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Abstract 
 
   A pilot test is being conducted in Marshall County, West 
Virginia, USA, to evaluate enhanced coal bed methane 
recovery and simultaneous carbon dioxide sequestration in 
an unmineable coal seam in the Northern Appalachian 
Basin.  Injection of carbon dioxide (CO2) began in 
September 2009 and it continues at the time of this writing.  
This paper describes the project and its current status. 
 
 
Introduction 
 
   Researchers from CONSOL Energy Inc., West Virginia 
University and the National Energy Technology Laboratory 
are collaborating in this effort.  It is planned to inject up to 
20,000 short tons of carbon dioxide at a pressure of up to 
933 psig and at a rate of up to 27 short tons per day into an 
“unmineable” region of the Upper Freeport coal seam 
located at depths of 1200 to 1800 feet, depending on 
surface topography.  Horizontal coal bed methane wells 
were drilled in a modified five-spot pattern into the Upper 
Freeport seam and separately into the overlying (ca. 600 ft. 
shallower) Pittsburgh coal seam, and these wells have been 
producing coal bed methane (CBM) since 2004.  The 
peripheral horizontal wells enclose a 200-acre square.  The 
center wells were converted to CO2 injection wells, and 
CO2 injection commenced in September 2009.  A Class II 
underground injection control permit was obtained from the 
West Virginia Department of Environmental Protection 
Office of Oil and Gas.  The impacts of CO2 injection into 
the center wells on the production and composition of the 
coal bed methane produced in the peripheral and overlying 
wells is being monitored.  Injection will cease when either 
20,000 short tons have been injected or when the coal bed 
methane from the peripheral or overlying wells becomes 
contaminated with CO2. 
 
The pilot test incorporates numerous site characterization 
and monitoring initiatives including 1) monitoring of the 
gas and water produced from seven active coal bed methane 

wells and abandoned deep gas wells in the area of review, 
and from two observation wells drilled for this project, 2) 
ground water and domestic well water monitoring, 3) 
stream water monitoring, 4) soil gas monitoring, 5) surface 
monitoring for perfluorocarbon tracers injected with the 
CO2, 6) tiltmeter observations, and  7) seismic observations.  
Monitoring will continue for two years after injection 
ceases. 
 
 
Description of Wells 
 
   Project wells were directionally drilled at three locations, 
referring to Figures 1 and 5, termed “north”, “center”, and 
“south”. 
 
The north wells were drilled down-dip using the slant-hole 
technique, and they cannot be effectively dewatered from 
their own wellheads.  In the past, gas production from the 
two Pittsburgh seam wells (MH-3 and MH-4) and one 
Freeport seam well (MH-5) had been sporadic and they 
have been shut in for periods of time. Since the start of 
unattended operation, production from these wells has 
become more consistent and they have been left open to 
production.  An unrecoverable drill string was left in the 
Upper Freeport Seam well MH-6, which is sealed. 
 
The center well site consists of two horizontal wells drilled 
into the Upper Freeport Seam; each well has two legs.  The 
wells presently serve as the injection wells for the project; 
however, the wells were initially drilled as production wells 
with the intention to convert them to injection wells once 
gas production diminished.  Well MH-18 is the northern-
most of the two, with northerly- and westerly-oriented 
horizontals, while well MH-20 is located to the south of the 
site and has horizontals that extend towards the south and 
east.  In July 2007, the center wells were shut-in to begin 
their conversion to injection wells. 
 
South wells were drilled into both coal seams; each well 
was drilled with two horizontal legs.  The Pittsburgh Seam 
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well (MH-12) has consistently produced CBM at an 
average daily rate of approximately 200 thousand cubic feet 
per day (mcfd).  The Upper Freeport Seam well (MH-11) 
has produced CBM at approximately 9.5 mcfd since 
production was initiated. 
 
. 
Injection Program 
 
   The injection system consists of: 

• 50-ton liquid CO2 holding tank,   
• CO2 injection pump that takes liquid CO2 from the 

tank and pumps it towards  
• vaporizer, 
• injection tubing, and 
• two injection wells. 

 
The liquid CO2 is delivered to the site by truck and 
transferred into the holding tank.  During injection, a two-
cylinder reciprocating pump transfers the liquid CO2 from 
the holding tank to the vaporizer.  The pump is capable of 
generating a discharge pressure of up to 1500 psig and is 
driven by a variable frequency drive that allows the pump 
speed to be varied either by a 4-20 milliamp signal or by a 
potentiometer.  The vaporizer consists of a natural gas-fired 
boiler that heats water, and a vaporizer section where the 
liquid CO2 is vaporized by heat transfer from the hot water.  
Upon exiting the vaporizer, the gaseous CO2 is split into 
two streams and is transferred to the two injection wells, 
designated MH-18 and MH-20.  Each injection line is 
equipped with a flow meter and pressure transducer as well 
as a pneumatic control valve, which allows for accurate 
measurement and control of the gaseous CO2 injection. 

