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ABSTRACT

The Midwest Regional Carbon Sequestration Partnership recog-
nizes that both the Devonian Oriskany Sandstone and the Silurian
Salina Group offer potential for subsurface carbon dioxide storage in
northern West Virginia. The Silurian–Devonian Helderberg Group
lies stratigraphically between these two units, and consequently, its
potential as a geologic seal must be evaluated. Predominantly a car-
bonate interval with minor interbedded siliciclastics and chert, the
Helderberg Group was deposited in an ancient epeiric sea. Although
most previous investigations of this unit have concentrated on out-
crops in eastern West Virginia, new information is available from an
injectionwell drilled along theOhioRiver at First Energy’s R. E. Burger
electric power plant near Shadyside,Ohio. Geophysical, seismic, and
core data from this well have been combined with existing outcrop
information to evaluate the Helderberg Group’s potential as a seal.
The data collected suggest that only secondary porosity remains,
and permeability, if it exists, most likely occurs along faults or with-
in fractures.
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INTRODUCTION

Much of the focus of the Midwest Regional Carbon Sequestration
Partnership’s (MRCSP) research program has been on deep-saline
formations as sequestration targets. As carbon dioxide (CO2) is in-
jected into the subsurface, however, consideration must be made re-
garding its long-term fate. The current study evaluates the potential
for the Silurian–Devonian Helderberg Group to serve as a postinjec-
tion confining layer to inhibit migration between the overlying Devo-
nian Oriskany Sandstone and the underlying Silurian Salina Group
(Figure 1).
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Study Area

First Energy’s R. E. Burger electric power plant, located
approximately 4mi (6.4 km) south of Shadyside, Ohio,
in the Businessburg 7.5’ U.S. Geological Survey quad-
rangle, is one of the pilot sites for CO2 injection in
phase 2 of the MRCSP (Figure 2). Located on the west
side of the Ohio River across from Moundsville, West
Virginia, the site sits on a floodplain where the eleva-
tion is 690 ft (210 m) above mean sea level. An injec-
tion well was drilled specifically for this project to a
depth of 8384 ft (2555 m) to penetrate four potential
targets, including the Devonian Oriskany Sandstone
(depth to top = 5920 ft [1804m]), Silurian Salina Group
(depth to top = 6370 ft [1942 m]), Lockport Dolo-
mite (depth to top = 7390 ft [2252 m]), and Clinton
Sandstone (depth to top = 8120 ft [2475m]). After fur-
ther analyses, the Lockport was removed from the list
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of potential sequestration targets because of low poros-
ity values.

GEOLOGY OF THE HELDERBERG

Stratigraphy

The Silurian–Devonian Helderberg Group (depth to
top = 5958 ft [1816m]) is situated between theOriskany
Sandstone and Salina Group. An extensive study of this
predominantly carbonate formation took place at out-
crops in eastern West Virginia. This work subdivided
the Helderberg into individual formations from top to
bottom, respectively: ShriverChert, LickingCreek Lime-
stone, Mandata Shale, New Creek/Corriganville Lime-
stone, Upper Keyser Limestone, Bass Islands Dolomite,
Figure 1. Stratigraphic chart showing the Helderberg Group in its relation to the Silurian–Devonian boundary (sea level fluctuations
adapted from Smosna, 1988, p. 272; reprinted by permission of the Canadian Society of Petroleum Geologists).
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and lower Keyser Limestone (Head, 1974; Smosna,
1988) (Figure 1).

In outcrop, the Shriver Chert is highly deformed
and fractured. The Licking Creek Limestone is a silty,
sandy, shaly limestone with interbedded chert that
interfingers with the Shriver. The generally poorly ex-
posed Mandata Shale is composed of mixed siliciclastic
and calcareous shale and mudstone. Being the oldest of
the black shales to be deposited locally, the Mandata is
thought to not only be the seal, but also the source rock
forminor gas production in several easternWestVirginia
Helderberg wells (Baez et al., 2004). The New Creek
andCorriganville limestones have been combined in this
study; they are interbedded micritic and coarsely crys-
talline limestone with abundant crinoids and chert beds
in their upper section. The upper and lower Keyser lime-
stones have variable lithology and have been described
as pelletal, fossiliferous, stylolitized, micritic, and argil-
laceous with coral and stromatoporoid buildups in ad-
dition to massive grainstone beds. The Bass Islands Do-
lomite is argillaceous, thinly laminated, and contains
sparsely fossiliferous dolomite and dolomitic limestone.
This unit separates the upper and lower Keyser to the
west. In parts of eastern West Virginia, localized depos-
its of the Big Mountain Shale and Clifton Forge Sand-
stone separate the upper and lower Keyser limestones
(McInerney, 1982) (Figure 1).

