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rerWillow

January 9th, 2015 via email

Kirk Bailey

Executive Vice President, Operations Division
Alberta Energy Regulator

Suite 1000, 250 — 5 Street SW

Calgary, Alberta T2P OR4

Subject: Request for Technical Feedback Regarding Reservoir Containment at Shallow
SAGD Schemes

Dear Mr. Bailey:

We are pleased to provide technical feedback to the AER on the technical reports provided on
reservoir containment in the shallow thermal area. We have participated along with CAPP on
their overall industry submission and support the development of a risk based approach to
determining reservoir containment for projects within the shallow thermal area. We also support
the recommendation that alternative geological strata should be allowed as caprock when it can
be technically demonstrated that containment of reservoir fluids by the proposed caprock will be
equivalent to the Clearwater shale under the proposed recovery scheme.

We have provided our technical feedback only on RCO02 related to the suitability of using
heterolithic shale strata in the McMurray formation as caprock to contain fluids. We continue to
believe that in areas where these deposits are sufficiently impermeable, sufficiently thick, and
sufficiently continuous that they will contain steam and reservoir fluids under the appropriate
operating pressure and that there is a significant growing body of monitoring data available from
existing SAGD operations that demonstrate that these deposits are capable of containing
reservoir fluids under the appropriate operating conditions.

We also support the thesis that each potential project is characterized by a unique set of features
consisting of the local environment, geologic conditions and proposed operating conditions that





define a unique risk profile for each project. Detailed and ongoing scientific analysis, safe
operating pressures and conditions along with monitoring and continuous improvement and
learning are management tools that need to be evaluated holistically for each project in order to
reduce and maintain risk at acceptable levels.

Thanks for the opportunity to provide technical feedback on the shallow thermal requirements. If
there are any questions related to our submission, we would be pleased to discuss them further
as appropriate.

Yours very truly,

SilverWillow Energy Corporation

f'}\ - %
/%ﬁgn Bateman, M.Sc., R.P.F.

Vice President, Projects

Shallow Thermal Response Letter





Alberta
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Reservoir Containment Technical Reports Feedback Form
g Regulator

The AER is requesting technical, evidence-based feedback on five technical reports. Fill in a separate feedback form for each technical report. Submit completed forms
by e-mail to reservoir.containment@aer.ca. Attach any supporting evidence.

Please indicate the technical report that this feedback relates to: RC 02
To create a new row, place your cursor at the end of the text in the last box and hit tab.

Section and
page number

Issue

Possible solution or recommendation

Rationale to support solution or
recommendation

Page 4, Section
5

IHS are not considered suitable for
containing steam and heated reservoir
fluids for the reasons outlined below.

Changes in lateral and vertical facies
associated with point-bar deposits make
predicting the occurrence and continuity of
mud beds within IHS successions difficult,
even with good quality log and core data
for well that may be spaced only tens to
hundreds of meters apart. In addition,
channel migration creates erosional
surfaces that may deposit higher
permeability sandstone adjacent to silty
mudstone IHS.

IHS may not be considered suitable for containing
steam and heated reservoir fluids in locations where the
deposits are not continuous or where they contain
eroded incised channels containing higher permeability
sandstone.

In many instances within current
operating SAGD projects, the Upper
McMurray IHS and Tidal Flat HS are
acting as the effective cap rock and
are containing steam (see attached
examples). This demonstrates that
these deposits can have sufficient
lateral extent and low permeability to
effectively contain reservoir fluids
over the normal distances associated
with SAGD steam chambers (Collins
et, al. 2011). Tidal flat Heterolithic
strata associated with estuarine
deposits can also be quite large and
extensive (Sisulak, C.F. and
Dashtgard S.E., 2010, Johnson, S.M.
and Dashtgard S.E., 2012). As these
deposits have demonstrated their
effectiveness in containing steam at
many operating SAGD locations and
can be continuous over lateral
distances larger than a SAGD well
pad, their use as caprock to contain
reservoir fluids should not be
dismissed just because of depositional
variability in some locations.
Although these deposits can be eroded
and variable in some locations, they

Alberta Energy Regulator Suite 1000, 250 — 5 Street SW, Calgary, Alberta T2P OR4 1 of 2





Alberta Energy Regulator

Section and
page number
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Possible solution or recommendation

Rationale to support solution or
recommendation

can also be continuous, extensive and
uniform in function in others.

Page 4, Section
5

Interbedded sandstones and silty
mudstones within the McMurray IHS can
be inclined up to 12 degrees. The inclined
higher-permeability sandstone interbeds
may provide a pathway for vertical fluid
migration.

Remove

Although IHS may be inclined up to
12 degrees and contain higher
permeability sandstone interbeds, they
may also be flatter, truncated by other
onlapping shale breaks or tidal flat
deposits that act as barriers to fluid
migration (Zeito G.A. 1965). They
may also contain bitumen within the
pore space that acts as a barrier in
itself to fluid migration. Under any
normal SAGD pressures, steam within
one of these interbeds would also
condense before migrating sufficient
distance laterally to extend beyond the
entire thickness of the deposit.
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Steam Chamber Development and
Behaviour in Relation to Upper McMurray
Heterolithic Strata Deposits





Foster Creek temperature wells
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Foster Creek tempera
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Foster Creek temperature wells

» 18 m offset from DP34 well pair
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D pad - temperature logging
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D pad - temperature logging
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D pad - temperature logging
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Foster Creek temperature wells
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C pad - temperature logging
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RST Log (Reservoir Saturation Tool) of TO16 Well
Shows the Gas Saturation Above the Steam Chamber
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Dover UTF Phase A SAGD (P_inj = 2750 kPa)

ATI2 /\
AGII ATI14 310 Well AGI2 Elapsed Time
310 | —e— 7.8
Wab C | —=— 8.5
= | —o— 8.8
e ' »—- 9.3
Wab P-KMU Cap Rock 300 - , P:2_750 kPa ! 9.6
3007 Upper McMurray C\p Rock || —=— 100
KMgI Bitumen Zdgne i . XH_‘H&_‘Ei
c L', — ?
S -
':g; 280- ‘L KMM Bité‘nen PafF 280
B I S
v.;lJ @
270 o) 270 -]
Devpnian Limestone
260 260 : : . .
0 50 100 150 200 250
Temperature, °C
I 111
250 I | I I l ] [ | I i
4050 4060 4070 4080 4090 4100 4110 4120 4130 4140 4150
Easting, m
SilverWillow

ENERGY





Dover UTF Phase A SAGD (P_inj = 2750 kPa)
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Dover UTF Phase A SAGD (P_inj = 2750 kPa)
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X-Section of Wells OB-04 and OB-02

MacKay River Pattern C Area
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MacKay C4 Chamber Rise in 9.5 Years of SAGD

Steam Rise Limited Below Base of the Upper McMurray in All Cases

From ERCB In-situ progress report: 2010AthabascaSuncorMacKayRiverSAGD8668_Subsurface, page 60
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Mackay OB 4 (10.9m from C4): RST Logging
Steam Chamber Rise Limited to Base of the UM

