
Imaging Deep Gas Prospects with 
Multi-component Seismic Data
Gas producers across the Gulf of Mexico are targeting deeper and deeper drilling objectives. Most opera-
tors in the Gulf consider 30,000ft to be the deepest target depth that will be drilled for the next few years. To
image geology at those depths, seismic reflection data must be acquired with offsets of at least 30,000ft. 
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The issue of oil and gas industry
research and development (R&D) is a
focus of attention on multiple fronts

this summer.
A Society of Petroleum Engineers (SPE)

forum held in Colorado from June 20-24 that
brought together technologists representing
operators, service companies, academia and the
government with the objective of stimulating
interaction and leveraging each other’s efforts
related to exploration and production R&D.
This forum is one of a number of efforts
undertaken by the SPE R&D Advisory
Committee, created in 2002 to foster the con-
tinuing development of petroleum engineering
technology through collaborations of acade-
mia, industry and government worldwide. In
October, at SPE’s Annual Technical
Conference and Exhibition in Dallas, an R&D
panel discussion will focus on the perception of
a decline in operating company upstream
R&D, including a reduction in direct research
and reduced participation in collaborative
efforts. The committee also has sponsored a
series of eight articles in the Journal of
Petroleum Technology ( JPT) that focus on
R&D in each of SPE’s technical disciplines.

The backdrop to these activities is the picture
painted by the 2005 update of the Energy
Information Administration report Perform-
ance Profiles of Major Energy Producers. This
report shows that 2003 expenditures on
upstream R&D reported by 28 major U.S.
energy companies continue to follow the down-
ward trend exhibited during the past decade
(see chart). Service company R&D has filled in
a portion of the gap between today’s level of
upstream R&D investment and that of a
decade ago. On the positive side, combined
R&D spending by three of the largest explo-
ration and production (E&P) service compa-
nies (Schlumberger, Halliburton and Baker
Hughes), as reported in their annual reports,has
grown by 25% during the past 5 years, but this

has not filled in the gap.
While the reporting rules
for these statistics prevent a
precise quantification of
exactly how much money is
spent on R&D, vs. engi-
neering related to devel-
oped technologies, it is clear
that total R&D spending
focused on oil and gas E&P
remains well below histori-
cal levels for the industry.

Some believe we may
already be seeing the
effects of decreased invest-
ment. In an article in the
June 2005 issue of the JPT
titled “Technology’s Value
in the Upstream Oil and
Gas Industry,” Ali
Daneshy of the University of Houston and
Tom Bates of Lime Rock Partners suggest a
gradual increase in finding and development
costs since 1995 reflects the technology status
of the industry for the prior decade. Their fear
is that the trend may indicate dramatically
increasing costs for the next decade, reflecting
an increased aversion to risk by the industry,
slower development of technology or both.

Another area of possible concern for the
domestic industry in the United States is that
what R&D the service companies are doing is
pointed toward offshore and other high poten-
tial areas rather than toward unconventional
resources. This is left to the independents who
produce most of the oil and gas and drill most
of the wells in the United State but do not
individually own enough of the resource to
justify large R&D investments.

Don Green, professor of chemical and
petroleum engineering at the University of
Kansas and one of the chairs of the recent SPE
forum, said people are paying increased atten-
tion to this trend.

“There is concern about both the decreasing
levels of E&P R&D spending on the part of
industry and the government, and on the lim-
ited degree of interaction between industry
and the academic community,” Green said.
“The industry representatives at the forum
support more of both.”

One topic the forum attendees discussed at
length was how to better inform university
faculty on the fundamental E&P problems
still in need of solutions.These and other ideas
developed from the forum will help form the
basis for the October panel.

This issue of GasTIPS includes a range of
research topics from geophysical characteriza-
tion of fractured reservoirs to novel drilling
and completion technologies, to high altitude
detection of gas pipeline leaks. The array of
issues reflects the range of challenges facing
the industry. We hope you find this issue of
GasTIPS informative. ✣

Commentary

Industry R&D Spending in the Spotlight
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Long-offset seismic
surveys are difficult to
achieve using towed-

cable seismic technology in
areas congested with pro-
duction facilities, typical for
many shallow-water blocks
across the northern Gulf
Shelf. Ocean-bottom-cable
(OBC) and ocean-bottom-
sensor (OBS) technologies
are logical options for long-
offset data acquisition in
such congested production
areas because ocean-floor
sensors are immobile once
deployed and can be posi-
tioned close to platforms,
well heads or other obstruc-
tions that interfere with
towed-cable operations. An
example illustrating the
deployment of ocean-floor
sensors across an area of
numerous production plat-
forms and facilities in one
study area of offshore
Louisiana is illustrated in
Figure 1. A 6-mile (10-km)
diameter circle is positioned on this map to
illustrate the difficulty of towing a 6-mile cable
across the area in any azimuth direction. In
contrast to the difficulty of executing towed-
cable operations, OBC lines AA, BB and CC
(actual profiles used in one long-offset OBC
data-acquisition program) pass within a few

meters of several production platforms.
An additional appeal of OBC seismic

technology is that 4-C seismic data can be
acquired, allowing targeted reservoir intervals
to be imaged with P-SV wavefields, as well as
with P-P wavefields. Once 4-C seafloor
receivers are deployed, source boats towing

only air gun arrays can
maneuver along a receiver
line to generate P-P and P-
SV data from long-offset
distances. For the multi-
component data used in
this study, some field
records were acquired with
offsets greater than 6 miles.
However, data offsets were
limited to this distance dur-
ing data processing.

A P-P image across one
study area of offshore
Louisiana is shown in
Figure 2. This north-south
profile is 45 miles (72 km)
long, and a scale bar is posi-
tioned on the image to rep-
resent the dimension of the
longest source-receiver off-
set used in processing the
data. This maximum-offset
bar can be compared with
the physical sizes of the salt
structures and rotated fault
blocks along the profile to
identify where the seismic
propagation velocity can be

expected to change over lateral distances sim-
ilar to the maximum offset and possibly affect
deep imaging.

Two horizons were interpreted along the
profile and neither is a structural horizon.
Each is only a marker that indicates seismic
reflection quality. Horizon 1, the shallower

By Bob A. Hardage, 
Bureau of Economic

Geology 
Imaging Deep Gas Prospects with
Multi-component Seismic Data
Gas producers across the Gulf of Mexico are targeting deeper and deeper drilling objectives. Most
operators in the Gulf consider 30,000ft to be the deepest target depth that will be drilled for the next
few years. To image geology at those depths, seismic reflection data must be acquired with offsets of
at least 30,000ft. 

Figure 1. Four-C ocean-bottom cable data acquisition of long-offset seismic
profiles across a congested production area.
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of the two, marks the base of
continuous reflections. That
horizon crosses geologic time
lines and does not map struc-
ture or indicate depth varia-
tions of a fixed formation.
Horizon 2, the deeper of the
two, defines the base of dis-
continuous but mappable
reflections. It also crosses
geologic time lines and does
not follow a fixed geologic
structure.

The profile shows there is a
large sediment accumulation
in the northern one-third of
the image space where
Horizon 2 drops down to
about 10 s. This sediment load
squeezes the Jurassic salt
southward, causing several salt
structures to punch upward
through overlying, younger
strata shown by the salt-flow
arrows. This salt movement
creates numerous echelon
rotated fault blocks.The depth
of shallower Horizon 1 is con-
trolled to a great extent by the
vertical depth to the tops of
the various salt structures
along the profile. The defini-
tion of the base of continuous
reflections (Horizon 1) in the
north portion of the profile is subjective.
Horizon 1 could be positioned at the north
end of the seismic line deeper than where it is
shown in Figure 2. The exact vertical position
of Horizon 1 in P-P image space is not too
critical because the surface is used as a data-
quality indicator, not as a geologic horizon.

The 10-s image times of the deepest P-P
reflections on this profile are considerably
deeper than the maximum P-P seismic image
times observed with “conventional” seismic
data in the area. Interpreters who have exam-
ined these long-offset data acknowledge that

the data image deeper geology than do
shorter-offset seismic reflection data acquired
to date over the northern Gulf Shelf.

In the north portion of this profile, a salt
weld is near Horizon 1, where underlying salt
has evacuated and flowed south. The classical
P-P seismic attributes of a salt weld are
labeled on the data display:

• events above the weld are usually discor-
dant with events it;

• the signal-to-noise ratio is often low in
the data window that encompasses the
weld; and

• events below the weld
tend to be lower frequency
than those above it.

The P-SV image along this
same profile is displayed as
Figure 3. The vertical axis
labeled “warped P-SV time”
means P-SV image time has
been adjusted to P-P equiva-
lent image time, at least to a
first-order level of accuracy. If
the P-SV image in Figure 3 is
compared with its companion
P-P image (Figure 2), P-SV
Horizon 1 is at about the same
image-time coordinates as P-P
Horizon 1 (about 5 s) across
the profile. Locally, P-P
Horizon 1 and P-SV Horizon
1 differ. The important point is
that in a broad perspective, the
two horizons are essentially
depth equivalent. This obser-
vation is a key principle. Many
explorationists do not yet
know how deep P-SV data can
image. This data comparison
provides critical information
suggesting that P-SV data
provide continuous, mappable
reflections to the same depths
as P-P data. A second point to
emphasize is that local differ-
ences between P-P Horizon 1

and P-SV Horizon 1 are important only if
these horizons are structural surfaces.
Because the horizons are indicators of reflec-
tion quality (specifically indicating the base
of deepest continuous reflections) and not
structure surfaces, local differences between
P-P Horizon 1 and P-SV Horizon 1 are not
too critical.

A different situation exists for Horizon 2.
It is difficult to find any mappable P-SV
events at image times significantly below P-
SV Horizon 1. Only a few short segments of
deep P-SV events are labeled in Figure 3. In

Figure 2. Long-offset P-P image across study area. Horizons 1 and 2 are
data-quality horizons defined in the text.

Figure 3. Long-offset P-SV image across study area. This image should be
compared with the P-P image of Figure 2 acquired along the same profile.



contrast, the P-P data contain a large popu-
lation of deep Horizon 2 events (Figure 2).
The lack of P-SV events near the super-deep
depths of P-P Horizon 2 does not reduce the
value of P-SV data for evaluating drilling
targets down to depths of 30,000ft to
33,000ft (9 km to 10 km) in this area of the
Gulf of Mexico basin.

The time-based horizons in Figures 2 and
3 need to be converted to depth for the
depth-imaging capabilities of long-offset P-
P and P-SV data to be better appreciated.
The transformation from image time to
depth was done using P-P rms migration
velocities determined during seismic data
processing. Examples of P-P rms velocities
determined across part of the study area are
shown in Figure 4. A north-south velocity
profile is displayed to give a sense of the
velocity behavior associated with the selected
north-south P-P and P-SV seismic images
(Figures 2 and 3). The velocity layering
exhibits vertical oscillations and thickness
changes in the image-time interval between
3 s and 6 s where propagating wavefields first
encounter salt-related structures.

The offset scale bar on the velocity profile
is helpful for recognizing locations where
lateral velocity variations occur over dis-
tances of the same dimension as the positive
and negative-offset range used in processing
the 4-C OBC data. Lateral velocity changes
of this physical scale will complicate deeper
imaging. Below 6 s, the velocity layering is
reasonably smooth and uniform. All velocity
layers drop deeper at the north end of the
profile (Figure 4) where the thickest sedi-
ment accumulation is encountered and
where little high-velocity salt is present.

