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/ - ansrlér -
A mghly permeable 'lenticular’ rock body within a less permeable matrix, will dxstort the
f'luxd -potential field and hence the formation- ﬂund flow dxrecnons in the vicinity of the lens
The effect is comparable to that of iron masses on the earth’s magnetic field or elecmcallv
conductive bodies on telluric currents and potentials. As a result , fluid-flow lines converge
| towards the permeabie bod;' and flow rates increase through it. Consequently, negative
potential (a}nd format'ion”pressure) anomalies ﬁre generﬁted at the upstream end of a
permeable body, afd positive potential anomali’es at its downstream end, with little drop in
;)otemial across it. Theoretical analyses of potentiometric anomalies indicate that their areal
extent and magnit;;gr are directly proportional to the hydraulic gradient, and highly sensitive
0 the geometry of the permeable body and its permcabiiity contrast with the surrounding
matrix. ‘g‘ |
* An initial field mvesugauonwas conducted by rhappirig the potentiometric surface of
the Bow Isiand_Formau’on,in southern Alberta, which shows several ahomaligs possibly
attributable to the effect of le\micuAlarity.,.Detailed geological studies at two areas Qf such
_ anomalies, Keho Lake and Chin Lakes h'ave confirmed the presence of highly permeable
sandstone lenses, which are also hydroc;rbon reservdirs. The cause-and-effect relation
between the lenseé and the potentiometric anomalies has been 'verif ied by numerical simulation
of t‘l\;id-flow. Furthermore, the results indicate that under a suff icient hydraulic gradiem (i.e.
greater than 10m/km - 0.01) and with, sufficient pcrm.eabil'ity contrast between lens and
matrix (generally greater than‘ 100 times) the f‘iuid potemial ;d.istdrtiori may be detected by
formation pressure measurement, provided that an accepte;ble data point density exists.
The method of analysis develhoped“'du‘ring this study could prove to be an effective
exploration tool for’discontinubus lenticular reservoirs that are difficult to detect seismically
or by wide spaced drilling and established mapping techniques. It is best suited to areas tﬁét

have already undergone an initial phase of éxploration and offer good data distribution. Other

applications 'may include delineation of pool boundaries and Teservoir develogmem planning."
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1. INTRODUCTION
In the subsurf ace~geologic environment, ﬁuids saturating the rock f ramewdrk move
due to a variety of forces exerted on them. These f orces arise from mechanical, chcmi;al.
thermal and fluid; potential gradients created by geo\logic. tectonic, geomorphological and
meteoric processels. Of these, a fluid-potential gradi‘emi‘is perhaps the major process

ey 3

controlling groundwater motion in‘a mature sedirmgéuar‘yubasin where compaction and primary

migration is no lorger significant. Whether a fluid-potential grédie'm is gravity induced (from

\14
i

water table topography), dilational (from uplift or erosion, i.e. unloading) or due to loading
(bv deposition, glagiation or tectonic forces), it is detectable in the subsurface by measuring

|

formation pressures and calculating the fluid-potential or hvdraulic head. The ability of the

f

fluid 1o mové and the path it Lakczs under the impetus of a potential gradient depends upon
_the perhﬂéability of the rock framework and phyvsical properties of the fluid.

The laws governing fluid-flow in a hydraulic system are similar to those of thermal,
electrical and magnetic systehls. In each case, materials with diff ering thermal or electrical
- conductivities and magnetic susceptibilit;\' occurring within a homogeneous medium will distort —
an otherwise uniform potential field. This principle is widely used in /geophysical exploration
(see Telford et al, 1977), where economic minerals with physical properties differing from
those of their host rock are detected by varic)LU“S‘vééophysical techniques. An example is the
distortion of the earth'§ fnagnetic field by an ultramafic dike emplaced within leucqcratic or
sedimentary rock. In this case the difference in the magnetic susceptibility of the rocks will.
distort the otherwise uniform magnetic field of the earth. The contrast in the magrnetic
susceptibility bétween the dike and its surroundings, the geometry of the dike and its attitude ..
with respect to the magnetic f ielq will determinc thevmagnitude and sh}pe of the distortiqn_.

Isolated, lenticular bodies, commonly associated with sandstone deposition (i.e.
chanmetsands, point bars, barrier bars, offshore bars etc.) and in some cases with biostromal
bodies in carbonates, are widely sought in hydrocarbon exploratién and brovide prolific and
subtle petroleum reservoirs in western Canada and the continental United States. They are |

difficult to detect by seismic methods and, due to their erratic areal distribution, are easily

~



missed by widely spaced drill holes, often requiring dense, possibly random, wildcat drilling
for their discovery. In cases where a hydraulic gradient occugs across the medium containing
the lem\icular reservoir, a distortion of the otherwise uniform potentiometric surface will

) occur, as in the anal/ogyW qf the dike in th¢ earth's magnetic field. If this potentiometric
d'istortion is detéciz;ble. then its measurement and.correct interpretation may provide a

success “ul exploratien method.

1.1 THESIS OBJECTIVES
, The pbjective of studying the lens associated fluid-potential anomaly is to determine
the feasibility of using this physical phenomenon as a petroleum exploration tool. The
approach used is best suminarized by the flow chart shown'in Figure 1.1. Chapter 21s
basically a review of the physical laws governing groundwater. flow lhrough porous media and
the method of applying these laws to field studies. Itis intended as é reference for those .
unfamiliar with the principles of hydrogeology and drill stem testing. The nature of the lens
associated fluid-potential anomaly is analyzed by a two-step approach in Chapter 3: first,
analytical solutioné for relatively simple mathematical models are obtained and used to
compare and calibrate a numerical code and second, the numerical code is used to determine
the relationship between varying geologic and hydraulic parameters. Chapter 4 uses tﬁe

knowledge gained from the theoretical considerations for the study of potentiometric

anomalies in thg field.

—_—
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2. FLUID MECHANICS THEORY AND FIELD IMPLEMEN‘I‘ATION
The analysis of a physical process or system mvolvmg ﬂow requrres the recognition -
‘and documentation of an energy gradient. In the case of heat ﬂow through solids, the
direction of f low is from hrgher temperatures to lower. Another well known example is the
ﬂow of electrons from a higher electric potential to a lower one In both cases, the
remperature and eleemc potenual represem quamrues of energ» and the rates of flow are’
proporuonal to therr gradrems and the conducuvnv of the me drum The f ollowrng sections
consider the laws governmg fluid - flow in a porﬁus medium and how the various
hydrauhc-dy.namr‘c parameters are obtained in the field.
2.0.1 DARCY'S LAW
Fluid-flow throughv porous media was first analyzed ~bv Henr\' Darcv in 1856, with his
now class; experiment which provrded us with the emprrrcal Darcy s Law. Consrder an |
appara[us as shown in Frgure 2. 15 a crrcular cylmder filled with sand, the ends of whrch
con’tarn inflow and ou;flow tubes and mancmeters Let Q equal the volume flow rate through
- the tube when the sandﬁrs comp]etelx saturaled. (Let \the arbitrary datum be r—O, the
elevations of the manometer ima'l'cejs\bevz_\, and r,,_the elevations of the ﬂuid,vlevels be h, and
h, end the distance betweerr the manomerer intekes be 41. The volurnetric rate of Flow, or
specific discheirge is then equal to: ) .
=9 o R (2.1)

where Qisin [L*/T], A[L*¥ and v has drmensrons [L/T). By means of this apparatus Darcy

found. the empirical relauonshrp, now referred to.as Darcy's Law

dh i i ) ’ . o
=,.K—d]_ o - - ) B (22)
or ) ‘
. b _ 3
Q= K—fﬂ—A _ | o (23)

In Eq. (2-.2‘). and Eq. (2.3) h is the hydraulic head and dh/dlis the hydr’auli'c gradient. By
_ ‘inspection it is seen that Lh_ef low rate ,isﬁjr'oportmnal to the hydraulic gradient arrd a‘constant’

of proportionality K, the hydraulic‘_;cﬁo;rrouctivity " The hydraulic conductivity is dependent .on

-



P ;
fluid and porous medium properties ‘

K= -“-3& L | (2.4)
whe,r; k-is equal to the permeability of the medium, e is the fluid density, u the dynamic fluid
- viscosity and g the acceleration due to gravity. The permeability is usualiy given in darcys,
where, 1 d‘arcy(d)'A: 10 cm?, and is defined as "the permeability leading to a sp?ciﬁc
discharge o] ) ém/s Jor & ﬂuid 0 f viscosily I1Cp (centipoise=m Pa s) under a hydraulic

gradienvt that makes the g dh/dl equal 1 atm/cm" (Freeze and Cherry, 1979, ip. 28).

"~ 2.1 Fluid Potential, Hydraulic Head and Forniation Pressure
Hubbert (1940, p.794) defines fluid potential as "a physical quantity. capable-of

" measurement at every point in a flow system, whose properties are such that flow always occurs

from- regions in which the quantity has higher values to lhbse' in which it has lower, regardless
b .. 0 A k
of the direction in space.” The fluid potential (®), is the mechanical energy per wnit mass (m) \“

- at a given point P (Figure 2.2), which is —expressed by the general formula (Bernoulli ]

>

Equation):

T o m v? - P dp A‘ o
b =mgz +" 5 +m ) ‘ (2.5)
’ Po '

where the first term on the right hand side is the work required to lift a unit mass of fluid

{

from z=0 to point P (at elevation z); the second term is the work required to accelerate the
fluid f rom’velocity v=0 to velocity v; and the third term is the work required to raise the

fluid pressure from p=p, to p. Letting m=1, the.equation becomeé

re

~

v, ' dp

\4>=gz+2+ (T:6) -

Po
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Figure 2.1 Experimehtal apparatus for the illustration of f)arcy's Law (adapted from Freeze

and Cherry 1979) ~
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In porous media, flow velocities tend to be extremely slow, so that the sccond term (v/2)
becomes negligible in most cases and for incompressible fluids (e.g. ﬂundsi wnth constam
density) p is not a function of p. Wnth these two assumptions, Eq.(2. 6) duces to:..
o ,
d=g2z+ L’;Ea (2.7
-

It is common in measuring subsurfac~ water levels and pressures o let Po = atmospheric .
pressure and consider the gauge pressure, which further simplifies Eq. (2.7 w0:

d=gz+ % (2.8)

; /

Equation (2.8) describes the fluid potential at any poirlt to be equal to the work required to
iransport a unit mass of fluid from a standard datum (usually sea level) and atmospheric \
pressure to the ele\{ation and pfcssurc being considered. | |

. Since the elevation (z) and pressure (p) can be measured at any point in space
(subsurface for this study), it should also be possible to determine u}e fluid potential at this
location. The simplest method of determining and representing fluid potential is to place an
open topped manometer terminating at the point (P) (Figure 2.3) where the value of the
fluid potve>nrtial is to be obtained. In‘Figure 2.3, (z) is the elevation of point (P) and (p) the
pressure of the fluid; alsc? termed pore-pressure or formation-pressure. In response to the
forrﬁation-préésure the fluid will rise statically in the manometer (piezometer) to a height (h)
from point (P) above the datum. The relationship between hydraulic head and formation

s

pressure is given by the hydrostatic equation (Hubbert, 1953),



i

¢=gz+2—'52°-=gz+p h -z hg (2.9)

When this is substituted into Eq. (2.8) the fluid potential is obtained. Since acceleration due
to gravity at the earth's surface is approximately the same everywhere, Eq(2.9) suggests that
the fluid potential is linearly proportional to the hydrauiic head.

From this it can be seen that the manometer (or piezometer) is a device which is
capable 8 measuring the fluid potential at any point. The importance of the fluid potential
relationshfp is best summarized by Hubbert (1953), \

"The polen;lal is delerminqlgle not only in space but also at any point capable of being
‘occupied by that fluid. Thus fresh-water potentials have values not only in space
. saturated with. fresh water, but also in space occupied by other fluids such as air, salt

& water, oil or gas. In each case the potential is the amount of work required to

transport a unit mass of fluid to that point from the standard state.”

2.1.1 Determining Hydraulic Head From Drill Stem Test Pressure Measurements

In most cases when petroleum exploration wells are drilled it is unec;nomic and too
time consuming to install a manometer (piezometer) to determine fluid potential or hydraulic
head. Instead, a drill stem test (DST) is used, whercby the formation pressure is measured at

the point of interest and then converted to hydraulic head using the relationship :

o ¢+ h= (2.10)

For a thorough discussion of drill stem test tools anf procedures, the reader is referred to

Lynch (1962).



The DST isolates a given section of formation, and allows the formation fluids to
enter the drill pipe (that is opened to atmospheric pressure by a system of valves), which
provides a temporary completion of the well. Formation pressure and fluid-flow pressure are
then systematically recorded by down-hole sensors on a pressure vs. time chart (Figure 2.4). .
There are two essential components to the test, a) the flow period (pt C-D) and b) the
shut-in period (pt D-E). The number and duration of these periods are varied according o
specific needs, but present convention is represented by the breakdown of the chart in Figure
2.4. Analysis of the DST allows many reservoir characteristics to be determined (i.¢. rescr\f:)ar
pressure, permeability, well bore damage, depletion, radius of invczstigation and in some cases
the presence of barriers to flow), Johnston (1964). Appendin 2A. contains a set of schematic
DST charts that may be used as a guide for determining the quality of a DST. and hence its
usefulness for reservoir calculations.

