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ABSTRACT 

In the southern part of the Piceance Basin, NW 
Colorado, gas-bearing non-marine sandstones of 
the Williams Fork formation of the Mesa Verde 
Group occupy a gross interval ranging from 1700 
feet to 2400 feet thick.  Above this continuous gas 
column is a transition zone, about 1000 feet thick, 
where some of the sandstones are wet and contain 
relatively fresh water, and some are gas-bearing.  
When completing wells, it is critical to reliably 
distinguish between wet and gas-bearing 
sandstones, both of which can have high resistivity 
response. 

Within the continuous gas column, porosities range 
from 5% to 15%, and average about 10%.  Matrix 
permeability is mostly less than 0.1 md.  Some of 
the sandstones, have permeability to gas that is so 
low that commercial production from these levels 
is unlikely. 

This paper is a study of sandstone properties of the 
Williams Fork formation to address the two issues 
outlined above. 

• Distinction between fresh water-wet 
sandstones and gas-bearing sandstones of 
the upper transition zone. 

• Petrophysical analysis of sandstones in the 
continuous gas column, to differentiate 
intervals with higher matrix permeability 
from intervals with lower matrix 
permeability. 

To examine the first problem, a technique is 
described by which density and neutron log 
responses can be used to quantify gas saturation 
that does not require knowledge of water 

resistivity.  This approach is used to distinguish 
between gas-bearing and wet sandstones within the 
transition zone of the upper part of the Williams 
Fork formation. 

To examine the second problem, a different 
approach combines core-measured capillary 
pressure measurements, core-measured 
permeability and porosity, with petrophysical 
definition of saturation vs. height profiles for the 
continuous gas column.  One of the products of the 
analysis is a continuous profile of the changing 
matrix permeability in the sandstones, as a 
consequence of rock property variation.  Once the 
model is verified by comparison with core data, it 
can be applied to wells where no core data exists.  
This allows for a reservoir-wide distinction 
between sandstones with higher permeability 
(potentially commercial) from those with lower 
permeability (probably non-commercial). 

Results from the analysis of thirteen wells are 
presented.  Three of the wells (MWX-1, MWX-2, 
MWX-3 – all close to the town of Rulison) are 
from the extensive Gas Research Institute study 
which has a core database of capillary pressures 
together with extensive porosity, permeability, and 
water saturation measurements for most of the 
sandstones in the Williams Fork formation.  
Results of modeling these 3 wells have been 
applied to 10 wells from the Grand Valley, 
Parachute and Rulison Fields. 

INTRODUCTION - GEOLOGIC 
BACKGROUND 

Gas production in the southern part of the Piceance 
Basin is primarily from non-marine sandstones of 
the Upper Cretaceous Williams Fork formation.  
Figure 1 shows an area map and Figure 2 a location 
map, including well locations of the 13 wells 
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included in this study, and Figure 3 is a 
stratigraphic column for the Williams Fork and 
adjacent formations. 

 
Figure 1: Location map of Grand Valley, 

Parachute, Rulison and Mamm 
Creek Field, Southern Piceance 
Basin. 

 
Figure 2: Locations of the wells in the 

Piceance Basin used in this study. 

Drilled depths to the top of gas-bearing sandstones 
ranges from about 2500 feet in the Grand Valley 
Field to about 5800 feet in the Rulison Field.  
Thickness of the gross gas productive interval 
ranges from 1700 feet to 2400 feet.  Reservoir 
pressure ranges from hydrostatic (0.43 psi per foot) 
near the top of the gas-saturated interval to as high 
as 0.8 psi per foot at the base of the Williams Fork 
formation in the Rulison Field. 

Source of the gas is primarily the coals in the 
Cameo interval, but the underlying Mancos Shale 
also contributes to the gas resource. 

The Williams Fork reservoirs are mostly lenticular 
fluvial sandstones, which show poor lateral 
continuity from one well to the next (Cumella and 

Ostby, 2003).  Above the continuous gas column is 
the transition zone containing both wet sandstone 
intervals as well as gas-filled sandstones. 

