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Editors’ Preface

By Peter D. Warwick and Margo D. Corum

The 2007 Energy Independence and Security Act (Public Law 110-140; U.S. Congress, 2007) directs the U.S. Geological Survey
(USGS) to conduct a national assessment of potential geologic storage resources for carbon dioxide (CO,) and to consult with
other Federal and State agencies to locate the pertinent geological data needed for the assessment. The geologic storage of CO,
is one possible way to mitigate its effects on climate change.

The methodology used by the USGS for the assessment was described by Brennan and others (2010), who revised the method-
ology by Burruss and others (2009) according to comments from peer reviewers, an external panel of experts, and members of
the public. During the implementation phase of the assessment (from 2010 to 2012), several practical steps were added to the
assessment methodology of Brennan and others (2010). The details of the methodology used in the assessment are described in
Blondes and others (2013). The assessment methodology is non-economic and is intended to be used at regional to sub-basinal
scales.

The operational unit of the assessment is a storage assessment unit (SAU), which is composed of a porous storage formation
with fluid flow and an overlying fine-grained sealing unit. Assessments are conducted at the SAU level and are aggregated to
basinal and regional results. SAUs have a minimum depth of 3,000 feet (ft), which ensures that the CO, is in a supercritical state,
and thus occupies less pore space than a gas. Standard SAUs have a maximum depth of 13,000 ft below the surface, a depth
accessible with average injection pipeline pressures (Burruss and others, 2009; Brennan and others, 2010; Blondes and others,
2013). Where geologic conditions favor CO, storage below 13,000 ft, an additional deep SAU is assessed.

The assessments are also constrained by the occurrence of relatively fresh formation water; any formation water having a salinity
less than 10,000 parts per million (ppm, which is equivalent to milligrams per liter, mg/L) total dissolved solids (TDS), regardless
of depth, has the potential to be used as a potable water supply (U.S. Environmental Protection Agency, 2009). The U.S. Envi-
ronmental Protection Agency (EPA) (2010) defines the lower limit of 10,000 ppm (mg/L) TDS for injection of CO,. Therefore, the
potential storage resources for CO? in formations where formation waters have salinities less than 10,000 ppm (mg/L) TDS are
not assessed (Brennan and others, 2010; Blondes and others, 2013).

This report series contains a geologic description of each SAU identified within each report’s assessed basins and focuses on
particular characteristics specified in the methodology that influence the potential CO, storage resource. The geologic framework
information contained in these reports was used to calculate a statistical Monte Carlo-based distribution of potential storage
space in the various SAUs following Brennan and others (2010) and Blondes and others (2013). Assessment data, results, and
summary can be found in the U.S. Geological Survey Geologic Carbon Dioxide Storage Resources Assessment Team's (2013a,b,c)
reports. Figures in this report series show SAU boundaries and cell maps of well penetrations through the sealing unit into the
top of the storage formation. Wells sharing the same well borehole are treated as a single penetration. Cell maps show the
number of penetrating wells within one square mile and are derived from interpretations of incompletely attributed well data
(IHS Energy Group, 2011; and other data as available), a digital compilation that is known not to include all drilling. The USGS
does not expect to know the location of all wells and cannot guarantee the amount of drilling through specific formations in any
given cell shown on cell maps.
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Geologic Framework for the National Assessment of
Carbon Dioxide Storage Resources—Atlantic Coastal
Plain and Eastern Mesozoic Rift Basins

By William H. Craddock, Matthew D. Merrill, Tina L. Roberts-Ashby, Sean T. Brennan, Marc L. Buursink,
Ronald M. Drake Il, Peter D. Warwick, Steven M. Cahan, Christina A. DeVera, Phillip A. Freeman,
Mayur A. Gosai, and Celeste D. Lohr

Abstract

This chapter presents information pertinent to the geologic carbon dioxide (CO,) sequestration potential within saline
aquifers located in the Atlantic Coastal Plain and Eastern Mesozoic Rift Basins of the Eastern United States. The Atlantic
Coastal Plain is underlain by a Jurassic to Quaternary succession of sedimentary strata that onlap westward onto strata of the
Appalachian Piedmont physiographic province and generally thicken eastward toward the present-day Atlantic coastline and
onto the present-day continental shelf. Although no significant petroleum discoveries have been made on the coastal plain, the
deep saline aquifers of the region appear to contain porous strata (potential reservoirs, or “storage formations”) that are overlain
by fine-grained, laterally continuous strata (potential seals), which are prospective CO, sequestration targets. For the Atlantic
Coastal Plain, we identify two storage assessment units (SAUs), both of which consist of Cretaceous strata. The two SAUs are
the Lower Cretaceous Composite SAU C50700101 and the Upper Cretaceous Composite SAU C50700102.

The Eastern Mesozoic Rift Basins are a chain of generally southwest- to northeast-trending, elongate sedimentary basins
that either underlie the Atlantic Coastal Plain or crop out within adjacent geologic provinces to the west. Similar to the Atlantic
Coastal Plain, there has been no significant oil and gas production from any of the basins, although there is a proven petroleum
system in several of them. At least three of these basins appear to contain potential storage formations overlain by potential seal
units. Most of the other basins were not assessed because a storage and (or) seal formation could not be established in the time-
frame of the assessment, often because of the paucity of subsurface data for these basins in comparison to other petroliferous
basins of the United States. Thus, we present information supporting one quantitative assessment in the Newark basin, as well
as information supporting two nonquantitative assessments, one for strata in the Gettysburg basin and the other for strata in the
Culpeper basin. We briefly discuss six other basins within the Eastern Mesozoic Rift Basins that were not assessed.

For all SAUs, we discuss the areal distribution of suitable CO, reservoir rock. We also describe the overlying sealing
unit and the geologic characteristics that influence the potential CO, storage volume and reservoir characteristics. These char-
acteristics include storage formation depth, gross thickness, net thickness, porosity, permeability, and groundwater salinity.
Case-by-case strategies for estimating the pore volume existing within structurally and (or) stratigraphically closed traps are
presented. Although assessment results are not contained in this chapter, the geologic information included herein was used to
calculate the potential storage space in the SAUs.

Chapter Overview

This chapter begins with a brief review of the regional geology of the Atlantic Coastal Plain of the Eastern United States
(see outline on fig. 1). Following this introductory material, we present geologic information that was used to assess the carbon
dioxide (CO,) storage potential of two stratigraphic units that are saline aquifers. The results of the quantitative assessments were
presented by the U.S. Geological Survey Geologic Carbon Dioxide Storage Resources Assessment Team (2013a,b,c). Next, we
present a brief review of the regional geology of the Mesozoic rift basins of the Eastern United States (see outlines on fig. 1).
This review is followed by a presentation of the information that was used to quantitatively assess the CO, storage potential of
one geologic unit in the Newark basin and to nonquantitatively assess the CO, storage potential of two geologic units within the
Gettysburg and Culpeper basins, respectively (also see U.S. Geological Survey Geologic Carbon Dioxide Storage Resources
Assessment Team, 2013a,b,c). The chapter closes with a brief discussion of six rift basins that do not appear to contain strata that
are suitable for geologic CO2 sequestration within saline aquifers according to the criteria outlined by Blondes and others (2013).
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Map showing study areas in the Eastern United States that were examined for geologic carbon dioxide storage

potential in saline aquifers. These areas include the onshore and State waters Eastern Mesozoic Rift Basins along the
eastern continental margin and the overlying, onshore and State waters, Mesozoic through Cenozoic passive continental
margin strata of the Atlantic Coastal Plain. The study areas are based on sedimentary basin boundaries adapted from
Coleman and Cahan (2012, fig. 2). Major structural elements are adapted from Richards (1945) and Barnett (1975).
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Atlantic Coastal Plain

By William H. Craddock, Tina L. Roberts-Ashby, Steven M. Cahan, Christina A. DeVera, Phillip A. Freeman,
Mayur A. Gosai, and Celeste D. Lohr

Introduction

The Atlantic Coastal Plain is underlain by a Middle Jurassic to Quaternary succession of passive continental margin
strata. The onshore strata that underlie the Atlantic Coastal Plain are the focus of this study and extend from south-central
Florida northeastward to Long Island, New York (fig. 1) (Richards, 1945, 1967). We informally define the boundary between
the U.S. Gulf of Mexico and the Atlantic Coastal Plain as the axis of the Apalachicola embayment, an approximately south-
southwest-plunging structural low in southwestern Georgia and adjacent areas in Florida (fig. 1). To the north, the western
boundary of the Atlantic Coastal Plain is marked by the onlapping or pinching out of the passive-margin strata along the rocks
of the Piedmont physiographic province. This boundary is called the Fall Line. East of the Fall Line, the Atlantic Coastal Plain
stratigraphic succession thickens progressively to the east.