2.1.2 Caiculating Pipax By The Horner Method

- Stabilized reservoir pressure (Ppax) can be-calculated from the éhut-in pressure
build-up curve of a DST by constructing a Horner plot. The mathematical background and
procedure are discussed in detail by Horner(1951). A brief description of the Horner plot
construction procedure is presented below —

The Horner method is based on the solution of the build-up equgtion or the zero flow

equation,

P.-P; = 2121%53 log (1AL (2.11)

where P, is the gre_ssure at the drainage radius, Py the formation pressure during build-up at
the well after an elapsed time (at) cogrited from the beginning of the shut-in period, b is the

thickness of the producing interval, k. the effective permeability to the produced fluid. t. the
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total time of production at a rate Q and B the formation volume factor (which accounts for
the change in the volume of a given mass of fluid between formation conditions and
atmospheric conditions). When at approaches infinity (=), (tc +at)/at approaches unity and
P,=P;. A straight line fitted through a Py vs. log (1. +at)/at plot represents the stabilized
pressure-build-up and has a slope Pv; (of 2121 QuB/k.b). The intercept of the stabilized
pressure -build-up line with (t.+at)/at=1, represents Pm,y. also referred to as the
extrapolated pressure or the static formation pressure. These are only an approximation of the *
formation pressure at the time the DST is conducted. Therefore, when Py, 15 calculated
from a DST. it does not necessarilv indicate the "virgin formation pressure”, which is the
original undisturbed (i.e. unaffected by production or injection ogluids) pressure of the
formation. In some cases (such as very small reservon-rs). production of reservoir fluids dunng
the flow period of a DST will deplete reservoir pressure, therefore, the extrapolated
shut-in-pressure will be less than the virgin reservoir pressure. An example of a DST
description, incremental pressure build -up éurve and a Horner plot for the WESTCOAST
TABERS 15-36-8-18W4M well, which recovered water from the top-of the Bow Island
Formation, is provided in Appendix 2B.1.

In cases where gas is the fluid recovered. during a drill stem test, a slightly different
format is used in the Horner analysis, which plots (t¢+At)(At vs. {Pfi/10%). The extrapolated
pressure is ‘detcrmined by plotting a straight line through the stabilized pressure curve and
reading Pr=(Py10¢)* at (tc+at)/at=1, which is the static reservoir pressure (Pr,x). An
example of a DST description, incremental pressure build-up and a Horner plot f ot the
GNOC CIGOL TABERS 6-15-8-1TW4M well, which recovered gas from the Bow Island
Formation is given in Appendix 2B.2.

Once the formation pressure at the zone of in}erest has been calculated it may be
substituted back into Eq. (2.10) and converted into hydraulic head. The calculated hydraulic
head value, however, éan be affected by externalstresses such as reservoir production or i
injection. These factors must be taken into account when cohstructing a potentiometric

surface map, which should be based on-virgin (original) formation pressures whenever



possible.

2.1.3 Permeability Calculations From Drill Stem Tests
The shut-in pressure build-up equation [Eq. (2.11)] allows the calculation of the
effective permeability of the zone being tested, if the constants in the equation are known.

Assuming that Eg. 2.11 is linear, Horner (1951), the slope of the line { M) is -

. SN § ; y.!_;.:._.‘_\_[__-u»‘“.g_ﬁ_ﬁ
M = (PoPr) o (S = M 2

t 2
J—
rJ
—

The value of M 15 obtained from the straight line poruon of the Horner plot, as aP; log cvele.
Reorganizing Eq. 2.12 vields the effecuive permeability (ko) of the tested intervalin

millidarcy’'s (md) :

For wetlls that produce gas the permeability equation takes the form :

(- 1991 QuTZ (2.14)

where Z equals the gas deviation factor (from the perfect gas law), T the temperature in

degrees Keltvin ('K ="C+273) and M the build up constant (slope) for gas, which is equal to

+

(Po* - Pri/log (S——L%)) (2.15)
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! MOSt of the permeablhty calculauons used in this study were determined using the

method Appendxx 2B.1 and ZB 2 contains a list of the calculated- permeabllmes for the

15‘”\36 8 18W4M and 6-15-8- 17W4M vgalls which produced water and gas respectively.

2.1.4 Equations of Groundwate’r‘;’Flow
. \

' When’wl_)arcy's Law is coupled with the equation of continuity, which describes the
cogservation of fluid mass during flow through a porous medium, z; partial dif ferential
equation describing groundwater flow results. o |

If a umt volume of saturated porous medxum (e}emental control volume) is
consxdered the law of mass co;xservauon for steady-state flow requxres that the rate of fluid
‘mass flow into the elemental control volume must be equal to the rate of flow out of that

volumg. The concept is illustrated in Figure 2.5 and is described mathematically b» the

‘equation of contingity.' ' o - -

.
) o K
N

el

The quanu'ty oV has‘me dimension of mass rate of flow across a unit cross-sectional area of
.the elemental control volume. For iﬁcorripressibie fluids;, p(x.y.z) is 'constqm andvthe‘vp's can
be rcmoved from Eq. ‘(2 16) Even if the fluid is compressible that is p(x,y,z) is not
cc;nstant the terms of the form pdvy/dx >> vy - apx/a (which arxse when Eq. (2.16) is

expanded usmg the’ cham rule), because: the change in fluid velocity is much greater than Lhe

change in «I’luid density due to flow. Therefore, Eq. 2.16 cgn be simplified to :

4
‘,___av _BQV_QZ_ , ) .
o=-Fe-Se-s @17

A

el
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'Reéalling\Dar‘cy's Law [Eq. (2.2)], which iﬁe‘i?}.id for flow in any direction, and substituting

for vy, vy and v, into Eq. (2.17) yields théi'éq‘iiagion of steady state flow through an

anisotropic saturated porous medium :

a dh 0 dh
By ) + 3 (K —=-)

For a homogeneous, isotropic medium K(x . -) is constant and Kx=Ky=Kz, so that Eq.

(2.18) can be reduced to the Laplace Equation :

3'h + 3th 3
3x? ayr T o

(2.19)

The solution .of Equations (2.18 and 2.19) is a function of h(x;y'_z), which describes the

‘ ,hydréulic head (h) 4t any point in a three-dimensional flow field.
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3. THE LENS ASSOCIATED POT‘ENTIAL ANOMALY

A highly permeable rock body of lxmned areal extent (or lens), enclosed in a less
permeable matrix tends to distort the fluid-flow and fluid: potenual fields. The prmc1ple is
based on the physics of groundwater flow, similar cases having been discussed for heat flow
through composite media (Carslaw and Jager, 1959) and dist‘or\lion of the earth's magnetic
‘ 'fi 3 pomenual field by rocks of varymg magnetic properties (Vacquier et al, 1954). The apphcanon
of these principles for fluid- ﬂow through an ellipsoid of greater permeabiliiy than the )
surrounding matrix was first considered and solved analytically by Téth (1962). The
phenomenon was later found to occur in the Tertiary Paskapoo Formatibn during
groundwater resource investigations near Olds. Alberta (Téth, 1966). Freeze (1969a). and
Freeze and Witherspoon (1967) conducted numerical mathematical simulations for a variety
of hvdrogeologic situations, including the effect of permeable lenses, and confirmed Téth's
conclusions. ‘
‘ In the literature, consideration given to the effects of permeable bodies on the ﬂuid
potential distribution has, however, been relatively limited in scope. Originally, it was
.. intended that by simulating potentiometric distortions created by varying hydraulic
pa;ameters. a working guide would be established for the interpretation of field data. Through
this investigation several relationships between the simulatedbparameters were oﬁerVed. these
are discussed m the following sections. The approach used for the mvesuganon is outlined in
Figure 1.1. The analytical (or exact) soluuon is considered first, and is compared to the
numerical \(approxxmate) solution . The numerical_method is then used to consider more

complex cases that are difficult to treat by analytical mathematics.

18 . .: T
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3.1 ANALYTICAL SOLUTION-Governing Equation
Toth (1962; p.4384) incorporated th_e solution derived by Carslaw and Jager ‘( 1959, .
~ p.427) for heat flow in a medium of permeability (k) sﬁ;;ounding an ellipsoid of permeability

(k') (Figure 3.1), where the potentials inside;(%,) and outside (®,) the ellipsoid are described

by: ’
o = x(30/3%) . _y(d%/3y) . _u(@d/) i
L= T3A(e D) T+Bg(e-l) ~ TxCole-) QD
and
. X ‘ . x (34/03x
do= x(2&/0x) + y(3b/3y) + udd/e1) - L B%(‘f(_ 4 x)
(e - DBy y (3¥/3y) _ (e -1)Cyp1(3¢/32) (3.2)
T+ Bole - 1) T+ Cole - 1) .

The uniform potential field () of Figure 3.1, is distorted by the presence of an
ellipsoid of contrasting permeability e =k'/k. Ay, 4B)\ and Cy are integrals describing an
oblate spheroid, which upon solution for b=c < a (where a is the major axis and b and ¢ are

‘the minor axes of the ellipsoid). is expressed by :

AN = (gl - e) (3.3)

and
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Y .pl ' . ' o .
BA = Ck = lzec! “ ( | .eel.l«, " %- ln ll.f’ee ) ) (34)
where
1, i .
¢ = (Z00) | (3.5)

-

Ao, B, and C, equal Ax, Bx and Cy for A=0 (at the boundary of the ellipse. where A is the
distance from the endpoint of the ellipse in the downstream or upstream direction), e’
describes the eccentricity of the confocal ellipse through the external points considered and

e'=e when A=0, which represents the eccentricity of the permeable (generating) ellipse.

3..1.1 S_olﬁtion and Interpretation

Equatlions 3.1 to 3.5 describe flow Lhrdﬁgh a lens in a three-dimensional flow-field.
Téth's (1962) analytical solution is based on a vertical cross-section through the domain in
the x-z plane, where the hydraulfc gradiem'atb/ax:O.OZJand e=1, 10, 100, and 1000 for
ellipses of varying eccentricity (e), (seLe'E'quation 3.5).

In I.-‘igure 3.1 equipotential distributions are givenlfor ¢ =1 (homogeneous), ¢=10,
- and «=1000 for an ellipse of e=.99 or a length to width ratio of 10:1 (a=500, b=350). In the
homogeneous case (¢=1) the potential drop over the distance a, is 3m(10f1). As € is
increased to 10, and 1000 the potential drop decreases to '2.6m(8.4f1) and 0.15m(0.5ft) _.
respectively. This results iﬁ increased hydraulic gradients and anomalously low potentials at
the upstream end of the ellipse and anomalously hiéh potentials at its downstream end. The
permeability contrast is the major factor which controls the potential distortion for ellipse’s
with eccentricities (e) < 0.86 (L:W:Z:i). see Figure 3.2, However, for highly eccentric

ellipses (e approaching unity) the distortion is considerably reduced at all € values, causing
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Figure 3.1 Calculated potential distribution around an ellipsoid of permeability k' placed in an

infinite homogeneous mediurh of permeability k (adapted from Téth, 1962).
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1962).
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the a® vs. e curve (Figure 1.2) to become asymptotic to the a® axis. Furthermore, solutions
of eq‘uations 3.1 and 3.2 suggest that the magnitude of the distortion is directly related to.the
hvdraulic gradient, eg. the magnitude of the anomaly for ¢ =1000 and e=0.6is 3m(10') when
a¢/ax=0.02.‘1.5.m(5') for 04/3x=0.01 and 0.75m(2.5") for 3$/9x=0.005.
3.2 DESCRIPTIVE NOMENCLATURE OF POTENTIAL ANOMALIES

| This section is designed to serve as a guide to the nomenclature introduced in the
present study and to develép the concept of potential anomalies. It will be shown how a given
anomaly mav be quantfied and normalized for the purpose of comparnison with anomahes

created by other geologic-hvdraulic situauons.

3.2.1 Anomaly
The potential anomaly (a®) is defined as:
ad = &, - b _ (3.6)
where &, is the distorted potential at some point in the flow rcgidn and % 15 the

corresponding undistorted potential for a homogeneous case (Figure 3.3).

3.2.2 Anomaly Threshold

Toth's analytica! solutions (Figure 3.2) for lenses of varving geometry showed that
beyond a certain confrast in permeability between the lens and matrix, here termed e, (the
threshold permeability contrast), there is effectively no drop in potential between the
upstream and downstream extremities of the lens. An increase in the permeability contrast
beyond ¢, does not increase the magnitude of the anomaly, the anomaly having effectively

reached an upper limit (threshold), given by :

_Lixy.a2) 3% L

s®er 7 ) 2 kv

(3.7
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The threshold anomaly (a®e,), illustrated in Figure 3.3, is determined by calculating
+ the undistorted potential gradient component 3%/3(x,y.z) occurring across the length

’ :
L(x.,y.z). or a, of the permeable body and solving Equation 3.7.

3.2.3 Relative Anomaly

To facilitate the comparison of perrﬂ‘eable bodies with differing geometric
configurations and hydraulic parameters, a normalized anomaly scale is required. In this way
the effect of differing geometries of permeable bodies and their ability to distort [luid-{low

and fluid-potential fields may be compared. The relative anomaly (a¢.) is defined as:

_- A¢ :l~ - ~ o
A¢r-—# (Jb)

where a$ ¢ is always calculated at the upstream or downstream extremity of the permeable
body (Figure 3.3). a®; equals unity when a® /- i1s equal to a®e,, i.e. when the threshold
anomaly occurs. The value of a$, is independent of areal scale, as well as direction or
magnitude of the hydraulic gradient. _
3.2.4 Glossary Of Variables

A
A listing of the variables used in this study are given in Appendix 3A.