From ERCB In-situ progress report: 2008 Athabasca Petro-Canada MacKay River SAGD 8668, page 58
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MacKay OB 7 (5.6m from B4): RST Logging
Steam Chamber Rise Limited to Base of the UM

From ERCB In-situ progress report: 2008 Athabasca Petro-Canada MacKay River SAGD 8668, page 55
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MacKay OB 8 (7.3m from B4): RST Logging
Steam Chamber Rise Limited to Base of the UM

From ERCB In-situ progress report: 2008 Athabasca Petro-Canada MacKay River SAGD 8668, page 56
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2010AthabascaDevonlJackfish10097_ 11229 Subsurface: p. 82
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Pad B Toe Observation Well Temp
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Pad A Heel Observation Well Temp

(7.1m from A5 well pair)
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Temperature in OB3 Observation Well
(near heel of P1P6/P1S6) 2010 SuncorFirebagSAGD8870: p. 70
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Temperature in OB4 Observation Well

(middle of P1P6/P1S6) 2010 SuncorFirebagSAGD8870: p. 71
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Temperature in OB5 Observation Well

(near toe of P1P6/P1S6) 2010 SuncorFirebagSAGD8870: p. 72
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2010 SuncorFirebhagSAGD8870: p. 76
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OB12 - Toe of P3S9

2010 SuncorFirebagSAGD8870: p. 77
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OB23 - Mid of P4WP3 (North half of Pad 104)

2010 SuncorFirebagSAGD8870: p. 82
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Piezometer Plots & Temperature vs Depth Plots
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Piezometer Plots & Temperature vs Depth Plots
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Piezometer Plots & Temperature vs Depth Plots
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Piezometer Plots & Temperature vs Depth Plots
I
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Piezometer Plots & Temperature vs Depth Plots
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Piezometer Plots & Temperature vs Depth Plots
I
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3.1.1 5d) i) & i)

Piezometer Plots & Temperature vs Depth Plots

100/01-11-095-06 W4/0 ETS OB3
Temperature (°C) and Gamma Ray (API Units)

o o o o o o o o o o o o o o o o
237o2ﬁ838828$?;22:22:22&&&&&3
247
257 - = .

cMurray Top
@ 267
-

~E— 277
5=
g Tidal Flat HS
@
8 =7

297

Steam Top
|
307
—_

317 t t

v Devonian Top - Continental Top Channel Base == Channel Top Tidal Flat Top <= Shoreface Top Clearwater Top

w—Gamma v 01-Feb-2014 01-Jan-2014 = 01-Dec-2013  wee 01-NOV-2013 e 01-0¢1-2013 e 01-Seep-2013

e () 1-AUG-2013 e 01-JUI-2013 s 0 1-JUN-2013 o 01-M 3y 2013 s 0 1-Apr-2013 o 0 1-Mar-2013

192

SilverWillow

ENERGY

SUI\ICOR)

43





Piezometer Plots & Temperature vs Depth Plots
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Abstract

In the oil sands of western Canada, caprock integrity
has become a central issue in projects using steam
injection recovery processes such as SAGD (steam-
assisted gravity drainage). Caprocks contain steam and
fluids within the reservoir and understanding the integrity
of the caprock over the life of the operation is critical in
order to ensure a safe and economically viable project.

A multi-disciplinary study was undertaken to evaluate
geological facies as potential caprock for Ivanhoe
Energy’s Tamarack project. This examination of the
historical performance of operating SAGD projects
correlated the maximum vertical growth of the steam
chamber with geology and the steam-injection operating
pressure. The study found that SAGD steam chambers
are being constrained by geological facies grading upward
to poorer reservoir quality rather than being constrained
by shallower, regionally extensive, massive, low-
permeability barriers.

Geomechanical reservoir simulations of Ivanhoe
Energy’s proposed Tamarack SAGD Project predict that
the steam chamber will be similarly constrained as
reservoir quality degrades upward. The simulations show
the pressure and stress gradients in the formations above
the steam chamber as a function of time and operating
conditions, allowing for a more accurate assessment of
steam containment and the risk for shear and/or tensile
failure.

The findings are significant because they confirm that
the vertical growth of SAGD steam chambers has been
effectively halted by facies consisting of interbedded
sands and mudstones. These effective caprock facies
have higher fracture pressures than the regionally
extensive low permeability barriers because these facies
are found at greater depths. The higher fracture pressure
justifies a higher maximum operating pressure, with its
associated higher reservoir temperatures resulting in much
lower bitumen viscosities. As a result, SAGD well
productivity and project economics are greatly improved,
particularly for shallow SAGD projects.

Introduction

Only the shallowest deposits of the extensive oilsands
resources of western Canada are recoverable with surface
mining. The vast majority of these resources are too deep
or too thin for the economical removal and replacement of
the non-bituminous overburden. As such, only in-situ
recovery processes are viable over the majority of these
resources. Of these, the two most predominant recovery
processes are cyclic steam stimulation (CSS) and steam-
assisted gravity drainage (SAGD). Historically, steam
injection has been the preferred means of reducing the
viscosity of the bitumen that is needed to allow for
economically viable bitumen production rates.

CSS involves the injection of steam into a well
completed in the oil sands formation. This is followed by
a “soak” period during which the well is shut in and the
steam is allowed time to condense, releasing its heat to
the oilsands formation, including the bitumen. The well
is put on production and the hot bitumen and steam
condensate (water) are produced. When the bitumen
production rate is sufficiently low, the entire process of
injection, soak, and production is repeated. Several
production cycles occur until the oil to steam ratio
becomes uneconomical.

Unlike other bitumen and extra heavy oil deposits in
the world, the viscosities of the bitumen contained in the
Athabasca oilsands of the Fort McMurray region
generally  exceed 1 million centipoise at  reservoir
temperature, resulting in extremely low initial matrix
injection.  Instead, steam is injected above fracture
pressures.  Fortunately the local and induced stress
regimes favour the formation of horizontal fractures in
most projects (see Bell et al., 2008; Gronseth and Kry,
1983). These large horizontal fractures allow for the
immediate and extensive contact between steam and the
oilsand formation, followed by a considerable compactive
and solution gas drive component during the early
production phases.
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In contrast, SAGD operates below fracture pressure.
A horizontal well pair, consisting of an injector well
overlying and parallel to a producer well (that is separated
by 5 metres), is placed near the bottom of the oilsands pay
zone. Using concentric tubing in each of the two wells,
steam is circulated within the wells. This heats an
annulus of oilsands around each well. Once these two
heated annuli coalesce, the injector is in communication
with the producer and operation changes from steam
circulation to SAGD, in which steam is injected into the
upper injector well and the steam condensate (water) and
hot bitumen are produced from the lower producer well.

