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Abstract 
Development and production of coalbed methane involves the production of large volumes of water. The salinities and 
sodium adsorption ratios of coalbed methane (CBM) water from the Powder River Basin range from 370 to 1,940 ppm and 
5.6 to 69 respectively. Surface discharge of CBM water can create serious environmental problems; subsurface injection is 
generally viewed as economically nonviable. It has been shown that oil recovery from reservoir sandstones can be improved 
by low salinity waterflooding for salinities ranging up to 5,000 ppm. There may be both technical and regulatory advantages 
to application of CBM water to oil recovery by waterflooding. Thin section and scanning electron microscope studies of the 
mineral constituents and distribution of Tensleep and Minnelusa sandstones show they are typically composed of quartz, 
feldspar, dolomite and anhydrite cements but have very low clay content. The sands contain interstitial dolomite crystals in 
the size range of up to about 10 microns. Three sandstone cores from the Tensleep formation in Wyoming were tested for 
tertiary response to injection of CBM water. The cores were first flooded with high salinity Minnelusa formation brine of 
38,651 ppm to establish residual oil saturation. Synthetic CBM water of 1,316 ppm was then injected. Tertiary recovery by 
injection of CBM water ranged from 3 to 9.5% with recoveries for all but one flood being in the range of 5.9 to 9.5%.   
Previous studies showed that the presence of clay was needed for response to low salinity flooding. As a test of the recovery 
mechanism, a Tensleep core was preflushed with 15% hydrochloric acid to dissolve the dolomite crystals. The treated core 
showed no tertiary recovery or pressure response to CBM water.  
 
Introduction 
Coalbed methane (CBM) is a significant source of energy and now accounts for 7.5% of gas production in the conterminous 
United States. In Wyoming, CBM production contributes 18% of the total gas production (WOGCC, 2006). The Powder 
River Basin (PRB) in Wyoming and Montana is one of the most active areas of development. It is estimated to contain 61 
trillion cubic feet (Tcf) of natural gas in-place, with 39 Tcf being technically recoverable (ARI, 2002). There were 19,523 
CBM wells in the Wyoming portion of the PRB at the end of 2006 (WOGCC, 2006) (Fig. 1). Planners forecast as many as 
81,000 additional CBM wells (Fisher, 2003). 

Development of CBM production first requires dewatering of the coal seams. CBM water presents a serious disposal 
problem which complicates CBM development. For the last 3 years, CBM water production in the PRB alone has been about 
equal to one third of the total water associated with oil and gas production in Wyoming (Table 1). The majority of the water 
has high sodium adsorption ratios. Total dissolved solids (TDS) of water co-produced with coalbed methane in the Wyoming 
portion of the Powder River Basin range from 370 to 1,940 mg/L with a mean of 840 mg/L (Rice, 2000). The sodium 
adsorption ratios (SAR, the ratio of sodium to calcium and magnesium) range from 5.6 to 69 (Pierce, 2004). Most of this 
water has limited suitability for domestic and animal consumption or for agriculture. Commonly practiced surface disposal 
has a range of adverse effects. Disposal into rivers has been contested. Other problems involved with the extraction of such 
large volumes of groundwater include impacts on domestic water wells and natural springs, water rights, lowering of water 
tables, and groundwater recharge issues. 

Under the Environmental Protection Agency’s Underground Injection Control (UIC) program, subsurface re-injection of 
CBM water is categorized under the restrictive Class V injection which sometimes makes the disposal uneconomic. To date, 
only a minimal amount of PRB CBM water has been re-injected (Table 1). Environmentally sound and economically viable 
disposal of CBM water has become crucial to continuous CBM development in Wyoming. 

Waterflooding is widely used to improve oil recovery from reservoirs. Application of CBM water to oil recovery has 
special regulatory advantages. Injection of CBM water into oil reservoirs falls within the less restrictive Class II injection 
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under the UIC program. CBM water injection for improved oil recovery provides value-added disposal. Fig. 2 illustrates the 
distribution of oil wells in Wyoming. Since coal seams and oil reservoirs often overlie each other, the cost of infrastructure 
for transport and injection of CBM water into oil reservoirs should be reasonable. 
 