3.3 NUMERICAL SOLUTION-The Finite Difference Method

Since the advent of digital computers, various techniques have been developed 10 solve
partial differential equations, which have since been applied to the groundwater flow
equations. Basic solufion and application techniques of the Finite-Difference Method and the
Finite- Element Method may be found in Wang and Anderson, 1982, and the

Boundary -Integral Method in Ligget and Liu, 1983. The numerical simulations conducted in
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2 ‘ v
Figure 3.3 llustration of the concepts of anomaly (a®) ., threshold anomaly (s®¢;) and
relative anomaly (a®;). &, is the distorted hydraulic head at at P, and ¢ is the original
undistorted head. L is the length of the lens parallel to flow and < is the distance from the
endpoint of the lens to P, at which a® is calculated. a%; is calcul;'iled at (¢=0) eg. at P, and

is equal to unity at a permeability contrast between lens and matrix of greater than ¢,
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this stﬁdy use a finite-difference 'codé cieveloped by the United States Geological Survey
(McDonald and Harbugh, 1983) called "A Modular Three-bimensionaz\fi‘niwDif ference
Groundwater Flow Model" (GWFM). The reader is referred to the UserS'Manual referenced
above for details on code implementation. : ) .
‘Thejba‘sic' premise of the finite-difference rﬁé(hod is.to replace thé continuous system
descn"bed by Equation 2.18 by a finite set of discrete points in s;ﬁacg and tigﬁé’, ‘where the
. partial derivatives are replaced by differences bejween f_x“‘mctional values at these points. The
process yields a system of simultaneous linear algebraic functions whose solution. gives values
for the hydraulic head at specif ic points ’_and time. Thsse values are an approx_imaiio-n of the
hydraulic head distribytion [i;.él would bé obtained by an analyt'ical solution of the partial
differential equation of flow.
A simplif‘y_i_ng step taken during the numerical simulations as well as during the
analytic;al. is the implement'atipn of the steady-state condition, which remeoves the time
varying aspects of the hydrautic head distribution. Under steady-state conditions, the mass of ‘
. fluid-entering the system is equal to that leavinvg the system eg. there is no sxorage.‘or release

of fluid by.the system. This will cause the calculated head distortion around a permeabie lens
.- . ' : - . E . - A

to be symmetrically distributed about its upstream and downstream ends.
! :

3.3.1 Imy}léﬁxgﬁtation of Thé USGS Groundwater Flov? Model

| The following is a brief account of the operé{ion of the mbdel. with sample input and
outpu‘t files that have been appendéd to the text. The flow chart in Figure 3.4 shows the code
modules used in the simulations and the method‘qf processing..

The Basic Package handles tasks wilich are part of the model as a whole. Among these

tasks are :'specif ication of boundaries, determination of time step lengthsﬂ(f or fransient
‘ simul’atio.n's) and estaﬁlishment of initial conditions. The priﬁting of results is handled by the
Output Control Package which is attached to the Basic Package. A listing o\f Basic Packége
Input isv given in Appendix 3B.1 for the m.odel"sflown in Figure 3.5. The Blbck Centered Elow

. O ) ;
“Package calculates terms of the finite-difference equations representing flow within the -
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porous medmm specifically, flow from cell to cell and flow mto “storage (for transient

mmulatnons) Grid dlanSIOﬂS type of sxmulauon (steady-state tran/sxem confined or
unconf ined) and transmxssnvu\ dlsmbunon are specxf ied in this package (seé Ampendn 3B.2 2

for a listing of the input record). The Stress Package whxch can be used for specifyi ing

Al
recharge or discharge (and their mode of occurrence) in the flow syvstem, is not used in thns ’

¥
study.

“ L

The Sotver Package is called by the méin program when the input data have been

pfocessed and the finite-difference equations formulated. The user has the option of using
one of two solution technique.s. a) the Strongly Implicit Procedure (SIP) o; b) the
Slice-Successive Overrelaxation (SSOR) method, both of which use an iterative solution
technique. Since the obtained solution is onlyan )approximation. the Solver Package iﬁpul

+

must define the tolerance level or accuracy to which the solution isQ required to converge. In

7

most cases this level was set at : X
Tolerance = | HNEW - HOLD | = 0.01 ET R
HOLD represents the head distribution at the beginning of an igeration' a;ld HNEW Tepresents
the head distribution at ithe end of an iteration at any given node point.
A sample lens problem is 1llustra[ed in Figure 3.5 indicating the manner in which a

given domam is dxscreuzed to obtain the appropriate input data.

vy

< 3.3.2 Output Processing

The University of Alberta's ce 2" program was used to plot the results obtained

from the numerical simulations:
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Figure 3.5 Discretized model an ellipsoid used for the numerical simulaton of flow. Flow
occurs normal to constant head boundaries and parallel to no flow boundaries. Node points '
are the locations at which solutions for hydraulic head are obtained. The mesh dimension is 24

columns by 22 rows.
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3.4 COMPARISON OF NUMERICAL AND ANALY’I’ICAL SOLUTIONS
When conductiné numerical simulations, various simplifying assumptions are made to
reduce the problem sii&and hence the calculation time. Themaslsumptions used in £his study
are: | ‘
1. Distortion of the fluid-potential field is negligible at distances greater than the length
parallel to flow, of the dis'tortin'g Body. Reflection from cpnstant head boﬁnda;ies should
 therefore be insignificant. |
2. The permeable ellipse (described mathematically’) used in Ehe analytical solution may be
sufficiently ap_proxim“aled by lﬁe finite-difference mesh.
A typical finite-difference mesh used for the numerical simulations is given in Figure, 3.5. The
mesh size was adjusted (enlarged) to maintain a minimum distance of ll.S L between the.lc;ns
extremities and constant head boundaries. Figﬁre 1.6 illustrates the discretization of the
various ellipses modelled using the finite-difference grid.
The énalytical solution produced a family of bu'rves which relate the*‘degree of

isopotential distortion (s#,), the permeability contrast (€) and the eccentricity of an ellipse (e

O L:W). The families of curves produced by the numerical and analytical solution methods s

given in Figures 3.7 and 3.8 respectively. The resdits are also tabulated in Table 3.1

‘For eltipses of L: W=5:4 (almost circular) the numerical and analytical solutions are

. in close agreement (Table 3.1). Hoﬂwevér, as the L':W ratio is increased beyond 2:1a

systematic deamire between the analytically and numerically calculated solutions occurs. The
anaﬁytical method represents an exact solution of the problem whereas the numerical method
represents an approximétion of the exact solution. One possible explanation of the departure

that was investigated is the representation of highly eccentric ellipses with rectangles, Figure

‘3.6 (ie., an eIlipsé of a:b=5:1 was discretized by a 10:2 node rectangle), which does not

adequatély define the converging ends of the ellipse. lncréasing the number of nodes in the
finite-difference grid (thereby producing a finer mesjf) to 45 by 35 nodes (the original grid
had 28 by 22 nodes), and discretizing an ellipse of 4:b=5:1 by a 15:3 node array, allows a

better representation of the ellipse's.converging boundary. When flow is simulated using the

¥
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[ ; .
above grid at a permeability contrast of e =10, the numerical (NM) solution converges ffom

-
an original value NMa®, =0.59 to a new NMa®;=0.50. As the grid is further ‘extended to 65 ~
b.y 35 nbdes. and the ellipse ié discretizéd with a 25 by 5 node array, NMa®, attains a valué of
0.45. A 105 by 35 node grid and 35 by 7 node ellipse produced an NMA@r value of 0.43. By
increasing the mesh size it"appears that the numerical solution for an eccentric ellipse may
converge with ihe anélytical solution for that ellipse of ANA¢r=0T33. However, a decrease in
the convergence rate with the last and largest mesh used,"suggeSLS a vér,\' large grid would be
required to obtain salisfactsr_v results. | |

The :nalyses conducted above suggests that it is not possible to describe flow through
an ellipse adequately by psing a rectangle to represent that ellipse. Examination of the
analvtical solution f.clﬁr flow through a rectangle indicates that the integrals describing the
boundaries of an ellipse are of considerably different form than those describing a rectangle

: e
(pers. comm. G.D. Swaters, Dept. of Mathematics, U. of Alberta). The parallel boundaries

. ° .

of a rectangle alilow flow lines‘ to enter and leave only at its ypstream and downstream ends..
An ellipse, on thé other hand, has flowv lines diverging from it at the poin’t where .i'ts
boun_daries'begin o éonverge, hence it is a less efficient conductor than the rectangle. The
énalyticalhsolutiéﬁrg of flow through a rectangle however, is considerably more complex than
through an ellivpse and requires the construction of a complex computer code for its solution.
In essence, thc analytical and numerical solutions are only '.comparable'for non-eccentric
ellipsés that are relatively easy to represent by numerical methods. This fact however, does
not reduce the utility of the numerical method for further modelling; provided on:e&realizes
that the solutions areacase spéc‘ific and generalizations must be made with caution.
3.5 NUMERICAL SIMULATIONS

- The pattéms of lithologic variation and the resulting hydraulic heterogeneities *
associated with lenticular strata are usually complex. Impprlém limiting cases of lens

associated fluid potential distortions can be investigated by observing the effects of varying

lens geometries, anisotropic media and multiple lens configurations. It is hoped that these.

;
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Table 3.1 Comparison of relative anomalies calculated analytically (ANa%;) and numerically

numerically (NMa#;) for ellipses approximated by rectangles.

..'_wm‘»

5:1 L:W = 10:1

L:W =5:4 L:W = 2:1 L:W =
- ANa® | NMad, | AN;d>r NMo®. | ANa® | NMad ANad | NMsd
3 66 | 58 | .49 38 | “0 | .26 | o004 | 6
10 89 | .87 | .8 Jo | .3 | 59| .6 | .45
100 | .99 | .98 | .98 | .97 éé“ 94 | .66 | .90
1000 | 1.0 | 0.9 | .99 | .99 | .98 | .99 | .95 | ".98 |
. | L
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investigations will provide a useful framework to guide the interpretation of ield daa.

3.5.1 Effects Of Varying PermeabilityContrast And Geometry On The Anomaly
“‘The variation of the relative ano.maly (a®,), due to a changing permeability contrast is

an exponential relationship defined by the Family of curves given in Figure‘B..7. tabulated
values for which are given in Table 3.2. A lens with L:W approaching unity is able to distort
the fluid potential field to a greater extent than a lens with L: W approaching («). This is
clearly shown, in that a ¥alue of a®,=0.5 is attained by an ¢ value of 3‘.4 for a lens\of
L:W=5:4, but requires an e value of 18 for a lens of L:W=15:1 (Table 3.3). In this ‘
."I;espec't. the geometry being proportional to the area of th’e permeable body, is also
exponentially related to the relative anomaly developed. Contoured potentiometric su_rface and
anomaly (a®) maps for lenses of length to width ratios of 2:1 and 3:1 at e values of 100 are
given in Figure 3.9. Appendix 3C contains similar maps for L:W = 1:1 and 10:1.

Inspection of Table 3.3 suggests that even the least favourable geometry of lens
(L:W=15:15 can cause large potentiometric distortions at relatively low contrasts in
perme;bilit'y (1-2 ordgrs of magnitude.) with its sarroundings. A typical sandstone petroleum
reservoir will have a permeability of 100md or greater, Whereas thé surrouﬁding argillaéeous‘
rocks may have permeabilities'of 0.1md to 1.0uxd, (Brace, 19809. In principle, therefore, the
development of Ap\)temiometric anomﬁlies due to the presence of relatively permeabl;ez—c—k
bodies should be a common occurrence in the field. .

| %
3.5.2 ‘Areal Extent Of Anomalies .

'fhe previous section showed that variation of a lenses geometry and permeability
contrast to its surrounding matri){ systematically af fécled the relalivg agpmaly produced. A -
natural extension to this line of investigation is to determine the arZ‘;]“eXLem of anomalies
(i.e. how far away from the endpoints of the lens does the anomaly persist). These results are

expressed as the attenuation of the anomaly f rom-the downstream or upstream extremities of

the lens. . .

s
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Table 3.2 Calculated relative anomalies (a%;) for lenses of var§'ing L:W, hydraulic

conductivity contrast e, and potential gradients.

A%, CALCULATED NUMERICALLY FOR RECTANGULAR LENSES

L:W = 5:4 L:W = 2:1 L:W=5:1 | L:W=10:] L:W =15:
€ - ™
3500112220 0212220 0112220 0212220 0112800 0p 12820 o722 T
a—x—om 2220.02|22=0.01 2e0-02 5 0.01(8%0.02 |2 ‘o.m ~2-0.02 50,02
3 | - .58 - .| .38 - 24 ; 16 10
5 - - .64 63 .38 .39 .26 .28 -
10 .86 .87 .81 79 .59 | .59 .44 .46 - .36
30 - .95 - .90 - 82 | - .73 -
100 ] .97 .98 .98 | .97 .94 .94 .90 .90 .86
10000 .99 | .99 99 | .99 .99 99 | .98 .98 .97




"Table 3.3 Approximate conductivity contrast ( ¢) required for a rectangular lens of varying

L:W to attain a®, levels of 0.25, 0.5, 0.75 and 0.9.

//

e @L:W RATIOS OF:

ad
5:4 ‘2:1 5:1 10:1] 15:1

25 0.8 1.2 (30| 4l 7.
5 3404275 12 18

.75 5 | 10| 201 35| 50

9 |13 | 30| 60 | 100 | 160
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Figure 3.10 shows the a.ttenuation of ad parallel to flow of for hydraulic gradiedts of
3d/dx=0.01 and 0.02, as well as the attenuation normal to flow (for 3$/3x=0.02), through
a lens of L:W=1:1. The attenuation is the fraction of the Qnomaly a$ remaining at some
distance £/L relative to a® at £/L=0, where L is the total length of the lens parallel to flow
and < is the map distance to the point of measurement of a®, (see Figures 3.3 for
itlustration). A signifi\cam effect of lens associated anomalies is that the anomaly (a®) attains
a maximum magnitude at an approximate distance of </L=0.1-0.15 for bodies of L:W = 1:1,
and that both the magnitude and distance are reduced with elongation of the body (Figure
©330).

V The areal extent of anomalies'appears 10 be sensitive to lens geometry (relative area)
and flow direction (i.e., attenuation is faster normal to flow than parallel to flow) (Figure
3.10). An anomaly created by a square body is more than three times greater in areal extent
than that created by a long rod like lens eg. the anomaly attenuates to 50% at a distance of

£/L=0.8 for for a square body versus /L =0.24 for a highly elongate body (L:W= 10:1).