SAGD is not dependent upon displacement, however;
it relies on gravity for its drive mechanism. The well pair
essentially operates isobarically, with a small
backpressure on the producer well to ensure that it does
not produce live steam. Steam leaving the injector well
migrates to the perimeter of the swept volume (“steam
chamber”) which is essentially at a uniform pressure. The
volume change associated with steam condensation at the
perimeter creates a small pressure drop that ensures
continued steam flow to the outside of the steam chamber.

The condensed steam and heated bitumen flow down
the sides of the steam chamber from the top towards the
producer well and are produced.

= There are several differences between CSS and

SAGD, but for this study the essential difference is the
effect of each process on the oilsands formation and its
caprock. With CSS, steam is injected at pressures
intended to fracture the oilsands formation. This requires
a forgiving caprock that can withstand the high pressures
itself, and withstand the changing stresses due to high
pressures, temperatures and large deformations within the
reservoir. SAGD is seen as the gentler process because it
does not create tensile fractures within the reservoir, and
by extension, requires less from its caprock. The
anomalous steam release at the Joslyn Creek SAGD
project resulted in a re-examination of that assumption
and the determination of what truly constitutes a caprock
for SAGD. This paper presents the findings of our study
of SAGD caprock and focuses on the facies which have
been observed to impede steam rise and thereby contain
the SAGD process.

Caprock Criteria for SAGD
There are several criteria required of a potential caprock
formation for SAGD. These are:
1. constrain steam chamber rise;
2. prevent the loss of reservoir fluids to the
overburden;
3. prevent the ingress of cold water from above;
4. prevent the development of excessive pressures
in the overburden;
5. withstand the existing and induced stresses and
pressures over the life of the project.

Constrain Steam Chamber Rise. While the SAGD
process occurs within the oilsands pay zone, the steam
chamber slowly grows upwards and establishes a well-
defined boundary.  Within the steam chamber, oil

saturations approach low residual saturation values.
Outside of and above the steam chamber, there is no
steam present. Temperatures fall from saturated steam
temperature at the steam chamber upper boundary to
original reservoir temperatures within a few metres above,
with most of the heat transfer being conductive. Near the
steam chamber boundary, formation fluid pressures are
essentially at steam pressures. The steam chamber rises
because the heated bitumen at the periphery becomes
mobile and can flow downward as steam rises to occupy
the vacated pore space. This could occur as counter-
current flow, in which the liquid phase flows down past
the rising gas phase. Given the limitations imposed by
relative permeability effects, particularly for counter-
current flow, it is more probable that steam rise is
comparable to an inverted U-tube phenomenon in which
the heated bitumen drops through one pore throat while
steam rises through an adjacent pore throat.

Capillary Entrance Pressure.  Once the steam
chamber encounters geological facies that are finer
grained than the oilsands, this process becomes more
difficult because the steam, which is a gas, cannot enter
the pore throat until it exceeds the capillary entrance
pressure of the smaller pore throats. Liquid water is the
wetting phase, so steam cannot enter the pore space until
the pressure differential between the two phases
overcomes the interfacial tension at the perimeter of the
pore throat.  Field instrumentation has shown that
formation {luid pressures approach steam pressures far in
advance of any thermal front, so there is a considerable
back pressure to overcome as well.

Thermally induced gas exsolution could create a gas
phase in the heated perimeter outside of the steam
chamber, which would offset capillary effects and allow
steam rise. However, in the vicinity of the SAGD steam
chamber, this is prevented by the rise in formation
pressures from their naturally under-pressured state to
steam pressures. Thermally induced gas exsolution can
occur adjacent to production risers where formation
pressures have not increased appreciably.

As such, fine-grained facies can be a considerable
impediment to steam rise. Exceptions could include
geometries where graded facies are inclined, which allows
for gravity drainage in the coarser facies; when the facies
are discontinuous, which allows for spill points at the
edges of the facies; and, where geomechanical effects
result in shearing of the facies which create new flow
paths and decreased capillary pressure.

An excellent regional example of capillarity as a
barrier to gas rise is the Clearwater Formation. The
predominant facies is a massive, laterally extensive
mudstone that is recognized as a very competent caprock
formation. Yet, in geological terms, this formation is an
aquiclude or a formation that permits flow through it on a
geological timescale.  Meteoric water continuously
permeates down through this formation, recharging the
laterally continuous sand of the Wabiskaw Member at its
base, yet over geological time the Clearwater mudstone is
a very effective barrier to the upward flow of the natural
gas found in the same Wabiskaw sand. Pressures are
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transmitted through the Clearwater mudstone but gas does
not migrate upwards, as evidenced by the lack of a gas
phase.

Most major gas reservoirs are vertically contained by
capillary pressure effects, not by the lower permeability
of their caprocks. Lower permeability formations are
seen as good caprocks, not because of their permeability,
but because of their associated small pore throats and high
capillary entrance pressures prevent the gas from
escaping. If permeability were the restricting parameter,
gas reservoirs would not be gas-filled because the gas
would slowly flow through the caprock over geological
time.

Prevent Reservoir Fluid Losses. Reservoir fluids
consist of steam, water (both connate water and
condensed steam), bitumen, and natural gas, if present. In
SAGD operations steam losses need to be minimized in
order to retain the heat within the reservoir. Any
significant steam loss will result in a higher steam to oil
ratios, and it may not be possible to make up the lost
volume of water under physical or regulatory constraints.

Water and steam losses need to be prevented in order
to retain heat within the reservoir, to conserve water, and
to prevent any potential contamination of aquifers.

Bitumen losses need to be prevented in order to retain
heat, prevent aquifer contamination, and to minimize the
loss of saleable product.

Natural ~ gas losses imply strong pressure
communication through the caprock, and this would result
in a drop in reservoir pressure, requiring a steam injection
pressure that is balanced with the overlying zone. This
can severely reduce the operating pressure which can lead
to a lower recovery factor and production rates.

Steam and gas losses are strongly curtailed by the
capillary effects previously mentioned. Liquid losses
through the caprock are minimized by gravity segregation
that keeps liquids flowing to the base of the steam
chamber.

Prevent the Inflow of Water. A very serious threat
to the SAGD process is the quenching of the process by
water cascading from above, or “top water”. This can
occur when a bitumen-lean water-filled zone exists at the
top of the pay zone, or when there is a breach in the
caprock that connects to top water. Water can encroach
laterally in a zone with top gas if a pressure transient is
created by gas production.

The influx of water cools the steam chamber causing
steam condensation without any associated bitumen
production. As such, it essentially quenches the process.
In a pattern of SAGD wellpairs, it may be possible to
sacrifice the upstream wellpair to intercept water
incursion into the other wellpairs. A continuous low-
permeability caprock would impede water inflow from
above.

Prevent Excessive Overburden Pressures. The
presence of caprock restricts the transmission of pressure
to overlying formations through a combination of the
capillary entrance pressure and pressure losses across the
caprock. Without this, the high steam chamber pressures
could result in increasing overburden pressures. This

could result in accidental hydraulic fracture of these
shallower formations and catastrophic steam loss.