Based on outcrop observations in eastern West
Virginia, the contact between the Oriskany Sandstone
and the Shriver Chert is gradational with light gray
limestone nodules near the contact (Head, 1974). In
contrast, the contact between the underlying thin, platy,
Tonoloway Limestone and the massive bedding of the
lower Keyser Limestone can be relatively sharp. The
Figure 2. Location map show-
ing cross section C and areas
where samples were collected.
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Tonoloway correlates with the Salina moving west-
ward from the outcrop belt (Smosna et al., 1977).

Although terrigenous material (as represented by
the Big Mountain Shale, Clifton Forge Sandstone, and
Healing Springs Sandstone) from the Taconic uplifts in
the east infiltrated theHelderberg Sea, they didnot reach
the study area in northernWestVirginia. Previouswork-
ers (i.e., Smosna and Warshauer, 1979; Diecchio and
Dennison, 1996) have placed the base of the Helderberg
Group within the Silurian based on fossil evidence. For
the purposes of this study, the Silurian–Devonian bound-
ary is picked at the top of the lower Keyser Limestone
(Figure 1).

Depositional History

The Helderberg Group is a complex facies mosaic of
subtidal, intertidal, and supratidal deposits (Laporte,
1967) generally representing an overall transgression
that started in the southwestern part of the Appala-
chian Basin and proceeded to the northeast (Head,
1974). Helderberg sediments were the result of deposi-
tion in an epeiric sea with water depths not exceeding
150–200 ft (45–60 m) at the basin center (Smosna,
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1988). Mesolella (1978) proposed a northern depo-
center for this basin in eastern New York that later
shifted to central New York during the Middle Devo-
nian Onondaga deposition.

The Helderberg Sea was bounded to the southeast
by the Taconic uplift, which provided intermittent in-
flux of clastic sediments; to the west and northwest by
the Cincinnati and Algonquin arches, respectively; and
by the Adirondack dome to the northeast. Inlets were
possibly present on all four sides, but it is not clear if
all of these led to open ocean. At least one major con-
nection to open ocean must have existed during early
deposition of the Helderberg, however, to allow for
adequate influx of nutrients during deposition of this
normal marine limestone (Smosna, 1988) (Figure 3).

Influence of the Rome Trough

During Helderberg deposition, subsidence was slow, ap-
proximately 0.4–0.5 in. (1.0–1.3 cm) per 1 k.y. (Smosna,
1988). This resulted in thickening toward the basin cen-
ter that was associated with extensive normal faulting
throughout the entire basin. Although the eastern flank
of the Rome Trough is well defined by dramatic breaks
Figure 3. Schematic diagram
of the Helderberg Seaway show-
ing possible connections to
open ocean (modified from
Smosna, 1988, his figure 3,
p. 267; reprinted by permission
of the Canadian Society of
Petroleum Geologists).
n



in the slope of geophysical reflectors, the western flank
contains multiple offset types, including rotational
faults, which in some cases resulted in local uplift. As a
result, the western flank is not as well defined and be-
comes even less so moving north toward the Burger
Power Plant site (Wilson, 2000).

The Burger well is situated just west of the western
flank of the Rome Trough. Battelle Memorial Institute
ran a 5-mi (8-km)-long seismic survey across the study
area, but no major normal faults were apparent. The
east–west seismic line does show what could be a 2- to
3-mi (3.2–4.8-km)-wide carbonate buildup that is con-
sistent with the proximity of the western shoreline of
the Helderberg Sea (Figure 4). This anomaly is not no-
ticeable on the north–south line of the survey.

Approximately 15 mi (24 km) southeast of the in-
jection site, an unnamed normal fault has been mapped
by theWest Virginia Geological Survey. Figure 5 shows
this fault intersecting cross section C. Between the
two Marshall County wells (Marshall 586 and 539), a
60-ft (18-m) offset has been interpreted as a result of a
normal faulting activity affecting the Helderberg Group.
A noticeable thickening sequence is present in the
same area as the unnamed normal fault mentioned
above (Figure 6). Over 60 ft (18 m) of offset has been
interpreted as a result of the unnamed normal fault.
This deformation is most probably associated with
the displacement along the western flank of the Rome
Trough (Figure 5).