Following commissioning in September 2009, the system 
underwent a safety review to determine if it could be 
operated unattended.  The findings of the review resulted 
in: 

• The installation of automated shut-off valves to 
effectively stop the flow of liquid and gaseous 
CO2, 

• A relief valve installed to provide liquid CO2 
trapped by a shutdown with a path to exit the 
pump discharge line without causing any damage 
to the fittings, and 

• An air receiver tank was installed at the site to 
supply instrument air to all the valves to ensure 
that they remain in a desired state until the 
injection was brought to a systematic halt. 

After these changes were implemented, CO2 injection was 
reinitiated on November 23, 2009.  Supervised injection of 
CO2 continued through the remainder of November and 
December, with injection occurring for an 8 to 9 hour 

period each day for four days in November and six days in 
December.  Injection at the site was halted on December 9, 
by a severe wind storm, which disrupted power in the area 
for several days.  Power to the site was restored on 
December 14, and injection was restarted; however, the 
injection was temporarily suspended again because of high 
differential pressure measured across the CO2 filter caused 
by debris collected on the filter element surface.  Filter 
elements were replaced and injection was reinitiated on 
December 15.  This problem re-occurred several times 
through the first two quarters of 2010, but it has since 
subsided. 

Fully automated CO2 injection commenced on January 26, 
2010.  Although weather became a major challenge to 
continuous injection during the first quarter of 2010, we 
injected CO2 continuously throughout most of the quarter.  
Delivery issues encountered due to weather conditions 
allowed the CO2 storage tank to empty, forcing the 
injection system to shut down on January 30.  The region 
was hit by a major winter storm on February 5 – 6 that 
blocked all access to the area and caused a power outage at 
the site.  Access and power were finally restored and 
injection was resumed on February 24, and has continued 
with only minor interruptions since.   

By April, injection pressures achieved the maximum limit 
of 700 psig allowed by the Underground Injection Control 
(UIC) permit issued by the West Virginia Department of 
Environmental Protection (WVDEP).  At this pressure the 
mass injection rate averaged only 6 to 10 tons of CO2 per 
day (TPD), which is well below the project goal of 27 TPD.  
CONSOL pursued and received a modification to our UIC 
permit to raise the maximum injection pressure to 933 psig.  
To safely and successfully achieve this pressure, various 
pieces of equipment were replaced, as they were only rated 
for continuous operation at 750 psig.  On August 8, the 
system was removed from service to allow for the 
replacement of the components and upgrades to the 
system’s programmable logic control.  On August 19, the 
upgrades were completed and the injection system was 
returned to service.  At the time of this writing, injection 
pressures were approaching 900 psig and the injection rate 
was averaging approximately 21 TPD. 

Figure 2 summarizes the injection pressure and cumulative 
tons of CO2 injected.  To date, just over 1,000 tons of CO2 
have been injected into the coal seam and there has been no 
indication of enhanced coal bed methane production.  
Figure 3 plots the monthly CBM production from January 
2007 through June 2010.  Missing periods resulting from 
well shut-ins are omitted. 
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Geophysical Characterization 
 
   Geophysical characterization of the site employs well-
log-derived structure and isopach maps, integration of 
structure inferred from the horizontal well paths, and partial 
2D and 3D seismic coverage.  Density and sonic logs from 
one well help establish an approximate tie between the 
seismic response and subsurface stratigraphic intervals.  
The seismic survey over the site was designed as a swath 
3D. Geophones and sources were positioned along a series 
of seven lines crossing the site (dark blue lines, Figure 1).  
Line locations were less than optimal relative to the 
injection laterals because one of the local landowners 
denied access. 3D data were obtained through the northern 
and western parts of the site through simultaneous 
recording on all geophones of seismic disturbances created 
by each source in the survey.  The midpoint spacing within 
the 3D grid is 20 feet. 
 
Subsurface Structure.

 

  CONSOL Energy provided well log 
data for all vertical and lateral wells drilled at the site.  
These wells often had gamma ray and density logs which 
were used to confirm picks on the Upper Freeport and 
overlying Pittsburgh coals.  Structure of the Upper Freeport 
based on vertical well penetrations and lateral well path 
locations within the seam reveal local structural highs to the 
north and west.  The area is gently deformed.  Structural 
relief drops to the south and east with a dip of about 2 
degrees or less (Figure 4).  

Although the laterals oscillate up and down in the Upper 
Freeport seam, the thickness of the Upper Freeport varies 
between 2 to 6 feet across the site so that the structure 
shown in Figure 4 is felt to have an accuracy of 
approximately ± 2 feet in the vicinity of lateral well control 
points.  Structural variability encountered along the forked 
injection laterals across the center of the site suggests that 
local structures with relief of about 10 feet could be present 
elsewhere in the diamond.  
 