Resiliency in Response to SAGD. The non-uniform
growth and development of SAGD steam chambers result
in changes in stress and pressure. These include large
reductions in effective stress due to the higher steam
injection pressures and unloading due to uneven bulk
volume changes in the reservoir. Thermal stresses can
impose large differential stresses that can contribute to
existing differential stresses. The caprock must be able to
withstand these changes in stress over the life of each
SAGD pattern.

Geological Stratigraphy

Geological variations worldwide preclude a global
“lype” geological model for the SAGD process.
However, many SAGD projects, particularly in the
Athabasca oilsands of western Canada, have comparable
geological profiles. An idealized generic geological
profile for these projects is shown in Figure 1.
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Figure 1 Typical Geological Profile,
Athabasca Oilsands

The Cretaceous Athabasca oilsands overlay Devonian
carbonates, unconformably. A paleosol may exist at the
unconformity but in most cases it is absent. Karsting or
salt dissolution in the Devonian formations can result in
additional voidage into which the overlying oilsands and
caprock will drape. If this occurred after the deposition of
the caprock formations, this will result in a reduction in
rock stresses.

The stratigraphic profile shown includes a basal water
sand with little to no bitumen saturation. This feature is
not always present. Similarly, bitumen-lean zones are
sometimes seen at the top of the oilsands pay zone,
beneath the fining-upward sequences, with gas and/or
water occupying much of the pore space.
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Within the Lower and Middle McMurray oilsands
there are essentially no barriers to steam rise. Mudstone
stringers will impede steam rise as baffles, not barriers.

Above the Middle McMurray oilsands are the
interbedded tidal flat sequences. These are alternating
thin beds of oilsands and water-saturated clay rich silt
mudstones. This highly variable zone contains mudstones
with sufficiently high capillary entrance pressures to
prevent steam entrance.

The Wabiskaw member at the base of the Clearwater
Formation includes laterally continuous sands and
laterally continuous mudstones. These mudstones are
effective barriers to steam rise. The sands are usually
saturated with gas and/or water and may be bitumen-
stained.

The massive, laterally continuous Clearwater
mudstone is an effective caprock. Down-cutting into this
unit from Quaternary channels may be a concern and
should be considered in any exploratory or delineation
program.

Comparable SAGD Projects

By far, the best method for assessing the effectiveness of
a formation as a caprock is to assess operating data in
other mature projects. Analogue projects, in terms of
geology, depth, and operation strategy, were examined to
determine where steam rise was halted.

Suncor’s Dover SAGD Project (formerly UTF).
This project was known as the Alberta Oil Sands
Technology and Research Authority’s Underground Test
Facility (AOSTRA’s UTF). The first successful SAGD
pilot projects, Phase A and Phase B, were tested here and
their success precipitated the subsequent investment in
SAGD as the in-situ recovery process of choice in the
Athabasca oilsands deposit. With a SAGD history dating
back to 1987, this project has provided excellent data for
both pilot and mature projects.

Phase A, the laboratory-scale pilot, had inter-wellpair
spacing of 25m to ensure early maturation of the pilot.
After 2 years, the steam chambers around the 3 wellpairs
had coalesced. Figure 3 shows a cross-section through
the Phase A pattern that transects the middle of all three
wellpairs. Observation Well AT4 was located directly
above middle Wellpair Al. The inset graph shows
temperature profiles in Well AT4 at different times. The
lack of upward movement of the isotherm corresponding
to the saturated steam temperature of 229°C indicates that
vertical steam chamber growth had stopped at this well
after 379 days and remained stagnant until the end at 700
days. Steam was contained by the Upper McMurray tidal
flat unit.

Phase B was the commercial pilot spaced wellpairs
and was operated under SAGD between 1991 and 2003,
after which tertiary recovery methods were tried. This
pilot was within a north-south fluvial-estuarine channel
sand deposit of 500m to 800m in width. The highest
quality reservoir is at the base, and there is some
degradation towards the top with the appearance of
bioturbated interbedded mudstones. Again, the steam

chamber was contained below the Upper McMurray tidal
flat unit.

Suncor’s MacKay River Project, Section 16. This
project is adjacent to their Dover Project, with similar
geology except that the oilsands are slightly shallower.

The caprock at MacKay River is a combination of
Wabiskaw D and Upper McMurray mud-dominated
sediments. This is the same as in the Tamarack Lease as
supported by both core and log data. Steam chamber rise
after 5 years’ operation showed that the steam was
contained below the base of the Upper McMurray
Formation (“KMU™).
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The mudstones within the Upper McMurray were
sufficient to prevent steam breakthrough. (Suncor
MacKay, 2010). Figure 2 shows a comparison of the
contacts at the base of the Upper McMurray. The
transition between clean, bitumen-rich oilsands and the
muddier units above is quite sudden. The facies seen at
MacKay River are comparable to those at Tamarack.

Suncor’s MacKay River Project, Wellpair C4.
After 10 years of operation, the steam chamber was
contained below the base of the Upper McMurray
Formation, as seen in Figure 4. Observation wells OB2
and OB3 are near the centre-line of Wellpair C4; Well
OBS5 is offset by 50m and shows the downward growth of
the steam chamber as it progressed laterally from the
wellpair. Significantly, over the same time there was no
upward growth into the Upper McMurray caprock.

TOTAL?’s Joslyn Creek. This project is considerably
shallower than most projects. Formations that could be
considered as caprock are approximately 33m shallower
than at Ivanhoe’s Tamarack Project. This project also
operated with a markedly different strategy than that
proposed for Tamarack.

TOTAL’s Joslyn Creek SAGD Project incurred a
steam release in 2006, just as it was starting to convert its
Phase 2 wells from circulation to SAGD. This resulted in
the catastrophic eruption of steam at surface. A review by
the Alberta Energy Resources Conservation Board
(ERCB) concluded that the root cause of the incident was
excessive steam pressure (ERCB, 2010).

Other SAGD Projects. In addition to the analogue
projects to Tamarack, other SAGD projects were
examined as part of our steam chamber development
review (Table 1).

Table 1 Other SAGD Projects
SAGD Project

Years of Operation

Devon Jackfish 4
Cenovus Christina Lake 9
Suncor Firebag 7.5
JACOS Hangingstone 14
Cenovus Foster Creek 10

In all cases, the available temperature profile data
were examined and it was observed that steam did not rise
above the base of the Upper McMurray Formation. Given
that the life of a SAGD pattern is 8 to 15 years, and most
of these projects have been operating for that long, this
indicates that the mixed facies Upper McMurray is
effective as a barrier to steam rise.

Operating Pressure

Obviously, a low permeability caprock is required to
prevent pervasive fluid losses from the reservoir.
However, the ability of any caprock to withstand the
maximum operating pressure (MOP) at a given stage of
SAGD development is dependent upon the stresses in the
caprock and not on its permeability.