The onshore portion of the continental margin includes several distinct basement lows (embayments) and basement highs
(fig. 1). The northernmost embayment is the Salisbury embayment of southeastern Maryland and Delaware. On the northern side
of the Salisbury embayment, a south-dipping basement surface (the Cape May slope) extends to a relatively structurally high
area in Long Island, New York. To the east of Long Island, the Fall Line merges with the coastline, defining the northeastern
limit of the area reviewed in this chapter. On the southern side of the Salisbury embayment, the basement dips at a low angle
to the north and extends to the Fort Monroe high in southeastern Virginia (Richards, 1945, 1967). South of the Fort Monroe
high is the Pamlico embayment of central-eastern North Carolina. In the vicinity of Cape Hatteras, North Carolina, the Pamlico
embayment exhibits the thickest succession of strata anywhere along the onshore portion of the continental margin (Maher,
1971). The Pamlico embayment is bordered to the south by the Cape Fear arch of southeastern North Carolina. Basement rocks
deepen to the south of the Cape Fear arch, defining the Southeast Georgia embayment (also referred to as the Beaufort basin
by Richards, 1945, 1967), which is the southernmost Atlantic-facing embayment in our study area. We informally define the
southern boundary of the Southeast Georgia embayment as the Florida platform or the peninsular arch, a broad basement high
in northern Florida (Applin and Applin, 1965; Barnett, 1975), and use it to distinguish Atlantic Coastal Plain strata from those
deposited in the South Florida basin, which is underlain by a basement low to the south of the Florida platform (fig. 1) (Applin
and Applin, 1965).

Strata of the Atlantic Coastal Plain were deposited following the breakup of the Pangea continent, which commenced
along the Atlantic continental margin during the Triassic Period. During the rifting that occurred between the Late Triassic and
the Early Jurassic Periods, a chain of basins developed along the continental margin in the footwalls of major normal faults.
Sea-floor spreading and the generation of oceanic crust adjacent to the Atlantic continental margin began in the Middle Juras-
sic, marking the end of rift-related tectonism. The passive-margin strata of the Atlantic Coastal Plain, which are the focus of this
chapter, accumulated from the Middle Jurassic to the present and covered many of the Triassic—Jurassic strata in the rift-related
basins (Miall and others, 2008). One of the primary controls on the distribution and character of the passive-margin strata of the
Atlantic Coastal Plain was eustatic sea level. The regionally extensive accumulations of fine-grained material that were depos-
ited during major transgressions are the stratigraphic intervals that we consider to be prospective regional seal units. Reviews by
Mabher (1971), Poag (1985), Sheridan and Grow (1988), and Miall and others (2008) contain additional information about the
Mesozoic and Cenozoic geologic evolution of the Atlantic continental margin.

One indication that a basin may be well suited to geologic carbon dioxide (CO,) sequestration in saline aquifers is his-
toric oil and gas production from conventional reservoirs because this history implies the presence of three key elements of a
petroleum system that are also critical to geologic CO, sequestration: a reservoir, a trap, and a seal. Although there has been
no petroleum production within the onshore Atlantic margin sediments of the Eastern United States, the Atlantic Coastal Plain
nevertheless exhibits potential as a carbon sequestration site. Several regionally extensive, mappable saline aquifers are present
in the deep subsurface. These aquifers are overlain by regionally extensive, fine-grained stratigraphic intervals that may serve as
impermeable seals.

Two stratigraphic intervals within the Atlantic Coastal Plain meet the U.S. Geological Survey (USGS) criteria for assess-
ing CO, storage capacity in saline aquifers, and both are Cretaceous in age (fig. 2). The lower storage assessment unit (SAU)
is a composite of the Lower Cretaceous strata (primarily Aptian and Albian) that is capped by a regionally extensive, fine-
grained Cenomanian stratigraphic interval (Brown and others, 1979; Almy, 1987). Because our assessment is restricted to
strata that underlie more than 3,000 feet (ft) of overburden (Brennan and others, 2010; Blondes and others, 2013), the Lower



Cretaceous section is sufficiently deep only within the Pamlico and Southeast Georgia embayments (fig. 1). The upper SAU

is a composite of Upper Cretaceous strata that are capped by thick Campanian and Maastrichtian shale in the Pamlico embay-
ment (Almy, 1987). The Upper Cretaceous section achieves depths sufficient for our purposes only in central North Carolina,
within the Pamlico embayment. It is important to note that areas within the Salisbury embayment were excluded from the
assessment because insufficient evidence for a regional seal could be compiled within the timeframe of the assessment. How-
ever, Cretaceous strata in Salisbury embayment have subsequently been characterized as a potential carbon sequestration target
(Miller and others, 2017).

In the following sections, we characterize the distribution and stratigraphic character of each prospective SAU. We briefly
summarize the key information that provides the basis for calculating the capacity of the SAUs for buoyant and residual CO,
storage (as described in Burruss and others, 2009; Brennan and others, 2010) as well as information that relates to the reservoir
characteristics for each unit. Capacity is a function of SAU area, thickness, and porosity. The U.S. Environmental Protection
Agency (EPA, 2009) stipulates that aquifers must contain groundwater that has a total dissolved solids (TDS) concentration of
greater than 10,000 parts per million (ppm) to be used for CO, storage; therefore, we characterize regional trends in groundwater
quality, and only portions of reservoir intervals having TDS concentrations greater than 10,000 ppm are considered to be poten-
tial storage formations.

Finally, to differentiate between the pore volume contained within buoyant and residual traps (see Brennan and
others, 2010; Blondes and others, 2013), we defined the pore volume enclosed within buoyant traps, which are analogous to
stratigraphic and (or) structural hydrocarbon traps. Generally, for each SAU, the (1) minimum and (2) most likely pore volumes
enclosed within buoyant traps were constrained on the basis of (1) the sum of the cumulative oil and gas production and the
known hydrocarbon reserve volume and (2) the minimum buoyant volume plus the estimated volume of undiscovered resources
(see Brennan and others, 2010; Blondes and others, 2013). Given that there is no historical oil or gas production from the
SAUs presented in this chapter, we considered these numbers to be zero and we do not discuss them further. An upper bound
for enclosed pore volume was also determined for each unit, and we describe our methods for this analysis on a case-by-case
basis. The information derived from the data sources and methods described herein is used in accordance with the USGS carbon
sequestration assessment methodology (Brennan and others, 2010; Blondes and others, 2013) to calculate the available storage
capacity for CO, within the SAUs.



Stratigraphic unit

Series Stage Storage assessment unit (SAU) notes

Pamlico embayment SE Georgia embayment

A
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Figure 2. Stratigraphic column for the Pamlico embayment and the Southeast Georgia embayment. Storage assessment units consist
of a storage formation (red) and regional seal (blue). Stratigraphic units are adapted from Almy (1987) and Winner and Coble (1996) for
the Pamlico embayment and from Brown and others (1972) for the Southeast Georgia embayment. SE, southeast.



Lower Cretaceous Composite SAU C50700101

By William H. Craddock

Thick accumulations of Lower Cretaceous strata were deposited in the Southeast Georgia embayment and the Pamlico
embayment of North Carolina (fig. 1). The basal strata in the embayments are mostly Lower Cretaceous (Brown and others,
1979; Almy, 1987).

In the Southeast Georgia embayment, we use the stratigraphy and subsurface mapping of Brown and others (1972, 1979).
As shown in figure 2 of this chapter, the potential storage formation corresponds primarily to unit F (Albian) in their work,
although the reservoir also includes narrow swaths (in map view) of their units G and H (pre-Albian Lower Cretaceous) along
the western edge of the SAU. The potential seal corresponds to the Cenomanian unit E and overlying Turonian unit D of Brown
and others (1972, 1979).