Oil production from the Tensleep and Minnelusa Sandstones    
Oil recovery from the Tensleep (T) formation in the Bighorn, Wind River, and Greater Green River basins and the Minnelusa 
(M) formation in the Powder River Basin constitutes about 1/3 of Wyoming’s current oil production. The T/M reservoirs are 
targets for improved oil recovery because recovery factors are often low as shown in Fig. 3, based on the TORUS database. 
About 60% of the oil production comes from the Minnelusa formation in the Powder River Basin. Most of the wells in the 
T/M formations are classed as stripper wells with much of the production running at higher than 98% water cut. For example 
the Tensleep at Teapot Dome is described by Giangiacomo (2001) as naturally fractured, multilayered sandstone with 
interbedded dolomites that is thought to be oil wet. Oil cuts range from 0.05 to 0.8%. In addition to natural water influx, there 
are fields where water injection contributes to production from the T/M sandstones. The salinity of injection water used in 
T/M waterflooding ranges from as low as 150 ppm from freshwater aquifers to re-injected high salinity reservoir brine.  
 
Petrophysical Properties 
The T/M formation sandstones are of eolian origin. Petrophysical studies have been performed on samples from 10 reservoir 
formations and 16 outcrops located as shown in Fig. 4. On average, at least two samples were taken from each of the ten 
identified reservoirs. In all, a total of 405 thin sections were analyzed. The sands exhibit partial filling of primary porosity by 
dolomite and anhydrite cements and almost complete absence of clay. Very low clay content was confirmed by XRD 
analysis. The Tensleep sample showed small peaks for illite that originated from within lithic fragments. Continuous whole 
core samples show numerous fractures. Localized fractures are evident in core plugs and even in thin sections. Thin section 
and SEM studies show that fine-grained laminae are rich in microcrystalline dolomite, and coarse-grained laminae are 
cemented by anhydrite. T/M sandstones contain numerous interstitial and well distributed dolomite crystals that are up to 
about 10 microns in diameter (Fig. 5). These particles are distributed within the interstitial pore space and around the grains 
and do not appear to contribute to cementation.  

Preliminary investigation of these crystals was made by first gently breaking up a thin rock slice using a mortar and 
pestle. The rock readily disaggregated. Two 0.5 grams samples of rock were dispersed in brine, one in Minnelusa reservoir 
brine and the other in CBM water. The suspensions that remained after settling of sand grains were poured off for further 
examination. Fine particles that continued to settle from the suspension were collected on a microscope slide with a recessed 
area that could be covered by a slip (see Fig. 6). The size of the particles was consistent with the SEM images, and their 
crystal form indicated that they were dolomite. The milky suspension remaining in the CBM water was treated with 20% HCl 
and became clear with no further settling, further supporting the conclusion that the suspended crystals were mainly 
dolomite.  
 
Low Salinity Waterflooding 
Apart from considerations of formation damage, waterfloods have been traditionally designed without regard to the 
composition of the injected brine. Jadhunandan and Morrow (1995), Yildiz and Morrow (1996) and Yildiz et al. (1999) 
showed that changes in injection brine composition can affect recovery, thereby raising the possibility that brine composition 
can be manipulated to improve waterflood recovery. Tang and Morrow (1999) reported examples of large increase in oil 
recovery by reduction of injection brine to concentrations in the range of 150 ppm to 1500 ppm. Laboratory low salinity 
waterflood tests at reservoir conditions and reduced reservoir conditions showed consistent improvement in recovery for 
brine concentrations ranging up to 5,000 ppm (Webb et al., 2005; Lager at al., 2006). Results of single well pilot tests were 
consistent with laboratory tests (McGuire et al., 2005).  

There are indications that interfacial phenomena, possibly through clay stabilized emulsions or lamella, play a role in the 
recovery mechanism (Zhang et al., 2007). Previous studies of both clean and fired sandstones (Tang and Morrow, 1999) 
showed that clay-free sandstones did not give improved recovery by low salinity waterflooding. The T/M class of sandstones 
has been tested for response to low salinity waterflooding mainly to determine the effect of the well-distributed dolomite 
crystals on oil recovery.  
 