 
Table 1: Description of symbols used in this 

paper. 

PETROPHYSICAL DISTINCTION 
BETWEEN WET AND GAS-BEARING 
SANDSTONESCONCLUSIONS 

Above the continuous gas saturated interval are 
inter-bedded water-bearing sandstones and gas-
bearing sandstones.  Both types of sandstone have 
relatively high resistivity, usually from 30 to 50 
ohm-meters, due to one of the following reasons: 

• Relatively low water resistivity (Rw) 
accompanied by high gas saturation. 

• Much higher water resistivity (Rw) with 
little or no gas saturation. 

Water resistivity of the mostly wet sandstones is 
about 0.3 ohm-meters as compared to the gas-
bearing sandstones, whose water resistivity is about 
0.15 ohm-meters. 

Qualitative distinction between wet and gas-
bearing sandstones is possible by examining 
density/neutron log responses.  If the two curves 
are plotted using an appropriate lithology 
transform, wet sandstones should show no 
“crossover” (suppression of the neutron log in the 
presence of gas), whereas gas-bearing sandstones 
will show crossover. 

Gas saturation can be quantified, using porosity 
logs alone, by creating pseudo-porosity logs as 
follows: 

1. Determine clean, wet, formation matrix, and 
shale properties from a density/neutron cross-
plot.  For this study, we used sandstones high 
in the Williams Fork that were several hundred 
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feet above the top continuous gas column, in 
sandstones most likely to be wet.  Matrix 
properties for these wet sandstones are 
calcareous sandstone and a grain density of 
2.68 gm per cc. 

2. Calculate total porosity from the 
density/neutron cross-plot for the entire 
interval of interest.  This calculation is 
relatively independent of fluid content (gas vs. 
water). 

3. Calculate effective porosity by subtracting 
shale contribution:  

PorosityShaleV
PorosityEffectivePorosityTotal

SH ×
+=  

VSH = volume of shale from the gamma ray 
log 

Calculate pseudo-density and pseudo-neutron 
logs, level-by-level, knowing porosity, for a 
full range of assumed gas saturation.  For the 
density log, and neglecting shale, the equation 
used: 

( )
( )Fluid

MatrixB

RhoPorosity
PorosityRhoRhoPseudo

×
+−×=− 1 Pse

udo-RhoB = pseudo-density in gm per cc 
RhoMatrix = matrix density 
RhoFluid = fluid density 
As gas saturation is varied, fluid density will 
vary as follows:  

( )
( ) DensityWaterSaturationGas

DensityGasSaturationGasDensityFluid
×−

+×=
1

For the neutron logs, the service companies 
publish charts showing the effect of varying 
gas saturation on neutron response.  Gas 
contains less hydrogen than water, so neutron 
porosity is suppressed in the presence of gas, 
as compared with a wet formation 
(Schlumberger 1995).  Influences of shale 
were correctly accounted for in the final 
calculations. 

4. Compare actual density and neutron log 
responses with the pseudo curves, level-by-
level.  Where the actual curve crosses the 
pseudo curve, a quantitative estimate of gas 
saturation for each porosity log is available. 

 
Figure 3: Type Log for the Mesa Verde Group in 

the Southern Piceance Basin. 
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Figure 4 is a schematic showing how gas saturation 
can be determined using this methodology.  If both 
density and neutron logs show no gas saturation, 
then water saturation of 100% is suggested, 
regardless of resistivity interpretation.  If the 
porosity logs show some degree of gas saturation 
then either the levels are potentially gas productive 
or small volumes of residual gas remain.  When 
porosity logs show comparable volumes of gas to 
resistivity modeling, then the probability of 
commercial gas production increases. 

PETROPHYSICS COMBINED WITH 
CAPILLARY PRESSURE MODELING OF 
THE CONTINUOUS GAS COLUMN 

This technique involves techniques we have 
developed and patented involving the combination 
of capillary pressure measurements on core 
samples with petrophysical calculations. 