In the Pamlico embayment, we use the stratigraphy and subsurface mapping of Almy (1987), which is based on the work
of Brown and others (1972, 1979). As shown in figure 2 of this chapter, the storage formation corresponds to units 1 (Berriasian
to lower Albian) and 2 (middle Albian to lower Cenomanian) of Almy (1987), and the seal unit corresponds to unit 3 (middle
Cenomanian to Turonian) of Almy (1987).

Lithostratigraphic names for the units listed above vary by State and have evolved through time. For details about
lithostratigraphic names, readers are referred to reports by Richards (1967), Poag (1978), and Renken (1996).

In the Southeast Georgia embayment, cores of Albian strata (unit F of Brown and others 1972, 1979) and geophysical
logs from boreholes indicate that the strata typically consist of fine- to coarse-grained sandstone or loosely consolidated sand
intercalated with mud and clay (Brown and others, 1979). Although sedimentologic and faunal evidence suggest that these strata
were deposited in a variety of passive-margin depositional environments (Applin and Applin, 1965), most strata were deposited
in shallow-marine environments (Applin and Applin, 1967). In the Pamlico embayment, an interpretation of well logs indicates
that the Lower Cretaceous section consists of pre-Albian nonmarine sandstone, limestone, and shale (unit 1 of Almy, 1987) over-
lain by Albian and lower Cenomanian deltaic and prodeltaic sand and shale (unit 2 of Almy, 1987).

In both the Southeast Georgia and Pamlico embayments, Lower Cretaceous strata are overlain by what may be the thick-
est and most extensive fine-grained shale unit of the Atlantic Coastal Plain (units D and E of Brown and others, 1972, 1979,
in Georgia; unit 3 of Almy, 1987, in North Carolina). The unit was deposited during a long-lived transgression and eustatic
sea-level rise that began in the Cenomanian and persisted until the end of the Late Cretaceous (Miller and others, 2005). The
fine-grained deposits appear to be significantly time-transgressive along the depositional dip: near the coastline, the youngest
fine-grained units linked to this transgression typically date to the early or middle Cenomanian, whereas updip they may date
to the Turonian or later (Brown and others, 1979). An inspection of well logs suggests that this Cenomanian shale is a laterally
continuous, fairly homogeneous unit that is more than 100 ft thick. Near the southern Georgia and northern Florida coastline,
the unit is typically 100 ft thick (Brown and others, 1979), whereas near the central North Carolina coastline, the unit is approxi-
mately 400 ft thick (Almy, 1987). Given the thickness and stratigraphic character of this unit, it should constitute a robust upper
seal on a regional basis. As mentioned above, although correlative Lower Cretaceous strata also occur at depths greater than
3,000 ft in the Salisbury embayment, this area was not assessed because a regional seal formation could not be ascertained
within the timeframe of the assessment.

The boundaries of the Lower Cretaceous Composite SAU C50700101 are defined by the 3,000-ft depth to the top of the
reservoir unit (see requirements discussed by Brennan and others, 2010) and State boundaries that extend 4 miles (mi) off-
shore of the Atlantic coastline (fig. 3). The maximum depth to the top of the storage formation is 5,200 ft. In both the Southeast
Georgia and Pamlico embayments, the structural contours were adapted from existing maps showing contoured formation tops
(Brown and others, 1979; Almy, 1987). The SAU underlies an area of about 14 million acres, and about 91 percent of the SAU
area lies within the Southeast Georgia embayment.

The gross thickness of the Lower Cretaceous Composite SAU was compiled from isopach maps and differencing of struc-
tural contour maps presented in the reports by Brown and others (1979) and Almy (1987). Averaged across the entire SAU, the
gross thickness of the storage formation is approximately 600 ft, but it ranges from a few hundred feet in Georgia to several
thousand feet in North Carolina. To determine the net thickness of the porous strata within the reservoir interval, we interpreted
the net sand thickness from gamma logs and spontancous potential logs from 33 boreholes distributed across the SAU in the
Southeast Georgia and Pamlico embayments (logs presented in Brown and others, 1979; Almy, 1987). Averaged across the SAU,
the thickness of the porous reservoir rock in the storage formation ranges from 180 to 300 ft, although this range masks differ-
ences in the SAU between the two embayments. In the Southeast Georgia embayment, the net sandstone thickness is around
100 ft, whereas in the Pamlico embayment, the net sandstone thickness is around 1,500 ft.



Information about the rock properties (porosity, permeability) of the Lower Cretaceous sandstones is sparse for the Atlantic
Coastal Plain. Porosity measurements derived from geophysical logs from the storage formation in North Carolina suggest very
high porosities, and the average across the region possibly approaches 35 percent (Reid and others, 2011). A few limited core-
plug porosity measurements from the Lower Cretaceous rocks in North Carolina (depth around 7,000 ft) and Upper Cretaceous
rocks in South Carolina (depth around 3,000 ft) suggest that regional porosities for Cretaceous strata mostly range between
20 and 35 percent (Spangler, 1950; Temples and Waddell, 1996). We supplemented the limited Atlantic Coastal Plain data with
data from the similar Upper Cretaceous Tuscaloosa Group in the Gulf Coast. In the Gulf Coastal Plain, proprietary data indicate
that the field-averaged porosity for petroleum-producing strata in the lower part of the Upper Cretaceous Tuscaloosa Group at
depths between 3,000 and 6,000 ft is most likely about 25 percent (Nehring Associates, 2010). Because numerous measurements
suggest that most Lower Cretaceous strata of the Atlantic Coastal Plain region are highly porous, we estimated that the average
regional sand or sandstone porosity is approximately 32 percent.

Permeability measurements for Lower Cretaceous sand or sandstone are equally sparse in the Atlantic Coastal Plain. The
aforementioned core plugs from North Carolina and South Carolina yield permeability measurements that range from a few
millidarcies (mD) to a few darcies (D). Proprietary data for petroleum-producing strata of the Tuscaloosa Group indicate that
permeabilities may be as low as 0.1 mD, and we used this value as a lower bound on regional permeability (Nehring Associates,
2010). Given that measured permeabilities are often several darcies, we estimated that the most likely permeability for sand or
sandstone in the region is 1.1 D and that an upper bound on permeability is 4.5 D (see Temples and Waddell, 1996; Nehring
Associates, 2010).

Regional aquifer studies in the Southeast Georgia embayment indicate that the concentration of TDS in groundwater in
Lower Cretaceous strata is high, typically between 10,000 and 100,000 ppm (Meisler, 1989; Winner and Coble, 1996). How-
ever, in the Southeast Georgia embayment, mapped contours representing TDS measurements within Lower Cretaceous aquifers
suggest that the north-central part of the SAU may contain potable water (TDS <10,000 ppm; EPA, 2009), whereas the southern
part of the SAU contains saline waters that may be ideal for CO, disposal and storage (Brown and others, 1979).

Given the lack of hydrocarbon production in the Atlantic Coastal Plain, it is difficult to estimate the pore volume that may
be enclosed within structural and (or) stratigraphic traps, which is a quantity that can be constrained in petroliferous basins by
petroleum production volumes. We defined the lower limit for pore volume as zero because we were not aware of any traps
proven to retain buoyant fluids over geologic time. To place either the most likely or maximum constraints on enclosed pore
volume in the Atlantic Coastal Plain, we assumed that the greatest potential for enclosure of pore volume is from stratigraphic
closures on the relatively undeformed Cretaceous and Cenozoic continental margin. To constrain the likely size and net thick-
ness of these stratigraphic traps, we again turned to the proprietary petroleum-production data from the Tuscaloosa Group of
the Gulf Coastal Plain (Nehring Associates, 2010). For the analogous reservoirs, typical closure areas for large petroleum fields
are approximately 2,500 acres. These enclosures typically involve a few tens of feet of sandy reservoir rock. On the basis of the
density of stratigraphic traps identified for Upper Cretaceous strata in the Gulf Coastal Plain (Nehring Associates, 2010), we
speculated that there are most likely 20 analogous stratigraphic traps distributed across this SAU, although there could be as
many as 100 such analogous traps. By combining the closure area and net reservoir thickness with our regional constraints on
porosity, we estimated the most likely and maximum enclosed pore volume (U.S. Geological Survey Geologic Carbon Dioxide
Storage Resources Assessment Team, 2013b).
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Figure 3. Map showing the area underlain by the Lower Cretaceous Composite Storage Assessment Unit (SAU) in the
Atlantic Coastal Plain study area. Dark-blue grid cells (1 square mile) in the SAU display counts of wells derived from the
IHS Energy Group (2011) well database that have penetrated the storage formation top. The Atlantic Coastal Plain study
area is modified from Coleman and Cahan (2012, fig. 2).