Experimental  
Material. 

Crude Oil: Tensleep crude oil was used as the oil phase in all tests. Oil properties are presented in Table 2. Before use, 
the crude oil was filtered to remove particulates, and then vacuumed for three to four hours to remove light ends to minimize 
the possibility of gas evolution in experiments run at elevated temperature.    

Brines: Brines were prepared from distilled water and reagent grade chemicals. The compositions of two synthetic 
brines, a 38,651 ppm reservoir brine based on the composition of a Minnelusa reservoir brine, and 1,316 ppm brine, based on 
a representative co-produced CBM water, are listed in Table 3; the two brines will be referred to as high and low salinity 
brines (HSB and LSB) respectively. The synthetic brines were vacuumed before use to remove dissolved gas. 
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Cores: The reservoir cores originated from the Tensleep formation at the Teapot Dome oilfield in Wyoming. The 
porosity and permeability of the cores are listed in Table 4.  
Experimental Procedure. 

Core Cleaning: The cores were cleaned by cyclic flooding of toluene and methanol until the effluent toluene was clear, 
and then dried at 100°C. After drying, the core dimensions, air permeability, and weight were measured. 

Establishment of Swi: The core samples were saturated with HSB and equilibrated at room temperature for at least 10 
days. The initial water saturation was established by injection of the crude oil. The direction of flow was reversed for even 
saturation distribution along the core. 

Aging: After establishing Swi by displacement with crude oil, the core was removed from the core holder and submerged 
in crude oil contained in a stainless steel aging cell. The cell was sealed and held at reservoir temperature (75°C) for ten days. 

Waterflood Tests and Spontaneous Imbibition: Waterfloods were performed at a constant flow rate of 0.25 ml/min at 
75°C. HSB was first injected until oil recovery was stabilized. Pressure drop and oil production were monitored continuously. 
The injection brine was then switched to LSB to test for tertiary mode oil recovery. Because only a few reservoir core 
samples were available, multiple tests were performed on each core. R refers to the process of cleaning, re-establishing Swi 
and aging the core in the crude oil; C refers to the cycle which was defined as flooding with brine followed by re-
establishment of initial water saturation (Zhang et al., 2007). For example, sequential cycles are indicated as R1:C1, R2:C2, 
etc. if the core was cleaned and re-aged after each flood. The cumulative oil recovery, effluent brine pH, and pressure drop 
were recorded against the injected pore volume. Imbibition tests were run in standard imbibition cells at 75°C. 
 
Results and Discussion 
Core T1.  

R1:C1. A preliminary test, R1:C1, was made on Core T1 for tertiary response to LSB. Waterflood recovery was stable at 
62% after injection of 10 PV of HSB brine (Fig. 7a). Injection of 10 PV of LSB resulted in additional recovery of 9.5% 
OOIP. This is the first example of significant increase in oil recovery by injection of LSB from essentially clay-free 
sandstone.  

R2:C2. The sample was then cleaned and re-aged at Swi = 21.7%. Secondary recovery for R2:C2 was 73% compared to 
62% for the first flooding cycle. During injection of HSB the pressure drop passed through a maximum of 18 psi, then fell to 
14 psi followed by continuous slow rise to 18 psi after injection of 7.5 PV of HSB brine.    

Injection of 7 PV of LSB resulted in additional recovery of 7.9% OOIP. The pressure response was unusual with respect 
to previous low salinity tertiary floods on sandstones (Zhang et al., 2007). Instead of passing through a maximum, the 
pressure rose continuously from 18 psi to almost 30 psi with injection of 11 PV of LSB even though the remaining oil 
saturation was decreased by tertiary production (Fig. 7b).  

R3:C3. For Cycle R3:C3, the core was re-aged at Swi = 20.5%. Injection of HSB caused the pressure to pass through a 
maximum of 23 psi. After a period of decline, as for R2:C2, the pressure started to rise even though a stable residual of 
63.8% had been reached.  

After switching to injection of LSB, the pressure continued to rise smoothly and was close in form to that for R2:C2 (see 
Fig. 7b); the additional oil recovery was 7.5 %OOIP (see Fig. 7a).  