300%:

150%

Various SAGD projects were analyzed in terms of
their stated operating pressures and the fracture gradients
of four marker depths:

1. base of the Clearwater mudstone;

2. base of the Wabiskaw D mudstone;

3. base of the Upper McMurray tidal flat unit;
4. depth of the wellpair’s injector

For the fracture gradient, it was assumed that all other
shallow projects were limited by the overburden gradient.
This was assumed to be 21 kPa/m for all projects except
Joslyn Creek, for which a value of 20 kPa/m better
reflected its very shallow depth. For the Tamarack
project, the fracture gradients were determined from mini-
fracs in two wells which were found to be anomalously
low. Potentially the effects of lateral stress relief and
reservoir depressurization combined to lower in-situ
stresses.

[ Tamarack 1450 kPaa
B Tamarack 1250 kPaa
O Joslyn Creek

£ Joslyn Creek (post-release)
Bl MacKay Sec.16 (5 yr)
[ ] MacKay Main (7 yr)
[[] MacKay Main (2011)
] Dover A (3 yr)

* [] Dover B (5 yr)

- [ Dover B

-

Base Clearwater Base Wab.D Base U. McM  Injector Depth

Figure 5 Ratio of Injection Pressure to Fracture
Pressure at 4 Marker Depths for SAGD Projects

Figure 5 shows the results of this analysis. The
vertical axis is the ratio of the steam injection pressure to
the fracture pressure at initial stress state for the 10
projects shown, with those for Tamarack being proposed.
Anything above 100% indicates that the injection pressure
exceeds the fracture pressure at the initial stress state so
fracturing might be expected. Some projects have more
than one value, reflecting the fact that the operating
pressure was changed during the life of those projects.

The outlier values are for the Joslyn Creek project,
which had just converted to SAGD mode. These values
are obviously unrepresentative of all other SAGD projects
reviewed in this paper.

The data suggests that other projects have typically
operated above the fracture gradient for the Clearwater
mudstone. This is understandable, given that this
formation is many metres above the wellpair so it has a
much lower fracture pressure.  Obviously, deeper
formations are acting as caprock for these projects.

The Wabiskaw D mudstone is a potential caprock for
most projects. Some projects’ injection pressures exceed
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its fracture pressure, which indicates that a deeper
formation is acting as the effective caprock, at least for
the early life of the projects. The proposed pressure for
the Tamarack project is to be ramped down from
1450 kPaa to 1250 kPaa as the steam chamber rises in
order to maintain an acceptable factor of safety at the
Wabiskaw D unit.

The Upper McMurray, which is comprised of tidal flat
facies, is the observed caprock for all projects except the
start-up Joslyn Creek project which injected at
anomalously high normalized operating pressure above
the fracture pressure of the Upper McMurray. As an
example, Dover Phase A operated at 2750 kPaa to
maturity with the base of the Upper McMurray unit at
140mKB. Adjusting to ground level and using a fracture
gradient of 21 kPag/m, this project operated at 91% of the
fracture pressure without incident.

Geomechanical Analysis

An explicitly coupled (Settari and Walters, 2001)
geomechanical and reservoir simulation analysis was
performed to predict the behaviour of the Tamarack
SAGD project. Conservative parameters and reservoir
and geomechanical material descriptions specific to
Tamarack were used. The results showed no tensile nor
shear failure for the life of the project. This was due in
part to the Upper McMurray (a low quality sand with
shale inter-bedding) acting as an effective buffer (or
caprock) to steam rise and pressure transmission to the
base of the Wabiskaw D and Clearwater mudstones.
Geomechanical effects previously discussed were
observed to cause a transient stress state that develops in
and around the steam chamber due to elevated pressure,
temperature and volumetric strain. This transient can
increase or decrease the minimum total principal stress
depending on the location relative to the steam chamber.
Regardless, the simulation analysis showed no caprock
failure.
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Figure 6 Profiles of Factored Minimum Stress as
an Effective Stress after 7.7 years
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Figure 6 shows a profile of the minimum stress,
minus the formation fluid pressure. A value less than
zero indicates potential tensile failure (ie., at zero
effective stress). In addition, reduction factors of 90%
and 80% were applied to the stresses in order to determine
what margin of safety was available. For all cases, no
tensile failure occurs. Note that the stresses in the
Wabiskaw D mudstone caprock are far from any tensile
failure.

Conclusions

The intent of this study was to take a pragmatic approach

to the assessment of different geological facies as

potential caprocks for Ivanhoe Energy’s Tamarack SAGD

Project. Our means of accomplishing this was to examine

the performance of analogue SAGD projects with the

expectation that trends would be observed that could be

applied to Tamarack. Geomechanical modelling was used

to extrapolate the observed behaviour to Tamarack’s

specific geology, geomechanics, and operating conditions.
This study found that:

I. the proposed Upper McMurray tidal flat and
Wabiskaw D mudstone caprocks for the Tamarack
SAGD project are consistent with the effective
caprock in all successful long-term SAGD projects
reviewed;

2. steam rise was found to be consistently constrained
by the base of the Upper McMurray in comparable
projects with long-term operation;

3. when depth and fracture gradient variations were
taken into account, the proposed Tamarack operating
pressures are consistent with those of comparable
projects operating safely over long periods of time;

4. geomechanical modelling supports the determination
of safe operating pressures for the proposed
Tamarack project.

Nomenclature
CSS = cyclic steam stimulation (huff’n’puff)
P = pressure
SAGD = steam-assisted gravity drainage
UTF =Underground Test Facility
O = stress

o’ =effective stress
~ = “approximately”
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The Development of Inclined Heterolithic Stratification in
a Tidally Influenced, Fluvially Dominated River, Fraser

River, British Columbia

Chad F. Sisulak' and Shahin E. Dashtgard’
'ARISE, Earth Sciences, Simon Fraser University, 8888 University Drive, Burnaby, B.C. V5A1S6

Abstract

Predicting the lateral and vertical extent of mud beds in Middle McMurray Fm inclined
heterolithic stratification (IHS) is necessary to ensure the economic viability of
hydrocarbon extraction from these deposits. However, in core it is not possible to
determine the continuity of mud beds and muddy successions because of limited data.
This is not the case in modern settings. To assess the continuity of mud beds and mud-
dominated units, a mid-channel bar (detached point bar) in the mesotidal reach of the
Fraser River, British Columbia was studied. The distribution of mud and sand beds
across the bar, and the sedimentological and ichnological character of these deposits
were determined. The overall point bar succession exhibits a fining-upward profile with
an increase in mud-bed thickness from the shallow subtidal to the upper intertidal zone.
Conversely, sand bed thickness decreases from the base of the channel upward. A
fining-downstream trend is observed around the bar, due to an increase in mud-bed
thickness in the downstream direction. In addition, mud beds in the shallow subtidal
zone are much more laterally continuous on the downstream end of the bar, with some
beds being correlateable distances greater than 1 km.

A low diversity assemblage of diminutive infauna-generated burrows characterizes the
ichnology of the system. Where present, bioturbated horizons tend be rhythmic in
nature, reflecting annual cyclicity in environmental stresses. Burrowing is limited to the
muddy horizons, or extends down from muddy horizons into underlying sand beds.
Burrow initiation in sand beds was not observed.