Upper Cretaceous Composite SAU C50700102

By Tina L. Roberts-Ashbhy

The Upper Cretaceous Cape Fear Formation forms a siliciclastic CO, storage reservoir in the Atlantic Coastal Plain within
an approximately 300,000-acre area near Cape Hatteras (figs. 2, 4). The Cape Fear Formation was deposited in a cyclic environ-
ment that resulted in interbedded marine and nonmarine sand, clay, and silt (Winner and Coble, 1996; Lautier, 2009). Two major
permeable zones within the Cape Fear Formation form the regionally extensive upper and lower Cape Fear aquifers (Winner
and Coble, 1996; Lautier, 2009), which collectively form the CO, storage reservoir for the Upper Cretaceous Composite SAU
C50700102. The sandy reservoir rocks are capped by an Upper Cretaceous composite seal that includes the clay-rich upper Cape
Fear Formation confining unit together with the Black Creek and Peedee Formations. In the area of the SAU, sand of the Black
Creek and Peedee Formations, units which form major aquifers in other areas of the Atlantic Coastal Plain, is largely replaced by
shale, silt, and clay (Perry and others, 1975; Almy, 1987; Lautier, 2009), thereby creating a thick confining unit and seal.

The Upper Cretaceous Composite SAU C50700102 underlies an area of about 300,000 acres (+10 percent) (fig. 4). The
depth to the top of the reservoir interval is between 3,000 and 4,000 ft. The boundary of the Upper Cretaceous Composite SAU
is defined by the 3,000-ft depth to the top of the reservoir that was determined using the published cross sections of Almy (1987)
and geophysical logs taken from several North Carolina oil and gas test wells (Reid and others, 2011). These same sources
(Almy, 1987; Reid and others, 2011) were used to determine the gross thickness of the reservoir rocks within the SAU, which
deepen and thicken seaward and range in thickness from 575 to 625 ft, and have a most likely thickness of 600 ft. Unlike the
Lower Cretaceous Composite SAU, the Upper Cretaceous Composite SAU does not include any strata in either the Southeast
Georgia or Salisbury embayments because the depths to the top of the storage formation are less than 3,000 ft.

The average sand content of the upper and lower Cape Fear aquifers is 60 percent, although the sand content can be as great
as 90 percent in some areas (Winner and Coble, 1996). Porosity and permeability data for the upper and lower Cape Fear aqui-
fers are scarce in the area of the Upper Cretaceous Composite SAU. The average porosities in the porous sands were estimated
using published log- and core-porosity values for the Upper Cretaceous rocks along strike to the south beneath coastal portions
of South Carolina (Temples and Waddell, 1996); these porosities range from 28 to 34 percent and have a most likely value of
32 percent in the SAU depth range of about 3,000 to 5,000 ft. Test-well data from Temples and Waddell (1996) were also used to
estimate the average permeabilities for the SAU, which range from 0.1 to 4,500 mD and have a most likely value of 1,100 mD.
The net sand thickness measurements taken from well geophysical logs located within the SAU were used to estimate the
average net porous interval thicknesses, which range from 180 to 300 ft throughout the study area and have a most likely value
of 230 ft.

In the vicinity of Cape Hatteras where the SAU is located (fig. 4), the upper and lower Cape Fear aquifers are considered
to be saline because the TDS exceeds the lower limit of 10,000 mg/L TDS designated by the EPA for saline aquifers (Winner
and Coble, 1996; EPA, 2010). Therefore, 100 percent of the Upper Cretaceous Composite SAU is considered to be potentially
suitable for sequestration of CO,. The storage volume within structurally enclosed traps was estimated following the methods
for the Lower Cretaceous Composite Storage Assessment Unit, as described above (U.S. Geological Survey Geologic Carbon
Dioxide Storage Resources Assessment Team, 2013b).
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Eastern Mesozoic Rift Basins

By Matthew D. Merrill, Sean T. Brennan, Marc L. Buursink, Ronald M. Drake Il, Peter D. Warwick,
Steven M. Cahan, Christina A. DeVera, Phillip A. Freeman, Mayur A. Gosai, and Celeste D. Lohr

Introduction

Late Triassic through Early Jurassic rifting of the Pangea continent and related sea-floor spreading produced 40 to
50 elongated rift basins along the eastern side of North America. The orientation of the basins follows the orientation of the late
Paleozoic Alleghanian orogenic fabric (Manspeizer and others, 1989). These basins are referred to here as the Eastern Meso-
zoic Rift Basins, although other names are also in common use, such as “rift basins of the Central Atlantic Margins” (which
include parallel basins in Morocco; Olsen, 1997) and “early Mesozoic basins of the Eastern United States” (Robinson and
Froelich, 1985).

Two general types of basin structure and lithology resulted from the divergent tectonic activity beginning in the Late
Triassic: (1) an onshore set of detrital rift basins and (2) a seaward shallow-margin or platform set of basins. With regard to
the Eastern Mesozoic Rift Basins in this assessment, they are exclusively onshore (see fig. 1) and are, therefore, all detrital rift
basins (Manspeizer and others, 1989). The basins are generally asymmetrical half-grabens bound by a dominant normal fault on
either the eastern or western side and have strata dipping toward the fault. As described in the following basin-specific sections,
strata in the basins are mostly siliciclastic strata that were deposited in fluvial and lacustrine settings. Basins from the Culpeper
basin northward exhibit outcrops of igneous rocks in the form of lava flows, sills, and dikes. Igneous rocks, however, are report-
edly present in the subsurface of basins to the south of the Culpeper basin (Daniels and others, 1983). Robinson and Froelich
(1985), Manspeizer and others (1989), and Schlische (2003) provided thorough reviews of both the current state of knowledge
and historical accounts of past hypotheses regarding the formation of these rift basins and the origin of their sedimentary and
igneous components.

Nine onshore basins were chosen for investigation because of their potentially amenable geology for storage as well as
the availability of geologic data (fig. 1). Roughly from north to south they are the Hartford, Newark, Gettysburg, Culpeper,
Taylorsville, Richmond, Dan River-Danville, Deep River, and South Georgia Rift basins. Of those nine, three (Newark,
Gettysburg, and Culpeper basins) were ultimately assessed with one storage assessment unit in each basin; of those, sufficient
information to conduct a quantitative assessment could be gathered only for the Newark basin within the time frame of the
assessment.

Newark and Gettyshurg Basins

By Sean T. Brennan

The Newark basin trends northeast to southwest (fig. 1) and is bounded on the northwest by a complex of southeast-dipping
faults (Schlische and Olsen, 1990) and on the southeast by unconformities on underlying metamorphic rocks (Smoot, 2010). The
axis of the Newark basin is approximately 120 mi long. Its present-day exposure is approximately 20 to 30 mi wide, although
much of the original extent apparently has been eroded (Schlische and Olsen, 1990). The basin is divided into four blocks by
extensional faults; this results in the repetition of stratigraphic sections within the basin (Smoot, 2010). The basin has 23,000 ft
of sedimentary fill, and the strata range in age from Late Triassic through Early Jurassic (Olsen and others, 1996; Smoot, 2010)
(fig. 5).