 
Figure 4: Schematic diagram to show the 

application of porosity logs to 
distinguish between wet rocks and 
gas-bearing rocks. 

From extensive examination of a large number of 
reservoirs worldwide, both oil and gas, clastics and 
carbonates, and covering a wide range of porosity 
and permeability, we have derived a deterministic 
saturation/height model that can be compared with 
petrophysical calculations. 

A representative capillary pressure curve from 
MWX-1 is shown in Figure 5.  Pc is capillary 
pressure and Sw is water saturation. 

 
Figure 5: Example capillary pressure curve 

from MWX-1 plotted in the standard 
way – capillary pressure vs. water 
saturation. 

When 1/Pc is plotted against Sw for each sample 
(Figure 6), it is clear that the range of data can be 
closely approximated by two intersecting straight 
lines. 

Capillary pressure curves from other reservoirs 
show similar linear relationships, although the 
positions and slopes of the lines vary widely.  This 
indicates that the capillary pressure curve is made 
up of two hyperbolae, even though the differences 
between the two are often difficult to observe on a 
linear Pc-Sw cross-plot. 
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• Irreducible water saturation at high capillary 
pressure values and the theoretical 
minimum water saturation regardless of 
structural elevation above the 
hydrocarbon/water contact; here termed 
Swi. 

 

These 6 numbers – Pce, Hyp1, Pcmc, Swmc, Hyp2, 
Swi – precisely describe the shape of the specific 
capillary pressure curve.  Since Pc can be 
converted to height above zero capillarity, using 
appropriate laboratory/reservoir fluid properties, 
the 6 numbers can yield a precise saturation/height 
profile for the specific sample. 

From the MWX-1 and MWX-2 wells there are 17 
capillary pressure measurements available.  Each 
sample has a different value for the 6 variables, as 
well as different porosities and permeabilities.  
Figure 8 shows interpretation procedures for 9 of 
the capillary pressure curves from the MWX-1 and 
MWX-2 wells.  The basis of the model is 
integration of these data. 

Figure 6: Plot of reciprocal capillary pressure 
for example of Figure 5 to show how 
the elements of a capillary pressure 
curve are chosen (Figure 7). 

 

From these observations, a general model is 
proposed whereby any one capillary pressure curve 
can be expressed by six components (Figure 7): 

• Pore entry pressure – equivalent to the 
largest pore throat of the rock; here termed 
Pce. 

• An hyperbola describing the distribution of 
the larger pore network; here termed Hyp1. 

• A discontinuity (often quite subtle) 
separating the larger pore network from a 
smaller pore network.  For these rocks, this 
discontinuity perhaps separates solution 
porosity from inter-granular porosity. The 
capillary pressure value is termed Pc model 
change, or Pcmc, and the saturation value 
Sw model change, or Swmc.  These two 
values have only a minor influence on the 
resulting capillary pressure model. 

• An hyperbola describing the distribution of 
the small pore network; here termed Hyp2. Figure 7: Elements of a Capillary Pressure 

Curve. 
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Figure 8: Examples of 9 capillary pressure curves from MWX-1 and MWX-2 wells showing the 

interpretation procedures. 
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Figure 9: Porosity vs. permeability cross-plots 
for MWX-1 showing distinction of 
“rock types.” 

Figure 9 is a cross-plot of porosity vs. 
permeability.  There is data scatter in the plot and it 
is suggested that different rock types will group 
such that the slope is similar, but the intercept on 
the zero porosity axis varies.  Empirical relations 
involving permeability relations to porosity and 
irreducible water saturation include Timur (1968) 
and Coates et al (1997).  Both models suggest 
correlations between porosity and permeability of 
about 3 decades of permeability increase for each 
10% porosity increase.  Many reservoirs where 
rock types are recognized show similar patterns 
(AAPG Memoir 71, 1999).  Thus, a “rock type” 
can be defined on the basis of the permeability 
intercept at a specify value of zero porosity; the 
higher the value of the intercept, the “better” the 
rock – i.e. for any given porosity, the higher the 
permeability.  The “rock type” number, by itself, 
gives no indication as to the absolute value of 
either porosity or permeability.  See Figure 10 for a 
schematic representation.   