Sand is mainly transported in the late spring and early summer, when river discharge
increases by nearly an order of magnitude due to the flood stage freshet induced by
melting snow pack in the British Columbia interior. Throughout the remainder of the
year, relatively low flow conditions ensue, enabling the accumulation of fine-grained
(muddy) sediments, and the establishment of stable brackish-water conditions. The latter
is favourable for infaunal colonization.

The depositional model presented herein may prove to be a useful tool for hydrocarbon
exploitation by providing an analog model for predicting lithological heterogeneities (i.e.
lateral and vertical extent of mud beds). In particular, the IHS developed in the tide-
influenced reach of the Fraser River may prove beneficial in predicting along- and
across-strike changes in mud distribution of Middle McMurray Fm point bars.

GeoCanada 2010 — Working with the Earth 1
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Interbedding of Shale Breaks and Reservoir Heterogeneities

GEORGE A, ZEITO

ABSTRACT

Detailed visual examination of outcrops was used to ob-
tain data on the lateral extent of shale breaks. Thirty ver-
tical exposures belonging to marine, deltaic and channel
depositional environments were examined, surveyed and
prhotographed. The dimensions of the outcrops ranged from
356- to 8,240-ft long and 25- to 265-ft thick. Shale breaks
were found to extend laterally for significant distances,
and in some sands terminated by joining other breaks
much more frequently than by disappearance. Con-
sequently, with regard to flow, a gross sand consisted of
both continuous and discontinuous subunits. The degree
of continuity of shale breaks as well as the occurrence and
spatial distribution of discontinuities were different for the
three depositional environments.

Statistical evaluations were performed to determine the
confidence level with which estimates derived from out-
crops can be applied to reservoir sands. Results of these
evaluations revealed that: (1) the lateral continuity of shale
breaks in marine sands is significant, and the estimates of
lateral extent can be applied to reservoir sands with a high
degree of confidence (80 to 99 per cent of the shale breaks
continued more than 500 ft, with a confidence of 86 per
cent); and (2) the tendency for adjacent shale breaks to
converge upon each other over small distances in deltaic
and channel sands is highly significant (62 to 70 per cent
of the shale breaks converged in less than 250 ft, with a
confidence of 50 per cent), but the probable magnitude of
the resulting sand discontinuities cannot yet be predicted
with adequate confidence.

INTRODUCTION

Almost all of the efforts devoted to characterization of
the variable nature of reservoir sands have been focussed
on permeability variations, Among the widely used con-
cepts that have emerged from these efforts are those of
stratified permeabilities, random permeabilities, and com-
municating and noncommunicating layers of different
permeabilities. This study is concerned with the presence
of interbedded shales and silt laminations. These features
are impermeable or only slightly permeable to flow. There-
fore, knowledge of the extent to which they continue lat-
erally and the manner in which they terminate within the
bodies of gross sands is important for proper description
of reservoir flow.

Initial field observations made on outcrops revealed
that shale breaks and the relatively thinner silt laminae
have impressive lateral continuity. They appeared to di-
vide sand sections into separate individual sand layers. Al-
though most of the layers were continuous across the total

Original manuscript received in Society of Petroleum Engineers of-
fice March 30, 1966. Permission to publish granted Aug. 29, 1965. Pa-
per (SPE 1128) presented at SPE Production Research Symposium
held May 8-4, 1965, in Tulsa, Okla.

OCTOBER, 1965

SINCLAIR OiL AND GAS CO., INC.
TULSA, OKILA.

lengths of the outcrops, some were discontinuous because
the bounding shale breaks converged. Furthermore, the
discontinuous layers appeared more prevalent in channel
and deltaic sands than in marine sands.

Based on these initial findings, a detailed investigation
was carried out to determine, quantitatively: (1) the de-
gree of continuity of shale breaks in marine, deltaic and
channel sands; and (2) the frequency and spatial distribu-
tion of discontinuities in the three environments.

PROCEDURE

The procedure used to obtain field data from outcrops
included visual examination, surveying and photographing
each outcrop. The photographs were examined carefully
and important outcrop features were traced, measured
and recorded.

The selection of outcrops for this study was made on
the basis that each outcrop should be exposed clearly to
permit detailed visual examination of vertical lithology,
and it should also be sufficiently long (over 200 ft) to
provide useful data on the lateral continuity of lithology.

Identification of the depositional environment for each
outcrop was made on the basis of bedding characteristics,
vertical sequence of lithology and the presence of indica-
tive sedimentary features. Whenever possible, hand speci-
mens of associated shales were collected to determine
depositional origin. Almost one-half of the outcrops used
in this study required environmental identification; the
remainder had already been identified by previous investi-
gators.

Several photographs of each outcrop were usually re-
quired to cover the entire length of the outcrop. These
photographs were taken from one station or several, de-
pending on the terrain, size of the outcrop and distance
to the outcrop. A Hasselblad camera, with a standard
80-mm lens and a 250-mm telephoto lens, was used. The
telephoto lens permitted photographing outcrops as far
as two miles away. Slow-speed films were used, either
Panatomic-X or Plus-X.

The final operation conducted in the field was that of
surveying the outcrops. The distance of an outcrop from
a point of observation was determined by a triangulation
method using the plane table. The measured distance was
then combined with the angle of view of the camera lens
to establish a scale to be used on the photographs.

Films were processed using standard processing techni-
ques and 4.5X enlargements made. The enlargements of
each outcrop were butted together to form a single pano-
rama. Slides were also prepared on several outcrops; these
were used whenever greater magnification (wall projection)
was required to bring out maximum lithologic detail.

The shale breaks and bedding planes in each outcrop
were traced on transparent acetate film superimposed on
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the photographs. The tracings were then analyzed and a
record was made of the frequency of shale breaks and
on the number of continuous and discontinuous sand
units.

Scaled measurement was then made on the following
features: length and thickness of gross sand; length of all
visible shale breaks; and length and mean thickness of
the discontinuous sand units,

RESULTS AND DISCUSSION

The primary objective of this study is to describe, quan-
titatively, the continuity character of shale breaks and the
variation of this behavior in the three depositional environ-
ments. Analysis of the presence and continuity of shale
breaks determined the extent of subdivision of gross sands
into individual layers and, most importantly, the lateral
continuity of these layers relative to the length of the out-
crops. In addition, whenever adjacent shale breaks con-
verged upon each other, attention was focussed on the
area of the discontinuous layers relative to the total vertical
area of the outcrop. It will be helpful to keep these as-
sociations in mind in the ensuing discussions.

DESCRIPTION OF OUTCROPS

Thirty outcrops were studied. Most of them were in
three areas of: Grand Junction, Colo.; Price, Utah; and
Cairo, IlIl. The approximate location of each outcrop is
shown in Fig. 1.

All of the outcrops are relatively clean sands and repre-
sent known producing formations such as the Mesa Verde,
Atoka, Battery Rock, Cypress and Blue Jacket. For analy-
sis, they were divided into three groups according to their
general depositional environment, i.e., marine, channel and
deltaic.