The Gettysburg basin also trends northeast to southwest (fig. 1) and is bounded on the northwest by a border fault (Root,
1989), which has been interpreted as either a continuous fault (Cleaves and others, 1968; Berg, 1980) or a complex of discontin-
uous faults (Faill, 1973), and on the east by an unconformity between basin strata and the underlying metamorphic rocks (Lyttle
and Epstein, 1987). The northern edge of the basin is known as the Narrow Neck (Root, 1989), which connects the Gettysburg
basin with the Newark basin to the northeast and is present in Lancaster, Lebanon, and Bucks Counties in Pennsylvania (Luttrell,
1989). The axis of the Gettysburg basin is approximately 80 mi long, and the basin has a maximum width of 22 mi (Luttrell,
1989). The basin contains an estimated 21,000 ft of sedimentary fill (Root, 1989), ranging in age from Late Triassic to Early
Jurassic (fig. 6).
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Both the Newark and Gettysburg basins began to form because of the breakup of Pangea. The trend of the western border-
fault complex for these basins mirrors the existing trend of the Appalachian front, indicating that the boundary faults may
have resulted from the reactivation of existing faults or zones of pre-existing weakness (Schlische, 2003). The initial post-rift
deposits within both basins were alluvial-fan deposits near the border faults and fluvial deposits farther from the border faults.
The basal formation in the Newark basin is the Stockton Formation, which consists mainly of the following: (1) conglomer-
ates and conglomeratic sandstone; (2) arkosic sandstone; and (3) micaceous sandstone, siltstone, and mudstone (Smoot, 2010).
Within the Gettysburg basin, the basal New Oxford Formation contains facies that are similar to those of the Stockton Formation
(Smoot, 1991).

Within the Newark basin, the Stockton Formation is overlain by the Upper Triassic Lockatong and Passaic Formations
(fig. 5). In the central part of the basin, the Lockatong Formation mainly consists of thick beds of black shale and gray mudstone,
whereas the Passaic Formation mainly consists of red mudstone and silty mudstone (Smoot, 2010). Near the basin margins,
the Lockatong and Passaic Formations consist mainly of conglomeratic and sandstone units. Although these units are along the
basin margin, the central basin facies dominate much of the strata that overlie the Stockton Formation. Together, the Lockatong
and Passaic Formations are approximately 11,000 to 13,000 ft thick (Smoot, 2010), although they crop out across much of the
eastern Newark basin (Lyttle and Epstein, 1987). Within the Gettysburg basin (fig. 6), there is no Carnian-age formation corre-
sponding to the Lockatong Formation of the Newark basin (fig. 5), but the correlative formation to the Passaic Formation is the
Gettysburg Formation, which is also mainly composed of red mudstone and silty mudstone (Low and others, 2002).

Within the Newark basin, the Passaic Formation is overlain by a series of Early Jurassic basalts and sedimentary units
(fig. 5). In succession from oldest to youngest, these units are the Orange Mountain Basalt; siltstone, sandstone, and laminated
limestone of the Feltville Formation; the Preakness Basalt; siltstone and sandstone of the Towaco Formation; the Hook Moun-
tain Basalt; and dolomitic siltstone (which contains casts of gypsum, glauberite, and halite) of the Boonton Formation (Olsen,
1980). In the Gettysburg basin (fig. 6), the Gettysburg Formation is overlain by the Aspers Basalt of Weems and Olsen (1997),
followed by the Bendersville Formation of Weems and Olsen (1997).

There has been no petroleum production from either the Newark or Gettysburg basins. There is a report of a minor oil
show from the Gettysburg basin from the Leib No. 1 Sheppard well, which produced 2.5 barrels of oil in 1962 (Ziegler, 1983).
Furthermore, the USGS’s 1995 National Assessment of United States Oil and Gas Resources indicated that the Newark basin
contains gray and black lacustrine shales that might be potential source rocks, but that there is little likelihood for any economic
petroleum accumulations (Milici, 1995). Subsequently, the Eastern Mesozoic Rift Basins were reassessed by the USGS for con-
tinuous petroleum accumulations, which resulted in a potential of a mean total undiscovered resource of 876 billion cubic feet of
gas and 4 million barrels of natural gas liquids in the South Newark Basin Continuous Gas Assessment Unit (Milici and others,
2012), a conclusion based on the observation that petroleum generation occurred within the shales identified in the 1995 assess-
ment (Milici and others, 2012; Coleman and others, 2015).

The USGS assessment of the CO, storage capacity of these basins is limited to one SAU per basin. The Stockton Formation
SAU in the Newark basin was quantitatively assessed because there are clear storage and seal units in the Stockton Formation
and the black shales of the Lockatong Formation. The New Oxford Formation SAU in the Gettysburg basin was not quantita-
tively assessed because a sealing unit correlative to the Lockatong Formation could not be identified within the timeframe of the
assessment.
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Stockton Formation SAU C50680101 and New Oxford Formation SAU C50680201

By Sean T. Brennan

The Stockton Formation SAU C50680101 (figs. 5, 7) and the New Oxford Formation SAU C50680201 (figs. 6, 8) consist
of correlative Upper Triassic lacustrine strata (Olsen, 1980; Smoot, 2010) within rift basins that formed during the Mesozoic in
areas that are now in the Eastern United States (Robinson and Froelich, 1985). The Stockton Formation SAU was quantitatively
assessed, and the New Oxford Formation SAU was not.

The Stockton Formation SAU is within the Newark basin and is present in Pennsylvania, New Jersey, and New York
(fig. 7). The Stockton Formation SAU consists of a storage formation, the siliciclastic Stockton Formation (Smoot, 2010), over-
lain by a sealing unit, the mudstone-rich Lockatong Formation (Smoot and Olsen, 1988; Smoot, 2010) (fig. 5).

The New Oxford Formation SAU is present within the Gettysburg basin in Pennsylvania, and a small part of the SAU
extends into Maryland (fig. 8). The New Oxford Formation SAU was not quantitatively assessed for two reasons: (1) whereas a
storage formation is present, there is no equivalent within the Gettysburg basin to the Lockatong Formation seal in the Newark
basin (Lyttle and Epstein, 1987; Smoot, 1991) (figs. 5, 6); and (2) the lithology of the New Oxford Formation is more similar
to the low-porosity siliciclastic rocks of the Manassas Sandstone than to the higher porosity beds in the Stockton Formation
(Smoot, 1991). The lack of a sealing unit and the low porosity of the New Oxford Formation indicate that the New Oxford
Formation SAU is not a good candidate for a quantitative assessment.

In the Stockton Formation SAU, the Stockton Formation has a maximum thickness of 5,900 ft and consists of interbed-
ded conglomerate, arkosic sandstone, and siltstone beds (Smoot, 2010). The depositional setting of the Stockton Formation was
lacustrine (Olsen, 1980; Olsen and others, 1996), although subaerial exposure features and braided fluvial deposits within the
formation indicate that the water level of the lake fluctuated during deposition, and at times, the lake dried out (Smoot, 2010).
The overlying Lockatong Formation is a massive mudstone (Smoot and Olsen, 1988; Smoot, 2010) that grades upward into
similar lithologies in the Passaic Formation (Smoot, 2010), which is also a mudstone-rich lacustrine formation (Van Houten,
1962, 1964). The Lockatong and Passaic Formations are 11,500 to 13,000 ft thick (Smoot, 1991, 2010), and both formations
crop out at the surface within the Newark basin (Olsen and others, 1996). The Lockatong Formation is sufficiently thick and
consists mainly of very low permeability strata, and these characteristics make the formation a potentially effective seal unit for
the Stockton Formation SAU.

The Stockton Formation SAU boundaries were defined on the basis of scant well data and interpretations by Herman
(2011), who estimated the depth to the surface of the Stockton Formation and the thickness of the formation. As the thickness
of the seal formation is not a factor in defining the SAU, only the depth to the top of the Stockton Formation modeled from the
limited well data was used to define the boundaries of the Stockton Formation SAU (fig. 7) where the top of the formation is
between 3,000 and 13,000 ft deep. The area of the SAU as defined is 997,000 acres. Because there are limited data about the
Stockton Formation’s rock properties within the deeper portions of the Newark basin, a deep SAU (containing strata at depths
greater than 13,000 ft below the land surface) was not assessed for the Stockton Formation.

Similar methods were used to define the boundaries of the New Oxford Formation SAU (fig. 8). Because this SAU was not
quantitatively assessed, it is not discussed in any more detail here.