The basic message this depth-converted
process provides is critical information for
explorationists operating in the Gulf of
Mexico basin. The key finding is that con-
tinuous, mappable reflections (Horizon 1)
often extend to depths of 30,000ft to
33,000ft for P-P and P-SV data. Long-off-
set 4-C OBC data provide quality P-SV and

P-P reflection images of Gulf of Mexico
geology to challenging drilling depths. The
fact that good quality, continuous P-P reflec-
tions extend down to 33,000-ft targets is not
surprising. The fact that equivalent-quality
P-SV reflections are obtained for these same
target depths is important, new information.

Conclusions
OBC seismic technology allows long-offset
seismic data to be acquired across congested
production areas where long-offset towed-
cable seismic technology is not feasible.
Further, 4-C OBC seismic technology pro-
vides P-P and P-SV data. Towed-cable tech-
nology provides only P-P data.

Practical drilling targets across the
Louisiana shelf are now limited to depths of
about 33,000ft or less. Long-offset P-P and
long-offset P-SV data provide quality, con-
tinuous reflections to these depths. The doc-
umentation that P-SV images are of a qual-
ity equal to that of P-P images at depths of
30,000ft to 33,000ft is critical information

for operators wanting to use multicompo-
nent seismic data for improved understand-
ing of lithofacies distributions and overpres-
sure conditions across deep prospects. The
study confirms that a fundamental require-
ment for good imaging of deep targets is
acquiring long-offset seismic data. These
research findings should encourage operators
in the Gulf of Mexico basin to integrate
long-offset 4-C OBC seismic technology
into their prospect evaluations, particularly
in areas where there are congested produc-
tion facilities. ✧

Acknowledgements
The seismic data shown in this article are multi-
client data available from WesternGeco, who is
thanked for allowing the data examples to be
shown. Initial funding support for the research
was provided by the Research Partnership to
Secure Energy for America (Contract No.
RPSEA-R-521A). Ongoing research support is
provided by the U. S. Department of Energy
(Program No. DE-PS26-04NT42072).

Summer 2005 • GasTIPS  5

M-C SEISMIC

Figure 4. P-P rms migration velocities across the study area used to convert Horizons 1
and 2 to depth. Velocity values increase with time within each colored layer.
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M ost seismic methods
to map fractures
depend on a few

anisotropic wave propagation
signatures that can arise from
aligned fractures. Common
among these are shear wave
splitting, azimuthal and offset
variations of seismic P-wave
amplitude, and azimuthal varia-
tion in P-wave normal moveout
velocity. While seismic anis-
otropy can be a powerful frac-
ture diagnostic, a number of 
situations can lessen its usefulness or introduce
interpretation ambiguities, including:

• multiple fracture sets at different orien-
tations that combine to lessen the
anisotropy;

• the presence of nonfracture rock
anisotropy as might occur with large dif-
ferences in horizontal principal stresses;

• fracture occurrence in narrow bands or
swarms that are not sampled well by
azimuthal methods; and 

• seismic acquisition geometries that pro-
vide limited azimuthal coverage.

Laboratory and theoretical work in rock
physics indicates that a broader spectrum of
fracture seismic signatures can occur, includ-
ing a decrease in P- and S-wave velocities, a
change in Poisson’s ratio, an increase in
velocity dispersion and wave attenuation, as
well as indirect images of structural features

that can control fracture occurrence.
In this article, we summarize an interpre-

tation and integration strategy for detecting
and characterizing natural fractures in rocks.

The goal of rock physics is to discover,
understand and quantify the links between
geophysical measurements and the underly-
ing rock properties. In the case of fractures,
our models help quantify links between seis-
mic observables and fracture density, orien-
tation, pore fluid and permeability.

The physical mechanism of the elastic frac-
ture effect is simple: fractures, whether wet or
dry, soften the rock in a way that depends on
the fracture direction. The fracture-induced
reduction in elastic stiffness translates directly
into reduction of seismic P- and S-wave
velocities, reduction in impedance and a
change in Poisson’s ratio. If the fractures are
aligned, then these fracture signatures tend to

be directionally dependent,
resulting in seismic anisotropy.

The historical basis for mod-
ern seismic methods for fracture
detection was the classic stress-
induced velocity anisotropy
experiment by Nur and
Simmons (1969), illustrated in
Figure 1. The experiment was
performed on a sample of gran-
ite under various levels of uniax-
ial compressive stress. The plots
show P-wave and S-wave
velocities vs. direction of wave

propagation relative to the direction of applied
pressure. The cracks appear to be initially
isotropically distributed, because the velocities
are independent of direction at zero stress. As
uniaxial stress is applied, crack anisotropy is
induced. The velocities vary with direction rel-
ative to the stress-induced crack alignment. It
is these fracture-related velocity changes that
we look for in the field.

Integrated strategy for 
fracture characterization
Different types of information can be used for
fracture characterization. Outcrop studies give
direct observations of the fracture orientation,
spatial density and sometimes their lengths.
Outcrops also lend insight into geomechani-
cal relations, such as how fractures are related
to strain, bed thickness and facies brittleness.
The challenge is to extrapolate this 

By Gary Mavko, Diana
Sava, Juan-Mauricio

Florez and Tapan Mukerji,
Rock Physics Laboratory,

Stanford University

Integrated Seismic/Rock Physics
Approach to Characterizing
Fractured Reservoirs
The key to successful development of many low permeability reservoirs lies in reliably detecting, 
characterizing and mapping natural fractures. Fractures play a crucial role in controlling fluid transport
in tight reservoirs, and they can influence production, sometimes adversely, even in reservoirs with
moderate to high permeability.  

Figure 1. Ultrasonic P- and S-wave velocities vs. the direction of wave
propagation relative to the direction of applied uniaxial compression.  
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information to the reservoir at depth. Seismic
data, on the other hand, provide good cover-
age at depth, but the measurements are indi-
rectly related to fractures, and their resolution
is lower than the scale of the features in which
we are interested. Nevertheless, seismic attrib-
utes yield information about fracture density,
orientation and sometimes the type of fluid
saturating the fractures.

Our approach is to integrate the geologic,
well log and seismic information in the
framework of an inverse problem, as defined
by Tarantola (1982, 1987). The inverse prob-
lem has three different elements:

• the model parameters, represented by
the fracture characteristics that we
wish to map;

• the data parameters, such as seismic and
log measurements; and 

• the rock physics theories that relate the
model parameters to the data.There also
often is prior information about the sub-
surface fracture parameters from geo-
logic constraints.

A general way to express the prior geologic
knowledge about the fractures is through a
priori probability density functions (PDFs).

We can think of the prior model
as the geologist’s best prediction
of where the fractures are likely to
be, before seeing the quantitative
seismic information. Expressing
the prior model as a PDF allows
us to describe multiple likely frac-
ture hypotheses, while at the
same time quantifying our level of
confidence in the predictions.
The geophysical data, which are
affected by measurement errors,
also can be described through
PDFs. Finally, the theoretical
relations between the fracture
characteristics and the seismic
data can incorporate PDFs to
account for approximations in the
models and natural variability of
the input rock properties.

Probability theory allows us to integrate
the various types of information and, at the
same time, to estimate the uncertainty in our
predictions. The solution is represented by
the a posteriori PDF for the fracture charac-
teristics, from which we can obtain the
expected values for fracture parameters, as
well as maps of uncertainty.

The workflow we have developed consists
of the following steps:

• analysis of the geologic scenarios,
including stratigraphic and structural
controls on fracture occurrence. The
results of this step are a list of likely frac-
ture scenarios to evaluate – Which inter-
vals might be fractured? How many
fracture sets might exist? What pore flu-
ids should be considered? – constraints
on fracture occurrence, and a prior frac-
ture model, expressed as a PDF;

• rock physics fracture modeling, to
explore the seismic signatures of the
plausible fracture distributions at the site;

• analysis of field seismic data to identify
potential artifacts, and extract attributes
that will be useful for the fracture inter-
pretation; and

• integration of the prior information, the
theoretical relations and the geophysical
data to produce the final fracture inter-
pretation as well as quantitative esti-
mates of uncertainty.

Geologic model of fracture occur-
rence in a fractured carbonate
With the cooperation of Marathon Oil, we
received well logs, seismic, lithologic
descriptions and geologic insights into a
fractured tight carbonate field in East
Texas. The dominant structural style in the
field site is normal faulting and the current
state of stress is extensional. The intervals
of interest consist of the interposition of
layers of limestone and calcareous shales at
a variety of scales, which impose important
controls on the mechanism and styles of
fracture formation.

We have developed a model for the evolu-
tion of conjugate normal faults in sedimen-
tary sequences, such as this, having high brit-
tle/ductile contrast. Slip along ductile (shaly)
bedding surfaces creates stress perturbations
that result in the formation of subvertical
splay joints. Slip along these subvertical splay
joints generates a new stress perturbation
that creates a new set of splay joints. The
new splay joints constitute new low-friction
planes that slip, forming a set of conjugate
normal faults.

This evolution of conjugate normal faults
results in a particular shape called the tec-
tonic bowtie, (Figure 2). The limits of the
bowtie are defined by the parent (synthetic)
normal fault and the main two opposite-dip-
ping antithetic faults. The zones between the
parent fault and the antithetic faults are
characterized by high-density fracture
swarms, parallel to the parent fault. Fracture
swarms may occur associated with faults
with less than 161⁄2ft of offset, and are there-
fore below the seismic resolution. These frac-
ture swarms, however, have a significant
impact on rock impedance.

Integration of a multi-offset vertical seismic

Figure 2. Outcrop examples of tectonic bowties.
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profile (VSP) and a horizontal well,
confirms the presence of subseismic
faults and fracture swarms within
the limestone. The presence of small
faults is indicated by changes in the
stratigraphy along the well trajec-
tory, as well as by small displace-
ments of the top reflection observed
in the VSP data. These faults also
are associated with reduction in the
P-to-P reflectivity (“dim spots”),
most likely related to fracture
swarms (Figure 3).

Rock physics analysis 
and fracture modeling
The reservoir is modeled with two
types of fracture distributions: local-
ized bowtie fracture swarms, within
which the fractures can be more or
less randomly oriented; and a more
uniformly distributed set of aligned
vertical joints that generate an
azimuthally anisotropic medium. Log
analysis indicates three main facies:
unfractured clean limestones; shaly
limestones; and clean limestones.
FMI data indicate that the fractures
tend to occur in the cleaner (clay-free)
limestone intervals, which have lower
porosities and higher velocities. The

goal of the rock physics analysis is to find the
optimal combination of seismic attributes for
distinguishing the gas-filled fractured zones
from the shaly and unfractured limestones in
the reservoir.

For each of the fracture distributions, we
stochastically modeled seismic interval and
interface properties such as interval veloci-
ties, impedances, travel times, and P-to-P
reflectivity as functions of angle of incidence
and azimuth. The modeling shows that all
these properties may be influenced by the
presence of the fractures, with gas-filled
fractures generally more visible than brine-
filled fractures.

The AVO gradient-intercept domain is
potentially useful for detecting gas-filled
fractures in the reservoir. As the fracture
density increases in the clean limestones, the
P-to-P reflectivity from the fractured zones
decreases and becomes indistinguishable
from the P-to-P reflectivity from shaly lime-
stones. However, shaliness moves the AVO
gradient to smaller negative values, while
gas-filled fractures move the AVO gradient
to larger negative values (Figure 4).
Therefore, at this site, AVO gradient appears
to be a good fracture indicator, while P-wave
impedance, alone, is not.

