from the
structure of the Late Jurassic basement.* To date, no significant free gas accumulations have

been discovered in the Maracaibo Basin; all natural gas production has been associated gas.

Total organic carbon (TOC) varies across the basin, with values ranging from 3.7% to
5.7% in the northwest to 1.7% to 2% in the south and east. Maximum TOC values can reach
16.7%. ARI estimates the average TOC across the entire Maracaibo Basin is approximately
5.6%. A large portion of this shale-gas-prospective area includes part of Lake Maracaibo itself.
ARI chose to include this submerged area because water depths are shallow (less than 100
feet) and there are numerous conventional production platforms that could provide access to

shale drilling and development.

The underlying Capacho Formation, which is defined as a separate unit in the southern
and eastern regions, contains black limestone and overlying micaceous-argillaceous shale with
gross thicknesses of over 500 feet in the Maracaibo Basin. However, the Capacho Fm was
determined to be mostly located in areas that exceeded the prospective depth threshold and/or

where gas maturity was not reached, thus its shale gas potential was not assessed.
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Figure Ill-7. Maracaibo Basin Depth to Basement.

Modified from Lugo, J. and Mann, P., 1995

Figure 1ll-8. Maracaibo Basin Cross Section.

Source: Escalona, A. and Mann, P., 2006
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Figure l1I-9. Maracaibo Basin, La Luna Shale Prospective Area.

Resources (La Luna Shale). The La Luna Formation shales of the Maracaibo Basin
have an estimated resource concentration of approximately 93 Bcf/mi®, a level which is
prospective and compares favorably with that of the Marcellus Shale. With an estimated 1,800-
mi? prospective area as well as significant geologic complexity in the region, the risked gas-in-
place is approximately 42 Tcf. Risked recoverable resources for the La Luna Shale is estimated
at about 11 Tcf, Table IlI-1.

CATATUMBO SUB-BASIN (COLOMBIA)

Geologic Characterization. The southwestern Catatumbo Sub-basin extension in
eastern Colombia also shows La Luna and Capacho shale potential. The Santander Massif
forms the western boundary of this geologic province, the Merida Andes limit its southern and
southeastern extent, and the Colombia-Venezuela border defines its eastern edge. The

western and eastern areas of the sub-basin are characterized by folds, reverse faults and thrust
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faults, Figure 111-10. Much like in the northern Maracaibo Basin, the Catatumbo Sub-basin has

numerous conventional oil fields across its 2,380-mi? areal extent.

Reservoir Properties (La Luna Shale). The La Luna Formation is at relatively shallow
depth in the Catatumbo Sub-basin, ranging from 6,000 to 7,600 feet.'®* Limited available well
samples mapped in Figure IlI-11 show the average depths (along with other geologic
properties), range from 7,120 feet in the extreme eastern Tibu 178K well to the slightly deeper
7,530 feet in the Socuavo 1 well, fifteen miles to the northwest. The unit consists of limey
mudstones, wackestones, and minor shales ranging in gross thickness from 100 to 300 feet,
averaging nearly 200 feet. Based on available vitrinite samples, thermal maturity ranges from
0.85 to 1.21% R,, with generally higher reflectance in the central and northern areas of the
basin. Samples from the Cerro Gordo 3 well in the southeast portion of the Catatumbo Sub-

basin averaged 0.85% R,, indicating that this area is oil prone.

Figure 11-10. Catatumbo Sub-basin Cross-Section.