OUTCROP AND WELL DATA

Six outcrops inWest Virginia, Virginia, and Pennsylvania
were visited and sampled. In addition to preparing thin
sections, some samples were oriented to analyze poros-
ity and permeability in relation to bedding. Geophysical
logs from 20 wells in West Virginia were used in this
study to produce three east–west cross sections across
the state. In addition to a sidewall core taken in the Bur-
ger well, Helderberg porosity and permeability data
from two additional wells inMaryland and Pennsylvania
were supplied by the Pennsylvania Geological Survey
(Figure 2).
Figure 4. Location map show-
ing the path of seismic lines
near the Burger well. Interpre-
tations are made by Battelle
Memorial Institute.
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Figure 5. Location map and cross section C with interpreted faults estimating the amount of subsidence that has taken place (o/s = offset).
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Outcrop Investigation

Fifteen outcrop samples were taken as part of the cur-
rent study. Oriented thin sections were made and ana-
lyzed. Outcrops in Virginia included Bull PastureMoun-
tain and the highly studied stromatoporoid buildup (reef )
at Mustoe (Smosna and Warshauer, 1979) (Figure 2).
West Virginia sample sites included the Smoke Hole Re-
gion and two Helderberg quarries in Pendelton County.
The Franklin Quarry is in the Keyser Limestone, and the
second unnamed quarry is in the Shriver Chert. These
five locations are within 50 mi (80 km) of each other
along the West Virginia-Virginia border. A roadcut in
Lewistown, Pennsylvania, was visited, and samples from
the Shriver Chert and Mandata Shale were obtained
(Figure 2).

Numerous calcite-filled fractures were observed in
Helderberg outcrops. In addition to karsting, sizeable
calcite veins have been documented (Figure 7). In thin
section, most microfractures were found to be healed
by secondary calcite precipitation. Thin section analysis
also suggests that most primary porosity has been de-
stroyed during early cementation; however, secondary,
intragranular porosity does remain in addition to poros-
ity along stylolites (Figure 8a, b). Permeability may still
exist within the fractures unless these have been com-
pletely filled with secondary calcite or other minerals.

Analysis of the Burger Well

Ranging in thickness from 160 to 500 ft (50 to 150 m)
throughout West Virginia, the Helderberg is 410 ft
(125m) thick in the Burger well with the top of the for-
mation at a depth of 5958 ft (1816 m). Three sidewall
cores were taken from the Helderberg Group in the Bur-
ger well. The cores were obtained out of what we inter-
preted to be the Shriver Chert (6000 ft [1830 m]), the
upper Keyser Limestone (6200 ft [1890 m]), and the
lower Keyser Limestone (6350 ft [1935 m]) (Figure 9a).
Descriptions by Core Lab (Core Lab, 2007) for all three
are identical: limestone, gray, very fine grained, microcrys-
talline, and very fossiliferous. In addition, one thin sec-
tion was made from the upper Keyser Limestone side-
wall core, and the description notes grainstonewith fossil
fragments (mollusks and echinoderms) as principal allo-
chems, calcite cement, and no pores visible (Figure 9b).

Porositymeasured from the sidewall cores (seeCore
Lab, 2008, for analytical results) in the Shriver Chert is
Figure 6. Helderberg isopach
map based on cross sections A,
B, and C. A major thickening
event is occurring southeast of
the injection site.
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0.54% and in the upper Keyser Limestone is 0.64%; the
lower Keyser Limestone shows a porosity of 0.85%.
Core permeability was not measured in the Shriver
Chert, but the upper and lower Keyser were shown to
have permeabilities of 0.001 and 0.004md, respectively
(Table 1).

Because previous work on the Helderberg Group
has been based mostly on outcrops in New York and
along the West Virginia-Virginia border, the Bass Is-
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landsDolomite has not been considered part of theHel-
derberg but instead as a separate unit that either lies
between the Helderberg and Salina or interfingers with
the lower Helderberg. In the Burger well, the interval
from 6292 to 6314 ft (1918–1925 m) shows a neutron
porosity averaging 0.14%, whereas the density porosity
is 0%. The low gamma-ray reading combined with the
fact that the density porosity is substantially less than
the neutron porosity implies that this interval is quite
Figure 7. Calcite-filled frac-
tures in outcrops are a result of
karsting. (a) Solution cavity or
calcite vein at Bull Pasture
Mountain. (b) Close-up view.
Figure 8. Keyser Limestone samples taken from Bull Pasture Mountain. Calcite is stained with Alizarin red. (a) Interior of a brachiopod
that has been mostly filled by spar. Arrows point to remaining intragranular porosity. (b) Arrows point to porosity associated with a stylolite.
Although this specimen is mostly spar and micrite, the white grains are silica.
n



dolomitic (T. Carr, 2007, personal communication)
and suggests the Bass Islands in this well interfingers
with the lower Helderberg. Smosna et al. (1977) made
a similar correlation about 15 mi (24 km) south of our
study area, which shows that the lower Keyser pinches
out as onemoveswest fromnorthernWestVirginia into
eastern Ohio.
Analyses for Brown Hill and Accident Field Wells