The Integration Methodology

Prior information about 
fracture parameters
At our field site, the fracture occurrence
is controlled primarily by the existing
faults – both the localized intensely-
damaged swarms associated with bed-
scale normal faults and the more dis-
tributed background subvertical frac-
tures associated with larger faults.
Additional factors controlling fracture
occurrence include bed thickness, bed
curvature and local tectonic stresses.

Figure 5 shows a seismic horizon
slice (left), from which a major fault is
interpreted. A prior model of the mean

Figure 4. Joint probability distribution functions of
the AVO gradient and intercept for the Monte
Carlo simulations of the unfractured, clean lime-
stones (blue), fractured limestones with randomly
oriented cracks (green) and shaly rocks (red). The
fractures are filled with gas. 

Figure 5. Left panel: Amplitude map at the top of a fractured carbonate reservoir, with the inter-
preted fault. Bin size is 200ft. Right panel: Map with the a priori spatial distribution of the mean
fracture density at the top of the reservoir, based on the interpreted fault. 

Figure 3. Fracture-induced amplitude dim spots
near a large fault.
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fracture density is shown on the right,
described as a decaying exponential with dis-
tance from the fault. The maximum expected
fracture density near the fault is assumed to
be about 0.07, which corresponds to an upper
value for the crack density expected for a
reservoir at about a 1-mile depth, based on a
world-wide compilation by Crampin (1994).
At each location, the prior PDF of fracture
density is expressed as a truncated exponen-
tial, with the mean shown in Figure 5.

Rock-physics modeling and
stochastic simulations:
Theoretical PDF 
Next, we perform rock-physics forward mod-
eling and stochastic simulations based on the
well-log data, under the chosen geological
hypotheses. Using Monte Carlo simulations,
we obtain a variety of realizations of plausible
fracture parameters and seismic attributes that
span the intrinsic natural variability of the
rock properties. Based on these realizations,
we can estimate the theoretical joint PDF
describing the physical relations between the
fracture parameters, such as fracture density,
and the seismic attributes at our site. Figure 6
shows an example for the theoretical joint
PDF of the fracture density and the azimuthal
reflectivity anisotropy under the hypothesis of
a single set of aligned vertical fractures. The
rock physics theory predicts increasing
azimuthal reflectivity anisotropy with
increasing fracture density.

Seismic data
The data parameters are represented by
various reflectivity attributes from a 3-
D seismic dataset acquired over the
reservoir. A pitfall is the artificial ampli-
tude patterns associated with the acqui-
sition footprint. Increasing the bin size
helped remove the footprint, though at
the expense of resolution.

Azimuthal analysis of the P-to-P
reflectivity involves partial stacking of
the data within different ranges of

azimuth. There is a tradeoff between the
azimuthal resolution, which requires small
ranges of azimuth, and the signal-to-noise
ratio that requires larger fold and implicitly
larger azimuthal bins. For a fixed azimuthal
range, we can increase the fold by increas-
ing the bin size, at the expense of reducing
the spatial resolution.

Under the hypothesis of a nearly vertical set
of fractures, as indicated by FMI data, the
reflectivity at far offsets varies with azimuth.
Figure 7 shows the observed azimuthal reflec-
tivity anisotropy at far offsets (left), with the
associated standard deviations (right). The
mean values as well as the standard deviations
are derived using a bootstrap method to take
into account the measurement errors associated
with the reflectivity. The uncertainty because of
measurement errors is assumed to be Gaussian.

Quantitative integration of prior
geological information with
seismic data using rock physics
Finally, we quantitatively integrate the prior
geological information and seismic data using
the theoretical PDF, given by the rock physics
theories. At each location, we derive the pos-
terior PDF over the fracture parameters and
data by multiplying the prior joint PDF on the
fracture parameters and the seismic data, with
the theoretical PDF, containing the rock
physics information. We then integrate the a

posteriori PDF over the seismic attributes
space to obtain the updated distribution of
fracture parameters. This posterior PDF rep-
resents the updated measure of uncertainty
about the fracture parameters after integrating
the prior geological information with the seis-
mic data using rock physics theories.

From this a posteriori PDF of the fracture
parameters, we can derive statistical quanti-
ties, such as expected values of fracture den-
sity, and confidence parameters, such as the
probability that the fracture density exceeds
certain thresholds. These probability maps
help us assess the uncertainty in our predic-
tions and can help us make informed deci-
sions about the reservoir management.

Figure 6. Theoretical joint PDF of crack den-
sity and azimuthal reflectivity anisotropy,
derived based on the rock physics theories.
The uncertainty is because of natural variabil-
ity of the rock properties.

Figure 7. Left panel: Map with the mean values of the azimuthal reflectivity anisotropy at far offsets at the
top of the reservoir. Right panel: Standard deviations associated with the mean reflectivity anisotropy.
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Figure 8 shows a map with the spatial dis-
tribution of the posterior expected values for
fracture density at the top of the reservoir,
conditioned on the azimuthal anisotropy of
reflectivity at far offsets. We observe a rela-
tively higher fracture density near the fault,
as the prior geological information suggests.
We can also observe the asymmetric distrib-
ution of the expected crack density with
respect to the fault, with higher values of
fracture density in the hanging wall. This
agrees with outcrop data. We also find other
zones of higher fracture density away from
the fault. These zones also may correspond
to possible subseismic faults.

3-D Seismic data and AVAZ
for fracture characterization
Once we observe an azimuthal variation in the
seismic amplitudes, the challenge is to interpret
it in terms of fracture density, orientation and
fluid saturation. Rock physics modeling is a
necessary step in interpreting the integrated
fracture density map shown in Figure 8. The
polarity of the amplitude variation with
azimuth depends on gas saturation and fracture
compliance. As a result, the azimuthal variation
may be used to determine the saturation if the
fracture orientation can be determined from
other information. On the other hand, the sat-
uration-compliance behavior can be a serious
source of ambiguity. At our site, the rock physics
models indicate that the fracture strike is in the
minimum amplitude azimuth. From this, we
derive a map with the fracture orientation and
relative fracture density,. Using a bootstrap
method, we also estimate the uncertainty in the
fracture orientation and the azimuthal
anisotropy in the reflectivity because of mea-
surement errors (Figure 9).

Summary
We have presented an interpretation and inte-
gration strategy for detecting and characteriz-
ing natural fractures in rocks. We used a for-
malism based in probability theory to integrate
prior geologic models of fracture occurrence,

geophysical (log and seismic) data and
theoretical rock physics models linking
fractures, background rock properties
and observable seismic attributes. In a
field study of a fractured tight lime-
stone, we find agreement between the
mean fracture orientations derived
from the azimuthal variation of the
seismic amplitudes at far offsets and
the fracture orientations derived from
the FMI logs from a nearby well.There
also is agreement between the mean
fractures’ strike from azimuthal varia-
tion of amplitude and the present
regional stress field. The mean fracture
orientations are approximately parallel
to the maximum horizontal stress in
the region. As expected from geome-
chanical considerations, we infer higher
fracture densities in proximity to a seis-
mically interpreted fault, with higher
fracture density in the hanging wall.
We also infer apparent high-fracture
zones away from the fault, which can
only be detected from the seismic.

A critical part of our work is care-
ful rock physics modeling to provide
the quantitative links between log,
geologic and seismic information. ✧
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account the measurement errors represented by
the error bars.
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Development of the
U.S. deepwater gas
resources is limited

by the high capital costs
involved in developing these
resources. Dual-gradient
drilling methods have been
proposed as a means to pro-
vide simpler, safer, more eco-
nomic well designs and
therefore increase the ulti-
mate development and uti-
lization of deepwater gas
resources. Two dual-density
drilling concepts – riser dilu-
tion with a low density liquid
and riser gas lift – were
investigated as potential means to imple-
ment a dual-gradient system. The overall
objective was to establish whether further
research concerning dual-density drilling
systems based on use of low-density fluids,
either liquid or gas, is justified. The investi-
gation was conducted by the Craft and
Hawkins Department of Petroleum
Engineering at Louisiana State University
and sponsored by the Research Partnership
to Secure Energy for America.

The investigation focused on providing
initial answers to several critical questions
about the practical feasibility and potential
commerciality of these two dual-density

drilling methods. The first is the probable
cost-benefit relationship for each.The second
is whether effective well control methods can
be defined. The third question is the practi-
cality of separating the low-density and high-
density components of the mixed fluid that
returns to the surface in the riser for reuse.

The cost reduction when using a riser gas
lift approach was estimated to be at least
9%, and most likely 17% to 24%, vs. esti-
mated trouble-free costs for conventional
drilling of three example wells selected to
represent future deepwater Gulf of Mexico
operations. In addition, a riser gas lift
approach also increased the feasibility of

drilling deep wells in deep-
water that might otherwise
be impossible. Well control
with a riser gas lift system
also was found to be feasi-
ble when using methods
generally analogous to con-
ventional operations or to
use a subsea mudlift pump.
Riser dilution using liquids
was estimated to reduce
costs vs. conventional oper-
ations by 7% for the exam-
ple studied. The practicality
of separating and reusing
mud returning from the
riser for a liquid dilution

system was only partially investigated.
However, results from this work and that
done by de Boer (2003) indicate mud sep-
aration and reuse in a riser dilution system
is possible.

This article will focus on the concepts and
rationale for dual-density drilling and the
investigation of riser gas lift as one mecha-
nism for achieving a dual-gradient system.
Part 2 will focus on liquid dilution of fluids in
the riser as an alternative means for achieving
a dual-gradient system as well as the expected
costs savings from using dual-density instead
of conventional drilling methods.

The rationale for investigating these dual-

By John Rogers Smith,
Louisiana State University;

and Mikolaj Stanislawek,
ENSCO

Dual-Density Drilling Systems
Reduce Deepwater Drilling
Costs: Part I—Concepts and
Riser Gas Lift Method
A study of dual-gradient deepwater drilling systems relying on riser gas lift and riser dilution concluded
that both concepts are feasible and warrant additional research. Editors note: This is the first in a two-
part series. The second part will publish in GasTIPS fall issue.  
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density drilling methods is the expectation
that development of deepwater natural gas
reserves should contribute significantly to
new gas reserves in the lower 48 states dur-
ing the next 15 years, according to recent
Gas Technology Institute (GTI) baseline
projections. However, the current economic
significance of deepwater gas production is
constrained by the substantial capital costs of
deepwater development. Effective dual-den-
sity drilling systems could potentially remove
that constraint.

Even though wells have been drilled in
water as deep as 10,000ft, the riser inside
diameter can severely limit the number of
casing strings that can be used and conse-
quently the maximum practical well depth
when conventional well designs are used.
These limits become more severe with
increasing water depth. An example of a
conventional well design for a 24,000-ft
well in 10,000ft of water is shown in Figure
1. Use of a single mud density from the well
bottom to the surface results in wellbore
pressures that can only be contained over a
short distance of drilling without setting
casing and increasing the mud density. An
example interval is labeled “constant mud
weight from surface” in Figure 1. The result
in this case is that eight casing strings 

ranging in size from 20-in. to 3.5-in. are
required to reach and set casing at the total
depth of 24,000ft.

Specific geologic conditions, such as long
salt intervals, or more costly well equipment,
such as expandable tubulars, can offset the
limitations on maximum practical depth or
casing size at total depth (TD). Neverthe-
less, some deepwater resources will be left
unexplored or undeveloped because the cur-
rent well design technology is too limited or
costly to be economically feasible.

A simpler, potentially more cost-effec-
tive well design would use a moderate den-
sity fluid in the annulus of the riser and a
higher density fluid in the wellbore to pro-
vide a more favorable pressure profile in the
well, specifically a pressure profile closer to
what naturally exists in the subsurface for-
mations. The drilling system that would
allow these two different fluid gradients in
the well has been called the dual-density or
dual-gradient system. An example of how
the fluid gradients and casing points in this
kind of well design would correspond with
formation pressure gradients is provided in
Figure 2.