Source: Yurewicz, D.A., Advocate, D.M., Lo, H.B., and Hernandez, E.A., 1998.
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Figure lll-11. La Luna Fm Basemap and Geologic Properties, Catatumbo Sub-basin.
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Total organic carbon in core samples reaches a maximum of 11.2% in the La Luna, but
more typically averages a still rich 4 to 5% TOC. Figure 11I-12 shows a slight increase in TOC
concentration towards the base of the La Luna Fm in the Cerrito 1 well, southeastern
Catatumbo Sub-basin. In the eastern Catatumbo, the La Luna Fm shows lower TOC of 2.99%
in the Tibu 178K well. Based on pyrolysis and maturity data, organics are mainly type Il
kerogen, with original hydrogen indices (HI) ranging from 200 to 500 mg/g C. Rock-Eval
analyses show lower rock extract HI values, approximately 97 to 130 mg/g C, in the eastern to
northeast region of the basin. ARI estimates the total prospective area for shale gas
development to be about 1,310 mi?, based on thermal maturity distribution and depth cut-off.
Additionally, basin modeling shows that the present-day temperature gradient in the area

ranges from 1.7 and 2.0 degrees F per 100 feet of depth.

Resources (La Luna Shale). ARI estimates a moderately high average 74 Bcf/mi?
resource concentration for the La Luna Shale in the Catatumbo Sub-basin. Covering a
prospective area of approximately 1,310 mi® (Figure 11I-10), the risked shale gas in-place totals
an estimated 29 Tcf. Risked technically recoverable resources for the La Luna Shale amount to
about 7 Tcf, considerably less than in the Maracaibo Basin due to shallower burial and a smaller

prospective area.

Reservoir Properties (Capacho Formation). The Capacho Formation (Cenomanian-
Coniacian) is a distinct unit from the overlying La Luna Formation in the Catatumbo Sub-basin,
whereas the two units are merged in most of the Maracaibo Basin. The Capacho Fm consists
of dark-gray to black shales and limestones and is much thicker than the La Luna, ranging from
590 to nearly 1,400 feet in total thickness. Depth to the Capacho ranges from 6,500 feet to
8,500 feet in the Catatumbo Sub-basin, with greater measured depth in the north and east at
8,275 feet in the Socuavo 1 well, Figure 11I-13. Vitrinite reflectance ranges from 0.96% R, in the
northern Rio de Oro 14 well to 1.22-1.24% R, in southeastern well samples. Based on the
above properties, the prospective area for the Capacho Formation shales is about 1,550 mi?,
larger than the prospective area for the La Luna shale primarily due to higher thermal maturity in

the south.
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Figure 1lI-12. Calculated TOC (wt/%) Well Log from Cerrito 1 Well, South-Central Catatumbo Sub-basin.

Source: Yurewicz, D.A., Advocate, D.M., Lo, H.B., and Hernandez, E.A., 1998.
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Figure 1lI-13. Capacho Fm Basemap and Geologic Properties, Catatumbo Sub-basin.
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Maximum measured total organic carbon reaches 5% in the Capacho Formation, as
shown in the Socuavo 1 well in the northeastern Catatumbo Sub-basin. However, more
typically, the TOC is lower, with a mean value of about 1.3 to 1.5%, shown in Figure 1ll-12 in the
Cerrito 1 well. The lowermost segment of the Capacho Fm, shown in the Cerrito 1 well, is
believed to have been deposited during a transgressive period dominated by slow
sedimentation and more anoxic conditions yielding better preservation of organic matter. Figure
[lI-14 plots original HI versus original TOC of samples from the Capacho and La Luna
formations, indicating the Capacho Formation ranges from a good oil to poor gas source. The
underlying Aguardiente Fm is also plotted in the chart but was not assessed due to unpromising
TOC and HI levels. Pyrolysis data shows kerogen within the Capacho Fm to be a mixture of

Types Il and Il

Resources (Capacho Formation). Within the Catatumbo Sub-basin, the Capacho
Formation has an estimated 106 Bcf/mi? resource concentration. The prospective area of 1,550
mi? yields a risked gas in-place of about 49 Tcf, with a risked technically recoverable resource of

approximately 12 Tcf.
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Figure Ill-14. Source-Rating Chart Plotting Original HI and TOC Among Formations in the Catatumbo Sub-
basin.

