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LITTLETON, CO.-The Jonah Field
in the Green River Basin in Sublette
County, Wy., is one of the most prolific
natural gasfieldsin the Rocky Mountain
region, estimated to contain up to 15 tril-
lion cubic feet of natural gas in a 32-
square mile productive area.

Thefield is defined by the intersec-
tion of two subvertical shear fault zones
that form a wedge-shaped structural
block. To evaluate five-acre infill well
development in various sections of the
Jonah Field, reservoir characterization

and simulation studies were performed
to integrate geology, petrophysics, 3-D
seismic and engineering data into tech-
nically sound 3-D geologic and engineer-
ing models.

The reservoir characterization and
simulation work focused on three sec-
tionswithin the main field area. Detailed
geomodels were built for each section,
from which reservoir simulation models
were then extracted. The studies includ-
ed:

e Detailed petrophysical modeling
for minerals, effective porosity and fluid
saturations;

e Well- and seismic-based interpre-
tations of internal markers within the
Lance formation;

e Cdlibratingwith coresandthin sec-
tion images,
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e Generating log-based vertical fa-
cies proportion curves;

e Generating a facies probability
cube based on log facies and seismic in-
formation; and

e Constructing anintegrated 3-D ge-
omodel.

The multiwell simulation performed
for thisproject attempted to addresslong-
term well performance, including possi-
bleinterference effects and optimal spac-
ing. Pressure depletion seen at new infill
wells was used to validate the character-
ization and simulation methodologies.
Thisintegrated characterization and sim-
ulation approach shows the importance
of geologic controls on long-term recov-
ery, and provides a method to assess op-
timal infill well spacing by areaand im-
prove economic development. Specific
to Jonah Field, this approach demon-
strates that differencesin channel vari-
ability and thickness have a direct impact
on gas recovery and optimal well spac-
ing for different parts of the field.

Figure 1 shows the locations of the
three study areas at Jonah Field. Most of
the production comes from overpres-
sured and ultratight Lance Sandstones.
The Lance formation is composed of
braided to meandering fluvial channels
intercalated with siltstones and mud-
stones. Median permeability of Lance
Sandstones is +0.01 milliDarcy and me-
dian porosity is + 8 percent. Because of
the low permeability, stimulation isre-
quired to achieve economical production
rates. Overpressureisalso critical for the
economics of the field, sinceit helpsto
increase storage, preserve porosity and
permeability, and increase relative per-
meability.

Thegross pay interval ranges between
2,800 and 3,500 feet. Significant changes
of sandstone occurrence and thicknessin
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closely-spaced wells provide strong evi-
dence for a high degree of vertical and
lateral depositional compartmentaliza-
tion in the Lance formation. Strong com-
partmentalization translates into infill
well performances that are highly vari-
able and difficult to predict. For this rea-
son, areliable estimation of the facies
distribution within the Lance is crucial
to field development.

Facies Characterization

The workflow for characterizing any
reservoir depends on the available data, the
geological problem to be addressed, the
time frame of the study, and the business
question that such astudy isintended to an-
swer. For Jonah Field, aworkflow was de-
vised that aimed at characterizing facies
using core data from different wells
throughout the field, well logs from about
40wellsper study area, 3-D post-stack seis-
mic data, and check shotsto facilitate seis-
mic/well calibration. Three to four months
was atypical time framefor each study.

Characterizing thefaciesgeometry fo-
cused on identifying pay and nonpay fa-
ciesusing core and well log data. Pay fa-
cies consist of single and multistory
channels. Single-story channels corre-
spond to sand bodies accumulated in
point bars associated with meander belts
aligned in a northwest-to-southeast di-
rection. Nonpay facies consist of flood
plains, fine-grained shaly sandstones,
and thin sandstones. These last two fa-
cies areinterpreted to be small crevasse
splays and levees. Facies geometry was
characterized using three methodsto cap-
turedifferent scalesand variability across
each area

e Local facies curvesto capture the
local facies variability at each well loca-
tion;

e Vertical proportion curves to cap-
ture the global vertical facies variability
for awhole area (a section, for instance);
and

e Seismic-driven facies probability
cubes to capture the spatial variationsin
facies distributions and to use as “soft
constraint” when integrating all the fa-
cies information into a single geomodel
(local facies curves and vertical propor-
tion curves were treated as hard data
when building the geomodel).