Seismic Data.

 

  3D seismic data extracted from the swath 
survey provide a spatially continuous view of the 
subsurface reflection response over the northern part of the 
site (Figure 5).  Reflection travel times to the Upper 
Freeport generally lie between 0.29 to 0.3 seconds.  The 
bandwidth of the shallow data extends, on average, from 
approximately 30 to 100 Hz with a dominant frequency of 
about 60 to 65 Hz.  

Sonic from a nearby well indicates an Upper Freeport coal 
velocity of about 9300 feet/second.  The velocity and 
dominant frequency limit resolution to 25 feet and greater.  
Detection of thinner seams is possible.  The Upper Freeport 
has a thickness of at most 6 feet in the area and although 
not resolvable as a separate reflection event its presence has 

noticeable influence on the composite seismic response 
from the Upper Freeport coal and surrounding intervals.  
 
Time slice views through the 3D cube (Figure 6) reveal the 
presence of subtle structural and stratigraphic features in 
the vicinity of the Upper Freeport.  
 
Attribute Analysis.

 

  A variety of post-stack seismic 
attributes were computed and evaluated in order to gain 
additional insights into the possible existence of penetrative 
deformation that might facilitate leakage at the site.  The 
absolute value of the derivative of trace amplitudes 
enhances the resolution of stratigraphic and structural 
features.  The vertical seismic display (Figure 7) reveals 
patterns of disrupted reflection events between 0.24 to 0.34 
seconds.  This time interval includes the Upper Freeport 
coal.  

Considerable local stratigraphic and structural variability is 
observed above and below the Upper Freeport.  The 
lowermost interval overlying the Upper Freeport is 
approximately 200 feet thick (orange circled area in Figure 
7).  Although there is no evidence of major penetrative 
deformation, subtle features observed in the derivative 
display suggest that small-scale faults and/or fracture zones 
may be present that could intersect the reservoir and extend 
into overlying intervals.  

 
Summary of Geophysical Characterization.

 

  Geophysical 
characterization of the site reveals that the area is mildly 
deformed.  Bedding dip in the vicinity of the site is 
generally less than 2 degrees.  Updip directions within the 
diamond lie to the west and northwest.  2D and 3D seismic 
suggest the presence of complex stratigraphic environments 
in intervals bounding the Upper Freeport coal.  Although 
major penetrative faults and folds are not observed in the 
seismic data over the site, the presence of near-vertical 
alignments of subtle features in the attribute display do 
suggest that minor faults and/or fracture zones may be 
present.  This is not surprising, since fractures are 
commonly observed in outcrop, core and FMI log.  The 
seismic data over the site has provided valuable 
stratigraphic and structural information about the local 
geology that is difficult to infer from well data alone.  
Acquisition of post-injection seismic survey is planned to 
provide a comparison with baseline 3D seismic.  Future 
time lapse analysis is planned to evaluate possible 3D 
seismic uses for detecting and mapping the distribution of 
CO2 within the reservoir. 

 
Monitoring of Deep Wells 
 
   Prior to injection, fifteen wells within a quarter-mile of 
the area of review were sampled to determine baseline 
characteristics of the gas and water (if available) produced.  
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Four samples were collected in consecutive weeks to 
establish the baseline.  Gas samples were analyzed for 
oxygen, nitrogen, methane, ethane, higher hydrocarbons, 
and CO2.  Water samples were analyzed for pH, dissolved 
oxygen, ORP and conductivity, dissolved solids, and 
numerous anions and cations.  Temperature was also 
measured. 
 
During the injection period, we are performing monthly 
monitoring for CO2 breakthrough by sampling water and 
CBM gas and the annular space of several wells located 
within a quarter-mile of the area-of-review as defined in the 
UIC permit.  The most recent gas monitoring results show 
no evidence of CO2 breakthrough.  Water monitoring 
results also show no evidence of CO2 breakthrough. 
 
 
Shallow Hydrogeologic Monitoring 
 
   Environmental monitoring of stream water, shallow 
ground water, and shallow vadose zone gas has been 
ongoing, both before and during the injection of CO2 gas, at 
the CONSOL Energy Inc. test site.  The primary purpose of 
this monitoring is to determine if any sign of significant 
land-surface leakage of injected CO2 gas is occurring at the 
test site, through making and comparing between 
geochemical water measurements for background pre-
injection environmental conditions and during-injection 
environmental conditions.  Another purpose of this 
monitoring is to test and develop better hydrogeologic 
monitoring procedures for detecting any ground surface 
seepage of injected CO2 gas at this or other CO2 geologic 
sequestration sites with similar hydrogeologic settings.  A 
secondary research purpose is to develop a better general 
hydrogeologic understanding of coal and natural gas 
bearing sedimentary rock terrains within the Allegheny 
Plateau Geologic Province at which future CO2 
sequestration in unmined coal beds is possible. 
 