3.5.3 Effect of Varying Flow Directions On Anomalies
The numerical simulations in the previous sections maintained the potential gradient

pa;'allel to the long axis of ‘the perméable-body. However, if the potential gradient is at an
oblique angle to the long axis orientation, a reduction of the anomaly occurs. The condition is
due to a reduction in L (length parallel to flow) as the lens is rotated through 90" (Figure
3.11). A series of simulations for L:W=2:1 and 5:1 at 45’ and 90" are used to illustrate the
effect of rotation, for which contoured potentiometric and anomaly maps are presented’in
Appendix 3C.

" Flow occuring obliquely to the long axis of a permeable body (which would probably
represent [ilc most realistic field cases, since parallel and normal flow directions are special
conditions) causes an apparent offset or agymmetry of the equipotential distribution; reaching

a maximum when flow is at 45" to the long axis.

—
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3.5.4 Effect Of Vertical Anisotropy ~

To determine the effect of vértical anisotropy on the areal extent and magnitude of
lens associated anomalies, a seties of simulations were conducted for a lens of L:W=2:1, ¢
value of 100 and potential gradient of 0.02 using vertical anisotropy factors of 2. § and 10 (ky
> K,). The results are presenled as contoured potentiometric surfaces and corresponding

anomaly maps in Figure 3.12 and 3.13.

-

Vertical anisotropy, of the type which may be expected 10 occur in a lavered sequence
of sedimentary rocks does not effect the anomaly magnitude, as shown by the constant
magnitudes(a®) occuring in the isotropic and highly anisotropic cases (Figur.e 3.12b versus
3.13d). Vertical anisotropy does, however, affect the shapes of the distortions and their areal
extents. In Figure 3.12a,b (isotropic case. ky = Ky) the eduipotemials are oriented
svmmeltrically about the lens with the anomaly.comours assumingyan el'liptical shape. the
major axes of which are normal to flow. As the vertical anisotropy is increased, a systemalic
elongation of the equipotentials and the anomaly contours occurs parallel to flow. Thebeffecl
suggests that potentiometric anomalies in normally (layered, argillaceous) anisotropic
sedimentary rocks would tend to be bounded stratigraphically, and therefore, have limited
vertical extent. However, further work is required with 3-D simulators to substantiate this

hypothesis and determine its limitations.

3.5.5 Multiple Lens Configurations

Most lenticular geologic strata will not contain just one isolated lens, but rather be
composed of diverse arrays of lenses whose specific positions and sizes will be dependent on
depositional process. The combination of lenses, their sizes, relative permeabilities and
positions are infinite. However, simulations of relatively simple cases may be of aid in the
interpretation of the more complex field situations.

As an example, a lens of L: W=10:1 (k'>>k). within a uniform potential field has

negative and positive anomalies of equal magnitude svmmetrically disposed about its upstream

and downstream eads. If this lens is split into two individual bodies, each of L:W=5:1,

1
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continuity of flow would be broken; causing the positive anomaly of the upstream body to be
jhxtaposcd onto the negative anomaly of its downstream counterpart (Figure 3.14a,b). The
resulting inlcrfercncc causes an increase of the potential gradient and a decrease in the
anomaly between the two bodies (the interfered location) with a corresponding increase
(shift) of the anomaly at their exterior upstream and downstream (uninterfered) locations.

The degree of interference is expressed by the ‘anomaly shift,’ defined as a®, ,

Ad

_ , i ;
W = TSy Us (W% 39

where, a$. and a¢. equal the anomaly at the upstream and downstream ends of the lens
respectively. As the separation between the bodies is increased to a large distancci, the
interference effect is reduced to the point where they behave as individual entities, The
attenuation of the anomaly shift as the lens separation is increased parallel to flow is given in
Figure 3.15a, and in Figure 3.15b for separation normal to flow.

For cases where adjacent lenses are not of the same length (L) the interference
pattern developed tends to be asymmetrical. To investigate this effect, further simulations'
were conducted for two adjacent lenses of L:W=3;1 and 521 at a separation of,

o]
Tty = M
The resulting interference pattern is shown in Figures 3.14c, and 3.14d. An anomaly shiftof =~ __
45% occurred in the smaller downstream lens L; whereas the larger upstream lens Ly only
-
.underwent an anomaly shift of 14%. The asymmetry is ;ue to the difference in the
uninterfered anomaly magnitudes created by each lens (ie. a®,>a%;). These impart an
anomaly shift to the adjacent lens corresponding to their individual anomaly magnitudes.

A series o@:lalions were conducted by varving the overlap and vertical separation

between lenses, the co ;mpbnding potentiometric surface maps and anomaly maps for some of

these are given in Appendix 3C. The simulations indicate that the anomaly shift due to the
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interference effect is reduced in proportion to the amount of overlap. These simulations aiso

serve as a practical guide for the interpretation of field data.

3.6 THE LENS AS A FOCAL AND TRAPPING MECHANISM FOR HYDROCARBONS
Due to the convergence of flow paths at the upstream end of a highly permeable

lenticular body (Figure 3.1) an effective focal mechanism for fluid-flow is created by the

lens. The cross-sectional area through which a given volume of fluid mixture moves 1s greater

outside than inside the lens, and is a direct result of the focusing effect.

The specific mechanism(s) @sible for the movement of hvdrocarbons {rom the

poorly permeable source rock (primaty

L

idely debated issue (Roberts and Cordell, 1980).
vy

Mgigraton) to the relauvely permeable reservorr rock
{where secondary migration occu
The only clear thing about primary ‘ in is that 1t must occur (as evidenced by the
ab{mdance of petroleum reservoirs). A recent review of the mechanism(s) that may control
primary migration is given in North, 1985. Discussion of the primary migration processes is
beyond the scope of this study, and it must suffice to say that the majority of the hypothesis
forwarded to date favour transport of hydrocarbons within formation water as molecular,
micellar or gas charged solutions. Migration along micro-fractures or kerogen networks in the
source rock have also been suggested.

According to the Hydraulic Theory of Petroleum Migration {To6th 1980) the principal
agent responsible for the transport and accumulation of hydrocarbons is gravity -_induccd
cross-formational flow. However, gravity induced fluid-flow patterns may be modified by the
presence of force fields due to deformation of the rock framewc:«. I’ the moving formation
water is hydrocarbon bearing, when it impinges upon the matrix (poor permeability) -
reservoir (good permeability) boundary, the impelling force and capillary pressure acling upon
an elemental volume of hydrocarbon in a water wet environment, favour its entrance into the
coarse grained, permeable reservoir (Figure 3.16), Hubbert, 1953, T6th, 1970, North, 1985.

The fact that hydrocarbons can be recovered from a reservoir, means that they can move

within it, therefore secondary migration must occur. The exact mechanism of secondary



migration, wether.q es a separate phase, in solution or as minure globul’es is”not of little
concern. However, there are several mechanisms l’favoiJring the retentfo_n of hydrocarbons
within the resezvoir and transmission of water thrbugh it. Exéolution of gaseous Eydrocarbons' .
may be promoted by a decrease in formation pressure or-an increase in Lhelr parual saturauon
pressure. Simple mechanical fxltranon of 1arger hydrocarbons (oil) will occur at the

sand/shale mterface favourmg their retention, Most importantly, capxllary pressures oppose

the transmxssnon of hydrocarbons through the sand/shale interface, and the impelling force

acting on a mass.of water will be greater Lhan that acting on a mass of oil. hereb\ favourm\

o

the retention of oil and transmission of water {(Figure 3.16). Structural diz of .7e upper
. . L 4

@

confining layer and divergence of the impelling forces acting on the different'ﬂ‘didphases wil]
' control the location and comacr relaridnship between thehyd‘rocarbor'r dccumularion and the
water saturated portion of the reservoir. In summary, the disc.ominu‘ous 1edri‘cma: Teservoir s
" a natural hydrocarbon trap. - | L

The concept of the hydrocarbon trap’ has changed during the hxstor) of petroleum -

exploration and producuon The nouon of a stanc impermeable seal is glvmg way to more
enlightened and sophisticated models. Roberts (1980, p.218) states some of the £ uncuonal

characteristics-of a trap: | S f .
1. "4 trap is a paradox, because‘ it‘ must leak to ﬁJnc'ribn as rr"'trcrp. o ‘
2. A trbp isa forced-drcr 1, ﬂow-lhrough system. j}
3. A trap isa center of deep water discharge.

4. Atrap is an active-focal mechanism, not a passzve sealed dead end contamer

LN
’ oy

5. A zrap is a hydrocarbon. separator, in' a sense a f iter ..

T

The permeable lens is “well suited to create hvdrocarbon acwmulauom m petrohf erous

basins. Recogniz.able signatures. distinguishable r'rom potenuometrrc anornaly noise from other
\ .

sources are one of its many physical mamfesrauons The application of the lens assocrated

potential anomaly theory in the search for reservmr quality rock begdes should be viewed as a

geophysical method based upon the physical laws w.hich gove’m‘t grqundwa[er flow. S
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Figure 3.6 Ellipses of varying eccentricity solved for analytically th their subsitute geometry

for numerical simulation.
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Figure 3.7 Family of curves indicating the relative anomaly a®; produced by ellipsoidaL bodies

(discretized by a rectangular mesh) of varying properties - NUMERICAL SOLUTION. The

&) . : .
permeability contrast required to obtain a®; = 0.95 (a®; = ad/ade) is €.
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Figure 3.8 Family of curves indicating the relative anomal@[ producea by ellipsoidal bodies

~ of varying properties - ANALYTICAL SOLUTION.
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Figure 3.9 Potentiometric surface and anomaly maps for lens of L:W = 2:1 (a,b) and LW
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Figure 3.10 An@maly attenuation parallel to flow an,d rormal to flow ineasured from the
extremities of a body L:W = 1:1, (a). Anomaly attenuation parallel to flow for varying L:W
ratios. Note that the anomaly atﬁins a maximum magnitude at a distance of 4/L = 0.05-0.1
from the end of the lens. L is the length of the lens and < is the distance from thef;nd of the

lens at which the attenuation is calculated. " -
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Figure 3.11 Changes in a% due to rotation of lens with respect to flow direction.
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anisotropy, isotropic a, b ard ky=2Xk, ¢, d. Flow is from right to lef l



154

47

r——%——l.’os\/sil'—‘—‘-—.
150

p-———S1

Figure 3.13 Potentiometric surface and anomaly maps illustrating the effect of vertical

| anisotropy, kp=5Xky a, b and kp=10Xky ¢, d. Flow is from right 10 left.
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Figure 3.14 Potentiometric surface and anomaly maps due t0 interference effect of adjacent
lenses, separation £4/L=1/6 for two lenses of L:W = 5:1a, b, and for a lens of L:W =3:1

adjacent t0Q@ lens of L:W = 5:1cd.
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This figure has been omitted due to copyright restrictions on the material.
Source :
Téth, J., 1970, Relation between electric analogue patterns of groundwater flow and
accumulations of hydrocarbons: Canadian Journal of Earth Sciences, vol. 7, no. 3, pp.

988-1007.
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4. FIELD STUDIES
The objective of the field study is to apply the theory of the lens associated potentometric
anomaly to the exploration for reservoir quality rock bodies. The essential geologic-hydraulic
components that must be satisfied prior to undertaking a field program are: g
1. The stratigraphic interval of interest must contain reservoirs of a ‘lenticular’ nature, i.e.

of limited areal extent.

2

The hvdraulic gradient within the stratigraphic interval must be steep enough to develop
anomalies sufficiently large to be detected by potentiometric mapping.

3. The data density must be high enough to identifv anomalies and/or anomalous trends.

4.1 STUDY AREA

The field study area selected is between Townships 6-14 2 iiees 16-2dWdM in
southern Alberta (Figure 4.1). It lies partially within the study area treated by Toth and g
Corbet (1986), on the regional groundwater f'low systems of the area. Much of the petroleum ’ L1
exploration dnllmg has been limited to testing the Mesozoic section , within which the Lower
Cretaceous Bow Island Formation (Figure 4.2) is frequently tested for its hydrocarbon
potential. The Bow Island Formaton is well known for its 'lenticular’ sand developments

which are sporadically distributed throughout the section with numerous intervening shales.

4.2 REGIONAL BOW ISLAND FORMATION GEOLOGY v

The following section is a brief outline of the Bow Island Formations ge‘ology and is
presented as an aid to hydrodynamic interpretation. Specific sedimentologic, depositional and
stratigraphic-structural problems are not discussed in detail as they are beyond the scope of

this study.