The water depth, well depth, pore pres-
sures and fracture pressures in Figure 2 are
the same as in Figure 1. However, use of a

higher density fluid in the wellbore and a
lower fluid density in the riser give wellbore
pressures that only require three casing
strings to reach and set casing at TD. In this
case, the casing at TD could easily be 9.625-
in., which would allow economic well pro-
duction rates that would be impossible with
the 31⁄2-in. casing in the conventional design.
Ultimately, the dual-density well design has
the advantages of fewer casing strings for
lower well cost, larger mud weight margins
for improved safety, a larger production cas-
ing size for increased production and revenue
rates, and reduced riser tension requirements
that would allow longer risers to be used
with existing tensioning systems.

Several industry projects have been con-
ducted to address the potential of the dual-
gradient concept. The subsea mudlift drilling
project led by Conoco and Hydril developed
prototype seafloor pumps that were used in a
successful offshore field trial. The Deep-
vision concept also used seafloor pumps and
was researched by Baker-Hughes and
Transocean. The concept of using hollow
glass beads to reduce the density of riser flu-
ids was researched by Maurer Technology,
and a previous, preliminary feasibility study
of the riser gas lift concept was performed by
LSU and Petrobras. Dual-Gradient Systems
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has pilot-tested a patented liquid dilution
system. However, none of these systems has
reached commercial application, and the
riser gas lift and liquid dilution methods
have received less attention than the pump-
based systems even though they potentially
require less rig modification and initial
investment to put into service.

Project description
The overall objective of this project was to
establish whether more comprehensive
research concerning dual-density drilling
systems based on use of low-density fluids,
either liquid or gas, is justified. The project
was intended to continue the research initi-
ated by LSU and Petrobras on the riser gas
lift method (Figure 3) and begin assessing
injection of unweighted liquid into the riser
as another alternative. These methods are
intended to offer alternative methods of
achieving a dual-gradient deepwater drilling
system that utilize more standard equipment
than the separate industry projects focused
on the use of seafloor pumps to achieve the
advantages of a dual-gradient method.

The focus of the project has been to eval-
uate and develop the operational concepts
for two dual-density methods that can be
applied using current riser-supported subsea
drilling systems: riser gas lift and injection of
an unweighted liquid into the base of the
riser to dilute the wellbore fluids entering the
riser. The results are intended to provide a
first step toward answering critical questions
about the practical feasibility and commer-
ciality of these systems.

The primary business question is what
the probable cost-benefit relationship
would be for each of the two alternative
concepts if applied to deepwater Gulf of
Mexico development and exploratory wells.
This question was addressed by applying
dual-density design concepts to three rep-
resentative deepwater well designs and con-
sidering the cost impacts of the different
designs and rig equipment requirements.

The principle technical question is whether
an effective well control method can be
defined for a system containing so many
different density fluids and flow paths. This
question was addressed primarily by simu-
lating well control operations for represen-
tative situations using a transient multi-
phase flow simulator. An additional con-
cern is the practicality of separating the
mixed fluid that returns to the surface into
low-density and high-density flow streams
for reuse. This concern was addressed by
studying lab formulations of candidate mud

systems as well as using a lab centrifuge and
a hydroclone to separate a riser mud into
low-density and high-density flow streams
to be used as dilution fluid and wellbore
fluid, respectively.

Riser gas lift
The conceptual feasibility of riser gas lift is
dependent on achieving a significantly lower
effective density in the riser than in the well.
Figure 4 shows the result of one study
demonstrating the feasibility of achieving a
wellhead pressure equivalent to the seawater
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hydrostatic pressure over a range of circulat-
ing rates with 16 ppg mud in a 191⁄4-in.
inside diameter riser in 5,000ft of water.

A primary concern was whether an effec-
tive well control method could be defined for
a system containing the many different den-
sity fluids and different flow paths inherent
with a riser gas-lift system. The specific con-
cerns addressed were kick detection, cessa-
tion of formation feed-in and removal of
kick fluids with a constant bottomhole pres-
sure method. These concerns were studied
using OLGA2000™, a transient multiphase
simulator. The validity of using the simulator
to study this system was confirmed by com-
parison to transient multiphase flow data
from a test well.

Conventional kick detection methods
relying on the pit gain and return flow rate
were concluded to be effective. However, a
flow check to determine a kick is in progress
is not possible. Two alternatives for stopping
formation flow were considered, a “load-up”
method of reducing the nitrogen rate vs.
closing a subsea blowout preventer (BOP).
BOP closure was shown to be faster and
more reliable for stopping flow and minimiz-
ing kick volume.

Figure 5 shows the results from an exam-
ple simulation of well control with riser gas
lift. In this case, the well was shut-in with
the BOP, and then the kick fluids were cir-
culated out through the choke line and a
surface choke using essentially conventional
methods. Based on simulations like this of
several different alternatives, it was con-
cluded that methods using a choke with
returns up the choke line were simpler and
more effective than alternatives with returns
up the riser and/or using nitrogen rate
adjustments to control wellbore pressure.
Bottomhole pressure was maintained rela-
tively constant using only choke adjust-
ments and no variation in the nitrogen
injection rate, which should indicate that
implementation of successful well control in
the field would be relatively straightfor-

ward. However, the variation in bottomhole
pressure was larger than typically desired.
The cause of this variation is two-fold. The
first cause is that there is always a gas phase
in the choke line, which makes the effect of
a surface choke pressure adjustment less
predictable than for a system that has liquid
in the choke lines. Using a remote-con-
trolled seafloor choke upstream of the
choke line could alleviate this. The other
cause relates to the simulator rather than to
the real system. The simulator runs only in
a batch mode, which prevents simple or
quick correction of choke pressure and
requires rerunning the simulation each time
a wrong adjustment in choke pressure is
made. Consequently, it is difficult and time-
consuming to get simulations with exactly
the desired results, and those shown were
deemed acceptable for the purpose of show-
ing system feasibility.

There are some differences vs. conven-
tional well control. Nitrogen injection into
the base of the choke line lowers wellhead
pressure, which alleviates the concerns relat-
ing to excessive bottomhole pressure because
of choke line friction that occurs in conven-
tional well control. One additional item of
equipment vs. that in a conventional system
also would be desirable. Use of a drillstring
valve that has been developed for use with
the subsea mudlift drilling system would
prevent excessive bottomhole pressure when
the well is on choke with the drillstring filled
with heavy wellbore mud.

Overall, well control with a riser gas-lift
approach to dual-density drilling should be
practical using essentially conventional
methods.

Conclusion
This article has focused on the rationale for
dual-density drilling and the different con-
cepts for implementing a dual-gradient sys-
tem. It also describes the investigation of
riser gas lift as one mechanism for achieving
a dual-gradient system, and concludes that

riser gas lift is operationally feasible and well
control operations will be essentially conven-
tional. Part 2 of this series will focus on liq-
uid dilution of fluids in the riser as an alter-
native means for achieving a dual-gradient
system as well as the expected costs savings
from using dual-density instead of conven-
tional drilling methods.

Detailed reports on all parts of the project
to investigate the feasibility and economics
of these dual-density systems are available as
publications on the GTI Web site,
www.gastechnology.org ✧
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APS Technology is
developing a unique
system to monitor

and control drilling. This sys-
tem has two primary elements:
an active vibration damper
(AVD) to minimize harmful
vibrations, whose hardness is
continuously adjusted; and a
real-time system to monitor
drillstring vibration and
related parameters. This mon-
itor adjusts the damper
according to local conditions.

The AVD is designed to
have several favorable effects
on the time needed to drill a
well. By keeping the bit in
constant contact with the
well bottom and maintaining
the actual weight-on-bit
(WOB) at the optimum
level, the instantaneous rate
of penetration (ROP) is
increased. Additionally, by
reducing the levels of vibra-
tion throughout the bottom-
hole assembly (BHA), the operating life of
all downhole components, such as bits,
motors and measurement-while-drilling sys-
tems, is increased, thereby reducing the
number of trips required for a particular well.
These advantages will apply in all wells, but
their value increases disproportionately in
deep drilling.

An earlier paper reported on the design
and modeling of this system. After briefly
reviewing these, we present preliminary lab-
oratory tests illustrating the ability of the
AVD to adjust to a range of downhole con-
ditions. Field test prototypes are being
designed and built, and will be field tested
this year.

The drilling environment,
and especially hard-rock
drilling, induces severe vibra-
tions into the drillstring. The
results of the vibrations are
premature equipment failure
and reduced ROP. The only
way to control vibration with
current monitoring technol-
ogy is to change the rotary
speed or WOB. These
changes may move the drill-
ing parameters away from
their optimum value and may
have a negative effect on
drilling efficiency.

Shock subs are not a uni-
versal solution, since they are
designed for one set of condi-
tions. When the drilling envi-
ronment changes, shock subs
become ineffective and may
result in increased drilling
vibrations.

Drillstrings develop vibra-
tions when run at critical
rotary speeds. These vibra-

tions are difficult to control because of the
strings’ long length and large mass.
Operating at a critical speed can impart
severe shock and vibration damage to the
drillstring, and fatigue drill collars and rotary
connections. Vibrations also cause the drill-
string to lift off the bottom, reducing ROP.
The effect of axial, lateral or torsional 

By Martin E. Cobern, 
APS Technology; and 

Mark E. Wassell, 
APS Oilfield Services LP

Laboratory Testing of an Active
Drilling Vibration Monitoring
& Control System
The deep, hard-rock drilling environment induces severe vibrations, which can cause reduced rates of
penetration and premature failure of the equipment. An active vibration control system can prevent
such problems and increase the rate of penetration.
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(stick-slip or bit whirl) vibra-
tion upon drilling has been
documented in the laboratory
and the field.

The natural frequencies of
the drillstring often fall in the
range excited by typical drilling
speeds: between 0.5 Hz and 10
Hz, depending on the BHA
and length of the drillstring.
There are many sources that
excite drillstring vibrations,
including bits, motors, stabiliz-
ers and drillstring imbalance.
For example, a tri-cone bit
imparts a primary excitation
frequency of three times the
rotary speed. If rotating
between 120 rpm and 180 rpm,
the excitation frequency is
between 6 Hz and 9 Hz.

Mud motors also are signif-
icant sources of excitations on
the drillstring. The rotor of the
mud motor moves in an eccen-
tric orbit that oscillates several
times per revolution. Depend-
ing on the lobe configuration
of the motor, excitations occur
between 1 Hz and 30 Hz.
Shocks from bit bounce and
collar impacts against the
borehole result in higher fre-
quency vibration.

The best situation for a
drillstring is to operate below
its lowest critical speed. By
staying below this first critical
speed, drilling frequencies do not excite the
drillstring and the bit maintains contact
with the cutting surface of the borehole. In
Figure 1, this safe range is Zone A. In this
example, with a fundamental natural fre-
quency of 6 Hz, Zone A extends to 4 Hz,
corresponding to a rotary speed to 80 rpm or
less for a tri-cone bit. Zone B is the resonant
range that results in high levels of vibration.

Shock and vibration damage and low ROP
occur in this zone. Zone C is above the first
critical speed of the drillstring. Vibrations
levels are reduced compared with Zone A
and B; however, the bit does not maintain
continuous contact with the drilling surface,
since the natural frequency of the drillstring
is lower than the excitations of the bit, pre-
venting it from reacting to irregularities in

the bottom. This discontinu-
ous contact with the drilling
surface of the borehole greatly
reduces the ROP.