Figure 1 illustrates the CONSOL Energy Inc. CO2 gas 
injection pilot test site along the blue-colored stream of 
Pennsylvania Fork of Fish Creek, located between the 
towns of Bellton to the northwest and Georgetown to the 
southeast.  The stream flows northwest from Georgetown 
towards Belton.  Houses near these towns are shown as 
black dots, and forested land is shown in green color.  
Stream monitoring locations are indicated with large red 
square dots; shallow ground-water monitoring wells are 
shown by large blue square dots, and sampled domestic 
water supplies (wells and one spring) are shown by small 
magenta square dots.  Other sampled features by coauthor 
scientists are blue seismic geophysical survey lines, 
tiltmeter holes (small square black dots) for land surface 
monitoring, and capillary adsorption tubes (CATs – small 
square orange dots) for atmospheric gas monitoring of 
chemical tracer gas.  The test site black and red lines 

indicate the CO2 gas injection (center square lines) and coal 
bed methane production (peripheral wells) of CONSOL 
Energy Inc. 
 
The test site is located within Deep Valley, which has a 
gently sloping south side and a steeply sloping north 
side relative to Fish Creek, which bisects the site.  The 
major meander bend of this stream dictates the test site 
topography, with the outside (northern portion) of the 
meander bend being associated with steep hillsides due to 
erosion over geologic time along the cut bank there.  This 
site is within the soil covered sedimentary rock terrain of 
the Dunkard Group of Permian age; the stratigraphic 
sequence consists of alternating layers of clastic 
sedimentary rocks (sandstone, siltstone, shale, mudstone, 
and claystone), limestone, and coal beds.  Fish Creek, 
monitored water wells W-1, W-2, and W-3, and sampled 
domestic wells B-1, B-2, G-1, G-3, and G-4, and domestic 
spring G-2 are all located within the Washington Formation 
of the middle Dunkard Group. 
 
Procedures.

 

  Monitoring water wells W-1, W-2, and W-3 
were each drilled in May 2008, to 6 inches (15 cm) in 
diameter from 0 to ~20 ft (0 - 6 m) in depth , and 5 inches 
(13 cm ) in diameter from ~20 to 105 ft (6 - 32 m) in depth; 
these wells have respectively 21.5 ft (6.5 m), 24 ft (7 m), 
and 16.5 ft (5 m) of PVC plastic casing pipe, of which 2.2 ft 
(67 cm), 2.5 ft (76 cm), and 1.4 ft (43 cm) respectively are 
the pipe stickup heights.  The upper ~20 ft (6 m) of hole 
annulus zone outside the casing pipe of each well was 
grouted with bentonite clay to ground surface to lessen the 
danger of surface contaminants entering these wells.  Also, 
60 ft (18 m) of slotted PVC plastic liner was installed in 
each well within the 45 to 105 ft (14 - 32 m) depth zone to 
prevent hole collapse.  Well W-1 is the highest yielder with 
a driller’s initial yield of ~25 gpm (6.6 L/m), and a 
transmissivity of 874 ft2/d (0.944 m2/d) and a hydraulic 
conductivity of 12.5 ft/d (3.8 m/d) based on a hydraulic 
aquifer test; the main aquifer for this well is coarse grained 
sandstone.  Well W-2 has a driller’s initial yield of 2.4 gpm 
(0.63 L/m) and has a shale to fine grained sandstone for an 
aquifer.  Well W-3 has a driller’s yield of ~6 gpm (1.6 L/m) 
with a sandy shale aquifer. 

Formal field sampling and field chemical analysis was done 
starting in October 2008 (after trial field sampling in 
September 2008), and continuing through this month 
(August 2010) and to at least year’s end.  Stream discharge 
was measured and water sampling was done weekly to 
biweekly at spots S-1 (upstream), S-2, and S-3 
(downstream).  Monitoring wells W-1, W-2, and W-3 were 
measured for depth to water table and sampled weekly, as 
were the stream spots.  The six domestic water supplies (G-
1, G-2, G-3, G-4, B-1, and B-2) were sampled biweekly, to 
more broadly determine background ground water 
geochemistry well outside of any anticipated environmental 
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zone of influence for injected CO2 gas; Belton wells B-1 
and B-2 had sampling discontinued in May 2010 at the 
request of their property owners.  All sampled waters were 
field tested for electrical conductivity, temperature, and pH 
with appropriate meters.  Total dissolved sulfide was also 
field measured beginning October 2008, for the three 
monitoring wells, and for the domestic water wells 
exhibiting a hydrogen sulfide odor.  Well head space gas 
for the three monitoring wells was measured weekly for 
CO2 gas content beginning May 2009, using a portable 
Vaisala Inc. meter and probe. 
 