The thickness of the Stockton Formation SAU commonly ranges between 2,000 and 4,000 ft, and the values used in this
study are based on the thickness estimates of Herman (2011). Approximately half of the Stockton Formation is arkosic sandstone
(Smoot, 2010), which is where most of the porous interval resides in this SAU; the sandstone fines upwards into low-porosity
siltstone and mudstone seals (Olsen and others, 1996; Smoot, 2010). Therefore, the net porous interval appears to be much less
than half of the total Stockton Formation thickness, which is consistent with a grain-size analysis of cores from the Newark
basin (Olsen and others, 1996) and core lithology studies (Herman, 2011; Robert T. Ryder, U.S. Geological Survey, oral com-
mun., 2012). For the Stockton Formation SAU, the net porous interval that has porosity values between 5 and 10 percent is
estimated to be between 350 and 750 ft in thickness (Herman, 2011). Because there are no reported permeability measurements
from the cores in the Newark basin, analog values for fluvial-deltaic formations were used (Nelson and Kibler, 2003; Nelson,
2004). These values ranged from 0.001 to 100 mD and had a modal value of 0.1 mD.

The regulations to protect underground sources of drinking water impose an upper limit of greater than 10,000 ppm TDS
for CO, injection projects (EPA, 2009). Because there are no reports of water chemistry for the Stockton Formation at any
significant depth throughout the SAU, any estimate of the percentage of the net porous interval that contains water having
greater than 10,000 ppm TDS would be uncertain. However, there are reports of anhydrite within the Stockton Formation, both
as authigenic minerals and as casts filled by carbonate minerals. Magmatic activity may have occurred at the same time as the
deposition of the Stockton Formation, as indicated by the presence of Jurassic igneous rocks within the Newark basin (Lyttle
and Epstein, 1987; Olsen and others, 1996). Although these observations indicate that the fluids in the Stockton Formation
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may have salinities greater than 10,000 ppm TDS, there is no certainty that they do. Therefore, estimates of the amount of the
Stockton Formation that would be available for storage of CO, were chosen between 10 and 100 percent, and the modal value
was 70 percent. The boundaries, thicknesses, rock properties, and water-quality information mentioned above were used in
accordance with the USGS geologic CO, storage assessment methodology (Brennan and others, 2010) to calculate the available
storage space within the Stockton Formation SAU.
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Figure 7. Map showing the area underlain by the Stockton Formation Storage Assessment Unit (SAU) in the Eastern
Mesozoic Rift Basins study area. Dark-blue grid cells (1 square mile) in the SAU display counts of wells derived from the
IHS Energy Group (2011) well database that have penetrated the storage formation top. The Eastern Mesozoic Rift Basins
study area is modified from Coleman and Cahan (2012, fig. 2).
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Culpeper Basin

By Matthew D. Merrill

The Culpeper Basin is a half-graben rift basin located south of the Gettysburg basin (fig. 1) and north of the Barboursville
basin in the Piedmont province of eastern North America that is filled with strata of the Upper Triassic to Lower Jurassic Newark
Supergroup (figs. 9, 10). Along its axis, the basin extends from just south of Frederick, Md., in the north to near Charlottesville,
Va., in the south, a distance of approximately 85 mi. The western boundary of the basin is the extensional Bull Run fault
(fig. 10). The eastern boundary of the basin consists of small displacement faults and unconformable contacts with basement
rocks (Johnson, 1999). Strata dip west toward the Bull Run fault, and dips increase toward the west. Displacement along the
Bull Run fault and associated crustal thinning produced the Culpeper basin during the Late Triassic.

Roberts (1922) was the first to study the Culpeper basin and establish its stratigraphy. Although early interpretations of
the original geologic structure of the basin were incorrect, Roberts’ formation names and lithologies were retained and repur-
posed to more accurately describe the stratigraphy (for further explanation, see Lindholm, 1979). Palynology by Cornet (1977)
and successive stratigraphic studies by Lee (1977), Lindholm (1979), Lee and Froelich (1989), Smoot (1991), and Weems and
Olsen (1997) have modified the established stratigraphy over time. The group-name nomenclature was established by Weems
and Olsen (1997) in an effort to improve correlation of the previously known Culpeper Group (Cornet, 1977) with the existing
group nomenclature of other Triassic rift basins in eastern North America. Although more proposed changes have been made to
the stratigraphy of the Mesozoic rift basins of eastern North America (Weems and others, 2016), the established stratigraphy of
Weems and Olsen (1997) is used in this chapter.

Sediments of the Newark Supergroup, sourced from the highlands created by faulting and later igneous activity, filled
the Culpeper basin (fig. 10). Two groups are present in the basin: the Upper Triassic Chatham Group and the Lower Jurassic
Meriden Group. The Chatham Group consists of (from oldest to youngest) the Manassas Sandstone, Bull Run Formation, and
Catharpin Creek Formation. Lee and Froelich (1989) separated the basal Manassas Sandstone into four members. The Reston,
Tuscarora Creek, and Rapidan Members are conglomerates and each is in fault contact with or unconformably overlies pre-
Triassic crystalline rocks (Johnson, 1999). The Poolesville Member, previously the unnamed member of Lee (1977), is a fluvial
sandstone and makes up the balance of the Manassas Sandstone. It is discussed below in the section titled “Manassas Sandstone
SAU.” The Bull Run Formation also contains four members (from oldest to youngest): the basal Balls Bluff Member (clayey
and calcareous siltstone), the Groveton Member (a thick accumulation of gray and red shale and siltstone), the Leesburg Mem-
ber (mostly limestone and dolomitic limestone), and the Cedar Mountain Member (greenstone conglomerate). The upper part of
the Bull Run Formation interfingers with, and (or) is overlain by arkosic sandstones and conglomerates, including the Tibbstown
Formation and the Catharpin Creek Formation.

The formations of the Meriden Group are of Early Jurassic age and are distinguished from the Chatham Group in the
Culpeper basin because they are a mixture of sedimentary and basaltic units. The Meriden Group consists of six formations
(from oldest to youngest): (1) the basal Mount Zion Church Basalt; (2) the Midland Formation, which consists of sandstone,
siltstone, and shale and is 500 to 984 ft thick (Johnson, 1999); (3) the Hickory Grove Basalt; (4) the dinosaur-footprint-bearing
Turkey Run Formation, which consists of reddish sandstone, siltstone, and shale; (5) the Sander Basalt, which consists of hydro-
thermally altered and locally mineralized igneous rocks (Lee, 1977; Lee and Froelich, 1989); and (6) the Waterfall Formation,
which is lithologically similar to the other sedimentary units in the group in that it consists of arkosic sandstone, siltstone, and
shale, but it also contains conglomerates of silicate and quartzite clasts (Lindholm, 1979; Lee and Froelich, 1989).

Conventional accumulations of oil and gas have not been discovered in the Culpeper basin. There is potential for continu-
ous gas resources in the basin (Milici, 1995; Milici and others, 2012; Coleman and others, 2015); however, the U.S. Geological
Survey recently indicated that the potential is relatively low compared to other extensional basins along strike (Milici and others,
2012). Wilkes and others (1989) indicated that 29 drill holes have been drilled to depths of 100 to 1,200 ft from the surface in
the Culpeper basin. Drilling was conducted to explore for groundwater, hydrocarbons, and geothermal resources and to improve
the geologic understanding of the subsurface.