The starting point of the reservoir
characterization workflow in al the ar-
eas of interest was petrophysical analy-
sis and modeling. Well logs may contain
erroneous valuesin different zones along

the well bore that must be corrected be-
fore using them for further analyses. The
result of the petrophysical modeling was
aset of enhanced logs that were used for
seismic well calibration, stratigraphicin-
terpretation and facies classification.
Other products of the petrophysical mod-
eling were estimates of the volumes of
shale, water saturation, porosity, and
fractions of other minerals suspected to
be present in the reservoir rocks. Well
log-derived porosities were calibrated
with core data.

Lithology and facies associations were
the next steps after petrophysical analysis
and modeling. Five lithologies were iden-
tified based on shale and density volume
values for each depth: coal, shale, silty
shale, shaly sand and clean sand. A set of
rules designed to classify all lithologies
was applied to all wells, and the results
were carefully checked for misclassifica-
tions. Lithologic classification was also
calibrated with core data.

Using these lithology logs, facies as-
sociations were performed depending on
the dominant lithology and thickness of
eachinterval. Threefacieswereidentified
depending on the thickness of the clean
sand interval. From thickest to thinnest,
thesefacieswere multistory channels, sin-
gle-story channels, and silty-sandy flood
plains, respectively. The name “shaly
flood plain” was used to refer to nonpay
intervals where shales and/or coals were
the dominant lithology.

Stratigraphic Correlations

Stratigraphic correlations and seismic
interpretation are very difficult at Jonah

Field because of rapid changesin lithol-
ogy and strong compartmentalization
within the Lance formation. A variety of
seismic attributes were examined to de-
lineate seismic events that were contin-
uous within the different study areas.
After interpreting “whatever looked con-
tinuousin any attribute” extracted from
the seismic data, check shots and sonic
logs were used to convert these events to
depth, and as aframework to guide the
stratigraphic correlation.

Stratigraphic correlations were per-
formed using lithology and facies logs.
After several iterations between strati-
graphic correlations among different
wells and careful seismic interpretation
(usualy performedin aline-by-linefash-
ion), a set of seismic horizons and well
markers were obtained that were totally
consistent with one another. The seismic
horizonswereal so used asaguideto pick
additional well markersthat werenot vis-
ible in the seismic data.

Once the seismic-guided stratigraph-
ic correlations were completed, the
Lanceinterval for all wellsin each study
areawas divided into afixed number of
layers within each stratigraphic interval.
Layer thickness was variable, but aver-
aged fivefeet. Thetotal thicknessof each
facies for all wells was calculated for
each layer, and the relative proportions
of the different facies by layer were com-
puted.

The results of this process are shown
in Figure 2. These curves are known as
“facies proportion curves’ and are used
to estimate and constrain the relative
amounts of each faciein each layer of the
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FIGURE 3

Facies Distribution in 3-D
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geomodel. From left to right, the plot for
each section shows the relative propor-
tion of shaly flood plains, sandy flood
plains, single-story channels, and multi-
story channels, respectively. The num-
bers at left indicate stratigraphic layer
numbers, each averaging five feet in
thickness. Each plot summarizes the fa-
cies information of approximately 40
wellsin each section.

Note how thevariahility and thickness
of facies are different from one areato
the next. In terms of spatial variability,
section 12 is the most variable, followed
by sections 20 and 25. In terms of net-
to-gross ratio of pay versus nonpay in-
tervals, section 25 shows the higher val-
ues, followed by sections 20 and 12,
respectively. In other words, channelsin
section 25 show more continuity and

FIGURE 4

Porosity and Permeability Distributed in Pay Facies

higher net-to-gross ratios than channels
in the other two sections. These differ-
ences in channel variability and thick-
ness have a direct impact on the gas re-
covery for the different sections.
Selsmicdataand well log dataare com-
plementary in the way they sample the
spatial variability of the reservoir. Even
though individual facies curvesat well lo-
cations and vertical proportion curves
from a group of wells sample details of
the vertical variability within the reser-
voir, they are not adequate to capture hor-
izontal variability. On the contrary, 3-D
seismic data provide a better idea of the
horizontal variability than well log-de-
rived information, but sample vertical
variability poorly compared to log data.
For this reason, information derived from
3-D seismicdataamplitudesa so wasused

Permeability (mD)
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to constrain the spatial variability of fa-
ciesin theinterwell regions.