Water chemical analyses were performed on all sampled 
waters by CONSOL Energy Inc Research and 
Development.  Laboratory chemical parameters analyzed 
for are pH, electrical conductivity, major cation elements 
(Ca+2, Mg+2, and Na+1), minor cation elements (K+1, Fe+2, 
Al+3, and Mn+2), and major anions (HCO3

-1, Cl-1, and SO4
-

2).  Following water geochemical checking and correcting 
for data errors, the computer program MINTEQ was run to 
calculate the saturation index for calcite (SIC) and 
theoretical equilibrium CO2 gas partial pressure for water.  
Also, speciation calculations were done via EXCEL for 
hydrogen sulfide species (H2S, HS-1) in water, based on pH 
and total dissolved sulfide. 
 
Results and Interpretation.

CH4 + SO4
2- 

  Table 1 illustrates the average 
(mean) chemical values for selected parameters for the 
sampled wells and stream spots.  The stream waters show 
significantly higher field pH than lab pH, with the greatest 
difference being the stream spot S-2 (7.87 field pH versus 
7.15 lab pH).  Theories for this pH difference are being 
explored, but analytical error has been mostly ruled out.  
One theory is that stream water, either directly or by the 
influence of ground-water runoff, is undergoing chemical 
reactions to elevate the field pH, such as by reactions (1) 
and (2) below, whereby methane gas is reacting with sulfate 
ions to produce bicarbonate ions, hydrogen sulfide gas, and 
hydroxyl ions. 

→←  HCO3
- +HS- + H2O (1) 

HS- + H2O →←  H2S(g) + OH- (2) 

Evidence for this theory is the strong sulfurous odor that 
commonly is noted during sampling near stream spot S-2 
and well W-2.  These reactions could be followed by 
reactions such as (3) - (5) below within water sample 
bottles during transit to and storage within the lab prior to 
the lab analysis chemical analysis procedure, causing the 
lab pH to drop. 

HS- + 2O2 →←  SO4
2- + H+   

     (3) 

H2S + 2O2 →←  SO4
2- + 2H+        

    (4) 

CH4 + 2O2 →←  HCO3
- +H+1 + H2O  

    (5) 
Another theory is that photosynthesis occurring during 
warm months and especially low flows raises the stream 
field pH by reactions (5) and (6) below, but this would not 
explain the lower lab pH observed. 

   CO2 + H2O →←  CH2O + O2 
    (6) 

   H+ + HCO3
- →←  CO2 + H2O 

    (7) 
Lesser, but yet still significant, differences exist between 
the field pH (higher) and the lab pH for the three 
monitoring wells (W-1, W-2, and W-3) and two of the 
domestic wells (G-1, G-4).  Reactions (1) to (5) could 
partially explain this effect, and so could reaction (8) below 
for wells W-1, G-1, and perhaps G-4; wells G-1 and G-4, 
and sometimes wells W-1 and W-2 exhibit a strong odor 
similar to that of hydrogen sulfide (or methyl mercaptan for 
well W-2) during field sampling.  Also, wells W-1 and G-1 
have strongly positive SIC values indicating super-
saturation for CaCO3 within the lab tested water samples.  
Precipitation of some CaCO3 within sample bottles prior to 
analysis would have acted to lower the lab pH. 

   Ca+2 + HCO3
- →←  CaCO3 + H+ 

  (8) 
The equivalents concentration data (not shown here) were 
used to characterize the overall water chemistry (dominant 
cation and anion) for Table 1 sampled water locations.  For 
the Fish Creek spots, the predominant ions are Ca+2 and 
HCO3

-1, except for spot S-2 during early December 2009 
through June 2010 when SO4

2- was the predominant anion.  
Wells W-1 and W-2 are predominantly Na+1 and Cl-1/ 
HCO3

-1 while well W-3 is predominantly Na+1 and HCO3
-1.  

Wells W-1 and W-2 have suffered some contamination 
effects, especially W-1, from brine unrelated to CO2 gas 
injection.  One known soil contamination episode with 
leaking fluids from a slop tank was discovered with brine 
occurred in 2006 ~300-400 ft (92 – 122 m) south of well 
W-1 and prior to CO2 injection initiation; this could have 
been caused by a brine spill or leak near the present holding 
tanks adjacent to the methane pump jacks for gas 
production wells MH-11 and MH-12. 
 
Well W-3 has an exotic chemistry with extremely low Ca+2 
and Mg+2 and extremely high pH, HCO3

-1, and Na+1 which 
is difficult to explain.  This chemistry could possibly be 
caused by four types of geochemical reactions.  The first 
type could be caused by a strong upward seepage of 
methane gas from a natural reservoir or contamination 
(such as from a leaky gas pipeline) source, which could 
cause reactions (1) and (5) above, resulting in extremely 
high HCO3

-1 concentration; this situation has been 
witnessed before in Rauch’s research of natural gas impacts 
on water wells in southern West Virginia and eastern 
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Kentucky.  Second, neutralization of the acid created by 
reaction (5) could be occurring due to chemical weathering 
of rock minerals by the reverse of reaction (8) for example, 
but this is unlikely to explain the unusually high pH.  Third, 
hydrolysis reactions like reaction (2) could occur to create 
the very high pH.  Fourth, a strong natural water softening 
effect associated with local shale and mudstone rock is 
likely occurring, whereby aqueous Ca+2 and Mg+2, created 
by chemical weathering reactions, are exchanged for Na+1 
via cation exchange on clay mineral grain surfaces. 
    