Principles of operation
The AVD consists of electron-
ics that monitor vibrations and
other drilling parameters, and
a spring-fluid damper that
controls the vibration. The
damper properties are contin-
uously modified to provide
optimal damping characteris-
tics for the conditions. A key
innovation in the AVD is the
use of magnetorheological
fluid (MRF) as the means of
varying the damping coeffi-
cient of the AVD.

MRF is a “smart” fluid
whose viscous properties are
changed by passing a magnetic
field through it. The fluid’s
components have no moving
parts, rapid response times and
low power requirements. The
damping properties can be
optimized to detune the drill-
string from resonant vibration.

MRF damping is being used
in such diverse applications as
sophisticated automotive sus-
pensions and earthquake pro-
tection systems for buildings
and bridges. The AVD modi-
fies the properties of the BHA
in two ways that combine to

increase ROP and reduce vibration. First, the
damper decouples the drillstring section
below the damper from the one above it.
Second, it optimizes the damping based upon
the excitation forces, significantly reducing
the vibration. The combination allows the bit
to respond more quickly to discontinuities on
the cutting surface, while maintaining the
desired surface contact force.
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Separating the bit from the rest of the
drillstring with a spring-damper assembly
reduces the effective mass that must respond
to discontinuities of the drilled surface.
Reducing the mass increases the first critical
speed of the drillstring attached to the bit,
while the adaptive damping reduces the
magnitude of vibration at the resonance.
This provides a wider Zone A, (Figure 2,
which is based on a simple model of the
damper). For a tri-cone bit, Zone A now
covers a range between 0 rpm and 220 rpm,
a significant improvement compared with
the 0 rpm to 80 rpm in Figure 1.

The practical effects of these changes are
shown in the following figures, which are
based on BHA models performed with APS’s
WellDrillTM software. When the damping
coefficient is optimized, for this case to
between 200 lb-sec./in. and 300 lb-sec/in.,
the bit remains in contact with the formation,
the WOB remains constant (Figure 3), bit
vibration is essentially eliminated (Figure 4),
and the ROP increases (Figure 5). Note: When
WOB goes to zero, the bit is off bottom.

Tool design
An overview of the AVD tool is shown in
Figure 6. The tool has many features of a
conventional shock sub, including a stack of
Belleville washers to support the weight
applied to the bit and bearings to absorb the
axial and torsional loads. The key difference
is that the damping coefficient is continually
adjustable by varying the magnetic field
applied to the MRF. The details of the MRF
damper design are shown in Figure 7. This
drawing is of an earlier test piece, but the
configuration is largely unchanged in the
prototype tools. The MRF will be in the vol-
ume between the housing (1) and mandrel
(2). A series of coils wrapped in the grooves
in the mandrel (in the latest design, the coils
are in the outer housing, not the mandrel)
will create bucking fields, which will be
strongest in the gaps between the coils. The
MRF in these areas will become more viscous

as a function of the field strength, thereby
varying the damping of the motion of the
mandrel relative to the housing.

The MRF damper control algorithm uti-
lizes displacement measurements taken in real
time during the drilling operation. Based on
this information, the damping properties are
continuously modified throughout the drilling
process. The intent is to reduce the motion of
the bit relative to the well bottom and smooth
out the vibrations above the damper. A hard-
ening damper algorithm was developed as the
simplest and most robust method to control
damping (Figure 8). This method increases
damping levels as the damper sections displace
relative to one another. For small displace-
ments and low WOB, a low level of damping
is provided. As the deflection increases,
because of higher WOB or larger vibration
levels, the damping is increased. This method
was shown analytically to provide proper
damping levels throughout a range of condi-
tions with minimal sensor data.

The new AVD tool prototype design uses

a Belleville spring stack with a compound
spring rate. This provides better isolation at
various levels of vibration and WOB com-
pared with shock subs having a linear spring
rate, which provides increased deflection for
the damping module at low levels of vibra-
tion and improved support at high levels.

Test bench
In operation, the AVD will be supported and
loaded by the entire drillstring above it.
Considerable weight is applied from above,
which will have resilience and damping.
The damping will result from the intrinsic
damping in the drillstring, from the
hydraulic damping of the drilling fluid and
from contact with the borehole walls. At the
bit, the driving force is the interaction of the
bit and the irregular bottom of the hole. This
interaction will have a primary frequency,
such as triple the rotation rate for a tri-cone
bit, but may have other harmonics as well if
there is more than one high point on the well
bottom. In addition, the well bottom is not

Figure 6. Overview of active vibration damper sub.

Figure 7. Detail view of the adjustable damping element design.
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completely rigid but can respond to the bit
by flexing or being drilled away.

To simulate these conditions, we designed
the test bench (Figure 9). The prototype (5)
is supported by linear bearings (4) on a large
load frame (6). At the “uphole” end, to the
left, a large pneumatic cylinder (1) applies a
force simulating the loading from the drill-
string above the tool. The damping of the
drillstring motion is simulated by two
hydraulic cylinders (2) configured to produce
adjustable damping. To mimic the driving
force of the bit’s interaction with the well
bottom, a lower assembly (7) is provided. In

this assembly, a cam (8) is rotated by a vari-
able speed gear motor (9) at rates simulating
the drillstring rotation rate. The cam, which
is supported by ball bearings, can have con-
figurations that mimic a variety of degrees of
irregularity of the well bottom.

Test results
Early static testing established that the AVD
could provide adequate damping to support
about 6,000 lbs of force. With the Belleville
springs supporting the majority of the WOB,
this should be adequate to provide the neces-
sary damping in most drilling conditions.

In the next phase of testing, the full labora-
tory prototype, including the Belleville springs
and bearings, was mounted in the test bench
and driven by the cam. A sample of the results
is shown in Figure 10, which plots the dynamic
stiffness of the AVD as a function of the cur-
rent applied and the drive frequency. The
dynamic stiffness of the damper is a combina-
tion of the stiffness of the springs and variable
damping applied by the AVD. This combina-
tion is a function of the frequency of the dri-
ving vibration. As the applied current increases,
the dynamic stiffness of the AVD rises.

The AVD can instantaneously vary its
dynamic stiffness by a factor between 7 and
10, depending upon the excitation frequency.
This is more than adequate to obtain the
results described earlier in the article. The
ability of the damper to reduce bit vibration
and bounce is shown in Figure 11, which
plots the maximum motion of the damper
collar (connected to the bit) relative to the
central mandrel, (connected to the upper
drillstring. The driving displacement from
the cam was 0.7. As the damping is increased
by increasing the applied voltage, the maxi-
mum motion converges toward a level con-
sistent with the bit’s remaining in constant
contact with the cam, which simulates the
irregular bottom of the well.

Conclusions
AVD laboratory testing indicates it is amply
capable of providing the variable damping
necessary to control bit bounce, maintain
uniform WOB and increase drilling ROP.

Once some optimization issues have been
resolved, it is anticipated a prototype AVD
tool will be tested, first in drilling laborato-
ries and then in the field, later this year.

Based on the laboratory results, the AVD
is likely to have a significant impact upon
drilling operations, particularly in hard rock
drilling. As illustrated in Figure 11, a prop-
erly damped drillstring will drill more effi-
ciently, with fewer failures, than one without
such damping. The modeling indicates theFigure 9. Active vibration test bench.
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potential for increasing the average ROP by
10% to 50%, depending upon conditions.

Future efforts
The detection and active damping of axial
vibrations represents the first step in this
program. There are other troublesome vibra-
tion mechanisms, such as transverse vibra-
tions and stick-slip torsional modes. It is
likely that by modulating the WOB, the
AVD will reduce the likelihood of the bit’s
digging into the borehole bottom and initi-
ating sticking, followed by slipping when the
WOB decreases. This effect will be evaluated
in the field trials.

Plans are underway to add torsional and
lateral sensors, and damping to the AVD
system. Initial designs have been prepared.
Further studies will investigate whether the
benefit from these additional features justi-
fies the additional costs involved. ✧
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I ndustry growth in the United States finds
drillers moving into deeper and hotter
frontiers in search of oil and gas.

Remediation of failed cement jobs in deep
hot wells costs the industry more than $100
million each year. While additives and well-
designed placement techniques can increase
chances for achieving long-term zonal isola-
tion in high-pressure, high-temperature
(HPHT) wells, a high incidence of gas pres-
sure on deep hot wells because of inade-
quate placement and mechanical failure of
cements, continues to be reported.

Although applications and methods may
vary, Portland cements have been used
worldwide and are recognized as the indus-
try standard for well sealants. Temperature
and pressures encountered through produc-
tion and intervention can induce high
stresses in the wellbore, exceeding the resis-
tance capabilities of conventional Portland
cement systems. Short-term fluid migration
of water and gas also affects the perfor-
mance of wellbore cement, and mechanical
cement failure is exaggerated in wells with
narrow annuli because of higher stress on
the cement sheath.

With current completion technology, a
supercement designed for long-term sealing
integrity in HPHT wells is needed to allevi-
ate escalating costs associated with annular
seal loss and associated remedial repair.
Remedial procedures for restoring seal
integrity are expensive and multiple applica-
tions often are required during the well’s life.
Annular seal loss in HPHT wells can result

in well abandonment, and potential environ-
mental and safety issues.

Deep Trek, a U.S. Department of Energy
(DOE) program, seeks to improve HPHT
well economics by improving drilling and
completion technology. As part of the Deep
Trek effort, CSI Technologies is attempting
to improve the economics of deep-well com-
pletions with the development of a superce-
ment capable of providing long-term,
HPHT sealing integrity. The material may
also be applicable in less extreme environ-
ments that still require high stress resistance,
or where annular gas pressure is a known
problem. With tensile and compressive
strength, permeability, expansive properties,
and pipe and formation bonding sufficient
for long-term durability, the potential for
mechanical failures at temperatures exceed-
ing 350°F and at pressures over 15,000psi
will be minimized.

Three years—Three phases
Last year, the CSI laboratory team began
working on the first phase of the three-
phase, 3-year Deep Trek project. Phase I
began with laboratory analysis of various
Portland and non-Portland materials, and
admixtures in conventional and unconven-
tional tests. Identification of compositions
that provide the mechanical properties
required for withstanding extreme downhole
temperatures and pressures resulted. In
Phase II, the team’s work is continuing with
scale-up testing and well trials to determine
performance on a field scale. Scale-up activ-

ities include manufacturing, mixing, place-
ment mechanics and performance in a test
well. Demonstrations of the cement’s perfor-
mance in three to six field applications in hot
deep wells and technology transfer activities
will complete Phase III.

An industry advisory committee, comprised
of representatives from 12 companies, has
assisted in the technical development of the
supercement material and continues to provide
a combined expertise for project execution.
Membership is voluntary and includes
Anadarko, BHP Billiton, BP, ChevronTexaco,
ConocoPhillips, the DOE, Dominion,
McMoran, PDO, 3M, Shell and Unocal.

In Phase II, committee members will
assist in monitoring and evaluating perfor-
mance of the candidate supercement mater-
ial(s) in actual wells. Additionally, commit-
tee members contribute data to a deep hot
well  database used for test design, specifica-
tion development and as a technical
exchange medium.

Phase I—Project objectives
Phase I, conducted from October 2003
through December 2004, concentrated on
identifying state-of-the-art sealant systems,
especially those applicable to HPHT envi-
ronments. A baseline series of Portland
cement designs commonly used in HPHT
environments was identified and tested to
determine currently-available performance.
Various candidate systems, designed and
screened at low and high temperatures, nar-
rowed the field to a manageable number.