Acousticimpedance derived from seis-
mic datawasfound to be qualitatively cor-
related with faciesinformation at well lo-
cations and was used to estimate, in a
probabilistic sense, the presence of facies
in the interwell regions of the reservoir.
These 3-D facies probability cubes de-
rived from 3-D seismic data were later
used as soft constraints along with the
well-derived facies information to guide
the facies distribution in the geomodel.
Rock physics analysis of well logs shows
that seismic attributes other than acoustic
impedance alone derived from 3-D
prestack data are better indicators of the
presence of channelsin the Lance forma-
tion. However, these attributes were not
available at the time these studies were
performed.

3-D Facies Distribution

Facies information derived from well
and seismic data was used to constrain
the facies distribution in the geomodel.
Thefirst step in the geomodeling consist-
ed of defining stratigraphic tops (con-
strained by geologic and geophysical in-
tegration), which were gridded to create
the structural surfacesusing seismic hori-
zons as a guide. Second, a high-resolu-
tion 3-D stratigraphic grid was construct-
ed to model the fine-scale vertical het-
erogeneity of the reservoir. After the grid
was built, indicator-based simulation
techniques were used to distribute facies
in 3-D.

Figure 3 shows the result of the 3-D
facies distribution in selected layers of
the model for one of the study areas. The
image at right is the vertical proportion
curve, while the diagrams at left are are-
al dlicesfor particular stratigraphic slices.
Notice how the facies distribution hon-
orsthefacies proportionscal culated from
well data and reflects the heterogeneous
nature of the fluvial environment.

Porosity was distributed using facies-
dependent variograms and sequential
Gaussian simulation, while also honor-
ing log data at the wells and porosity sta-
tistics per facie. Figure 4 shows the re-
sult of the porosity and permeability
modeling. Porosity and permeability in
nonpay facies was set to zero (black col-
oring). Water saturations were populat-
ed utilizing a core and log-derived bulk
volume water approach to distribution.
Porosity was distributed separately for
each facies, honoring individual statis-
tics and variograms. Permeability was
distributed using a core-derived porosi-
ty/permeability cloud transform.

Notice that variations in permeability



FIGURE 5

Simulated versus Measured Pressure Depletion/Production
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do not mimic variationsin porosity. The
reason for these differencesisthat there-
lation between these two parametersin
the geomodeling was based on a nonlin-
ear statistical relation as defined by the
cloud transform. The fine-scale model
was then upscaled to preserve the verti-
cal heterogeneous channel distributions
and property variations. For both the geo-
model and the simulation model, aerial
grids were on the order of tens of feet.

Multiwell Simulation

The multiwell simulation performed
for thisproject attempted to addresslong-
term well performance, including well
interference effects and optimal spacing.
Only minimal upscaling of the geologic
model was undertaken for simulation in
order to preserve the complex architec-
tural elements. In this case, it wasimpor-
tant to maintain detailed geologic de-
scriptions throughout the model area
rather that using coarse grids with near-
well refinements, as is commonly ap-
plied. Thebiggest concern waslong-term
interference effects, rather than short-
term detailed rate profiles, as would be
required for optimizing hydraulic frac-
ture treatments.

The base input model was aresult of
averaging three geostatistical realizations.
We applied the assumption of irreducible
initial water saturations as determined
from bulk-volume water relationships by
facies. The presence of water hasa signif-
icant impact on gas in place and effective
gas permeability. In addition to using a
gas permeability cloud transform based
on core datato assign initial permeability
values, core-measured permeability was
adjusted for overburden effects, water sat-

uration and gas dippage. These effectsre-
sulted in nearly an order-of-magnitude re-
duction in permeability compared to core
data.