Potential Geochemical Signals for Surface Seepage of 
Injected CO2 Gas. 

 

 To date (August, 2010) no probable 
signals, involving geochemical indicators of surface 
seepage of injected CO2 gas, have been observed based on 
available shallow ground water chemistry and stream 
chemistry.  Potential geochemical signals being monitored 
include direct signs of elevated CO2 gas, and indirect signs 
of CO2 gas surface seepage.  Direct signs could include 
significantly elevated concentrations of CO2 gas dissolved 
in stream water, shallow ground water of the monitoring 
wells, or shallow ground water of the sampled domestic 
supply wells or spring; and elevated concentrations of CO2 
gas vapor within the vadose zone head space gas of the 
monitoring wells.  Defining “significantly elevated” is 
somewhat arbitrary, but CO2 gas concentrations exceeding 
2 to 10 times normal background levels would be 
suspicious.  Background is defined by pre-injection 
monitored conditions for on-field-site waters (monitoring 
wells and stream of Figure 1), and both pre- and post-
injection monitored data for the domestic water supplies, 
which are well outside of (beyond 1 km of) the injection 
test site square (the potential geographic zone of influence 
for injected CO2 gas seepage).  Also, any apparent (from 
auger holes) seepage signals would be checked by follow-
up carbon isotope analyses of vadose gas or well water 
through another geologic consultant and lab, and by 
sampling and testing of vadose gas for injected chemical 
tracer from soil (within auger holes) and shallow aquifers 
(sampling well head space gas).  Lastly, any probable 
geochemical signals received would be checked for a trend 
against the historical record of injected CO2 gas volume and 
injection borehole pressure for deep wells MH18 and 
MH20.  Indirect signs of probable CO2 gas seepage are also 
being investigated using the principles discussed above.  
Two or more simultaneous indirect signs would be 
required, involving shallow water dissolution products or 
vadose zone content of CO2 gas.  For example, signs could 
be excessive methane gas displaced by upward seepage of 
CO2 gas, or extreme values of chemical reaction byproducts 
of CO2 gas seepage, such as elevated pH, bicarbonate, 
hardness, and hydrogen sulfide or total dissolved sulfide. 

 
 

Ground Response During CO2 Injection 
 
   The site consists of a lower unmineable coal seam and an 
upper mineable coal seam.  CO2 is being injected into the 
lower coal seam through horizontal wells, while coalbed 
methane is produced from horizontal wells in both the 
lower and upper coal seams.  The primary objective of the 
work described in this section is to study the ground 
response caused by injection of CO2 in the lower coal seam.  
 
In order to study the ground response, thirty six high 
precision tiltmeters with two GPS receivers were installed 
that could measure surface displacements in the sub-
millimeter range, as shown in Figure 8.  The use of 
tiltmeter technology is relatively new and has the potential 
for use in monitoring fluid flow and surface deformations 
in commercial CO2 sequestration projects.  Such 
measurements can be useful in calibrating geomechanical 
models that can predict reservoir response.  These 
instruments were installed in hilly ground terrain near the 
injection zone.  The dense vegetation and steep slopes at 
the site made the construction of these tiltmeter stations 
extremely difficult.  Some earthwork was done to place 
these instruments at the site.  Figure 9 shows a typical 
tiltmeter station at the field site.  A typical tiltmeter station 
consists of a battery, a solar panel, and radio telemetry box 
to communicate with the central processing unit located at 
the site.  All 36 tiltmeters are functional and have been 
calibrated prior to injection of CO2.  Real-time 
measurements are being collected during the injection of 
CO2 on a regular schedule.  The CO2 injection began on 
September 08, 2009 and as of this writing, about 1000 tons 
of CO2 have been injected.  Very small surface 
displacements have been observed in the tiltmeter data.  
Preliminary analysis of tiltmeter data shows small surface 
displacements, and a typical surface deformation pattern at 
the site is shown in Figure 10.   

    
Three-dimensional coupled flow-deformation analyses 
based on the finite element method were performed to 
determine fluid flow and surface displacements at the site.  
A model description and the idealized well configuration 
are shown in Figure 11 and preliminary results on 
computed surface displacements are shown in Figure 12.  
The data collection, data analysis, and modeling work are 
underway.  Results obtained from the tiltmeter 
measurements and numerical modeling of the 
geomechanical response of the reservoir will be presented 
in a subsequent paper. 
 