By Fred Sabins, Larry
Watters and Kevin Edgley,

CSI Technologies;  
and Tim Grant, U.S.

Department of Energy

Long-term Cement Integrity
of HPHT Cement Systems
Deep Trek, a U.S. Department of Energy program, seeks to improve HPHT well economics by improv-
ing drilling and completion technology. As part of the Deep Trek effort, CSI Technologies is attempting
to improve the economics of deep-well completions with the development of a “supercement” capa-
ble of providing long-term, HPHT sealing integrity.
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Finally, unconventional tests were utilized to
gain insight into the sealing capability of the
candidate systems. This
work is in preparation of
Phase II scale-up and
field trial work.

General project
execution
During Phase I, 169 dif-
ferent slurry compositions
were evaluated in more
than 1,100 laboratory
tests. Low-temperature
screening tests were aban-
doned for some slurries,
because they were engi-
neered for reactions at
higher temperatures and
would not attain strength
at lower temperatures.
The “base” series of test-
ing consisted of compres-
sive strength, compre-
ssive Young’s Modulus 
and tensile strength utiliz-
ing the splitting tensile
method (Figure 1).

Tests not routinely con-
ducted in today’s industry
include flexural strength,
shearbond, anelastic strain
and annular seal (Figure
2). These unconventional
analyses helped gain
insight into the interac-
tions between a material’s
mechanical properties and
wellbore sealing capabil-
ity. Anelastic strain is a
measure of permanent
deformation in cement as
a result of repeated low-
stress load application.
This permanent defor-
mation represents cumu-
lative damage, leading to

eventual failure at loads well below ultimate
stress levels (Figure 3).

No combinations of
mechanical properties, and
specifically no single mechan-
ical property, are sufficient to
predict the ability of a
cementing material to pro-
duce an effective and long-
term annular seal in a well-
bore environment. The pre-
cise nature of the interaction
of the various mechanical
properties of cementitious
materials, in context of well
failure, is yet unknown. Some
correlation work has been
done, but it represents a pre-
liminary evaluation of cement
properties required to form a
competent annular seal in a
wellbore environment.

Significant efforts were
expended developing mono-
lith production, test protocols
and equipment modifications
for the project. Specialized
devices were designed and
built to measure deformation
during loading for compres-
sive Young’s Modulus, as well
as for flexural test beams. The
Splitting Tensile Test (ASTM
D3967-95A) was chosen for
tensile strength testing
because of the simpler test
requirements, sample produc-
tions and test procedures. A
controlled-rate press was
modified to allow for cycle-
testing determining anelastic
strain properties.

Annular seal test
The annular seal test is con-
sidered the best available pre-
dictor of a material’s sealing

performance in a well environment. Cement
is placed in a geometrically representative
test fixture with loading applied from inter-
nal pipe pressure. A cross section of the test
fixture is shown in Figure 4.

The red outer tube represents the forma-
tion or outer pipe and can be varied to simu-
late formation of various strengths. The gray
material is the cement sheath, and the blue
pipe represents the wellbore tubing or casing.
The yellow end piece conducts gas flow to
the cement sheath. In practice, the cement is
cured in the fixture. Low-pressure gas
(10psi) is connected to the open end of the
yellow end piece, and a source of high-pres-
sure water is connected to the inner diameter
of the blue tubing.

Water pressure is applied in successive pres-
sure cycles in increments of 1,000psi and then
released, starting at 1,000psi. When a maxi-
mum pressure of 10,000psi is reached, four
more cycles of 10,000psi are applied. This
sequence represents one full cycle; after which,
the cycle is repeated starting at 1,000psi. The
flow of gas remains at zero while the annular
seal is intact. When the cement fails, a flow
path opens through the cement and the gas
flow rate is measured. In practice, the material
mechanical properties and the interactions
between the properties determine when the
annular seal is compromised. Materials engi-
neered for sealing performance at high tem-
peratures may not set at low temperatures or
may exhibit mechanical properties different
from those obtained at higher temperatures.
As Phase II progresses, the annular seal test is
being redesigned to evaluate material proper-
ties at elevated temperatures.

Energy analysis
Cement sheaths subject to loads imposed by
well conditions and intervention activities
are subject to failure at some point. In the
well, a strong formation and heavy pipe
essentially “back up” the cement, resulting in
more energy absorption before cement fail-
ure. Laboratory studies conducted in the

Figure 2. Measurement of
the shear bond between the
inner pipe and cement.

Figure 1. Splitting tensile test
method (ASTM D3967-95A).
Diametrically-applied force
induces tensile stress in a
plane normal to the load
application.
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annular seal model indicate that cement fail-
ure is related to the amount of energy
imposed on the cement sheath during the
life of the well. Mechanical properties of
cement strength are important, but there are
other cement and non-cement variables that
affect long-term integrity of the cement
sheath. These variables include:

• cement properties
- cement tensile strength
- cement Young’s Modulus
- anelastic strain 
- radius of cement sheath  

• well properties
- size and wall thickness of casings
- hole size
- formation Young’s Modulus

• loading data
- anticipated intervention and produc-

tion loading profile
The correlation involves a dimensionless

energy application factor, representing the
energy applied to the cement sheath in a well;
and an energy resistance factor, representing
the ability of the pipe/cement/formation 
system to resist the applied energy. The cor-
relation derived to date is useful but not com-
prehensive in terms of mechanical properties.
Additional tests, using different mechanical
properties and load rates, are planned.

Test compositions
Compositions tested throughout the project
include:

• baseline Portland cement recipes;
• ceramicrete and its derivatives;
• reduced water systems (highly dis-

persed);
• high-concentration reactive and nonre-

active fibers;
• Portland cement with unconventional

additives; and
• non-Portland cements.
Throughout this project, material selection

and chemistry efforts are based on the theory
that improvement in the crystalline structure
results in reducing porosity and permeability,
thereby strengthening the mechanical structure
of the cement and improving annular sealing
performance. As shown in the table on the next
page, low values are desirable for anelastic strain
and annular seal test results; high values are
desirable for the remainder of the reported tests.

Portland cements are comprised of a highly
heterogeneous matrix in which large particles
of various materials are present in a cementi-
tious binder.These cements are relatively brit-
tle, exhibit significant compressive strengths
and relatively low tensile strengths, and bond
reasonably well to steel. Heat can degrade the
cement during time, and the matrix is usually

porous and permeable because of the excess
water required to mix and pump the material.

In Portland systems, not much can be done
about the mechanically inefficient matrix
structure, but decreasing the amount of water
present in the slurry can reduce shrinkage
and improve strength, permeability and
porosity. The following strategies were uti-
lized to affect performance improvements.

Reduced water—Reducing the amount of
water present in the slurry improved strength
and reduced porosity. This is straightforward
cement chemistry where strength is generally
proportional to the cement-to-water ratio
for a given cement composition. The slurries
tested with reduced water were highly dis-
persed to improve mixability. In common
cements, highly-dispersed slurries can cause
difficulties because of settling. The slurries
investigated were not tested specifically for
settling, but appeared to produce reasonable
suspension properties for the solids due to
water content reduction.

Fibers—Fibers are known to improve ten-
sile strength, or more specifically, the tough-
ness of cement. However, they can actually
create problems by bonding mechanically to
the matrix and providing fracture points when
the cement is stressed. Reactive fibers, such as
ceramics and silicates, were used to provide
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Figure 3. Measure of permanent damage (measured in permanent strain) in cement sam-
ple as a result of low-stress loading.

Figure 4. Measures annular seal integrity
in a geometrically-representative model.
Failure is related to a complex interaction
of cement mechanical properties and ind-
icated by measured gas flow.
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mechanical and chemical bonding prop-
erties to the matrix. Various composi-
tions and fiber lengths were investigated.
Results incorporating ceramic fibers are
encouraging, and fibers are applicable to
a wide range of Portland and non-
Portland systems.

Unconventional additives—These inc-
lude additives commonly used in
cements, but in higher concentrations
than typical, as well as new additives not
utilized in the industry. Studies focused
on molybdenum and high concentrations
of magnesium oxide, both of which cause
significant expansion in the cement
matrix. If expansion occurs at the right
time during the hydration process, it can
result in a denser matrix, higher strength and
lower permeability product.

Timing is critical during the hydration
process; if expansion occurs too early or too
late, it can lead to matrix disintegration.
When cured under confined conditions,
where dimensional expansion is restricted,
the expansion is theoretically directed inward
to the matrix, thereby reducing porosity and
permeability. In practice, this method has led
to high shear bonds, although both compres-
sive and tensile strengths of cored samples
have been modest. Annular seal tests are
planned to determine the ultimate potential
of the material.

Non-Portland systems—Initial research
focused on ceramicrete and other acid-base
systems, but produced insufficient results for
inclusion in Phase II. Other systems  included
a calcium-aluminum-silicate mix and a high-
temperature resin.

A range of calcium aluminum silicate, cal-
cium aluminum phosphate and magnesium
aluminum phosphate systems were screened
for strength development at 350°F. Although
results were unexceptional, work in this area
was incomplete at the end of Phase 1.Testing
with a CAS system varying slurry density and
component ratios is continuing during Phase
II, and initial results are encouraging.

The high-temperature resin produced
high tensile strengths, which were as much
as 10 times higher than those of conven-
tional Portland cements. Typically, resins
soften with temperature, making them of
dubious value in high-temperature wells.
The resin under consideration has been for-
mulated to retain properties at elevated tem-
peratures, thereby qualifying the material as
a candidate for this project. The high elastic-
ity exhibited by the material may be useful in
attaining long-term sealing integrity; other
property testing is incomplete.

A full-scale mixing test yielded the following
difficulties with handling the resin on a large
scale in an oilfield cementing environment:

• vapors pose possible health risks;
• surface mixing consists of mixing the

liquid resin with a liquid activator in pre-
cise relative quantities;

• air and water entrainment causes a persis-
tent entrainment issue in the mixing tub,
which can cause problems if density mea-
surements are required during mixing;

• resin chemistry is a highly exothermic
reaction, creating high temperatures that
can damage mixing equipment and pose
a health risk to personnel;

• resin can be weighted or lightened for
placement efficiencies. The limits of

weighting and the impact on material
performance are unknown;

• resin does not mix with water, which may
generate advantages or disadvantages.
Issues include displacement mechanics,
mixing requirements, and sweep effi-
ciency for mud and spacer removal; and

• mixing on a field scale will require the
development of specialized equipment
with sealed containers, precise rate con-
trol and dedicated pumps. The heat-
activated nature of the material may
make it difficult to place the material in
the HPHT well environment. Cleanup
procedures and disposal of cleanup
materials must be addressed.

Conclusions
The first year of this Deep Trek-related pro-
ject has generated new insights and theories
into the mechanisms by which cement
mechanical properties translate to annular
sealing performance in oil and gas wells. Test
protocol and analysis methods have been
developed to better understand cement per-
formance, and a suite of materials has been
identified for evaluation in scale-up field tri-
als. Ultimate improvements in HPHT well
economics will result with the successful
development of an HPHT supercement. ✧

Preliminary test results of candidate systems. Blue—Best properties (or nearly best).  Red—Worst val-
ues in systems studied. Low values—Desirable for anelastic strain and annular seal tests. High values—
Desirable for remainder of tests.