4.2.1 Regional Structure
The study area is flanked by two major structural features (Figure 4.3). To the east is

the northward trending extension of the Sweetgrass arch, a large positive feature originating in

N
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central Montana and intruded by the Kevin-Sunburst (K-S) dome in%&pc vicinity of the
international border. At the northerly terminus of the K-S dome the éwcCtgrass arch diverges
into a series of positive fingerlike ridges plunging northward towards the Suffield saddle. :I'he
western portion of the study area is flanked by the axis of the Alberta syncline, which
underwent rapid subsidence during Upper Crigaceous through Tertiary sedimentation
(Glaister, 1959). The structural elements shown on Figure 4.3 are based on Herbaly's (1974)
contours on the top of the Devonian system, and presented on the structural contours of the
lower Cretaceous Base of Fish Scales Marker (modified from E.R.C.B. Area No.l, 1978 and
Area No.2, 1969, maps). Due to the Sweetgrass arch and K-S dome. the strike of the Base of
Fish Scales Marker changes from an east-west orientation in the south-east part of the study
area to a north-south ori4entau'on at the western edge of the studv-area, where it undergoes
homoclinal flexure into the Alberta svncline. Other major fea[urqs in the study area include, a
northwesterly trending ridge which Herbaly (1974) termed the Taber-Encham axis and deep
(down to basement) vertical to subvertical faults in the western poruon of the s[udw areap

Hayes (1982) also noted the presence of faults of various types affectmg Cre(aceaus Jurassnc

and Mississippian strata in the vicinity of the Sweetgrass arch: . .«

4.2.2 Regibnal Stratigraphy And Lithology
_ f«tr,& X
Colorado Group It is the equxvalent of the Taft Hill and Vaughn M\;mbers Qf the Bfack Leaf

i
Formation in Montana and the Vrkmg and Joli Fou Formations in #ast - entm AIberta*and

Saskatchewan (Stelck and Armstrong 1981) (Figure 4.2). The Bo Is“” ; Formauon 15'@‘ M
5,) K T =
underlain by a thick sequcnce of shales;, silts and sands of the lower ‘\C _ceous upper

Mannville Formation and overlain by the uppcr Colorado shales, Qon,mmmg mmor local sand

’43‘1‘

developments (Barons sandstone and Second \Yhue Specks sandstofie): T§S Base oﬂ Fish -

Scales Marker is ge;iera\lly agreed to be the boundary between the To afd up‘per Cr’étacgqus

(Stelck and Armstrong, 1981)
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The Bow Island sands and conglomerates are believed 1o be d;rivcd from a westerly
source and to have been deposited in a marine environment {Glaister, 1959). However,
considerable controversy cxists over the tvpe of depositional system(s) that controlled the
sedimentation process. Depositional processes proposed include turbidity currents (Beach,
1955, Roessing, 1959), tidai currents (Off, 1963, E;’ans. 1970) and storms (Simpson, 1975,
Koldjik. 1976). Types of depositional sequences proposed are barrier bars ( Tizzard and
Lerbekmo, 1975, Boething, 1977), regressive scquencc; (Gammel, 1955, DeWiel, 1956, Jones,
1961, 1962), and transgressive sequenges (Thomas, 1977).

The Bow Island Formation consists of interbedded dark gres (salt and pcppcr)
protoquartzites and argillaceous protoquartzites. The percentage of [eldspars. rock fragments
and clav matrix increases towards the western source area (Glaister, 1959). Green shales,
grev -green bentonitic shales and light grey benlbm’les containing abundant biotite and often
some zeolite mincralé'(believed to be an alteration product of volcanic ash, Glaister, 1959,
Tizzard and Lerbekmo, 1975) occur throughout the upper portions of the Bow Island
Formauon Although the bentonitic beds A Spoggad'callv develdped (due to their tcndcnc\ 10
be erodcd away when deposited in a high energx *envxronmem) they provide an excellent time
marker for the purpose of stratigraphic correlation and are easily detected by gamma-ray,
resitivity and density logs. At the top of the Bow Island Formation a chert rich pebble
conglomerate bed‘is frequently developed which represents the best reservoir facies of the

interval.

4.3 REGIONAL HYDRODYNAMICS

Toth and Corbet (1986) found the middle of the Colorado Group in the Taber area 10
be a zone of potentiometric minima, suggesting that the Bow Island Formation acts as a
hydraulic sink. The present study confirms this observation. The hydraulic cross-secLLion A-A’
(Figure 4.4) indicates that flow is into the Bow Island Formation from the overlying Milk
River Formation, and underlying lower Mannville Formation. The potentiometric surface

maps from which Figure 4.4 was.coastructed are given in Appendix 4A. Previous



.

hydrodynamic studies conducuted in the Bow Island Formatiorr and ivts. snrzi‘tigraphio.e_q’uivaleur
the Viking Formation by Berry(1960), Berry and ‘Hanshaw (1960), Hill gi-,l§61), Hitchon
(1969b), Dickey and Cox (191/). Schwartz et al (1981) have all presented data showing the
Bow Isiand Formation's pressure to be sub.-hydrostatic(subnormal) Subnounai pressures
have also been reported in the Appalachlan regxon (Russel 1972), Anadarko basm (Marousa
1973), San Juan and Arkoma basins (Dickey and Cox, 1977) and Mrchrgan basm (Chort

| 1979) Clearly the phenomenon of subhydrostallc formation pressure is not:uncommon, and a

- host of dif ferem theories have been forwarded to explam it. These have been summarized b)

’ R

Bradley (1975) and include: E

1. The chemico-osmoticeffect.,

2. Compaction and capillary pressure differentials. -

3. Temperature changes due to orogenic n'rovemems or erosion and deposition.

4. Erosion with a~resultant dilation of pore-volume. |

5. °A combination of t{ansiem, gravity inducedf,_f"low systems and por’e‘dilarion duo 10
erosional unloading.

Early istudies by Berry (1960), Berry and Han.shaw (1960). Hill et al (1961) and
"Hitchon (1969b) attributed the Bow Island- Viking underpressuring to osmotic pressure
rmbalances across semi- perrneable (shale) membranes. According to, qu (1961)

" for highly compacted shale mgmbranes having an aburgz'ance of clay minerals, _

osmotic pressures clzn reaoh ;:\) 03 KPa(12-1 3 psi) for.each 1,000 p’;rm difference

in water salinity”. | | |
Formation ivaterbsalinities in Ath;: study area (see Table 4.1) generally increase progressively
with depth, the éaly major salinity contrast occurring at the Devonian-Mississippian
boundary However smce formation pres:ures do not vary srgnﬁ' icantly across this boundary
 would appear that the marked salinity contrast fails to produce any chemico- osmcmc effect.

It seems very unlikely therefore, that the osmotic pressure imbalances play any significant role

» - in the maintainence of sub hydrostatic pressures within the Bow Island Formation.



#

)

Table 4.11 Averaged formation water salinities thyough study area. |

A\l

STRATIGRAPHIC

Upper Devonian
pp L

- AVERAGE SALINITY
INTERVA}c , TOTAL DISSOLVED SOLIDS
. o X 1000 PP
Upper Cretaceoué 4 -7
Lower Colorado 5-13
Lower Cretacébus 7 - 25
~Jugassic-Carboniferous 10"~ 30
< 100
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4.3.1 The.Erosional Rebound Theory o " |
The dila‘ion effect proposed by the Erosional fi;gound Theory is based upon the
slightly eléstic nature of consolidated sedimentary rocks. The deformation of a rock in
re;ponse to changes in the vertical component of effective stress is expressed as the modulus
of compressibility, for a sandsrone, a pressﬁre of 1 psi results in a change of 7 - 10°* pore
volumes, with shale having evén higher compressibility Fatt,1958. The removal c;f a portion of
the vertical stress (i.e. by erosion) allows an elastic expansion ;f the rock.. although the
expansibility is generally less than the compressibility (depending upon rock type and loading
history).-If the rock expansibility is greater than that of water (3-10* volumes/psi), the
“dilated porevvolum'e will not be completly taken up b_v_'éxpang‘ing walter, resulx.ing in a decrease}
of the pore-pressure, and a .pro;’ggft_ional reduction of the ﬂu‘id potential. Neuzil and Polléck
(1983) suggested that erosional umoading.couid—conceivably vield negative pore - pressire or
ténsion in thick aquitards. Wheneerosion occurs at a faster rate than fluid-flow {which is a
_response to t't'le ghanging boundary conditions), the flow system will remain transient until
adjusted to the n’&ew boundary conditions. Pore-pressure adjustment rates d_ue to erosional
modification of the landsurface were first calculated by Toth and Millar, 1983 for the Red
- Earth regiog of northern Alberta and later applied to the Taber area of southern Alberta by
Téth and Corbet, 1986. : o
A concept,}‘;alur”ﬁc;ciél of the evdlution,of groﬁ‘d;\?/ater flow _systems due To erosional
unloading in a simple basin is presented in Figure 4.5, The establ{shed steady-stéte Tlow

system at {=t. «, under tdpograiphy S, is given in Figure 4.5a. When é‘he topography is

- altered to S, at t=t, (Figure 4.5b) the aquitard dilates and an underpressured zone develops,

~causing disruption of the S, flow system. At t=t; the S, flow system has all but dissipated, —

and the aquitard acts-as 5 hydraulic sink) (Figure 4.5c). This figure represents the present day

situation of the Colorado aquitard in southern Alberta. In Figure 4.5d the flow system has \\

cciglpletely adjusted to the S, land surface and the hydraulic sink has ecjuilibrjzited, t=1lw.
Using the above concept Toth and Corbet (1986) have clz;ssif ied three distinct flow

regimes in southern Alberta, these are:

B— . ¢ 4



3

1. The Modern Land"S‘urf ace System, reaching a depth of 300m (mostly post-Col'orado

~

§trata).

to

The Erosional Rebound System.lColorado Group and upper Mannville Formation.

3. The Cypress Plains System, lower Mannville‘and subjacent strata, wh’ich‘is a relict flow ~
éystem’adjustéd to Paleocene (58Ma) to Eocene (36Ma) paleo-topography.

4.3.2 Effects Of Complex Flow Systems

The discussion presented above suggests that the regional flow systems of southern

Alberta are complex and not‘.all al seady-state. But, tpe imbortant factors to consider when

éearching for lens associated potentiometric anomalies.are the following:

1. Basinal flow systems do not develop or dissipate instantaneously due 1o the generally
small flow velocities, and should be considered over the geoldgic time scale..

2. Poténtiofneuic énomalies and hydrd’carbon accumulati'onys‘;may be _transient. but once

| developed, the introduction of alternate boundary conditions requires an adjustment time
_through which-dissiﬁating ghost or relic anomalies and h‘ydr_ocarbons accumulations will
persist. : ‘ .

3. If pblentiometric data indicate the presence of an anomaly and the hydraulic conditions

~

for hydrocarbon entrapment exist; then the steady or transient nature of the flow system

(regardless of its generative process) should not affect the utility of the lens associated

“
i)

potentiometric anomaly as an exploration tool. :

L
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This figure has been omitted due to copyright restrictions on the material.

- Source :

Téth, J., and T. Corbet, 1986, Post-Paleocene evolution of regional grounwater ﬂow-syslems
and their relation to petroleum occurr&c.es, Taber area, southern Alberta, Canada :
Bulletin of Canadian Petroleum Geology? vol.34, no.3, pp. 339-363.

Figure Number : 24

Page Number : 357



This figure has been omitted due to copyright restrictions on the material.
’

Source :

Téth, 1., and T. Corbet, 1986, Post -Paleocene evoiution of regional grounwater f lowfsystegfns
and their-relation to petroleum occurrences, Taber area, southern Alberta, Canada :

.3%

Bulletin of Canadian Petroleum Geology, vol.34, no.3, pp. 339-363.

Figure Number : 22
Page Number : 356
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Figure 4.5 Conceptual evolution of hydraulic head distribution in simple basin at times :
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4.4 POTENTIOMETRIC SURFACE MAPPING

The regional potentiometric surface map was constructed using all available drill stem
tests (up to 1983) conduc‘twed; within the Bow Island Formation in the study area&The
processed data were obtained from the Canadian Institute of Formation Evaluation (Calgary,
Alberta) who provided extrapolalgd shut-in pressures (see section 2.2.2), type of fluid(s)
recovered, DST quality .‘ pressure-recorder and Kelly Bushing elevations. These'data were then
standardized using the following procedure : |
1. Only A.B, and C quality tests (see Appendix 4b.1 for quality criterion) were used which

reduced the data set from 759 to 376 tests.

[ ]

To reduce the effect of an’v vertical hvdraulic gradient, only those DST's at or near the
top of the Bow Island Formation were\used reducmg the data Se[ from 376 10 237 tests.
3. For multiple tests-in the same hor)zgn hmﬁe\hﬁad/values were averaged.

4. Equation 2.10 was used to calaglate hydrau/lx\c~ Héad values using a constam fresh water

salinity of 10,000 ppm which corﬁsponds 10 a density gradxent of 0.437 lb/f t. The

permanent datum used is sea level. 4

4.4.1 Potentiometric Surfaces - First Bow Island S.S. and Second White Specks S.S.

The contoured potentiometric surface map of the Bow Island Formation is given in
Figure 4.6. The potentiometric surface (hydraulic gradient) slopes mainly towards the south
south-west, with a relatively flat are# (9h/3x = 0.005-0.01) in the northeast and a Steep
flexure (9h/3x = 0.02) through the central portion of the map trending south-east to
north-west. Sdt;m-west of the flexure the hydraulic gradient flattens somewhat (8h/3x =
0.01-0.015) and the equipotentials begiﬁ to attain a north-south orientation.

As a check to determine the reproducibility of the Bow Island Formation
potentiometric surface and the vértical component of the hydraulic gradient. a potentiometric
surface map was constructed for the Second White Specks horizon. This interval is not
; frcqucnily tested and only 66 usable DST's were available for the calculation of hydraulic

head. The borehole locations are posted and the hydraulic head values contoured in Figure



4.7. The map indicates generally lower hydraulic potential within the Second White Specks

- et
g

than for the Bow Island Formation throughout the study area, suggesting that the potential
minima shown in Figure 4.4 occurs in the vicinity of the Second White Specks interval or

higher. The characteristics of the Bow Island and Second White Specks potentiometric surfaces

i

probably reflect several factors:

1. Hvdraulic conductivity'is better in the north-east sector than to the south-west, which
N | .
explains the relatively fow hydraulic gradient in the north-east. The enhanced conductivity

may be associated to fracture systems from the Taber-Enchant axis and/or the presence

of a more permeable facies in the north-east. The area has also undergone considerable

production induced dravdown (PID). which can create depressions in the potentiometric
AN

surface. LT ,

Interpretation of the rank and moisture content of Mannville coals (Deroo et al, 1977)

(3]

suggest that approximately 2200m of overburden was required at the east flank of the
Alberta syncline (Figure 4.3), in the area of the present day location of Porcupine Hills.
The removal of progr‘essively thicker amounts of overburden westward is expected to
enhance the erosional rebound effect, resulting in progressively decreasing hydraulic head.
3. The total overburden and upper Cretaceous section thickness increase westward as the
Alberta syncline is approached. This means that the time required for the Colorado
Group to adjust to the modern land surface induced flow system  reases to the west.
The potentiometric surface in the eastern portion of the study area are closer 10 being

adjusted to the present day land surface than in the west. .