Source: Yurewicz, D.A., Advocate, D.M., Lo, H.B., and Hernandez, E.A., 1998.
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VENEZUELA

Venezuela produced 848 Bcf of natural gas in 2008 and consumed 901 Bcf, importing a
small volume from neighboring Colombia.'* Proven natural gas reserves were estimated at 176
trillion cubic feet in 2010 by the Oil & Gas Journal (OGJ), of which 90% is associated with olil
reserves. The government regulatory agency Enagas reports that 70% of natural gas
production is not marketed but rather re-injected for enhanced crude oil extraction. Recent
upgrades to Venezuela’'s natural gas pipeline network include the Interconnection Centro
Occidente (ICO), with ultimate capacity of 520 MMcf/d, connecting the central and western parts

of the country.

ARI estimates a risked shale gas in-place of 42 Tcf for Venezuela, all coming from the
La Luna Formation of the Maracaibo Basin. The risked recoverable resource here is

approximately 11 Tcf.
COLOMBIA

Colombia produced 318 billion cubic feet of natural gas in 2008 and consumed 265 Bcf.
OGJ reported Colombia’s proven natural gas reserves were 3.96 Tcf in 2010, mostly located in
the Llanos Basin. Re-injection for enhanced oil recovery consumed 43% of gas production in
2008. Approximately 2,000 miles of natural gas pipeline stretch across Colombia. In early 2008
the new Antonio Ricuarte pipeline linked the country with Venezuela. Initially, gas is being
exported to aid oil production in western Venezuela, though current plans call for flow reversal

beginning in 2012.

Colombia’s cumulative shale gas resource (risked) totals 79 Tcf, combining the gas in-
place of the Catatumbo Sub-Basin's La Luna and Capacho formations. Ultimately, 19 Tcf is

determined to be technically recoverable.

Exploration Activity

As previously mentioned, much of the current oil production in the Maracaibo Basin and
Catatumbo Sub-basin is from conventional stratigraphic traps. A recent well drilled by Ecopetrol
-- apparently the first test of the La Luna Formation in the Catatumbo — reportedly showed good
gas potential, albeit from conventional targets. Junior Canadian E&P Alange Energy

Corporation is evaluating the prospectivity of the eastern area of the basin. However, this
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exploration activity also appears to be focused on conventional reservoirs within the La Luna

Shale interval.
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V. SOUTHERN SOUTH AMERICA

INTRODUCTION

The “Southern Cone” region of South America has world-class shale gas potential that is

just beginning to be tested. Figure IV-1 shows the principal shale gas basins of South America.

Figure IV-1. Shale Gas Basins of Southern South America
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Argentina’s Neuquen Basin appears the most prospective. Also in Argentina, the
Cretaceous shales in the Golfo San Jorge and Austral-Magallanes basins have good potential,
although higher clay content may be a risk in these lacustrine-formed deposits. Additional shale
gas potential exists in the frontier Parana-Chaco Basin complex of Brazil and Paraguay in

Devonian Los Monos Formation shales.

The Neuquen, Golfo San Jorge, and Austral basins in Argentina, the Magallanes Basin
in Chile, the Chaco Basin in Paraguay, Argentina, and Bolivia, and the Parana Basin in Brazil
and Uruguay contain an estimated 4,449 Tcf of risked shale gas in-place with 1,195 Tcf of

technically recoverable resources, Table IV-1. Smaller Tertiary rift basins also are present in

coastal southeastern Brazil,! but were not assessed.

Table IV-1. Reservoir Properties and Resources of Southern South America

g Basin/Gross Area Neuquen Basin((66,900 mi?) San Jorge Basin((46,000 mi?)
o
iz Shale Formation Los Molles Fm | Vaca Muerta Fm Aguada Bandera Fm Pozo D-129 Fm
@ Geologic Age Middle Jurassic |Jurassic-Early Cretac| Late Jurassic-Early Cretaceous | Early Cretaceous
£ |Prospective Area (mi?) 9,730 8,540 8,380 4,990
£ Interval 0-3,300 100 - 750 0- 15,000 800 - 4,500
"‘_‘; Thickness (ft) |Organically Rich 800 500 1,600 1,200
2 Net 300 325 400 420
iy Interval 6,500 - 15,000 5,500 - 10,000 6,500 - 16,000 6,600 - 15,800
o |Depth (ft)
Average 12,500 8,000 12,000 10,500
£ 8 Reservoir Pressure Overpressured Overpressured Normal Normal
; g Average TOC (wt. %) 1.1% 4.0% 2.2% 1.5%
2 g Thermal Maturity (%Ro) 1.50% 1.25% 2.00% 1.50%
Clay Content Low/Medium Low/Medium Low/Medium Low/Medium
g GIP Concentration (Bcf/mi?) 123 168 149 151
2  |Risked GIP (Tcf) 478 687 250 180
& |Risked Recoverable (Tcf) 167 240 50 45
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Neuquen Basin (Argentina)