Furthermore, laboratory-measured com-
paction data was used to account for per-
meability loss as pore pressure was re-
duced. This hasimportant implications on
long-term recovery. For pressure initial-
ization, separate pressure regions were as-
signed according the defined stratigraphic
intervas, withinitial pressures determined
from the regional overpressure gradient
(1.16 psi/foot). The models were validat-
ed by matching tubing-head pressures
while honoring historical gas rates.

FIGURE 6

We also compared the models to his-
torical production data acquired by pro-
duction logging toolsand initial pressure
profiles at infill wells. The figure at left
in Figure 5 shows that the simulated de-
pletion data at a recent infill well (blue
versus red line) is similar in magnitude
to the measured pressure depletion (sym-
bols). Measured production inflow (the
black line on the figure at right) also was
approximated by the simulator (red line).
The pressure data were determined from
diagnostic fracture injection tests or oth-
er direct pressure measurements. Many
new infill wells show somelevel of pres-
sure depletion. This has significant im-
plications for optimal well spacing and
was considered important data for mod-
el validation.

Predicting Well Performance

After validating the model, forecasts
were performed in which the simulator
estimated future gas rates using tubing-
head or bottom-hol e pressure constraints.
Simulated recovery factors and rate pro-
files provided information about well in-
terference at five-, 10-, 20- and 40-acre
spacing by running a selected number of
predictions using existing and uniform
well pattern locations. The simulations
show that while per-well recovery isre-
duced when going from 40- to five-acre
spacing, total field recovery isincreased
aswell spacing is reduced.

For example in section 20, five-acre
wells produce 6.5 percent more gas at an
economic limit compared to 10-acre
wells and the recovery time frameisre-

Simulated Long-Term Recovery Maps
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duced, but per-well recovery drops from
2.6 billion to 1.4 billion cubic feet. As
mentioned, permeability loss from rock
compaction was shown to have a signif-
icant effect onlong-termrecovery. Model
comparisons show the importance of
maintaining the geologic detail when try-
ing to access long-term recovery. The
more continuous multistorage channels
insection 25 resultin moreefficient long-
term drainage with five- and 10-acre
wells compared to sections 12 and 20.

Figure 6 shows comparisons of long-
term recovery for uniform well spacing.
Well spacing is elongated to allow for e-
liptical drainage in a northwest-to-south-
east direction based on maximum stress
and depositional geometry. The left col-
umn shows the Jonah section number on
top of thefaciesproportion curve, withwell
spacing varying from 40 to five acresmov-
ing from left to right. Blue represents 20
percent recovery of original gasin place,
while red represents 80 percent recovery.

The Lance interval shows large vari-
ationsin the proportion of pay intervals
across thefield, asillustrated by the de-
tailed reservoir characterization of the
three separate areas described in this ar-
ticle. These variations will have a con-
siderable impact in the development
plansand economic forecasts. Successful
reservoir characterization of this kind of
geologically complex reservoir depends
to alarge extent on how all the diverse
information is applied in away that is
both consistent and complementary.
Details are important and numerous iter-
ations between disciplines may be re-
quired to ensure data consistency.

The simulations show that matches to
historical gasrate decline were consistent
with the integrated static and dynamic
data, providing confidencein the method-
ologies applied. The models incorporate
well completion information and also are
consistent with production logs and infill
well pressure depletion data. The simu-
lations indicate significant variability in
incremental long-term recovery when
downspacing tofive acres, and these com-
parisons show the importance of an inte-
grated approach and detailed models for
accessing long-term recovery.

Some model areas showed nearly 10
percent incremental recovery with five-
acre devel opment, compared to minimal
incremental recovery in other areas. This
islargely aresult of differencesin conti-
nuity and the number of multistorage

channels, demonstrating that permeabili-
ty and hydraulic fracture effectivenessare
not the only issues with regard to infill
drilling in tight gasreservoirs. More stan-
dard methodol ogies such asdecline curve
analysis can provide misleading results
in determining optimum well spacing. O

Editor’'s Note: The co-authors ac-
knowledge Juan Florez (now with BP) and
Ira Pasternack, Nancy House and Richard
Merkel at EnCanaQil & GasUSA for their
contributions to this article.
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