4.4.2 Method Of Selection And Study Of Potentiometric Anomalies

The theoretical analyses éonddcteq in the previous chapter showed that the magnitude
of potentiometricf anomalies generated due to flow thrOugl},: relgtively permeable bodies, are
directly proportional to t;ie hydraulic gradient. Sin.ce an a’?gr‘rwxahl'y of a largé magnitude (a

major distortion of the potentiometric surface) is more "visible™ than a smaller one, the

anomalies investigated in this thesis were sought in areas with steep hydraulic gradients. The
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north-west south-east trending flexure in the poicmiomctric surface of the Bow Island o )

Formatioh (Figure 4.6), has a hydraulic gradient of = 0.02, similar to that usec; in the )

theoretical modelling of the previous chapter. Therefore, the magnitude, pattern and areal

extent of the simulated anomalies provide a guide, which upon familiarization, should aid in
the sclcction‘ of potentiometric anomalies for study.

| The :ritcria used for selecting anomalies (or prospecting for lenticular reservoirs) is
fairly simple; assuming the area under investiggtion has a linear h_\‘draul(ic gradient, any
divergence of equipotentjals should be due to the presence of relatively more permeable rock
bodies. Note that cquipbt'emial anomalies will also occur if the potentiometric surface has
been affected by exterhall{(induced stréss. such as fluid production from, or injection into
reservoirs. With these considerations in mind, the initial field stud-y will determine if randomly
selected anomalies of the reéional potentiometric surf ace are indeed caused by the presence of
relatively permeable, lenticular rock bodies.

The steps taken to document the lens associated potentiometric anomaly in the field

are listed below :

1. Analyse all ti.c available cores taken in the Bow Island Formation within the study area
and correlate lithology to geophysical log response. This aids in the construction of
geological cross-sections and permits estimation of lithology where cores are not
available.

2. Obtain and map the permeability distribution within the upper Bow Island Formation
throughout the detailed study aréa. Most of the permeability data are calculated from
drill stem tests (as described in Chapter 2), but these are supplemented by core-derived
permeabiliu'es; where availalable. In instances where neither were available, a qualitative
estimate of litholoQ was made (as described above), to which a permeabilty range was
aséigned. The range is based on permeability analysis of full diaxﬁeter core for a suite of
representative lithologies from the Bow Island Formation, cgurtesy of Core Laboratories

Inc. (Calgary, Alberta). The technique used by Core Laboratories Inc. for permeability

measurement has a lower detection limit of 0.01 md, all unfractured shales and most
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A

. RS
.potentiometric syrface.
. o
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silty-shales had permeabilities below the detection limit. Since most conventional DST's
conducted in similar strata either do not recover enough fluid or have a shut-in curve

that is 100 unstable for permeability calculations, the lower permeability detegtion limit T

in effect set at 0.01 md. A survey of literature (Frécze and Cherry 1979, Brace 1980 and

Toth and Corbet 1986), indicates the range of shale permeability to be = 0.1 md - 0.0l

" ud. Thus, the lower detection limit of this study represents the upper limit of the shale
- ’

permeability spectrum. Consequently. to borcholes that encountered shale or silty-shale at
the top of the Bow Island Formation and for which quantitative permeability

measur%mg:nts do not exist, a value of < 0.1 md was assigned.

Detetmine if anv production has taken place and its effects on the observed
B * H ;/

e T

Determine fluid saturations (hyvdrocarbon content) and fluid contact relationships, if

i,
possible.
: .

Verify the observed potentiometric surface distribution by the steady-state numerical

4

j‘s‘x:m‘lillation of groundwater flow uiing the mapped permeability distribution and regional

v + .
boundary con‘dmons.

L ]
3 . .
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4.5 KEHO LAKE STUDY AREA
Thc Keho Lake study area was chosen on the basis of a large anomalous feature of
the reg:onal potenuometnc surface. Figure 4.6, lthed between Townships 11-12 and Ranges
21- 22W4M A considerable amount of data used in the detailed study was obtamed after the
regxonai"study had been completed-as a result of post 1983 drilling activity to the northeast of
the main anomaly in T12, R21W4M. The geology of the“area is based on an examination of
" 44 geophysical logs, 8 cores and chip sa;nples from several wells, Figure 4.8. All the available

cores were limited to a section between the Base of Fish Scales Marker and the upper portion

of the Bow Island ion. For the purpose of showing log response to lithologic variation

and the criterion/lsed [or selagting correlaﬁon marké{s, a’composite strip log from the Base

of Fjsh Scales/zone to the't_op f: the Mannville Formation is presented inwFigure 4.9. Core
descriptions a\ae been superimposed on the log whg‘yg‘.e available, however most of the log is

based on chip samples from the well Onyx et al'Keho 16-11-12-21W4M. The ranges given in

Figure 4.9 are based on a combination-of core and DST derived permeabilitiegg‘yhere available
(generally only for coarse grained sediments) and oﬁ 1£teraturc values for f ine’grairlxed - »
sedirnents. The ldg is given as an interpretive guide only - since any of the sands may f)inch

g;g " or swell iaterally due to their lenticular nature. Detailed core lbgs for the Keho Lake area are

given in.Appendix ;1A.l, a list of the locati'on and logged intervals is given in Table 4.2.

4.5.1 Keho Lake Study - Geology

Based on the Eore and geophysical log study several geological Cross-sections were

constructgd through the area. Figures 4:10 and 4.11 &re strike and gip sections B-B' and C-C
respectively, ;he correlation lines used are'for the Base of Fish Scales Marker, top of the Bow

" Island Foi’matioh and'a bentonitic shale bed occurring between the first and second Bow

-

Island sands (BIS 1 and BIS 2). Strucural comours on top of the Bow Island Formation,
Flgure 4 12, mdxcate a north-westerly dip of approxxmatel) 10m/k13( = 50ft/mile). The mam-_g

" structural features are the south-east-to north- west trending (sub- verueai ”) faults which.

displace stsxssnppmn strata on reflection seismic profiles through the area (pers. comm- R

P
&

T

>
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Onyx Peroleum Ltd.; Calgary, Alta.). The southwest fault haé up to 60m dispiaccmcm,
whereas the north-east fault has approximately 25m maximum displacemcntv. which appears to
lessen towards the south-east in a scissors-like manner. The uhdulations of the structural
contours are due in part to paleotopography created by stacked sand ridges‘in the upper Bow
Island Formation as indicated on thf cross-sections, Figures 4.10-4.11 and may also’bc due in
part to the effects of folding possibly associated to the faulting ac{i\'it)’..

. .
4.5.2 Potentiomeétric Surface and Interval Permeability l;iStribution

The detailed potentiometric surface of the Keho Lake study area is based on 34.DST

derived hydraulic head values. E.{amination of production data from the Energ‘y'Resourccs

Conservation Board of Alh;'ue Heiamd sample calculations do riot indicate any significant .
o R o O : .

(o2

production induced drawdo‘iﬁ .‘ e YD). The exception may occur at the site of the well Onyx et

al Keho 16-3-12-21W4M, where 4 wells had alreddy been on production in an apparently

S
contiguous resebvoj
: AL

or'to the DST date. Therefore, less weight was given to the 16-3 well
uring the contouring of Figure 4.13.
~ Six distinct anomalies, desivgn‘ated A, 10 A, of the ﬁgw Island Formétions“g}
potentiometric surface have been outlined in Figure 4.13. Anomaly A, was the original target
of thé regional prospeéting and A, was defin_ed due to recenvt ﬁrilling. Anomaliés A, 10 A, are
subsiduary to the 'main study since the control in their Qicinity is ‘poor, these will be discussed
in mere detail iq_ihe following secliéns. |
To identify the cause of the anomalies at A, and A, it ;vasvnecessary to determine the
..permeability distrvibuti‘on_ through the zone(s) in which the DST's used 1o calculate h');draulic
head were conducted. The calculated permeability dist.ribution"i'n the areé is given ;s an .
interval pcnneabiliiy map, (k- b=fnd - m). There are three distinct clu5ter§ (rlenses 7) defined
in;«'ﬁzure 4.14, which havé ‘been designated as-L‘,,;,,.'HdweVer, due to the lack of permc’zib;!ity |
-data between L, ang L, their @mém‘ is n;ot immediately tenéble, theref oré. the cpmourin‘g’
represents a prelimenary interpretation. A‘method of ‘better def ining the ‘lensgeometries will

follow in the next section.

Y L
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The r)enneable bodies of Figure 4,14 represent the distribution of conglomerate beds,
the occurrence of which‘was discussed in Chapter\ 4.2, Descripu'ons of the conglomerate are
given in Appendix 4A.1 wells 16-9-12-21W4M, 121-10-12-21W4M and 6-1-12-22W4M. iInl
general the conglomerate is poorly cemented, it has,a‘n average poro_sity of 12-15% and a
permeability range of 100-5500 rnd: porosity and pernreability reduction is mainly due to
calcite cemenrauon Laterally, the conglomerate beds may grade into a silty- shalé¢ with a
correspondmg reduction in permeability to ’<)0 1 md, which probably represents the upper
range of permeabxlny for this rock type (see prevrolﬁcuon on method of study). Recallmg

:» the theoretical analysrs of Chapter 3, when flow OCCurs normal to the long axis of a permeable »

&od) (gs m shrs case) the threshold permeabxlm contrast €, requrred {between lens and

mamx) to appanch the”maxxmum anomaly is less than 30. The indicated permeabrlm

contrast in the area of ¥to 4, S”Qrders of magmtude ( between Ll,, and their surroundm\
" matrix) is well above that requrrerl To produce the ma&mum anomaly possrble for the

hydraulic gradlent present f:urrhermore the srrgng comlauon betwe,;n the location of

anomaly Al (Figure 4.13) and Ll.2 (Figure 4.14) suggests that the potﬁmometm@ano ly &

&
selected during the initial prospecting is indeed due to the presence of a hrghly permeable
9 i

geologic body.

4.5.3 Verification of Obseryved Anomaly By Numencal Simulation
To verify the observed potenuomemc surface wnh that which would be theorencally

expected numerical simulation of groundwater flow using the USGS Modular Groundwater -,

- Flow Model (MGFM), McDonald and Harbaugh 1983, was conducted. The drscreuzed model

of the study area shown in Frgure 4.15,\uses the mapped mterval permeabxhty_ drsrrxbunon ’

. from Figure 4.14 and boundary condirions derived from the regional potentiometric surface

map (Figure 4.6). Discontinuities due to faulting that may be presenr in the ‘area were not

included due to the dxfﬁ;ulty of determmmg Lhe effects.of f aulung on rhe permeabnhry - ’

a

dxsmbuuon so the modeued area was kept erhm Lhe main faults outlined in Figure 4.12.

¢
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@r potentiometric surfaces This situation;
N

R

e . 7

“The calculated potentiometric surface, Figure 4.15 is similar in pattern to that ﬁ'
. .observed in the fjield (Figure 4.13), supporting the initial interval permeability interpretation
(Figure 4.14). However, the areal extent of the distortion produced is considerably l'argerl in
the calculated case. The areal extent; of potenliometric surface distortions is sensitive to two |
factors which are investigated in the following section :
1. Permeability contrast between the lens and matrix (¢) below the ,thresh d value ()
required to approach the'maximum anomaly magnitude. .,
2. Geometry of %1; lens.. |

e

q

+

4.5.4 Predictive Modelling-Inferre
The use of'unrealistically. ,- 1l1ty \;alues for the simulation was th; first

* fagtor considered as a likely cause ..‘ : scmpan! belween the observed and calculated
ay ax’ise from the use of ‘effective permeablllty (ke),
f or construction of the interval permeability map. Ef fecuve permealg_lluy is the permeability
of the drill stem tested interval to the fluid type (gas. water or oll) produced from that
interval, However, the relative pcrmeabili;y ‘(k,)v o{ *ﬁe of these fluids is r‘educed‘ as the
volume of the pore space taken up by a different, ﬂﬁl&i‘increasés, Figure 4.16. To correct for
this, fluid saturations for the modelled lengs (L,. ,3) were calculated and the relationship
from Frgure 4.16 used to determine k;. Actual reservoxr oxl arid gas saturations in the study
area av%Bge 60%, resultmg ina relauve permeability of the reservmr rock to fresh water l"low

. "“
LR

(k,) of =0.1 - ke in the presence ot‘ oil- and =0. 02, ke in lhe presence of gas. In shales (the

\

surrounding matrix), it is difficult 10 calculate the percent hvdrocarbon saturation using
borehole resxsuvty measuremems as above: A rough approxxmauon may be made by using a
total organic carbon comer?a of 1-2% by weight, f or the Colorado shales (Deroo et al, 1977)
and a hydrocarbo%u\erauon ef ficlency ol" 10% -a relauvely generous figure (Hunt, 1979)
which would yield 0.1-0. 2% Cis. hydrocarbons by weight, with expulsxon from the sourcc rock
reducing this fi lgure f urtlur In companson a reservou with 15% porosity and 60% oxl

saturation has greater Lhan 3% hydrocarbons by weight. These figures suggest that

-

P
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hydrocarbon saturation in the reservoirs is a minimum of an order of mét"gnitude greater than B
jg thc surroundmg matrix, and that relative pfzrmeabnhty adJustments for the matrix may be
1gnoxed for all intents and purposes. Despite the above consrderattons however and using k;,

-~
the permeabtltty contrast (¢) between the lens and matrix is strll greater than 2 orders af

.y

magnitude. The resulting numencal simulation produces an 1dent1cal potentxometrrc surface 10

V

that shown in Figure 4.15, suggestmg that the cause of the d:screpancy between the observed
Q

and srmulated pownuometnc suefaces is most probably in the interpretation of lens geome[r\
, " By ueratmg between the field derived and modelled interval permeability dtsmbutron

it should be possrble to produce a best fit lens geor‘net?y for which the calculated and observed
potentiometric surfaces are {h agreement. A more phisticated approach o this task mav be
‘\l L

~ attempted by the automatic solution of the inverse prob{Sm (using the known hydrauhc

‘head distribution to solve for permeability). Various methods to this end have been proposed
N ) 5 : . ’

in the literature, i.e. Emsellen and Marsily, 197¥, Frind and Pinder 1973, and Neuman, 1973.