System Formula
Compressive

Strength 
psi

Tensile
Strength

psi

Anelastic
Strain

in/in/min

Shear 
Bond
psi

Annular 
Seal

Ml/min flow

Baseline 77 5,650 730 44% 471 1.0

Baseline 99 4,790 710 100% 256 2.4

MgO 128 3,190 280 In Proc 1,850+ In Proc

Moly 132 4,280 1,080 25% 310 2.3

Moly 133 6,680 1,370 18% 570 3+

Resin 120 In Proc 2,210 In Proc In Proc In Proc

Resin 121 In Proc 3,200 In Proc In Proc On Proc

Fiber 130 3,710 1,020 52% 299 0

Fiber 131 3,020 1,150 54% 186 0.6

Fiber 136 4,510 1,310 31% 1,021 In Proc

Ca Al Silicate 169 1,920 220 In Proc In Proc In Proc
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The infill drilling approach is reasonable
and has been successfully demonstrated
in many basins. As a result of this

development and advances in technology, new
and additional pay zones are identified and
exploited. However, the transfer of this knowl-
edge to already existing wells is frequently
overlooked. A research project funded by
RPSEA investigated how to better define and
effectively stimulate behind-pipe pay zones in
existing wellbores in tight-gas sand sequences.
The need in “existing wells” is driven by the
request of independents and reflects the pref-
erence to optimize existing wells over capital
expenditures for new development. In this
article, only stimulation aspects of behind-pipe
zones are discussed, however the entire report
is available from the Gas Technology Institute.

The San Juan Basin, roughly circular in
shape (Figure 1), is an asymmetrical syncline
in northwestern New Mexico and southwest-
ern Colorado. The selected target for this
research is the Menefee Formation of the pro-
lific Mesaverde Group in the San Juan Basin.

The Mesaverde is divided into a basal unit,
the Point Lookout Sandstone, a relatively uni-
form blanket-type, low-permeability sandstone
formation; the Menefee Formation, overlying
the Point Lookout, a sequence of coals, sands
and shales; and the Cliff House formation,
which is similar in reservoir characteristics to
the Point Lookout, but less extensive.

Production/development history
The Blanco Mesaverde Pool in the San Juan
Basin was discovered in 1927 and has grown in
response to pipeline capacity, decreased well

spacing and price increases.
Extensive development occur-red
in the 1950s on 320-acre spacing
when the Western gas market
became available. Since then, the
spacing has been reduced twice, to
160-acres per well in 1975 and to
80-acre spacing in 1998.
Cumulative production to date is
greater than 10 Tcf, with an esti-
mate of 7 Tcf of additional proven
reserves. At this time, more than
4,900 completions yield a total of
0.75 Bcf/d. It is expected that
within the next 20 years, about
4,300 additional completions will
occur, many of which will be dual
completions with the deeper
Dakota Sandstone.

Traditionally, the focus of most
operators was to concentrate
efforts on the clean, relatively
thick and laterally extensive Point
Lookout and Cliff House Sandstones, ignor-
ing the Menefee Formation between the two.
This underdevelopment of the Menefee is
because of the lenticular nature of the reser-
voirs and difficulty of evaluating the reser-
voirs using geophysical logs.

Stimulation
In response to the low permeability of these
types of reservoirs, stimulation (particularly
hydraulic fracturing) is required to develop a
commercial well. Typically, this stimulation is
done during the initial completion of a well.
The addition of “behind-pipe” pay leads to a

variety of problems in designing an effective
stimulation treatment. Using the Menefee as
our example, the lenticular and discontinuous
nature of the embedded sands can lead to
complex fracture geometries; exacerbated by
the reduced net effective stress because of par-
tially-depleted layers above and below the
Menefee.The mechanics of fracturing are sub-
ject to maximum allowable pump rate and
pressure for older wells, casing or tubing size
and integrity, and avoiding re-fracing old per-
forated zones in an attempt to stimulate only
the new, “bypassed” pay zone.

To assess the Menefee contribution to over-

By Tom Engler, 
New Mexico TechCapturing Missed 

Reserves in Existing Wells
The motivation behind capturing the missed reserves is the geologic complexity of the reservoirs,
such as sequences of low-permeability sands and shales, existence of natural fractures and variable
reservoir architecture caused by abrupt changes in stratigraphic facies.  

Figure 1. The map of New Mexico portion of San 
Juan Basin shows a Mesaverde Group outcrop, Blanco
Mesaverde pool, Chacra line and Chacra pools. (RFD,
FFO, U.S. BLM, 2001)
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all well performance and the
impact stimulation plays on this
performance, the approach was to:

• analyze the production perfor-
mance of Menefee pay-adds.
As mentioned previously, in
many cases the Menefee has
been bypassed as a potential
reservoir because of its poor
reservoir characteristics;

• compare production perfor-
mance from wells completed
with and without the
Menefee, both original par-
ent-type wells and daughter
wells, in a selected region; and

• compare and discuss the
effectiveness of the various
stimulation treatments.

Menefee payadd refers to a
remedial workover where the
Menefee Formation is completed and stimu-
lated within an existing wellbore. The success
of these workovers can be evaluated by the dif-
ference between the before and after produc-
tion, or the incremental reserves developed by
adding the Menefee. A subset of more than 40
wells was identified as Menefee payadds, geo-
graphically located across a wide area within
the San Juan Basin. This remedial work began
in 2002.

Two examples are shown in Figure 2. The
first production curve represents the best well,
resulting in first year incremental production
of 63 MMscf. The second production curve
illustrates an unsuccessful payadd with poor
production response, with after workover pro-
duction less than the previous rate.

Overall, an estimated incremental ultimate
recovery of 1.7 Bscf of gas can be attributed to
the 40-well, Menefee program. Of the 40
wells, production performance after the
workover of four wells was initially less than
the prior rate. These wells have continued this
poor trend and therefore are deemed failures.
The remaining wells are estimated to average
46 MMscf of incremental gas per well, to be

retrieved during a 2-year span. The best well
will incrementally produce 285 MMscf.

To further distinguish the Menefee contri-
bution, production performance was com-
pared among four types of wells; old wells
(originally completed between the late 1950s
and early 1960s) with Menefee, old wells
without Menefee, wells completed in the
1980s and those with recent (about 1998) well
development. Several important factors that
play a role in the variation of performance
must be considered:

• the change in completion effectiveness
with time. Tech-nological advances pro-
mote the idea of improved hyd-raulic
fracture performance;

• pressure depletion of the Cliffhouse and
Point Lookout Formations. A new well
may add gas reserves from Menefee, but
may recover less reserves from the
Cliffhouse or Point Lookout because of
previous pressure depletion. All producing
zones are commingled in the wellbore;

• changing surface and/or market con-
straints. Gas-gathering line pressures
have been reduced in the San Juan

Basin, resulting in longer produc-
tion life and reserves. The addi-
tion of compression will have the
same impact. In the past, a prora-
tion system was in effect reflecting
market conditions; and

• variations in flow and storage
capacity from well to well
because of the discontinuous
nature of the formations.

The target area to be evaluated
was on the east side of the basin
where data for more than 75 new
well completions was collected and
analyzed along with 30 original
and 1980s wells, all within the
same geographic area.

Results from this analysis are
displayed in Figure 3 as cumulative
production curves. The time scale
has been shifted so each series

begins at time zero, even though the actual
date of initial production is different. These
curves represent average production per well
for each designated group. The comparison
between the original wells with and without
the Menefee has the advantage of minimizing
the impact of the four factors previously
described. Inspection of the curves for the
original wells shows that adding the Menefee
increases incremental per well cumulative pro-
duction by 103 MMscf.

Figure 3 shows the average cumulative pro-
duction for wells completed in the early 1980s.
Note the identical trend of this group of wells
and the previous original, with Menefee
group. This behavior implies:

• flow and storage capacity are reasonably
consistent throughout the study area,not an
unreasonable assumption since new wells
are between existing development wells;

• completion methods are similar and pro-
vide no improvement in effectiveness;

• surface and market constraints are simi-
lar for both groups of wells. This is pos-
sibly true in this portion of the basin but
not scaleable to the entire basin; and
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• pressure depletion has been
minimal in the Cliffhouse
and Point Lookout Form-
ations. Recent pressure tran-
sient tests on infill wells have
confirmed the lack of pres-
sure depletion.

A final comparison shown in
Figure 3 is the recent wells drilled
since 1998. These wells are com-
posed primarily of 160-acre
development wells, all of which
included the Menefee in the
original completions. Results
indicate a substantial improvement of well
performance during the first 6-year life of
these wells. In this case, improved perfor-
mance for new wells could reflect advances
in stimulation technology, more favorable
market/surface conditions or increased con-
tributions from the Menefee. A decreased
performance for the new wells could result
from pressure depletion of the Cliff House
and Point Lookout Formations. In both
instances, variations of storage and flow
capacities are assumed constant.

A final area of interest is to compare stimu-
lation methods and effectiveness. A cursory
review of stimulation methods was undertaken
to identify whether any specific treatment was
more effective than another treatment.

Early (1950s to 1960s) completions con-
sisted of “block” perforating with two shots/ft
or greater, and then hydraulically fracturing
down casing with slick water only or water and
sand combined. By the early 1980s, wells were
selectively perforated with 20 to 40 holes over
the Mesaverde section. Stimulation consisted
of a small near-wellbore, acid cleanup followed
by 80,000 gal of water with 80,000 lb of 20/40
sand, also pumped down the casing. The 1998
wells were completed almost exclusively by
selective perforating and fracture treating down
casing with slick water and 80,000 lb of 20/40
sand, in two stages. The first stage treated the
Point Lookout only, while the second stage
combined the Menefee and Cliffhouse.

In summary this work does not reveal the
specific advances in fracture technology with
time such as cleaner frac fluids, improved
additives or proppants. However, several
general observations can be made:

• stimulation type was consistent
throughout any given time period.
Only minor fluctuations in volumes
and method occurred in the study
group, and there is no difference in
stimulation between wells with or with-
out the Menefee. Stimulation is not the
reason for the incremental production
shown in Figure 3, but is a result of the
Menefee pay included in the well;

• the slight variation of completions in
the early 1980s appears to have little
impact on improving well performance.
As shown in Figure 3, the cumulative
production curve is identical to the one
between 1960 and 1983, with Menefee
curve; and

• well performance for the 1998 well group
has been significantly better than its pre-
decessors. This could be the result of
improved stimulation effectiveness, in
which case, acceleration of production
may be dominant. Alternatively, better
quality of Menefee pay also would lead to
the addition of reserves.

The Menefee payadd wells were all selec-
tively perforated and then hydraulically
fractured down tubing with a 70-quality

nitrogen foam and about 70,000
lb of 16/30 sand. Pump rate
and allowable pressure restric-
tions were encountered by treat-
ing through tubing instead of
casing. This requirement is
because of the existing Cliff
House perforations above the
Menefee, thus limiting the stim-
ulation options available.

Summary
Key factors influencing perfor-
mance are:

• variations in completion practices from
well to well with time;

• pressure depletion of the Cliffhouse and
Point Lookout Formations;

• changing surface and/or market con-
straints; and

• variations in flow and storage capacity
from well to well.