The marine sands included 12 outcrops which range
in length from 423 to 8,240 ft and in gross thickness from
25 to 265 ft. The number of shale breaks contained in
each of these outcrops varies from 3 to 63, and the mean
thickness of the individual sand units bounded by the shale
breaks ranges from 2.8 to 34 ft. The individual sand units
in the marine outcrops are uniformly continuous and uni-
formly thick. Sand discontinuities, if found, are restricted
to the upper and lower portions of the gross sand where
the massive sand grades into massive shale beds.

Of the 13 channel sand outcrops, five contain shale
breaks and eight contain no shale breaks. These eight are
cross-bedded extensively and contain thin silt laminations.
They have been analyzed qualitatively only and are in-
cluded in this study to illustrate the significance of cross-
bedding in reservoir sands.
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Fic. 1—LocartioN oF OUTCROPS.

The channel outcrops which contain shale breaks range
in length from 356 to 1,500 ft and in thickness from 36
to 134 ft. The number of shale breaks they contain ranges
from 4 to 35, with individual sand units ranging in thick-
ness from 3.6 to 10 ft. The individual sand units are not
as uniformly continuous as those of the marine sands, for
they tend to vary in thickness laterally and also tend to
become discontinuous because the bounding shale breaks
converge. Discontinuities within these outcrops are dis-
tributed throughout the vertical section and therefore are
considered random as opposed to the systematic distribu-
tion found in the marine outcrops.

Only two deltaic outcrops have been analyzed. They are
2,220- and 3,337-ft long, 138- and 15-ft thick and have

TABLE 1—STATISTICS ON CONTINUITY OF SHALE BREAKS AND MAGNITUDE OF DISCONTINUITIES

Environment

Channel Deltaic Marine _
Outcrop No. 5 & 18 24 25 3 4 7 9 10 1 13 14 16 17 19 20 21 22
Outerop Length, ft 1500 404 1055 563 356 2220 3337 2080 530 744 960 924 3880 1150 3625 423 1290 5200 8240
Qutcrop Thickness, ft 53 36 124 36 40 138 105 205 58 73 68 44 140 71 76 25 175 236 265
Occurrence of Shale Breaks
per 100-ft Thickness 15 17 28 9 10 7 10 3 12 6 11 7 é n 9 32 36 5 4
Proportion of Shale Brecks (%)
Extending o Distance Larger Than:
250 ft 33 50 0 29 50 91 100 100 86 100 100 100 100 78 86 100 100 100 100
500 ft 33 *— 0 29 —_ 64 100 100 57 100 100 100 100 63 57 — 100 100 100
1000 ft 33 — 0 —_— _ 55 60 100 — — _— -— 100 38 43 — 100 100 100
2000 ft — — — — — 44 50 67 —_ — — — 100 — 43 — — 92 100
Proportion of Discontinuous Sond
to Gross Sand, % of Vertical Area 10.9 36.6 100 16.2 21.4 10.0 18.5 0 1.4 [} 0 0 0 18.5 10 0 o 0 0
Mean Llength of Discontinuous
Units, ft 130 183 95 70 105 322 953 0 104 [+ 0 0 0 346 356 o 0 0 [
Spatial Distribution of Discon-
tinvous Sand Random Systematic

*Dashed entry means ouvtcrop not long enough

1224

JOURNAL OF PETROLEUM TECHNOLOGY





11 and 10 shale breaks, respectively. As expected, these
outcrops exhibit mixed characteristics of channel and
marine sands. The individual sand units are of uniform
thickness and continue laterally over large distances, but
there is also the tendency for some of the units to termi-
nate because of converging shale breaks.

STATISTICS OF SHALE BREAK CONTINUITY

The lengths of individual shale breaks in each outcrop
are grouped statistically in Table 1 to show the proportion
of shale breaks having a lateral continuity of (more than)
250, 500, 1,000 and 2,000 ft. These distances are arbi-
trarily selected to give a measure of continuity ranging
from about that for 2-acre to about that for 80-acre well
spacing.

The channel outcrops show a wide range of variation
in the continuity of their shale breaks. For example, Out-
crop 18 shows no shale breaks continuous over a distance
of 250 ft, while Outcrop 16 shows 56 per cent continuous
over this distance. The average for 124 shale breaks is
33.6 per cent for all the channel outcrops (Table 2). As
the distance becomes larger, fewer shale breaks remain
continuous. For example, only 17.3 per cent of all shale
breaks are continuous for 500 ft. Estimates for distances
larger than 1,000 ft could not be established because of the
limited lengths of the outcrops.

Each of the above estimates implies two things. The
continuity estimate for the 250-ft distance implies: (1)
that 33.6 per cent of the shale breaks in the channel out-
crops continue over a distance larger than 250 ft and,
conversely, that 66.4 per cent of the shale breaks coverage
within this distance and thus loose their lateral continuity;
and (2) that each shale break has a 33.6 per cent probabil-
ity of continuing laterally across 250 ft and a 66.4 per
cent probability of converging upon adjacent shale breaks
within this distance. The confidence limits and validity of
these estimates will be analyzed and discussed later.

In the marine outcrops shale breaks are far more con-
tinuous and persistent than those of the channel outcrops.
Except for Outcrops 16 and 17, a substantial percentage
(80.4 per cent) of the shale breaks remains continuous
past the 2,000-ft mark.

In the deltaic outcrops the magnitude of shale break
continuity is relatively higher than that of the channel
outcrops. Table 2 shows that 95.5 per cent of the shale
breaks continue over a distance larger than 250 ft, 82 per
cent over 500 ft, 52.5 per cent over 1,000 ft, and 47 per
cent remain continuous past 2,000 ft. When compared to
the marine outcrops, shale breaks in the deltaic outcrops
are less continuous at the larger distances: i.e., 95.5 per
cent deltaic vs 96 per cent marine at 250 ft, 82 vs 88.9
per cent at 500 ft, 52.5 vs 83 per cent at 1000 ft and 47
vs 80.4 per cent at 2,000 ft.

STATISTICS OF SAND DISCONTINUITIES
The second, and perhaps the most significant, charac-
teristic of shale breaks is their tendency to converge upon

TABLE 2—SUMMARY OF STATISTICS ON CONTINUITY OF
SHALE BREAKS AND MAGNITUDE OF DISCONTINUITIES

Channel Deltaic Marine
Proportion of Shale Breaks (%)
Extending a Distance Larger Than:
250 ft 33.6 95.5 96.0
500 ft 17.3 82.0 88.9
1000 ft — 52.5 83.0
2000 ft —_ 47.0 80.4
Proportion of Discontinuous Sand 37.0 14.3 2.5
to Gross Sand, % by Area 115 618 270
Main Length of Discontinuous Units, ft
Spatial Distribution of
Discontinuous Units Random Random Systematic

OCTOBER, 1965

each other; that is, a given shale break tends to unite with
one of the two adjacent shale breaks, and then the two
continue as a unit. The portion of the sand originally
bounded by the two shale breaks tends to become discon-
tinuous with regard to flow. To evaluate the magnitude of
discontinuities and to show a comparison between the out-
crops, the data on discontinuities are shown in Table 1 as
per cent of the outcrop’s vertical area.