Methods of asgggsing the reliability of the inverse solution statistiéall" ke been f orwarded by

«)Cooley 1977, and Neuman and Yakowitz, 1979 and applied to Teal data. by Coole) 1979 and

Ncuma.n et al 1981. ‘ °

..

Figure 4.17 is the calculated potenttometnc surface af ter three iterations adJustmg the

permeabrltty dnstnbuuon, using the trial and error method of inverse rnodﬂng: ’I‘he (

potcntiometric surface distribution of the adjusted model, although not an exact replica is

very similar to the observed potentiometric surface (thure 4. 13) mcludmg the reproduction

B .
of the postulated anomaly at A, for which a- permeable block was added to the model. It is

suspected from the regronal hydrological work that the present day ﬂow systems are in a

. transncnt state and would not be reprodutxble by Steady state modellmg The final ,

- interpretation of the interval pcrmeabthty distribution wrth;n the study area is given in Figur¥/«

[ . »

4.18.
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45.5 Fﬁid Distribution

'The fluid distribﬁt_ion of the BIS I unit given in F?itng 4.28 is based on teported DST

. Tecoveries an"d‘»‘t»he' E.R.C.B. Oil and Gas Pool Maps (1981). The observed fluid distribution

Sy

pattern is highly complex and gas/oil/water contact relationships are not readily discernible

“using the standard interpretation te#finiques of buoyancy induced :scgregation and/or tilted

contacts due'to hy'drodynamic 'ﬂow The contacts given in Figure 4.19 are the "observed"

re}%lonsh‘ 's»based on the type ‘of fluids recovered from DST s or producuon data no
B A

'iauempt'xs mz(de to determine the actual gas/onl/water comacls

Examinaton of fluid dnsmbunon w1th respect to the locauon of potcnuomemc

LR Lo ey
q(_‘ . ~:~3/-,u. e B .

anomalles (Fxgure 4.19) mdncates tha‘l most of the permea’ole lenses in the area are

hydrocatbon bearmg. The main anomawl is a shut-in gas field, the small lens to its

PR

‘immediate south-west was a marginal oil producer that was abandoned due to excess water

~ .
‘production. AnomalgaA, is an oil field, lens L, (on Figure 4.14) which is not identified as an

anomaly (*igure 4.13) due to the lack of data, is a small gas field. Anomalies A, and A,
are both prdducing‘ gas ields and anomalies A, and A, are postulated locations of pcrmeable\
lenses; It should be noted that after the i’ constructivon of Figure 4.14 two new wells were
drilled ?‘r} the area, the 6-30-11-21W4M well drilled ou}sigie of A, was dry and abandoned, :the
16-3-12-21W4M well drilledA at the south-easi fringe of the subsidiz{ry A, anomaly is a

marginal oil well, both of which were incorporated into the da_ia set.
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Table 4.2 Intervals and locations of cores logged in the Keho Lake study area.
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LOCATION INTERVAL
CORE _LGS (m)
16-9-12-2144 . 966-971
6-10-12-21W4 94)-953
14-10-12-21W4 6-969
16-10-12-21W4 962-980

116-11-12-21W8 - 942-960
16-15-12-21W4 . 972-990
BH1<12-22W4 1054-1064
6-13-12-22W4

1071-1087
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4.6 CHIN LAKES STUDY AREA

The Chin Lakes study area was selected on the basis of several anomaloﬁs’.‘fgatu.res qf
the Bow Island Formations potentiometric surface, (Figure 4.6), most of which are associated | '
. with the steep flexure in thq’%ydraulic gradient di?cussed in section 4.4. The study area is »

located within Townships 8-9 and Ranges 17-18W4M.

r

4.6.1 Geology TR

To determine the cause(s) of the observed potentiometric surfaée anomalies, 61
geophysical logs and 4 cores were examined, Figure 4.20. The geological study produced .« 'h.,
severak cross -sections throruﬂgh the area, two of which, sections D-D' and E-E’ are pfesen'tve.d{ .
in Figures 4.21 and 4.22 respectively. The sections are constructed with.gamma-ray logs. using
the Base of Fish Scales, tc;p of the Bow Island Formation, and the bottom of the second Bow .
Island sandstone as correlation markers. . |

\ The cross-sections demonstrate that thp Ist Bow Island sands (BIS 1),which are "
interbedded with shales on the ﬂanks.of the major sand accumulations are subject to rapid
lateral changes in thickness. Undulations of the correlation lines may indicate either the
paleo-relief of the depositional surface or subsequent folding. Structural contours on the top
of the Bow Island Formation (Figure 4.23), indjcaite a dominantly south-east to norm-westﬂ
dip and the occurrence of a structural high (ridge ?) with a maximum of 25m ( = 85') of
relief. The structural high is underlain by fine to medium grainéd. clean quartzose
(occasionally glauconitic) sandsmne which is topped by a thin chert pebble conglomerate bed
on its south-west flank. A composn,e strip log from the top of the Base of Fish Scales to the
top of the Mannville Formation, of lithology, gamma-ray log response and perméability range

is given in Figure 4.24. A list of the cores logged in the area is given in Table 4.3, the logs are

contained in Appendix 4B.2.
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4.6.2 Detailed Potentiometric Surface
The regional potentiometric surface map (Figure 4.6) used in the sclcctior; of the Chin

Lakes site originally did not discriminate between hydraulic head values obtained from the BIS

o

1 and BIS 2 sandstones. The 28 hydraulic head values uscﬁ in the construction oyf the detailed
potentiometric surface (Figure 4.25) are based only on DST's conducted over the BIS 1 unit.
To determine the effects of production induced drawdown, cumulative production dat.a 10
1984 were obtained.‘f_rom the E.R.C.B. Figure 4.26 shows the’production history 61’ the area
and includes the DS"T"date. cumulative production and dale that the well went on line.
Production from the 8IS | reservoir in Township 8, Range 17W4 began in 1976 with initial
hvdraulic heads of 565m (1850ft.) 10 587m (1923&.).‘ Much of the DST data used predates
this productio.ni, or was obtained very soon after production began, or else the tested intervals
were out of the bermeable zone (< 10md.m) and apparently not affected by.drawdoWn' The
two suspect points are at 5-30-8-17W4, and 16-31-8-17W4 which were drilled in 1980 and
1983 respectively. Both the borehole§ have yielded anomalouslg./ low hydraulic heads 553m
(1816ft.) and S05m (1656 ft.) respectively, and are not weighted heavily in the contouring.

The detailed pqtentiometric surface (Figure 4.25) shows a much reduced hydraulic
gradient downstream of a south-east to north-west. trending flexure of the equipotentials. The
sites of anomalously reduced hydraulic gradient have been designated A,,,,,,.. The anomaly A,
is pdorly defined dué to the lack of control in its viciniEy and only postulated. One of the .
unknown factors in this study is the effect of the underlying BIS 2 sands on the BIS 1
potenﬁometric surface. A working assumption is that the BIS 2 sand would have little
influence, since it is generally one order of magnitude less permeable, considerably smaller in -
areal extent and is separated from the BIS 1 by approximately 5 metres of shale of very low
vertical conductivity that would-tend to retard any interference effects.
4.6.3 Permeability Distribution

The interval permeability distribution of the 1st Bow Island sandston& unit (Figure

4.27), is based on effective permeability -determinations from drill stem tests, where these
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were unavilable, core determined permeability and lithology estimation f rdh log fcsponse was
used to aséign a permeability range. Thc_ measured permeability rahge is from 3823 md to 1.9
md for the conglomerates and sandstones, whereas the surrounding silt-shale matrix (as
dctcrrﬁincd from core or geophysical logs) have bcén‘assigned a pamcability of < 1md.

The interval permeability distribution map (Figﬁre 4.27) 6uxlines a narrow, elongate
north-west to south-east trending body, designated as (L,)_’with a north-easterly spur (L,) in
" its approximate center. To the north-east of the study area is a lenticular sand body (L,).
which is poorly defined due to a lack of control. The north-westetly extension of L, has been
designated as L, and a small north-west south-east trending lens in the south-west of the
study:‘\area is designated L,; To the south-west of the main permeable trend is a sheet like
body (S,) of rclau‘-vely low permeability. |

Underlying the BIS 1 unit are thin ( = 5m) discontinuous sandstone beds (§ee cross
sections D-D' and E-E', Figures 4.21 and 4.22) with maximum attained permeabilities of =
234md (rangc 0.5-234, average = 50). The BIS 2 sands are sepa?ated by approximately S to
10m of shale whose horizontal and vertical permeabilities are estimated fo be < 0.1md and <
0.05md respectively. Due to a lack of control it was not possible to construct a detaiied
permeability distribution map for the BIS 2 sandstone, however, the approximate permeability
ELthis unit is indicated on the cross-sections in Figures 4.21 and 4.22.

Inspection of Figures 4.25 and 4.27 shows that a general correlation clearly exists
between the areas of poor permeability and steep hydraulic gfadients and the anomalous areas

%,

of high permeability and low hydraulic gradients.

—

r
4.6.4 Verification of Anomaly by Numerical Simulation
L
To verify the observed potentiometric surface (Figure 4.25) a numerical model was
constructed for the Chin Lake study by discretizing the observed permeability distribution, and

regional boundary conditions (Figure 4.28). The observed effective permeability (k.) at L,
~

(Figure 4.27) was adjusted for an average gas saturation of 55%, yielding a k; = 0.1 - ke,

using the relationship given in Figure 4.16. Inverse modelling was not necessary in the Chin

oy
7



9

Lakes area, since the relatively good data distribution allowed a satisfactory interpretation of
the permeability distribution.

Comparison of the calculated and observed potentiometric surfaces (Figures '4.25 and
4.28) shows a drop in hydraulic head of 90m versus 60m at th:’l-xpstrcam end, and 120m
versus 30m at the downstream end, respectively of the main permeable trend (L,,,., of Figure
4.2‘6). This asymmetry indicates that the actual flow system through the modelled area is
probably not at steady-state. The effect is most likely related to the dilational rebound of the
Colorado Group due to the erosional modification of the topography (Toth and Corbet,
1986), the simulation of which requires the use of a transicm flow model. and a detailed
knowledge of the changing boundary conditions. Overall, however, the observed anomalies of

the pdtcmiometric surface (Figure 4.25) are reproduced by the model (Figure 4.28), verifving

the original interpretation.

4.6.5 Fluid Distribution

The fluid distribution within the upper Bow Island formation of the Chin Lake sfudy
area is given in Figure 4.29. The only majar hydrocarbon accumulation occurs at A, (L, on
Figure 4.27) which produces gas from the top of the 1st Iitlw Island sandstone. The gas
appears to be trapped by an updip stratigraphic-pinchout of the reservoir bed (in the
south-east) and in part by structural closure further to the north-west.

Locations A,, A, and A, are all water bearing sandstones. Several scattered and minor
accumulations ofeas occur in underlying BIS 2 and BIS 3 zones, and a small gas accumulation
(in the south-west) occlrs at A,. The fluid contact relationship observed at L, suggests that
the gas/wa[er contact is inﬂuencéd by hydrodynamic flow conditions (indicated by a possible
downflow shift of the gas/waler contact) at its north-cast?)oundary, as well as structural
control. However, as in the Keho Lake study tilted hydrocarbon/water contacts are not

discernible due to the thin reservoir beds and predominant effect of structural dip.



Table 4.3 Intervals and locations of cores logged in the Chin Lakes study area.

LOCAT TON - INTERVAL (m) | FORMATION |
11-30-8-17W4 |  708.5-730.5 | BFSC-BIS
11-7-8-18H4 782-791.7 BIS
10-19-8-18W4 800.3-811.3 BIS
7-10-9-18W4 696.6-7Q1.5 | BFSC-BIS

' 733.2-743.0 BIS

92
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D
./7:9 Cross—section location

10-13

Figure 4.20 Location map of Chin Lakes study area..
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Figure 4.23 Structural contours relative to sea level on top of the Bow Island Formation,

elevations were determined from borehole logs.
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CONCLUSIONS AND DISCUSSION ’ |

7 N
Fluid-flow through highly permeable rock bodies (lenses), encased in a rclativé‘y less ..

4

permeable matrix can be described by the groundwater-flow equation. Theoretigally, the

anomaly to develop at its upstream extremity, with little change in potemial\i't

s the body
and a positive anomaly at its downstream end. The magnitude and are extcng@%‘“ n anomaly
. kY 't/“-a;""\i
R N

e S ! 5
1. the regional fluid-potential (or hydraulic-head) gradient, which is directly p'rbhﬁf{?onal 10

the magnitude of the anomaly: ‘ '

(3]

the permeability contrast between the lens and surrounding matrix, up to a threshold

e

(€,), above which the magnitude of the anomaly remains constant;

-

3. the geometry of the permeable body, circular shapes creating the largest anomalies, which
decrease with the elongation of the body parallel to flow.

The vertical extent of an anomaly is reduced when flow occurs through an anisotropic
medium (kp > lgv). This effect may disallow the use of potentiometric surface maps
constructed for a specific stratigaphic horizon to detect deeper permeable bodies, since any
anomaly due to the underlying body will be supressed in vertical extent. Further work
(theoretical, by 3-D modelling and field study) is required £o evaluate this hypothesis
~ conclusively.