Figure 11 is a series of cross-plots of the 6 
capillary pressure curve components vs. porosity.  
Although the alignment of data is not perfect, there 
are distinctive trends in each plot.  In general, for 
any given value of porosity, the “rock type” 
decreases as each parameter increases (Pce, Hyp1, 
Swi, Pcmc, Hyp2, Swmc). 

For each plot a pivot point on the zero porosity can 
be established; values of similar “rock type” have 
different slopes.  Figure 12 shows comparisons of 
the slopes of the correlations of Figure 11, 
compared with “rock type,” and is the basis of the 

saturation/height model.  Each reservoir will have a 
different set of correlations. 

 
Figure 10: Schematic diagram showing 

comparisons between capillary 
pressure curve elements and 
porosity for a series of capillary 
pressure curves. 

Procedures to compare with the petrophysical 
analyses are as follows: 

1. Run standard petrophysical analysis to define 
effective porosity and water saturation profiles 
for the entire well. 

2. Choose the hydrocarbon/water contact for the 
gross interval believed to belong to a single 
hydraulic unit.  Use trends of downward-
increasing Sw to help in this choice. 

3. For each level in the hydraulic unit, knowing 
porosity, a series of theoretical saturation 
curves can be defined for the entire range of 
“rock types” using the correlations shown on 
Figure 12.  At each level, height above the 
hydrocarbon/water contact is known, and 
therefore the location of the saturation data 
point for each possible “rock type” – at 
irreducible saturation, or within the 
hydrocarbon/water transition zone – is known. 

4. Observe where the actual Sw curve (from 
petrophysical analysis) crosses the family of 
theoretical curves.  The crossing point will 
give the “rock type” for that level.  Figure 13 
is a schematic of this methodology. 
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Figure 11: Porosity vs. capillary pressure elements for samples from MWX-1 and MWX-2 wells. 
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Figure 12: Slopes of capillary pressure elements vs. “rock types” for samples from MWX-1 and MWX-2 

wells. 
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5. Knowing “rock type” and porosity, for each 
level, permeability can be calculated. 

6. Using normalized hydrocarbon/water relative 
permeability curves, and knowing Sw at each 
level, relative permeability to each fluid phase 
can be estimated. 

7. From total permeability and relative 
permeability, estimated effective permeability 
to each fluid phase is determined, level-by-
level. 

 
Figure 13: Schematic of the capillary 

pressure/petrophysical model. 

DATABASE 

We analyzed a good digital log suite from ten wells 
from Grand Valley, Paradise and Rulison Fields, 
kindly provided by Williams Production RMT Co.  
In addition to density/neutron logs on all wells, 
three wells have acoustic logs.  Perforations, 
formation tops, and EUR data were also provided 
by Williams.  Three wells from the MXW 
(Rulison) area are available from a GRI database 
(GRI/DOE Multi-Site Hydraulic Fracture 
Diagnostics Project, 1999). 

RESULTS OF TRANSITION ZONE 
ANALYSIS 

For the sandstones within the transition zone it can 
be shown that a minimum Rw of about 0.15 ohm-
meter applies; see an example porosity/resistivity 
cross-plot for well GM 323-28 (Figure 14).  This 
value of Rw applies only to gas-bearing intervals.  
As a consequence, any wet sands, with higher Rw, 
will give spurious gas saturation calculations.  
Figure 15 (from well GM 323-28) shows a 
comparison of: 

• Water saturation, Sw Rlog, using traditional 
resistivity shaley formation analysis and the 
minimum Rw of 0.15 ohm-meter 
throughout. 

• Water saturation estimates from the density 
and neutron pseudo logs (Sw Philog). 