In the channel outcrops, discontinuities range from 10.9
per cent in Outcrop 5 to 100 per cent in Outcrop 18; the
average is 37 per cent for the five outcrops (Table 2). Dis-
continuities range from 68- to 183-ft long, all within I-acre
spacing. The deltaic outcrops, on the other hand, show
an average of 14.3 per cent. Discontinuities average 618-ft
long. In both of the above environments discontinuities
are distributed randomly. In the marine outcrops, how-
ever, discontinuities are confined to only the upper and
lower portions of the sand sections, and they average only
2.5 per cent of the total vertical cross-sectional area.

Of considerable interest to this study is the logical as-
sociation found between the frequency of shale breaks and
the frequency of discontinuities within the channel and the
deltaic outcrops. This association is illustrated in Fig. 2
where the number of shale breaks per 100 ft of thickness
is plotted against the per cent of discontinuity for each
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FreQUENCY AND MAeNITUDE OF DISCONTINUITIES
N CHANNEL AND Dertatc Outcrops.
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of the outcrops. The apparently linear relationship sug-
gests that the greater the number of shale breaks within
a vertical section, the greater is the chance for shale breaks
to converge. This also means the thinner the sand units,
the greater is their tendency to become discontinuous
over short distances.

CONFIDENCE AND VALIDITY

Statistical evaluation was performed to determine the
degree of confidence with which generalizations could be
made on the estimates derived in this study. The following
procedure was employed in the evaluation. Each estimate
was assigned a confidence interval of =10 per cent. The
probability then for the estimate to fall within the assigned
interval was computed according to the statistics of r-distri-
bution. Since the probability level depends on the number
of samples in addition to the variance within the samples,

G

(Ourcrop 17).

Fic. 5—Marine SanpstoNe Deposit witiH THIN SuBUNITS OF
Sanp (Ourcrop 19).
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Fic., 4—Maring Sanpstone Deposit Smowine Massive Sanp
Graping Into SHALE witH HicH FrEQUENCY oF DISCONTINUTTIES

its computed value will reflect the validity of the estimate
on a population basis and show whether additional sam-
ples are required to improve the estimate. Results of this
evaluation reveal the following.

In the marine outcrops: (1) On the average, 86 to 100
per cent of the shale breaks extend laterally more than
250 ft, with confidence of 99 per cent; (2) 80 to 99 per
cent extend more than 500 ft, with 86 per cent confidence;
(3) 75 to 91 per cent extend more than 1,000 ft, with 52
per cent confidence; and (4) 72 to 88 per cent extend
more than 2,000 ft, with 48 per cent confidence.

In the channel outcrops: (1) 62 to 70 per cent of the
shale breaks converge upon each other within a distance
of 250 ft, with confidence of 50 per cent; (2) the area of
the sand becoming discontinuous represents 33 to 41 per
cent of the total vertical section, with confidence of 18

L e X N
Az g T
G i

et a7
Fic. 6—DeLtaic SanpstoNe DeposiT (Outcror 3).
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Fic. 7—CHanNEL SanpsToNE Deposit Exuisitine NONUNTFORM

Suane Break Continviry (Outcrop 24).
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percent; and (3) there is 99 per cent confidence in the
association between the frequency of shale breaks appear-
ing within the vertical profile and the frequency of sand
discontinuities. Quantitatively, however, the absolute values
of this relationship cannot be established from the data
of this study because of sample limitation.

The above statistical evaluation suggests that the esti-
mate of shale break continuity in the marine sands is sig-
nificant and can be applied to reservoir sands with suf-
ficient confidence. On the other hand, shale break con-
vergence and sand discontinuities can be said to exist in
almost every channel sand, but their magnitude cannot
be ascertained yet with adequate confidence.

IMPLICATION OF THE RESULTS

On the average, shale breaks are relatively impermeable

Frc. 8—CranneL SanpstoNe Deposit Exmisitive SmaLe Break

Continvity (OuTcrop 5).

Fic. 9—CiianNeL Sanpstonk Deposit ExnisiTine NONUNIFORM

SuaLe Breax ContinuiTY (OutTcrop 6).
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boundaries; therefore, depending on their frequency of
occurrence and spatial distribution in a sand, they can
affect reservoir flow in different ways and to different de-
grees. Fluids cannot communicate across shale breaks un-
der normal velocities -and pressure gradients. Where there
are sand discontinuities, fluids become trapped in the direc-
tion in which breaks converge. By and large, shale breaks
are felt to be the most important agent of reservoir non-
uniformity.

Features of cross-bedding are next to shale breaks in
importance with regard to influence on reservoir flow.
These sedimentary features are widely known to geologists
and consistently used as indicators for identifying deposi-
tional environments. They are generally divided into mac-
rostructures which range in size from 1 in. to several
inches and larger structures which range in size from a
few feet to several tens of feet. Their occurrence in non-
marine sands, as well as distribution and orientation, could
be identified and predicted by careful examination of well
cores.

B

Fic. 10—Crannen Sanpstone Deposit ExameiTine Hieury
IrrEcULAR Bepping (Outcror 18).

Fic. 11—Curan~eL Sanpstone DeposiT Exuisitine TroucH-
SuAPED Bepping anp THin Siut Laminar (Ourcrop 27).
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Fic. 12—CrANNEL SANDSTONE DEerposit ExHIBITING INCLINED
Beppine anp THIN Sict Laminae (Outcror 28).

The degree of influence of the cross-bedding features
on the flow is dependent upon physical size of the features,
spatial distribution and, most importantly, the texture
(permeability) variation within and among the individual
features. Their presence in a reservoir sand would lead to
two things: a lower effective permeability for the reservoir
than indicated from cores and a high degree of fluid dis-
persion at flood fronts where one fluid displaces another.
The latter influence is particularly significant in the decay
of injected slugs used in certain recovery mechanisms.

CONCLUSIONS

From the results of this study several conclusions seem
clear.
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Fic. 13—CuanNeL Sanpstone Derosit Exmisirine HorizoxtaL
Bepping anxp Sint Laaminae (Ovrtcror 29).

1. The lateral continuity of shale breaks, particularly in
marine sands, is significant, and its estimate can be ap-
plied to reservoir sands with considerable confidence.

2. Shale break convergence and sand discontinuities are
significant in channel and deltaic sands, but their magni-
tude cannot be predicted yet for a given sand with prac-
tical confidence.

3. Because of their considerable influence on reservoir
flow, shale breaks, silt laminations and cross-beddings
should be considered in flow evaluation, whenever they are
present.

4. Successful evaluation and application of recovery
mechanisms, particularly in problem reservoirs, definitely
requires the services of a geologist in addition to the en-
gineer.
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