For all floods, the pH of the effluent brine showed no response to injection of LSB and only small overall change 
between 6 and 7. 

Spontaneous imbibition. A spontaneous imbibition test was performed after Cycle R3:C3. The core was cleaned and re-
aged at Swi = 25.7%. Oil recovery by spontaneous imbibition of HSB was less than 10% OOIP with the rate being about 4 
orders of magnitude slower than imbibition at very strongly water-wet conditions (see Fig.8). The core wettability falls 
within the category of weakly water-wet to neutral.  
 
CoreT2.       

R1:C1. For R1:C1, starting at Swi = 18.9%, Core T2 was flooded with HSB. After injection of 7 PV, oil recovery became 
stable at 60% OOIP (Fig. 9a). Initially, the pressure drop increased to a maximum of 27 psi after injection of 2.5 PV followed 
by decay to a minimum of 24 psi at 5 PV. The pressure then showed steady rise, as for Core T1, even though oil saturation 
did not change during the period of 7 to 12 PV injection. Injection of LSB brine caused further rise in pressure to a stable 
value of 42 psi (Fig.9b). In spite of the large pressure drop, only 3% additional oil recovery was given by injection of LSB 
brine.  

R2:C2. For R2:C2, after re-cleaning, Core T2 was re-aged at Swi = 21%. Upon injection of HSB, the pressure drop 
increased to a maximum of 13 psi after injection of 2.5 PV followed by decay to a minimum of 8 psi at 4 PV. Waterflood 
recovery for HSB stabilized at 70% OOIP recovery (Fig. 9a). Again, the pressure drop continued to increase even though the 
residual oil saturation was stable. Overall, the pressure response to injection of HSB brine was significantly less than for 
R1:C1.  

After injection of 6 PV of LSB, an additional 6% OOIP of oil was recovered. Continued injection gave no further oil 
recovery but slight overall decline in pressure drop.  

R3:C3. For, R3:C3, Core T2 was cleaned and re-aged at Swi = 17.4%. The pressure drop increased to a maximum of 27 
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psi after injection of 1.0 PV, followed by decay to a minimum of 10 psi at 5 PV (Fig. 9b).   The pressure drop again showed 
overall increase even after attaining a stable residual oil saturation to HSB flooding.  

 During injection of 7.2 PV of LSB, the pressure drop was almost constant. Oil recovery increased by 5.9 % OOIP and 
then stabilized.   Even though the pressure drops for R2:C2 and R3:C3 were less than half that for R1:C1, the tertiary 
recoveries were both higher. 

The pH of the effluent brine was close to neutral during HSB waterflooding and subsequent injection of LSB.  
Spontaneous imbibition. After Cycle R3:C3, core T2 was cleaned and re-aged at Swi = 23.5%. The oil recovery by 

spontaneous imbibition of HSB was recorded versus imbibition time. Oil production versus time was similar to that obtained 
for Core T1 (see Fig. 8). 
 
CoreT3. 

R1:C1. There was an equipment failure for the first waterflood cycle R1:C1 on Core T3.  
R2:C2. The core was cleaned and re-aged at Swi = 21.8%. After early breakthrough at 23% OOIP oil recovery, the 

recovery became stable at only 34.2% OOIP (Fig. 10a). The maximum pressure during HSB flooding was 28 psi. Recovery 
reached a stable value after injection of about 4 PV and the pressure had declined to a minimum of 23 psi after 7 PV of 
injection (Fig. 10b).  

LSB water was then injected. The pressure across the core rose to 47 psi after injection of 4 PV. Subsequent decay in 
pressure was accompanied by tertiary response with most of the additional oil recovery of 8.3% OOIP being produced during 
the 2 PV of LSB injection after reaching the maximum pressure. This pressure drop behavior, unlike that for Cores T1 and 
T2, was roughly comparable to that observed previously for sandstones that exhibited tertiary response (Zhang et al, 2007). 
The pH increased from 6 to 6.7 while flooding with LSB. 