Differentiation of the impact of each indi-
vidual factor was not attempted; however, sev-
eral general observations are apparent from
this initial work:

• the Menefee adds incremental reserves
to the production stream. This work
demonstrated better recovery (103
MMscf ) when the Menefee is included
in the initial completion than when
added later (46 MMscf ) as a remedial
workover;

• the payadd stimulation is constrained by
the existing Cliff House completion
above the Menefee target. Consequently,
stimulation effectiveness is reduced;

• the latest stimulation practices appear to
be successful, resulting in improved well
performance; and 

• the best payadd candidate resulted in
285 MMscf of incremental reserves.
This potential confirms the need for
improved reservoir description to
identify the best targets to add
Menefee and to avoid those areas that
do not exhibit potential. ✧
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ITT Industries has introduced a break-
through airborne technology that makes it
possible to inspect pipelines up to 100

times faster and provides 30 times more right-
of-way (ROW) coverage than traditional
methods.The Airborne Natural Gas Emission
Lidar (ANGEL) Service detects and quanti-
fies leaks with a high degree of accuracy. It also
surveys, maps and images pipeline corridors
and surrounding areas then delivers detailed
GIS-ready datasets and reports. And it does it
all, day or night – more than 1,000 miles a day.

Because it’s airborne, the ANGEL Service
doesn’t have to deal with obstacles that often
slow down ground crews. Issues such as diffi-
cult terrain, property access, inclement
weather and insufficient field staff are a thing
of the past. The ANGEL Service also can be
used in known dangerous areas without hav-
ing to put people in harms way. Perhaps best
of all, the ANGEL Service is a cost-effective,
end-to-end, out-sourced service. By subscrib-
ing to the ANGEL Service, natural gas
providers not only obtain necessary informa-
tion required to meet today’s enhanced regu-
latory compliance, but also detailed informa-
tion that will benefit various departments
within their company including pipeline
integrity management (PIM); geomatics
(GIS); environment, health and safety (EHS);
and operations and maintenance (O&M).

While the technologies used by the
ANGEL Service (differential absorption
LIDAR, aerial mapping and surveying, and
differential global positioning system (GPS) to
name just a few) may be new to some in the
natural gas industry, they have been in use for

many years in different applications
ranging from cartography to environ-
mental monitoring. ITT is knowl-
edgeable in these technologies, as they
have been developing innovative
remote sensing technologies for
defense, intelligence and aerospace
applications for more than 50 years.
ITT remote sensing technology is
used everyday in weather and imaging
satellites, space telescopes and GPS
systems to collect information and
images of earth and space.

ANGEL Service 
operations
When a company subscribes to the
ANGEL Service, they’re buying a
turnkey service from a Fortune 500
company that is a worldwide leader
in the remote sensing sciences. ITT
handles every detail of the logistics,
including all aircraft operations,
data collection and processing, and
report generation.

The ANGEL Service provides an
instrumented leak survey using a remote
sensing system built on differential absorp-
tion lidar (DIAL), an extremely sensitive gas
detection and quantification technology.
Installed aboard a Cessna Grand Caravan
208B aircraft, the ANGEL system collects
up to 180,000 laser measurements per
minute while flying at 1,500ft above the
ground at 120 mph. That means it’s sensi-
tive, thorough, efficient and accurate. The
ANGEL system scans the pipeline corridor,

remotely sensing ethane and methane emis-
sions. It then precisely images and maps the
plume’s physical size and ground location
allowing the client to fully understand the
situation before responding.

To ensure targeting accuracy and pipeline
coverage, the ANGEL system features a
computer-guided laser pointing and tracking
sub-system. It scans a 100-ft wide ground
track along the pipeline ROW. This wide
coverage area increases the likelihood of

By Steven Stearns, 
ITT Industries, 

Space Systems Division
A High-flying Alternative 
to Walking the Line
More than 2,000 years ago, natural gas was sent across Tibet via bamboo pipes. How did they 
maintain the integrity of that system? By walking the line. For as long as there have been natural gas
pipelines, inspectors have had no choice but to walk the line to detect leaks and ensure public safety.
Now the endless walk is over.

Figure 1. Conceptual view of the ANGEL aircraft
capturing survey data along pipeline right-of-way.
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detecting leaks, even those that might have
migrated away from the pipe.

At the same time, the ANGEL system cap-
tures color high-resolution orthorectified digital
imagery of the entire ROW and surrounding
areas. These GIS datasets can be overlaid with
maps and other database information. Infor-
mation can be extracted from this imagery such
as high consequence area identification and
third-party encroachment. It can also be seam-
lessly integrated into a client’s existing digital
geomatics and integrity management systems.

Unparalleled high-level output
After the flight, the ANGEL ground team
processes and analyzes the datasets providing
unparalleled high-level output and reports.

ITT provides certified findings in the form of
written reports plus GIS vector layers, orthorec-
tified color imagery and a video log of the flight.
These detailed reports offer ITT’s clients a
range of capabilities.

These reports make it possible to respond
quickly and effectively when leaks occur or
pipeline integrity has been compromised. In
addition, the data contained in reports pro-
vides an overview of pipeline ROW condi-
tion that makes it easier to plan maintenance.

If a client is researching the purchase or sale
of a transmission system, the ANGEL

Service can produce better-informed deci-
sions during due diligence. Records can be
archived and accessed as needed. Using digital
maps and databases, viewers in remote loca-
tions can call up an accurate model, a virtual
“big picture” of the pipeline’s status. Finally,
the digital record of the ROW makes it pos-
sible to fly identical missions to compare past
data with the current status of the pipeline.

With 100 times the speed and 30 times the
ROW coverage compared with traditional
methods, the ANGEL Service is a leap forward
for leak survey. The addition
of current mapping imagery
and videography makes for a
complete service that will
address the growing needs of
many diverse departments
within a company.

Factor in the ability to
accurately collect a range
of valuable data, minimize
transmission downtime and
ensure public safety, do it
all cost effectively via an
end-to-end turnkey service
from ITT, and it’s no won-
der the ANGEL Service is
gaining wide acceptance in
the industry. ✧
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For more information on the ANGEL
Service, or to schedule a site visit, contact:
Dan Brake, 800 Lee Road, PO Box 60488,
Rochester, N.Y. 14606-0488. Tel: (585) 269-
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www.ssd.itt.com/angel

Figure 3. The ANGEL system detects, quantifies,
images and maps gas concentrations of methane
and ethane gas.

Figure 4. The conical scan display shows points color-coded
to reflect the measured concentration wavelength values for
methane and ethane.

Figure 2. Ten-time enlargement of natural gas plume. ITT ANGEL system has
detected emissions of natural gas. The plume is integrated with color imagery
and GIS coordinated to provide the precise location.



“STRIPPER WELL”
TECHNOLOGIES HOLD PROMISE
TO BOOST DOMESTIC OIL AND
GAS PRODUCTION

Joint ventures in technology development by gov-
ernment and industry have delivered six new
deployment-ready applications in 4 years to extend
the useful life of more than 650,000 stripper wells
that deliver almost 15% of America's domestic oil
production and almost 8% of natural gas produc-
tion, according to a U.S. Department of Energy
(DOE) review.

The technologies were developed by the Stripper
Well Consortium, an industry-directed group whose
research, development and demonstration efforts are
co-funded by the DOE through the National
Energy Technology Laboratory’s Strategic Center
for Natural Gas and Oil. The six new technologies
that have been commercialized, or are near commer-
cialization, generally serve the purposes of increasing
production, raising efficiencies or lowering costs.
The consortium has been active in bringing along
more than 55 additional technologies, some of
which are approaching commercial readiness.
www.netl.doe.gov/publications/press/2005/tl_strip-
per_well.html 

ENERGY DEPARTMENT
MOVES FORWARD ON ALASKA
NATURAL GAS PIPELINE LOAN
GUARANTEE PROGRAM

The Department of Energy published a notice of
inquiry in the Federal Register seeking public com-
ment on an $18 billion loan guarantee program to
encourage construction of a pipeline that will bring
Alaskan natural gas to the continental United States.
The pipeline will provide access to Alaska's 35-Tcf of

proven natural gas reserves and would be a step for-
ward in meeting America's growing energy needs
and reducing our dependence on foreign sources of
energy. It would also fulfill the Bush Administration's
policy to bring Alaska's natural gas reserves to market.
For more information visit www.fossil.energy.gov/
news/techlines/2005/tl_pipeline_noi.html

DETECTION SYSTEM CAN HELP
FIND PIPELINE LEAKS, DAMAGE

A new, lightweight device that uses natural gas to
detect leaks in natural gas pipelines has been suc-
cessfully tested on a transmission main owned and
operated by Dominion Transmission Inc. in
Morgantown, W. Va.

The test was conducted by the U.S. Department
of Energy’s National Energy Technology
Laboratory (NETL) and West Virginia University,
which has worked with NETL for the past 2 years
to advance the detection system. The device is one of
a suite of technologies being developed by the
Energy Department’s Office of Fossil Energy to
effectively and efficiently monitor the 1.3 million
miles of transmission and distribution pipelines that
criss-cross the United States.

Known as the Portable Acoustic Monitor
Package, the device – 14-in. long, 18-in. tall and
weighing 5 lb – uses a variety of tools to capture and
record sound waves transmitted by natural gas.
Computer software included in the package analyzes
and interprets the recorded signals to detect possible
leaks. Natural gas compressor stations, which pump
gas from one station to another, have a distinct
sound, as does natural gas flowing normally through
fittings and valves. Variations to these and other
background sounds alert operators that a leak may
exist. www.netl.doe.gov/publications/press/2005/
tl_acoustic_monitor.html 
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HEAVY OIL POTENTIAL
KEY TO ALASKAN NORTH
SLOPE OIL FUTURE

Alaska’s North Slope boasts a massive heavy oil
resource that someday could underpin the survival of
one of the nation’s most critical oil-producing
provinces – and research funded by the U.S.
Department of Energy may provide the key to
unlocking this vast but, to date, largely intractable oil
resource. North Slope operators have had some suc-
cess producing the less-viscous crudes in the West
Sak and Schrader Bluff formations by injecting slugs
of water alternating with gas (WAG) into the reser-
voirs; the gas acts as a solvent to reduce oil viscosity,
while the water front helps sweep the reservoir, push-
ing the crude to producing wells. Research by the
University of Houston has developed tools for mod-
eling the optimum WAG flood design. The goal of
the research was to focus on modeling tools that
would determine the best solvent, injection schedule,
and well architecture for a WAG process in North
Slope shallow-sand viscous oil reservoirs.
www.netl.doe.gov/scngo/index.html 
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CONTACT INFORMATION

AAPG EASTERN MEETING
Sept. 18-20, Morgantown, W. Va. For more information
visit: www.wvgs.wvnet.edu/www/esaapg05/

AAPG ROCKY
MOUNTAIN MEETING

Sept. 24-26, Jackson, Wyo. For more information
visit: www.spe.org
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Schlumberger coalbed methane (CBM) services combine global knowledge with extensive
local experience earned working on thousands of CBM wells in the United States. Our dis-
tinctive pairing of expertise and innovative technology helps producers improve operational
efficiency through a better understanding of the unique reservoir characteristics associated
with CBM exploration and production.

Successful CBM evaluation begins with superior petrophysical characterization that
reduces the need for coring. The Schlumberger RST* Reservoir Saturation Tool and ECS*
Elementary Capture Spectroscopy sonde can be applied in both open and cased holes to
identify remedial and bypassed coal rework opportunities. Our new-generation dipole sonic
tools help to evaluate coal cleating and determine directional permeability. Efficient decisions
for either horizontal or vertical completions can be made quickly with the assistance of
Schlumberger Data & Consulting Services and ECLIPSE® CBM simulation software. Coal
cleat permeability damage can be greatly reduced by using the LiteCRETE* CBM cement
system and CoalFRAC* fracturing fluid.

To find out about Schlumberger CBM services for your U.S. operations, contact us at 
cbm@slb.com.

We have the technology.

More information on Schlumberger
answers to your CBM concerns 
is at www.slb.com/oilfield.
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*Mark of Schlumberger
ECLIPSE is a registered trademark of Schlumberger.
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