When Sw Rlog is approximately the same as Sw 
Philog it is reasonable to assume the sand is indeed 
gas-bearing; when Sw Philog is close to unity and 
larger than Sw Rlog, a wet sand is suggested with 
Rw more than 0.15. 

This comparison has been applied to all wells, and 
Figure 16 is a cross-section highlighting the 
distinctions between gas-bearing and wet sands 
within the transition zone. 

It is clear from the cross-section that there are 
significant volumes of gas above the top 
continuous gas column (KMV Gas).  A challenge 
to completion engineers is whether or not these 
isolated gas sandstones can be stimulated without 
connecting to adjacent wet sandstones. 

CAPILLARY PRESSURE RESERVOIR 
ANALOGUE 

There is no well-defined downdip gas/water 
contact for the Williams Fork Sandstone package.  
All variations in porosity/saturation relations are 
believed to be a consequence of changing rock 
properties, not controlled by height above a 
gas/water contacts (if included such a contact 
exists).  Figure 17 is an example of our capillary 
pressure model from MWX-1; good comparison 
exists between calculated permeabilities from the 
model and core measured permeability.  This 
analysis suggests a valid model has been 
established for this part of the Piceance Basin, and 
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can be applied with confidence to wells with no 
cores. 

Figure 18 shows examples among three wells of 
reservoir variation as defined by capillary 
pressure/petrophysical modeling.  For all wells, 

intervals categorized to be of higher permeability 
were perforated.  Other gas-bearing sandstones 
identified in this study to be of lower permeability, 
and probably non-commercial were also solutions 
perforated.   

 

 
Figure 14: Porosity/resistivity cross-plot – part of the transition zone well GM 323-28. 

A listing by well of EUR, gas occupied void 
volume, and permeability x thickness established 
from logs is shown in Table 2. 

Figure 19 is a cross-plot of hk ×  vs. 
 with values of EUR included, 

and Figure 20 is a cross-plot of 
SghPhi ××

SghPhi ××  
vs. EUR with the values of  included.  
Patterns of the correlations indicate: 

hk ×

• EUR generally increases as 
SghPhi ××  increases 

• hk ×  (sandstone matrix) increases 
SghPhi ×× as   increases 

Generally, hk ×  (sandstone matrix) increases 
with increasing EUR
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Figure 15: Plot for part of the transition interval of GM 323-28 showing comparison between 

12 



RMAG 2005 Guidebook 

 
Figure 16: Cross section of 10 wells showing the distribution of gas and water in the transition zone. 
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Figure 17: Capillary pressure modeling combined with Petrophysics to show rock type recognition, the 

“permeability jail,” and petrophysical/core data comparison. 
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Figure 18: Details of reservoir variation, as defined by capillary pressure/petrophysical modeling, for 3 

wells in the continuous gas column. 

 

 
Table 2: Comparison of EUR with gas-

occupied void volume from logs. 
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Figure 19: Permeability x thickness (logs) vs. 

gas-occupied void volume (logs) – 
EUR in the Z direction. 

CONCLUSIONS 

A technique has been developed to distinguish 
fresh water wet sandstones from gas-bearing 
sandstones in the upper part of the William Fork 
Formation.  The basis of the technique is detailed 
analysis of density and neutron response to 
estimate gas saturation, independent of water 
resistivity.  From correlations among the study 
wells, it appears that the wet sandstones are more 
laterally continuous than the gas-bearing 
sandstones.  Accurate distinction between gas-
bearing and wet intervals is important when wells 
are completed. 

Another approach combines core-measured 
capillary-pressure measurements with petrophysics 
to recognize different rock categories in the main 
gas accumulation.  From these rock categories, 
permeabilities to gas were calculated at each 
reservoir depth level.  Cumulative flow capacities 
( ) and storage capacities (hk × SghPhi ×× ) 
were compared with estimated ultimate recoveries.  
A logical correlation of increasing storage capacity 
as EUR increases exists. 

 
Figure 20: Gas-occupied void volume (logs) vs. 

EUR – Permeability x thickness 
(logs) in the Z direction. 
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