 
Near Surface Monitoring 
 
    Perfluorocarbon (PFC) tracers are added directly to the 
injected CO2 at the well heads and serve as a surrogate for 



CO2 Sequestration in Unminable Coal with ECBMR - 2010 
 

Reprint - Proceedings 2010 International Pittsburgh Coal Conference, Istanbul, Turkey 7 
 

potential leakage of CO2 into the near surface.  The PFC 
tracers can be analyzed at the level of femto-liters tracer per 
liter of soil-gas or atmosphere.  The two injection wells will 
each have 500 mL of one of two PFC tracers injected from 
syringe pumps capable of matching the injection pressure.  
The injections are made at a rate of 12.5 mL tracer per ton 
of CO2 with tracer injection taking several days to 
complete.  Tracer injections are made as soon as a steady 
state flow of CO2 has been achieved.  The two PFC tracers 
to be injected at the Marshall county site are perfluoro-1,2-
dimethylcyclohexane and perfluorotrimethylcyclohexane. 
 
Soil-gas tracer monitors consist of steel pipes driven 1 
meter into the ground where sufficient soil is available, 
sealed at the top, and open at the bottom.  A 3-inch long 
glass tracer absorption tube containing Ambersorb is 
lowered to near the bottom of the pipe and left in place to 
collect any PFC tracers present in the soil-gas.  The 
diffusion rate of soil-gas into the end of the open glass tube 
corresponds to an exposure of 200 milliliters soil-gas 
during a 24 hour period.  The tubes remained underground 
for periods ranging from one week immediately after tracer 
injection to approximately two months after the first month 
of monitoring.  The sorbent tubes are exchanged as sets 
from all monitoring locations.  The pipes have atmospheric 
PFC tracer monitors clipped on at about 4 feet above the 
ground where sorbent tubes are exposed to the atmosphere 
inside a rain shield.  Analysis is conducted at NETL’s 
tracer laboratory using thermal desorption, and gas 
chromatography with chemical ionization, mass 
spectrometric detection. 
 
The near surface monitoring grid consists of 28 locations 
within 1,200 meters of the injection wells.  Of these 
locations, 18 are within 200 meters of the center point 
between the two injection wells.  The monitors were 
located near features identified as representing an above 
average leakage probability or potential migration pathways 
from the subsurface.  These include locations adjacent to 
existing well bores, and along potential fault lines identified 
from lineament analysis of satellite images and surface 
conductivity surveys.  Monitors are also placed at 
‘hydrocarbon anomalies’ where light hydrocarbon 
concentrations were found to increase with soil-gas depth 
or where atmospheric methane plumes were not associated 
with wells or surface contamination.  A subset of the PFC 
tracer monitoring locations (12 locations) was used to 
conduct CO2 surface flux measurements, and to take 
samples of soil-gas for CO2 and light hydrocarbon analysis.  
 
Soil-gas fluxes are measured using a LiCor 6400 
photosynthesis chamber with the soil CO2 flux chamber 
(6400-09).  At each location, the chamber is pressed into 
the soil surface to a depth of 1 cm, and three flux 
measurements are made.  For each measurement, the CO2 
in the chamber is scrubbed to 10 ppm below the ambient 

atmospheric concentration and allowed to rise to at least 10 
ppm above ambient.  The flux rate is calculated from the 
rate of CO2 concentration change in each measurement.  
Soil-gas samples are taken by driving a probe (AMS Gas 
Vapor Probe 427.01) into the soil with an annular hammer.  
The probe is essentially a stainless steel pipe that has a 
closed point at the end to facilitate insertion into the soil.  
There are perforations just above the tip to allow soil gas to 
flow into the pipe.  A solid steel rod is set inside the hollow 
probe during insertion and extraction to prevent the holes 
from clogging with soil.   At each sampling depth, the 
hammer and soil insert are removed.  A cap fitted with a 
septum seal is placed on the top to allow gas sampling.  A 
gas-tight disposable syringe is used to extract samples 
through the septum.  The first 50 mL of gas extracted from 
each depth is discarded in order to flush the volume of the 
probe.  Each sample of 50 mL is injected into a pre-
evacuated 25 mL bottle through a septum.  This results in a 
sample that is at approximately 2 atm of pressure.  Soil gas 
samples are laboratory analyzed for CO2 concentration and 
C1-C3 hydrocarbon concentrations.  Soil-gas samples and 
CO2 flux measurements are taken at different seasons prior 
to injection and then repeated every four months following 
the start of injection. 
 
Monitoring for PFC tracers in fugitive atmospheric 
emissions at the production wells MH-3, -4, -11 and -12 
will be conducted to monitor for tracer appearance in 
production gas.  Samplings of production gas will also be 
taken when sorbent tube exchanges are made.  Results from 
these measurements will provide information on the 
movement of CO2 through the sequestration reservoir.  
Headspace-gas in the monitoring water wells are also 
sampled for the presence of PFC tracers by pumping 3 liters 
of headspace-gas through sorbent tubes at the same time 
sorbent tube exchanges are made. 
 