Geologic Characterization. Located in west-central Argentina, the Neuquen Basin
contains Late Triassic to Early Cenozoic strata that were deposited in a back-arc tectonic
setting.? Extending over a total area of 66,900 mi?, the basin is bordered on the west by the
Andes Mountains and on the east and southeast by the Colorado Basin and North Patagonian
Massif, Figure IV-2. The sedimentary sequence exceeds 22,000 feet in thickness, comprising
carbonate, evaporite, and marine siliclastic rocks.®> Compared with the thrusted western part of
the basin, the central Neuquen is deep, less structurally deformed. The Neuquen Basin is a
major oil and gas production area for conventional and tight sandstones and could be an early

site for shale gas development in South America.

Figure IV-2. Neuguen Basin Shale Gas Prospective Area and Basemap
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The stratigraphy of the Neuquen Basin is shown in Figure 1V-3. Of particular exploration
interest are the shales of the Middle Jurassic Los Molles and Late Jurassic-Early Cretaceous
Vaca Muerta Formations. These two thick deepwater marine sequences sourced most of the oil

and gas fields in the basin and are considered the primary targets for shale gas development.

Figure IV-3. Neuquen Basin Stratigraphy
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Reservoir Properties (Los Molles Shale). The Middle Jurassic (Toarcian-Aalenian)
Los Molles Formation is considered an important source rock for conventional oil and gas
deposits in the basin. Basin modeling indicates that hydrocarbon generation took place in the
Los Molles 50 to 150 Ma, with the overlying Lajas Formation tight sands serving as reservoirs.*
The overlying Late Jurassic Aquilco Formation evaporites effectively seal this hydrocarbon

system, resulting in overpressuring (0.60 psi/ft) in parts of the basin.

The Los Molles Shale is distributed across much of the Neuquen Basin, reaching more
than 3,300 feet thick in the central depocenter. Available data shows the shale thinning towards
the east.® A southeast-northwest regional cross-section, Figure 1V-4, shows the Los Molles
deposit particularly thick in the basin troughs. Well logs reveal a basal Los Molles Shale about
500 feet thick.°

Figure IV-4. Neuguen Basin SW-NE Cross Section

A A
SW NE
FRONTAL
SYNCLINE
_><_

VACA MUERTA FM

HUINCUL
ARCH

| LosMOLLES Fm

/

| PALEOZOIC BASMENT |

Los Molles Gas Vaca Muerta Hydrocarbon Migration Pathways
Los Molles Oil
Vaca Muerta Oil
Vaca Muerta Gas

Los Molles Hydrocarbon Migration Pathways

Mosquera et al., 2009

February 17, 2011 V-5



World Shale Gas Resources: An Initial Assessment

On average, the prospective Los Molles Shale occurs at depths of 9,500 to 12,500 feet,
though maximum depth surpasses 15,000 feet in the basin center. In the south, the shale
occurs at depths of 7,000 feet or shallower within the uplifted Huincul Arch. The Los Molles

Shale is at shale-prospective depth across much of the Neuquen Basin.