R3:C3. The core was cleaned and re-aged at 22.7% initial water saturation. Early oil production before obvious 
breakthrough of HSB brine was over 60%, more than double that for R2:C2 (Fig. 10a). The pressure rose to a maximum of 
36 psi, fell to a minimum of 17 psi and then increased steadily even though, as in several of the previous tests, oil recovery 
was stable at 77.1% OOIP. Injection of LSB caused a comparable pressure response to that for R2:C2. Even though R3:C3 
had already yielded 77.1% secondary recovery, tertiary mode recovery reached 8.3% OOIP after injection of 12 PV of LSB. 
The pH of the effluent brine was close to 6 during production of HSB and rose to about 7 during the course of LSB 
production. 

R4:C4. As a test of the effect of the presence of dolomite, Core T3 was cleaned and then flushed with 450 cc of 15% 
hydrochloric acid. The core was then flushed with HSB until the effluent pH was neutral. The objective of this treatment was 
to investigate the effect on recovery of dissolving the fine interstitial dolomite crystals.    

The acidized core was re-aged after establishing an Swi of 35.4% at the same flow rate that gave initial water saturations 
of about 20% in all previous cycles. The reduced pressure drop to flow of crude oil and significant change in character of the 
pore space probably contributed to the high initial water saturation compared to values obtained prior to acidization. Injection 
of HSB resulted in breakthrough recovery of 46% OOIP and a maximum pressure of only 8 psi. The pressure decayed to 5 
psi after 5 PV and then, rather than continuing to rise as in previous tests, dropped slightly during subsequent injection of 8 
PV of HSB brine. Recovery stabilized at 60.9% OOIP (Fig. 10a).  

Upon injection of LSB, in contrast to results for the non-acidized cores, the pressure remained close to constant at about 
3.6 psi and there was no detectable response in recovery even after injection of 12 PV of LSB. The pH of the effluent brine 
remained close to 6 throughout the test. 

Acidization caused the dry weight of Core T3 to decrease by 5.09% (8.83g). The porosity increased from 13.6% to 
18.7%. The permeability increased from 18.2 to 28.1md which was less than might be expected from the increase in porosity, 
possibly because of the effects of acidization on cements and pore geometry.  
 
Effect of salinity on brine permeability. 

The effect of change from HSB to LSB on water permeability of Tensleep sandstone is shown in Fig. 11. Core T2 was 
cleaned and saturated with HSB after the imbibition test described above. The water permeability to HSB held steady at close 
to 14 md for 12 PV injection. When the injected brine was switched to LSB the permeability dropped to 8 md and then rose 
to a steady value of about 9.5 after 7 PV injection. The reduction in permeability by about one third suggests that the 
dolomite particles are more readily dispersed by the low salinity brine because of reduced Van der Waals’ attraction that 
results from double layer expansion.  
 
Sequential tests on individual cores. 

Crude oil/brine/rock (COBR) combinations are highly complex. Better understanding of the mechanism of improved 
recovery is needed for optimization of conditions for low salinity flooding. In this regard, reproducibility of laboratory results 
is an important issue. Imbibition and waterflood tests on duplicate mixed-wet outcrop sandstones have been shown to be 
closely reproducible (Jadhunandan and Morrow, 1995; Yildiz and Morrow, 1996; Yildiz et al., 1999). However, variation in 
secondary recovery response for consecutive floods after cleaning and re-aging between floods occurred for all three of the 
tested Tensleep cores. Variation was also observed for clay bearing reservoir rock (Loahardjo et al., 2007). Each cycle of core 
preparation and flooding affects the subsequent test. Variation in secondary recovery for consecutive floods on individual 
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cores also indicates that subtle changes in COBR interactions can have large effects on oil recovery from mixed-wet rocks. 
As a consequence, establishing baseline secondary recoveries for crude oil/brine/reservoir core combinations is problematic 
when duplicate core plugs are not available. In contrast, investigation of low salinity flooding in tertiary mode can 
demonstrate a clear connection between reduction in salinity and increase in oil recovery through both laboratory tests and 
pilot tests for, wells producing at very high water cut. 
 
Tertiary recovery versus waterflood residual oil. 