The USGS assessment of CO, storage potential in saline aquifers of the Culpeper basin is limited to one SAU: the
Manassas Sandstone SAU. This SAU was not assessed quantitatively because of a probable lack of reservoir porosity and per-
meability at depth. The potential for nonsedimentary units such as basalts to serve as both seals and reservoirs for carbon dioxide
storage is an active area of research. However, because of a lack of subsurface data and reservoir properties for the basalts of the
Culpeper basin, these units were not considered as potential SAUs.
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Figure 9. Stratigraphic column for the Culpeper basin. The Manassas Sandstone
Storage Assessment Unit consists of a storage formation (Manassas Sandstone, red) and
a regional seal (Balls Bluff Member of the Bull Run Formation, blue). Stratigraphic units
are adapted from Lee and Froelich (1989), and units above the Bull Run Formation are
simplified from Weems and Olsen (1997). Fm, Formation; Mbr, Member; Mtn, Mountain.
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Manassas Sandstone SAU C50680301

By Matthew D. Merrill

The Manassas Sandstone SAU C50680301 is an Upper Triassic SAU in the Culpeper basin that consists of the Manassas
Sandstone (of Carnian age) as a storage formation and the Balls Bluff Member (of Carnian to Norian age) of the Bull Run For-
mation as its sealing unit (figs. 9, 10). The two formations are part of the Chatham Group, which is, in turn, part of the Newark
Supergroup of Late Triassic to Early Jurassic age (Weems and Olsen, 1997). Fluvial and lacustrine depositional environments
interpreted to have existed in the rift-generated Culpeper basin are analogous to the environments that produced similar forma-
tions in the other Mesozoic rift basins included in this chapter (see the “Introduction”). This SAU (fig. 9) was not quantitatively
assessed because of the paucity of data and the low probability of a storage formation with good reservoir quality at depth. The
presence of extensional faults and diabase dikes and sills throughout the potential storage formation and seal could limit the size
of the area suitable for storage because of complex compartmentalization. The boundaries for this SAU are uncertain because of
a lack of well control. The approximate areca where the SAU ranges in depth from 3,000 ft (at its upper contact) to 13,000 ft (at
its lower contact) was based on surface geology maps by Lee and Froelich (1989) and a cross section constrained by seismic-
reflection data from Ryan and others (2006).

The stratigraphy of Weems and Olsen (1997) is used in the following discussion. The shale-dominant strata of the Balls
Bluff and Groveton Members of the Bull Run Formation (previously assigned to the Balls Bluff Siltstone) are 310 to 7,000 ft
thick (Lee, 1977). Repeated sections from faulting in the basin may explain the great thickness. The Bull Run Formation is the
main sedimentary constituent of the basin and is exposed along Bull Run in Fairfax, Loudoun, and Prince William Counties,
Va., as well as along the Potomac River in the northern part of the basin (Lee, 1977). Locally, the unit consists of thin beds
of blackish-gray limestone; gray dolomite; and light-gray to dark-red, fine- to medium-grained sandstone (Lee, 1977). In the
Newark Supergroup facies descriptions of Smoot (1991), the Balls Bluff Formation falls into the L4 to L6 lacustrine facies
categories, which consist primarily of mudstone. The mudstone is locally sandy, is locally interbedded with siltstone and rippled
sandstone, and exhibits a variety of structures, such as polygonal cracks, root structures, and burrows that are common in parts
of the formation. The formation dips moderately to the west in the eastern and central portions of the basin and dips more
steeply on the western side (Ryan and others, 2006).

According to Lee (1977), the Manassas Sandstone contains three conglomeratic members (Reston, Tuscarora Creek,
and Rapidan Members) and the Poolesville Member, which is extensive in the eastern part of the basin and is exposed along
Bull Run and the Potomac River. The Poolesville Member ranges from about 1,000 ft to about 3,000—5,000 ft in gross thick-
ness and consists of feldspar and quartz grains surrounded by a red clay and silt matrix (Lee, 1977; Lee and Froelich, 1989).
Smoot (1991) described the sandstones as a variety of fluvial facies in the Newark Supergroup. These range from braided- and
meandering-stream deposits of medium-grained, crossbedded sandstones to stacked sequences of sandstone and mudstone that
exhibit pervasive bioturbation (Smoot, 1991). The shallow water wells in the Manassas Sandstone are productive because of
fracture porosity and permeability, not because of matrix porosity and permeability. At depth, cementation is similar to that in
near-surface beds and the available porosity is assumed to be low (Smoot, 1991). There are no production data or deep wells in
the Manassas Sandstone.

Basins Not Assessed

Many of the Eastern Mesozoic Rift Basins were reviewed and then discounted as potential sites for geologic CO, sequestra-
tion. A brief geologic description for each of these basins is presented below, as is a summary of the rationale for not conduct-
ing assessments in these basins. Most commonly, basins were discounted for geologic CO, storage in saline aquifers because of
(1) the apparent absence of (or inability to characterize) regional sealing formations that have sufficiently large spatial extent and
(or) (2) the lack of rock with acceptable reservoir quality at depths greater than 3,000 ft (see Burruss and others, 2009; Brennan
and others, 2010; Blondes and others, 2013).
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Hartford Basin

By Matthew D. Merrill

The Jurassic and Triassic Hartford basin (fig. 1) and the smaller Deerfield basin are asymmetrical, east-dipping, north- to
south-elongated, extensional, half-graben rift basins. When considered together, the two basins are roughly 100 mi in length
and extend south from the Massachusetts-Vermont border to Long Island Sound. The Hartford basin is bounded to the east by
the Eastern Border fault, on the west by the shorter Mixville fault in Connecticut, and by other local faults in Massachusetts.
Although hydrocarbon exploration and subsurface data in the basin are limited (Hubert and others, 1992), the surficial geology
of the basin is well known from outcrop studies (Krynine, 1950; LeTourneau, 1985; Olsen, 1988; Olsen and others, 2005). A
fluid inclusion study has shown that hydrocarbons were generated in the basin and migrated through reservoirs, but only small
amounts have been retained (Pratt and Burruss, 1988). Late Triassic to Early Jurassic sedimentary and igneous rocks in the basin
are assigned to formations in the Newark Supergroup. From oldest to youngest, their depositional environments and lithologies
generally range from fluvial arkosic sandstones to lacustrine shales and silts, and three major basalt units were extruded during a
later lacustrine phase (Smoot, 1991). In places, the arkosic sandstones of the New Haven Arkose (see Smoot, 1991 and refer-
ences therein) have the potential to serve as storage reservoirs. However, the lack of an overlying homogeneous and massive
shale unit and the absence of evidence for retention of petroleum within the reservoir formation indicate that there are no sealing
formations that satisfy the requirements of the methodology.

Richmond Basin

By Marc L. Buursink

The Richmond basin (along with the Taylorsville basin to the north and five smaller outlying basins) is part of the eastern
belt of Early Mesozoic Rift Basins in Virginia (Goodwin and others, 1985; Costain and Coruh, 1989; Schlische 2003) (fig. 1).
The Richmond basin was examined for geologic CO, storage potential, but it did not meet the criteria for potential regional seals
and storage formations detailed in the assessment methodology (Brennan and others, 2010). The Richmond and Taylorsville
basins both began as a series of small-scale rift basins related to continental extension and then evolved into two regional-scale
rift basins (LeTourneau, 2003). The Richmond basin is exposed at the surface; however, “Richmond basin deposits are excep-
tionally poorly exposed, and environmental interpretations are mostly based on geophysical surveys, and logs and rock chips
from wells” (Smoot, 1991, p. 4006).

Much of the fill in the Richmond basin was deposited in the Triassic. Of the 22 oil and gas or coal tests that were drilled to
depths of 1,000 ft or more in the Richmond basin (Wilkes, 1988; Milici, 1995), the Cornell Oil Company’s Bailey No. 1 well,
which was drilled in 1981, is the deepest; it reached basement at a depth of about 7,000 ft (Wilkes, 1988). There is a general
agreement on the interpretations of depositional environments (which include braided fluvial streams, deltaic clinoforms, and
perennial lakes) and on the complexity of the internal basin structure (which includes post-rift contractional structures and intru-
sive diabase rocks) (Weems, 1980; Cornet and Olsen, 1990; LeTourneau, 2003).

No regional seal units could be confirmed in the timeframe of the assessment. The gray to black lacustrine shales within the
Upper Triassic Vinita Beds (Milici, 1995) are deep enough in some parts of the basin and may exhibit sufficient shale thickness
to be a regional seal, but their regional extent is currently unknown. Furthermore, the cutoff for TDS in the basin’s formation
waters (as specified in the methodologies by Brennan and others, 2010; Blondes and others, 2013) may be met, but if so, the
areas and depths are unknown (Weems, 1980; Smoot, 1991).
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Taylorsville Basin

By Marc L. Buursink

The Taylorsville basin evolved in a structural setting similar to that of the Richmond basin (see the section above,
“Richmond Basin”) and extends northward from near Richmond, Va., beneath the Atlantic Coastal Plain into adjacent parts of
Maryland (fig. 1). The basin is mostly buried, and the geology has been mapped in the exposed areas (Weems, 1980). Much
of the fill in the Taylorsville basin is mostly Triassic. Ultimately, “much area in the Taylorsville basin beneath the Atlantic
Coastal Plain remains to be tested by the drill” (Milici, 1995, p. 10). However, similar to the Richmond basin (and other basins
along strike), (a) there is general consensus on the depositional settings of the basin fill (braided fluvial streams, deltaic clino-
forms, and perennial lakes), and (b) the basin has been inverted since the Triassic (Weems, 1980; Cornet and Olsen, 1990;
LeTourneau, 2003).