Total organic carbon for the Los Molles Shale was determined from various locations
across the Neuquen Basin. Samples from five outcrops in the southwestern part of the basin
showed average TOC ranging from 0.55 to 5.01%, with an overall mean of 1.62%." In the
southeast, TOC averaged 1.25% at depths near 7,000 feet at one location. Further east,
another interval of the Los Molles Formation sampled from depths of 10,500 to 13,700 feet
yielded TOC's in the range of 0.5% to nearly 4.0%. The lowermost 800-ft section here recorded
a mean TOC of about 2%. Limited data were available for the central and northern regions,
where shale is deeper and gas potential appears highest. One well in the basin’s center
penetrated two several-hundred-foot thick intervals of Los Molles Shale, with average 2% and

3% TOC, respectively. Regionally, the mean TOC of the Los Molles is in the range of 1.5%.°

The thermal maturity of the Los Molles Shale varies across the Neuguen Basin, from
highly immature (R, = 0.3%) in the shallow Huincul Arch region, oil-prone (R, = 0.6%) in the
eastern and southern parts of the basin, to fully dry-gas mature (R, > 2.0%) in the basin
center.>' The lower portion of the Los Molles is marginally mature for gas (R, > 1.0%) in a well
located north of the Huincul Arch. Gas shows are prevalent throughout the Los Molles

Formation.

The prospective area of the Los Molles, Figure IV-5, is defined by low vitrinite
reflectance cutoff in the north, thinning in the east, and complex faulting and shallow depth of
the Huincul Arch in the south. ARI extended the western play edge beyond the main productive
Neuquen area, where most of the conventional oil and gas fields are located, into the Agrio Fold
and Thrust Belt along the foothills of the Andes Mountains. While there is some geologic risk

associated with this region, the thermal maturity is favorable for shale gas generation.

Resources (Los Molles Shale). The Los Molles Shale of the Neuguen Basin has an
estimated resource concentration of approximately 123 Bcf/mi?, benefitting from favorable
thickness and overpressuring. The prospective area for this Middle Jurassic shale is estimated
at approximately 9,730 mi®, vyielding a risked gas in-place of 478 Tcf. Risked technically

recoverable resources for the Los Molles Shale are estimated at 167 Tcf, Table IV-1.
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Figure IV-5. Vaca Muerta Fm, TOC, Thermal Maturity, and Prospective Area, Neugquen Basin

Reservoir Properties (Vaca Muerta Shale). The Late Jurassic to Early Cretaceous
(Tithonian-Berriasian) shales of the Vaca Muerta Formation are considered the primary source
rocks for oil production in the Neuquen Basin. The Vaca Muerta consists of finely-stratified
black and dark grey shales and lithographic lime-mudstones that total 200 to 1,700 feet thick.*
The organic-rich marine shale was deposited in reduced oxygen environment and contains
Type Il kerogen. Although somewhat thinner than the Los Molles Fm, the Vaca Muerta has

higher TOC and is more widespread across the basin.

The Vaca Muerta Fm thickens from the south and east towards the north and west,
ranging from absent to over 700 feet thick in the basin center. Depth ranges from outcrop
near the basin edges to over 9,000 feet deep in the central syncline.'® Prospective depth for the

Vaca Muerta Shale averages 8,000 feet.
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The Vaca Muerta Formation generally is richer in TOC than the Los Molles Formation.
Sparse available TOC data were derived from wells and bitumen veins sampled from mines in
the north.™ These asphaltites are very rich in organic carbon, increasing northward to a
maximum of 14.2%. In the south, mapped TOC data range from 2.9 to 4.0%. TOC of up to

6.5% is reported in the lower bituminous shale units of the Vaca Muerta.

While the Vaca Muerta Formation is present across much of the Neuquen Basin, it is
mostly immature for gas generation (<1% R,). Figure IV-4 shows the Vaca Muerta at depths
approaching the upper end of the oil window; note that numerous conventional oil fields occur in
this region. Thermal maturity increases from less than 0.6% R, to >1.5% R, into the deep
northwest trough.15 Northeast of the Huincul Arch, R, of 0.8% was measured, immature for
gas. Bounded in the east and north by the 1.0% R, contour, the prospective play area of 8,540
mi? is further limited by the Huincul Arch to the south and Andes Mountains towards the west,
Figure IV-5.

Resourc