 A benefit of the wide variation in secondary recovery for sequential floods is that the tests on tertiary recovery cover a 
wide range of residual oil saturations at the outset of LSB flooding. A plot of tertiary recovery versus residual oil saturation 
to HSB flooding is shown in Fig. 12. The tertiary recovery covers a fairly narrow range of saturation change (3 to 9%) and 
appears to be essentially independent of the residual saturation to HSB over the tested range. 
 
Pressure response and recovery mechanism.    

In contrast to the assumption that, aside from formation damage, injection brine composition and differences between 
connate brine and injected brine have no effect on the efficiency of a waterflood, experimental studies continue to show 
unexpected effects. There are many possible mechanisms, some of which may be competing, whereby brine composition can 
impact oil recovery.   In previous studies, the presence of clay, usually kaolinite, was concluded to be a necessary condition 
for improved recovery by low salinity flooding (Tang and Morrow, 1999; Lager et al., 2006). Brine/crude oil interfaces that 
are stabilized by fine particles have been suggested as a possible cause of the rise and fall in pressure drop that accompanies 
tertiary recovery (Zhang et al., 2007). The tertiary response given by Tensleep sandstone shows that low salinity flooding still 
gives increased oil recovery even though this rock has very low clay content. The following comments on recovery 
mechanism and pressure response for the Tensleep sandstone are speculative. 

An unusual feature of recovery by HSB flooding was that at residual saturation to secondary recovery, the pressure drop 
increased even though there was no overall change in oil saturation. Changes in interfacial configuration, such as increase in 
the number of pore blocking lamella or formation of emulsions that resist flow, and/or particle migration into pore throats 
probably contribute to the steady increase in pressure drop. Mason and Morrow (1991) provided an analysis, for all triangular 
pore shapes, of the formation and rupture of lamella with respect to liquid held in corners for perfect wetting.   The same 
basic principles will apply to oil lamella. The dynamic behavior of the oil lamella population, including formation and 
rupture, when back-to-back menisci touch, plus the production of oil drops that accompanies rupture, is likely to contribute to 
the observed changes in resistance to flow.  

A characteristic of mixed wettability as originally described by Salathiel (1973) and modeled by Kovsec et al. (1993) is 
that the oil phase maintains some degree of continuity. For waterfloods under mixed-wet conditions, the development of 
interconnected oil lamella is consistent with the Salathiel concept. Flow of oil into and from pore-blocking lamella by paths 
such as given by oil overlying brine in pore corners is one mechanism that could contribute to tertiary recovery. Some 
fraction of the dolomite crystals will be mixed wet if parts of their surface are exposed to crude oil during aging. Under LSB 
flooding, the mixed-wet crystals are more likely to detach from the rock surface. Detachment will be accompanied by release 
of oil from the rock surface. The mixed-wet crystals will then tend to reside in the crude oil/brine interface. Thus lamella that 
drain down to back-to-back contact between interfaces will maintain resistance to flow of brine because steric hindrance will 
prevent collapse. 

For the Tensleep core pretreated with hydrochloric acid to remove dolomite crystals, the pressure drop remained constant 
at residual oil saturation to HSB flooding.   When the injection brine was changed from HSB to LSB, the pressure drop still 
remained low and and there was no tertiary response. This behavior provides further indication that the dolomite crystals play 
a key role in the waterflood and pressure response of the Tensleep cores.  
 
Conclusions 
1. CBM water provides an abundant source of brine that can be applied to low salinity waterflooding. There are economic 
and environmental advantages to waterflooding with CBM water.  
2. The first observations of tertiary recovery by low salinity flooding from a sandstone with very low clay content are 
reported for injection of CBM water into Tensleep sandstone.  
3. The lowest tertiary recovery with CBM water over secondary recovery given by injection of reservoir brine was 3% OOIP. 
For seven other floods the recovery ranged from 5.9 to 9.5% OOIP. Increased recovery in tertiary mode was independent of 
the fraction of oil remaining after secondary recovery.  
4. Interstitial dolomite crystals probably play a role in the low salinity recovery mechanism. The similarity in mineralogy 
indicates that tertiary response to injection of CBM water into Tensleep sandstone can be expected for Minnelusa sandstones. 
5. After removal of dolomite from a Tensleep core by acidization, there was no tertiary oil recovery or pressure response to 
CBM water injection. 
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Nomenclature 
D diameter, cm 
L length, cm 
Kg gas permeability, md 
Sor residual oil saturation, % 
Swi initial water saturation, % 
Ro oil recovery, % OOIP 
Rot tertiary oil recovery, % OOIP 
φ porosity, % 
ρ density, g/ml 
μ viscosity, cP 
 