Porosity and permeability measurements in the Hel-
derberg were also gathered in the Brown Hill well
(API 37-117-20165) in Tioga County, Pennsylvania,
and an Accident field well located in Garrett County,
Maryland. The Brown Hill well reported a porosity of
1.1% and a permeability of less than 0.001 md (air),
whereas the Accident field well had 0.6% porosity
and a permeability of less than 0.1 md (air) (Figure 2).

DISCUSSION

Low permeability values suggest that the Helderberg
Group should provide an effective seal, at least initially.
Figure 9. (a) Section of a well log from Burger well. (b) Thin section of a sample taken from the Burger well at a depth of 6200 ft (1890 m).
Q = quartz; Cal = calcite; and Sty = stylolite.
Table 1. Comparison of Core to Log Parameters
Core
 Core Grain

Core Permeability
Average Log
Lewis et al.
Log Density

Depth (ft)
 Formation
 Porosity (%)
 Density (g/cm3)
 Klinkenberg (md)
 Kair (md)
 Porosity (%)
 (g/cm3)
6000
 Shriver Chert
 0.544
 2.709
 N/A
 N/A
 −0.015
 2.715

6200
 Upper Keyser Limestone
 0.642
 2.707
 0.000
 0.001
 −0.027
 2.733

6350
 Lower Keyser Limestone
 0.846
 2.718
 0.002
 0.004
 −0.003
 2.735
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Geochemical reactions in simulated sequestration en-
vironments have demonstrated that both permeability
and porosity can be affected as CO2 is introduced into
the system (Benson and Cole, 2008). At first, carbon-
ate cements have been shown to dissolve, which could
increase porosity. As time passes, however, precipita-
tion of carbonate minerals and clays occurs, decreasing
both the porosity and permeability. These reactions also
have the ability to compromise the integrity of the
strength of the formation and disrupt in-situ fluid flow
(Benson and Cole, 2008).

Gherardi et al. (2007) simulated the reactive trans-
port of CO2 injected into an on-shore depleted gas res-
ervoir and its effect on the carbonate cap rock. They
found that whenCO2migrated into the cap rock through
existing fractures or zones with high initial porosity, cal-
cite dissolved and porosity increased in conjunction
with a markedly lowered pH. In contrast, when the
cap rock was fully saturated with in-situ fluids, calcite
tended to precipitate, buffering the pH and decreasing
the porosity and permeability, enhancing the cap rock’s
ability to act as a seal (Gherardi et al., 2007).

An attempt to inject CO2 into the Burger well was
made in early December 2008. Injection pressure proved
to be higher than anticipated, and only a small amount of
CO2 was sequestered. Although the initial data showed
sequestration potential, attempts to increase the injec-
tion pressure proved to be futile because of the low per-
meability encountered in the target formations.
CONCLUSIONS

Thin sections made from outcrop samples show that
secondary porosity remains in the Helderberg Group.
Only one thin section was taken directly from the Hel-
derberg in the Burger well; it lacked any recognizable
primary or secondary porosity. Even so, the presence
of stylolites in that thin section suggests that mini-
mal porosity and permeability may be present; addi-
tional sidewall coring and thin section analysis might
be warranted.

Based on the limited number of these thin sections
from theHelderberg interval, no direct evidence for frac-
turing in the Burger well exists. However, because of the
proximity to the Rome Trough, the authors postulate
the presence of fracturing in the Helderberg Group
but perhaps nothing as extensive as observed in the east-
ern outcrop belt of West Virginia and Virginia. Again,
only additional coring could verify this hypothesis.
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Previous studies in the east (i.e., proximal to the
basin center) have placed the Silurian Bass Islands Do-
lomite directly overlying the Salina. Log analysis shows
that the upper and lower Keyser limestones are prob-
ably separated by the Bass Islands in the Burger well.

Compared to the eastern outcrop belt, the struc-
ture in the immediate study area is relatively simple;
however, any structural variations that do exist must
be taken into account when injection of any substance
into the subsurface is considered.
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