When the basin fill was examined for potential regional seals and storage formations, no likely candidates were found. The
Falling Creek Member (of middle Carnian age) of the Doswell Formation appears to contain a high shale-to-silt ratio, and as
much as 300 ft of a shale-dominant lithology is visible in some wells (Milici, 1995; LeTourneau, 2003). However, on the basis
of the limited available well data, it is not clear that sufficient reservoir rock is present beneath the Falling Creek Member of
the Doswell Formation (LeTourneau, 2003). Furthermore, the cutoff for TDS in the basin formation waters (as specified in the
methodologies of Brennan and others, 2010; Blondes and others, 2013) may be met, but if so, the areas and depths are unknown
(Weems, 1980; Smoot, 1991).

Deep River and Dan River-Danville Basins

By Peter D. Warwick

Multiple exposed and buried Triassic to Jurassic rift basins occur in central and eastern North Carolina and Virginia (Olsen
and others, 1989) and are part of the Eastern Mesozoic Rift Basins study area. These basins are generally elongated north to
northeast and are half-grabens that have western boundary faults. They are commonly filled with conglomeratic to fine-grained
fluvial and lacustrine sediments that are interbedded with and intruded by basaltic flows, dikes, and sills of the Newark Super-
group (Costain and Coruh, 1989; Olsen and others, 1989; Smoot, 1991; Olsen, 1997; LeTourneau and Olsen, 2003a,b). The
Deep River basin of central North Carolina and the Dan River-Danville basin of North Carolina and Virginia (fig. 1) were exam-
ined for their potential for geologic storage of CO,.

The Deep River basin is approximately 120 mi long and 5 to 15 mi wide and is divided into the Durham (north), Sanford
(central), and Wadesboro (south) subbasins (Reid and Milici, 2008). Well penetrations in the Durham and Sanford subbasins
indicate that the basal Pekin Formation ranges in thickness from 1,750 ft to more than 4,000 ft and is composed of interbedded
conglomerate, sandstone, siltstone, and claystone (Reinemund, 1955; Bain and Brown, 1980; Reid and Milici, 2008). The Cum-
nock Formation ranges in thickness from 750 ft to more than 1,700 ft and overlies the Pekin Formation in the Durham and San-
ford subbasins. The Cumnock is composed of shale containing interbeds of siltstone and fine-grained sandstone, carbonaceous
shale, and coal (Reinemund, 1955; Bain and Brown, 1980; Reid and Milici, 2008; North Carolina Department of Environment
and Natural Resources and North Carolina Department of Commerce, 2012). The Sanford Formation overlies the Cumnock
Formation and is more than 4,000 ft thick; the Sanford Formation is composed of interbedded fine-grained to conglomeratic
sandstone, siltstone, and claystone (Reinemund, 1955).

The shale-rich Cumnock Formation in the Durham and Sanford subbasins could be considered as a regional seal for geo-
logic storage of CO, in the underlying porous sandstones of the Pekin Formation. However, cross sections (Reinemund, 1955;
Costain and Coruh, 1989) and structure-contour maps (Reinemund, 1955; North Carolina Department of Environment and
Natural Resources and North Carolina Department of Commerce, 2012) show that the depth to the top of the Cumnock Forma-
tion over most of the Durham and Sanford subbasins is less than 3,000 ft. The geologic CO, storage assessment methodology
of Brennan and others (2010) and Blondes and others (2013), used by the U.S. Geological Survey Geologic Carbon Dioxide
Storage Resources Assessment Team (2013a,b,c), requires that the regional seals for CO, storage assessment units be at depths
greater than 3,000 ft. For this reason, the Deep River basin was not assessed for geologic CO, storage. More detailed investiga-
tions and mapping of the depth of the Cumnock Formation are required to determine if some local areas of the Durham and
Sanford subbasins do meet the minimum 3,000-ft seal-depth requirements.
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The Dan River-Danville basin is a half-graben, bounded by faults on its western border, that is approximately 100 mi long
and 2 to 9 mi wide and extends across the North Carolina-Virginia border (Gore and Olsen, 1989). The basin-fill sedimentary
rocks are more than 5,000 ft thick in the southwestern (Dan River) part of the basin (Thayer, 1970) and more than 20,000 ft
thick in the northeastern (Danville) part of the basin (Thayer and Robbins, 1994, and references therein). The lithostratigraphic
nomenclature changes across the basin. The North Carolina part of the basin includes (from oldest to youngest): (1) the Pine
Hall Formation, which consists of coarse- to fine-grained, fluvial and alluvial clastic rocks up to several thousand feet thick;

(2) the Cow Branch Formation, which consists of about 2,000 ft of discontinuous lenses, beds, and tongues of black and dark-
gray claystone, shale, siltstone, and sandstone containing organic debris; and (3) the Stoneville Formation, which consists of
interbedded conglomerate, sandstone, and siltstone (Reid and Milici, 2008). Equivalent but transitional units in Virginia are the
basal Leakesville Formation, the Dry Fork Formation, and the overlying Cedar Forest Formation (Gore and Olsen, 1989) or
only the Dry Fork Formation where the basin fill is composed of conglomeratic and fine- to coarse-grained, fluvial to lacustrine
sandstones (Thayer and Robbins, 1994, and references therein). Although the Cow Branch and Dry Fork Formations contain
well-developed cyclic patterns consisting of massive, light-gray and tan silty mudstones alternating with dark-gray to black,
platy, pyritic shales and carbonaceous shales (coaly in places) (Thayer and others, 1970), the U.S. Geological Survey Geologic
Carbon Dioxide Storage Resources Assessment Team (2013a,b,c) considered these units to be too irregular in thickness and
lateral extent to serve as a regional sealing unit for geologic CO, storage. For this reason, the Dan River-Danville Basin was not
assessed for geologic CO, storage.

South Georgia Rift Basin

By Ronald M. Drake |l

The South Georgia Rift basin (fig. 1) extends from southeastern South Carolina, across southwestern Georgia, into south-
eastern Alabama and western Florida and is bounded on the northwest by the Piedmont and on the southeast by the Atlantic
Ocean. This southeastward-dipping buried basin was formed from the faulting and subsidence along the North American
Triassic rift system during the breakup of Pangea in the Mesozoic Era (Knapp and others, 2011). The basin contains Triassic
sedimentary rocks and intercalated layers of Jurassic basalt flows and diabase dikes and sills that are buried by Cretaceous and
Cenozoic sediments of the Atlantic Coastal Plain.

U.S. Geological Survey assessment geologists investigated the potential for CO, sequestration within saline aquifers in the
basin. According to the CO, storage assessment methodology (Brennan and others, 2010; Blondes and others, 2013), the top of
an SAU must be at least 3,000 ft below the surface and there must be a laterally continuous, competent seal overlying the stor-
age unit. Waddell (2010) postulated that the Triassic beds in the basin are a potential reservoir and that the overlying Jurassic
flood basalt (“J” basalt or “J”” horizon as used by Waddell, 2010) is a seal. However, later studies showed that the “J” basalt is
not as continuous as previously thought (Akintunde and others, 2011; Heffner and others, 2012). Instead, the “J” horizon was
determined to be the base of the coastal plain stratigraphic succession and not continuous Jurassic flood basalt (Akintunde and
others, 2013). Although the “J” basalt is present in the area, it has not been thoroughly correlated throughout the basin. Also, for
much of the basin, the Triassic beds are not at great enough depths to meet the USGS criteria for an SAU. Therefore, because the
limited strata with acceptable reservoir quality did not meet the criterion of being at a depth of at least 3,000 ft, and because the
potential sealing unit was not laterally continuous, no SAUs were assessed in the South Georgia Rift basin.
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