Acronyms 
C cycle 
CBM  coalbed methane 
HSB high salinity brine  
LSB low salinity brine 
OOIP original oil in place 
PRB Powder River Basin 
R restoration 
SEM scanning electron microscope 
TDS total dissolved solids 
UIC underground injection control 
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Table 1 Water production and injection in PRB, Wyoming 

Year PRB CBM water 
production, MMBbl 

State total 
CBM water 

production, MMBbl 

State total water 
production, MMBbl 

PRB water 
injection, 
MMBbl 

State total water 
injection, MMBbl 

2005 531 578.9 2130 0.619 856 
2006 680 707.3 2280 0.977 2040 
2007 519 581 1980 2.15 845 

                 Data source: http://wogcc.state.wy.us 
 

Table 2 Crude Oil Properties (20°C) 
Oil sample ρ, g/ml µ,cp n-C7 Asph  

wt% 
Acid # mg 
KOH/g oil 

Base # mg 
KOH/g oil 

Tensleep 0.8692 19 3.2 0.16 0.96 
 

Table 3 Compositions of Reservoir Brine and CBM Water 
Components Minnelusa formation water(mg/L) 

(HSB) 
CBM Water (mg/L) 

(LSB) 
NaCl 29,803 915.7 
KCl - 28.7 

CaCl2 2,104 191.5 
MgCl2 - 180.4 

Na2SO4 5,903 - 
MgSO4 841 - 

TDS 38,651 1,316.3 
 

Table 4 Tensleep Core Properties 
Core No. L(cm) D(cm) φ(%) Kg(md) 

T1 6.24 3.80 14.11 33.18 
T2 8.10 3.80 13.35 36.40 
T3 6.91 3.80 13.98 40.07 
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              Fig.1 Distribution of CBM wells in Wyoming.                        Fig.2 Distribution of oil wells in Wyoming. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Water-cut versus recovery factor for Tensleep and Minnelusa formations (TORUS database). 
 

 
     •     Tensleep/Minnelusa reservoirs with OOIP > 50 million Bbls of oil 

        Reservoirs with more than one core investigated 
 

Fig.4 Sources of samples used in petrophysical studies. 
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Fig. 5 Thin section and SEM pictures of Tensleep rock. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Dolomite crystals recovered from suspension after disaggregation of Tensleep rock. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                (a) Oil recovery of Core T1          (b) Pressure change of different cycles 
  

Fig.7 Response to injection of CBM brine for Core T1. 

50 μm50 μm

0

20

40

60

80

100

0 5 10 15 20 25 30
Injected volume, PV

R
, %

O
O

IP

R1:C1

R3:C3

R2:C2

Core T1
HSB
LSB 

0

5

10

15

20

25

30

0 5 10 15 20 25
Injected volume, PV

ΔP
, p

si

Core T1 R2:C2

R3:C3

HSB

LSB

Run # Swi % 
Sor after 
HSB % 

Rot 
%OOIP 

R1:C1 18.8 30.9 8.2 

R2:C2 21.7 20.4 7.6 

R3:C3 20.5 28.6 7.2 
 

R
o, 

%
O

O
IP

 

50μm50μm



10  SPE 113410 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

Fig. 8 Oil recovery versus dimensionless time for Cores T1 and T2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
                  (a) oil recovery            (b) pressure change 

 
Fig. 9 Response to injection of LSB brine for Core T2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                    
                   (a) oil recovery                            (b) pressure change 

Fig. 10 Response to injection of LSB brine for Core T3.  The results for R4:C4 were obtained after flushing the core with 
hydrochloric acid. 
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Fig.11 Absolute permeabilites of Core T2 measured for HSB followed by LSB. 
 
 

Fig.12 Tertiary oil recvorey by LSB injection versus residual oil saturation after HSB flooding for all 3 cores. 
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