 
Summary 
 
   To date, over 1000 short tons of CO2 have been injected 
with no sign of either CO2 breakthrough or of enhanced 
production of coal bed methane.  Injection will continue 
until CO2 breakthrough occurs or 20000 short tons of CO2 
are injected, whichever is first.  Monitoring by a broad 
array of methods will continue throughout the injection 
period and for two years following its completion. 
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Location From (date)
To     

(date)
Average 
Field pH

 Average 
Lab pH

Average 
Field EC 
(μS/cm)

Average 
Lab EC 
(μS/cm)

Average 
HCO3

- (mg/L)
Average 
Cl- (mg/L)

Average 
Ca2+ 

(mg/L)

Average 
Mg2+ 

(mg/L)
Average 
K+ (mg/L)

Average 
Na+ 

(mg/L)
Average  

SO4
2- (mg/L)

W-1 10/10/2008 7/21/2010 8.35 8.03 1058 1024 293 161.0 38.5 5.8 1.2 161.7 6.3
W-2 10/10/2008 7/21/2010 8.46 8.29 667 684 175 106.0 10.1 1.7 1.1 125.9 8.6
W-3 10/10/2008 7/21/2010 9.28 9.14 820 862 442 25.1 0.9 0.3 0.6 198.6 5.4
S-1 10/10/2008 6/16/2010 7.73 7.17 202 197 80 7.3 25.6 4.3 1.8 7.0 19.5
S-2 10/10/2008 6/16/2010 7.87 7.15 231 224 80 16.1 26.4 4.5 1.8 10.8 19.6
S-3 10/10/2008 6/16/2010 7.85 7.15 267 263 80 28.6 27.9 4.9 1.9 15.5 19.3
B-1 10/10/2008 5/17/2010 7.09 7.17 783 825 256 104.3 73.5 13.2 2.0 67.4 20.6
B-2 10/10/2008 5/17/2010 7.24 7.35 776 833 361 67.0 61.7 8.6 2.2 98.6 1.6
G-1 10/10/2008 6/14/2010 8.61 8.31 485 449 278 6.2 9.3 1.6 1.1 98.5 1.8
G-2 10/10/2008 6/14/2010 7.00 6.68 256 247 103 9.4 32.4 6.2 1.4 7.8 21.5
G-3 3/9/2009 6/14/2010 5.58 5.83 227 223 20 16.7 15.8 4.3 12.7 9.5 32.2
G-4 4/6/2009 6/14/2010 7.89 7.73 568 611 196 59.1 23.4 3.3 1.7 98.8 5.3  

Table 1:   Mean chemical parameter values for sampled water wells.  Wells W-1, W-2, and W-3 are monitoring wells constructed for 
this research; wells B-1 and B-2 are domestic well supplies located in Bellton; supplies G-1, G-2, and G-4 are domestic wells located 
in Georgetown; and supply G-2 is a domestic spring near Georgetown. 
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Figure 1:  Site map showing production, injection, and monitoring wells, seismic survey lines, tiltmeter locations, stream monitoring 
locations, and NETL near-surface monitoring locations. 
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Figure 2: Injection summary. 

Figure 3:  Monthly Gas Production from project-related CBM wells. 
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Figure 4: Structure of the Upper Freeport coal. Contour interval is 5 feet. Elevations are subsealevel. XY coordinates are 
metric UTM NAD83. Locations of seismic source and receiver lines are shown in light blue. 

Figure 5:  Seismic coverage at the site.  The cross line and inline grid outlines 200 foot by200 foot areas over the site.  
Injection laterals (black lines) extend to the northwest and southeast. 
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Figure 6:  A portion of the 3D seismic volume is shown in the area covering the northwestern laterals.  CO2  is injected in the 
laterals to the northwest through the MH18 well. 

Figure 7:  Absolute value of derivative along 2D Line 7.  Area of disrupted reflection events is circled in orange.  The red 
diagonal line locates a seismic feature interpreted to be a minor fault.  Log picks shown on the synthetic trace (blue trace at left) 
show the locations of the Pittsburgh coal (Pit), Bakerstown coal (BakrTwn), the Mahoning coal (Mh), the Upper Freeport coal 
(UFr) and an undifferentiated Allegheny coal (Alleg).  
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Figure 8: Configuration of horizontal wells and 36 tiltmeters 

Figure 9: A typical tiltmeter station at the site 
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Figure 10:  Preliminary surface deformations at the field site based on tiltmeter data 

(a) Finite element model 

(b) Assumed well configuration 

Figure 11:  Three-dimensional finite element model 
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Figure 12: Typical computed surface deformations due to fluid injection 
 