The field study shows that randomly seiected po;cmiometric anomalies»wnhin the Bow
Island Formation are associaied with the presence of reservoir qualigy, permeable rock bodies.
Potentiometric anomalies created by these reservoirs appear to be relatively limited in vertical
extent and well defined latérally along the stratigraphic unit containing them. This suggests -
that potentiometric guiface maps should be constructed for the thinnest defineable horizon for
best results, especially in formations containing vertically stacked sand bodies, or areas with a
signif icani vertical hydraulic gradient.

The present potentiometric surface of the Bow Island Formation probably reflects

post Eocene erosional modification of the land surface and is currently in a transient,

. : 103
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sub-hydrostatic state. This undc'rprcssuring may be ban_ly or completely responsible for the
observed hydraulic gradient within the Bow Island Formaiion. The abundance of hydrocarbon
accumulations (especially the lighter fractions) in most of the available pore-space in the
upper Bow Island and middle Colorado sandstones is probably a result of this potential
minimum, which favours hydrocarbon exsolution from transporting fluids. Consequently, the
Bow Island Formation and its stratigraphic equivalenss represent a very promising interval for
the application of the lens associated potentiometric anomaly theory.

Theapplication of the method to the exploration for reservoirs is by an 'inverse’
approach. Anomalies which correspond to known fields should be used as models, which are
then ex'trapolated 1o sel.;ct and define anomalies that represent potential exploration targets.
The method does not replace convemional_mapping techniques, but rather supplements them,
the advantage gained being the ability to define prospects (such as the Keho Lake study, A;
anaghaly), which have not yet been drilled. The paucity of data in this field study did not

" allow a rigorous stastical treatment of the observed anomalies and their correlation to
theoretical expectation. One of the problems in selecting areas of good data distribution {such
as large, well esiablished field areas) is that of production ix;duced drawdown, which may
cause false anomalies or depressions of the potentiometric surface. Consequently, further field
work is required, preferably in other areas and stratigraphic units to firfnly establish the
method.

'Enuapment of hydrécarbons by isolated lenticular bodies is partially due to
mechanical filtration and capillary pressure diff’ efemials at the downstream end of the lens.
As a result, hydrocarbons will tend to start accumulating at the dow’nstream extremity of a
‘permeable lens wjth structural dip (which introduces buoyancy potentials) causing a
Tmodif‘xcation of the effect. Therefore, exploraiory wells should be located by taking fiow
direction as well as structural dip into account.

Finally, using the 'inverse method' (by trial anC{ error or automated techniques) to
delineate reservoir boundaries and reservoir geometry should improve interpretation of

permeability distribution, and hence assist in locating development wells.

P
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Appendix 2A.1 - Schematic charts for determination of DST quality

)

M

A High

1.
3

5.

Test mechanically sound

Flow pressures verify recoveries
andior flow rates

Recorder depths given

. Recorder within interval tested

7. 151 stabilized, or neanng

1",

stabilization with incraments

Preflow time long enough 1o
release hydrostatic head

. Two good shut.ins required

PMAX Range of approximately 1
to 25 ibs. from read shut-in
pressure. (7 to 172kPa)

B Requires Extrap.

12 Slight mecrianical ditticuitias,
but does not affect the test

13. Shut-ins not tully stabilized

14. Only one good shut-in

15. Recorder pressures disagree
from t to 19 PSI {7 to 131 kPa)
alter recorder drag and dapth
difference R

17. PMAX range of approximately 20
to 35 Ibs. lrorm read shut-n
pressure (138 to 241 kPa)

48. Recoveries do not verity tiow
prossuras

C Caution (Plugging)

18. Some maechanical difficulties
evident on chart, however do not
appear to alfect pressure data

18. Recorders run above the interval

21. Preflow not apened long
enough, possibly slightly
supercharged

22. Packer may have leaked sitghtly

24. Recorder pressures disagri
from 20 to 29 PSI (138 10
kPa) after racorder drag and
depth difference

25. Only one recorder. Must be
withtn interval.

28. PMAX range of approximately 30
10 85 ibs. from read shui-in
pressure (207 to 587 kPa)

27. Only one shut-in, bul fotlows 8
flow perlod langer than shut-in

E

38

Low Perm, Low
Pressure

Covers all requirements of Code
A, howeves very low
permagbility and low pressaure,
unable 10 extrapolate

. Very low permeability, low

pressure, but problems
encountered thry-out lest

. Low parm_ rel high pressure for

Code € -

F Low, Perm, High
Pressure

40. Covers all requirements of Code
A. however low parmeabilily and
high pressure. (CAUTION: waich
for Cushion)

> 43 Low permeability, high pressure,
but problems encounterad thry-
out test

47 Low perm. rel low pressure lor
Coge F

time -
’
/
/
!
'l
G Misrun
63. Unable 10 obtain initial packer
seat
64. Lost sest alter 100} cpened
68 Both elements ruptured

69. Plugged tool

70 Unable to reach test depth
7t Toot fe iure

99. Flows incremented

D .Questlonable

28. Not totally mechanicaily sound
29. Only one recorder, snd run
inside above the interval
30. No recorder depth or
queslionable
32. No IS1, FSI bullding too fast 10
obluin ieasonable extrapolation
. Questionadls interval depths
. Supercharged ISL.FSi follows
long valve-open period
35. No chart trom below batiom
packer
38. Recorder prassures disagree
trom 30 PSI (208.8 kPa) and over
sfter recorder drag and depth
difference
37 PMAX range of spproximately 80
10 150 1bs from resd shutin
pressire {552 10 1034.2 kPa)

p R =]

Note:

Quaiity Code information ts
orogrammaed into the data base,
23 lisied, by botn letter and
number. e.9. 813, G64.

This 1s dons to enhance the
creqibility of the data bass
Should 8 user wish to
nvastigate any specitic coding
instance. classihication details
are immedealely relnevable
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Appendix 2A.2 - Schematic charts for qualitative DST permeability determination

[ fe

(EX) Excellent

The final flow pressure has stabilized
with final shut-in. The quicker the
stabilization, the better the - -

(HI) High_

Good flowing pressure and shut-ins
nearing stabilization.

(RH) Relatively High

Good flowing pressure and shut-ins are
still building slightly. or . . .

permeability. Depth: 2050' - 2062' Recovery: 370°
heavy crude oil, 15" mud cut oil
(AV) Average (RL) Relatively Low (LO) Low

Average flowing pressures and shut ins

still building fairly rapidty.

v

(VN) Virtually None

Flow pressures are nearly nil and shut-
- ins are building 100 rapidly to
extrapolate with any accuracy.

Flowing pressures low ang shut-ins
still building fairly rapidly.

Poor flowing pressures and shutins
are building very rapidly, or . ..

Poor flowing pressures and shut.ins
and building too rapidly to extrapolate

with any accuragy——~
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- Appendix 2B.1 - DST description for the WESTCOAST TABERS 15-36-8-18W4M well -

FH—eatcoast Taber S 5-36-8-18-wl T.# A1273-2 DST.# 2

Rec.# 50L1

Rec.# 3690

[&]

y
*
1L

Rec.# 3853




100/ 03-)6=UUH=Hay=4 /00
WESTCOAST TAQGEN S.

729.0 to

NSte 002 Interval: 735.0 m
Rece 1030690 Rec depth: 732.0 » QUTSIDE
Capacitv:. 39645.0 kPa
TIRES PRESS EKJRAP(L) OUALITY
(min,) kPa kPa CUDE
0
Preflov 20,0 729.0 G-
Inft, s.1. 00,0 3557.0 3733.¢ G
. 1469.0
2nd, flow, 60.0 2098.0 G
Finel s.1. 120.0 3557.0- 3567.7 G
. lntt, nhyarostatic 0288,.0
Fina) nydrostactic 6273.0
r‘:,y ‘.

Recovery description

Ty WD B2 D Y "D D o G G P 9 S 4w B

10.0 » DKILLING
190.0 m WATER,
GAS RATE

Blow dcscilptlon

STRONG AIR BLOW ON PREFLOW
DECREASING SLIGHTLY THHOUG

(From multiple tests: NO)

KUDL.

TAKEN FROM PETROFICHE,

TOO SMALL TO MEASURE.

CENERAL COMMENTS

RELATIVELY mIGH PERMEABILITY.
FINAL SHUT-IN NEAKLY STABILIZED. PRESSURES CurPAKE,

INITIAL SHUT=IN STILIL

118

Fu: 1-8P5 jogsin ;-
Kelly oushing: 916.3
ReC, sunsean: 184,23
Total neuthn: 162.¢

Test tyne: DCSBYSP
Test oual: B
«nhvs: 17

Hole cona: G
Cushion tvpe:
Fluf{d amount:
Gas amount:
Inhibitor:

Per-eaollitv; RH
Damage: NO

Mydro factor:

virain vress: 3733,

Pol, sSurtace:

Gas messurements:
- - o o

First: 300.0
Last: 3oo0.0
Hax: 3oo.o

« NO GAS TO SURFACE, STRONGC AIK BLOX ON FIHAL FLUW,
HOUT. CAS TO SURFACE LAST 15 MINUTES UF FINAL FLOW,
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Well Newe: WESTCOAST TABENW S,

¥ell Locaetion: 10U/ 05-36-00R~1H=w=4 /00 NSTe 002
Rccg;oer Number: V03690

K.B. elevation: 3006.2 ft

Interval Tested: 2391.7 ft to 2411,.4 ft
Recorder Depth: 2401.6 ft

Total Flov Time: 20.0 min

Inftisl=-shutin Pressures (L1iquid)

Time (ain) Delta=-p (T+PNY) Pressure
Phi , (psi) /Pni (psi)
.0 .0 10,7
S 103.3 38.8497 20Y.1
.9 170.3 ) 22.%73s 276,
1.7 214.4 12.4659 320.1°
3.0 253.6 7.7202 359.3
4.8 286.1 5.2010 Jv1.9
8.2 312.0 3.4388 4)7.8
11.5 337.9 2.7387 443.6
14.3 3%0.4 2.4029 456,31
16.9 362.8 2.1854 YW
19.5 372.4 2.0262 47¢v,2
24.0 384.9 1.8322 490.0
28.6 38y.7 _  1.0998 495.5
30,0 393.6 1.6676 499.3 »
31.6 396.5 1.6327 "%02.2 »
34.0 398.4 1.5890 Sv4,3 o
3%.% 400.3 1.5639 506, *
36.1 402.3 1.5251 Sve.0 @
40.4 404.2 1.4947 $S10.0
41.9 405.2 1.4768 510.9 =
43,9 406.2 1.45%8 551.9 =
46.1 407,13 1.4340 S512,9 »
48.3 408.1 1.4142 S13.9 =
50.2 4310.1 1.398) $515.8 »
51.2 410,2 1.390H 315.9 =
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Inftial~snutin Pressures (Liquia)

Tine (min) Delta-p L (Tebny) Pressure
Phi (psi) i /Pny (nsy)
4.5 410.2 1.3071 515.9 @
56.6 410.2 1.3536 515.9 »
59.6 410,2 1.33%6 515.9 »
0.0 410.2 1.333) S515.9 »

® Velues used gn Horner analysis
Extrapolated pressure: 341.5 osi
Norner slooes 186.9855 psi/cycle

Slope Loq(dP) vs Log(Ph)); .0647
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. Well Name:

i

* WESTCUAST TABER S.

well Locatfon: 100/ 05-36-008~18=W-4:/00 ° DSTe 007

kecorder Kumber: 003690
i '

K.B. elevation: 3b06.2 ft

»

lntervalvreqted:'239;.7 ft 2o 2411.4% ¢¢

Recorder Deptn! 2401.6 ft

*

Total Flow Time: 80.0 in -

Final=5hutin Pressures (Lléuid )

Time (Ain) - Delta-p (TePR1) Pressure:

Phy (psty - /pnt’ Apsy)
.o ao ) ' .o 30‘.3
1.6 71.2 50.5254 375.5
3.5 .118,2 24,0631 422.4
6.3 . 140,1 13,7064 YV I
1 8:8 " 158.5 10,1386 462,60
11.8 1746 7.7655 . Aley
14,8 181.2 . 64164 5.5
o173 T 187, S.6111 T 0 49200
20.2 1'94.3w . 4.9063. , 49,0
23.1 200.9° . - 4.4610 © SusL2
26,2 206.7° 4.05%% - S11.4 @
29.0 2.1 3.7582 515.4 ®
31.9 2i1.6 3.5040 SiS.v ®
38,7 211.6 3.0676 .. S515.¢ @
43,4 211.8 2.8454 515.9 »
" 49,5 211.6 ,2.6160 - 515.9 ¢
55.0 231.6 2.4544 - %5315.9 =
61,4, 211.6 < 243033 ©85)15.9 W,
66.8 211.6 2.1980 '515.9
71.2 211.6 v, 241237 S15.9 *
75.9 211.6 2.0547 : $15.9
80.4 211.6 . "1.9952 : 515.9 =
5.9 2211.6. 1,9326 D15,0
89.3 .211.6 1.8954 ‘ S15.¢% *
93.8 211.6 4.6533 818 ¢ w

2
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Finai=Shutin Pressures (Liguid )

Time (min)  Delts=p -, (T+pPni) Pressure ’

bng (rs1) /Pn; (vs4)

99.2 211.6 . 1.8068 515.9 »
107.7 “211.6 11,7426 §15.9 »
111.4 211.6 T 1.7180 $15.9 o

120.0 . 231.6 - 1.6667 $15,9 o
* values used in Horner analy;is
Extrapolated pressure: S17.4 psi
Horner slope: 5.0285 psi/cycle '

N

Slope LoqQ(dP) vs Log(Pni): . .0057 °
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Reservolr Calculations

.8 Q.""l.l..ll.l"!.

Vell mName: WESICUAST TABEK ﬁ:f .Test hate: 78 30
Location: 100/ 05~36~008=18-y-q /700 : License pun: 12012
Dst Numner: 002 . Ticxket wo: ¢
Reﬁervolf Parameters:

Interval From: 729.00 ®»

To: 735.00 m

DC Lenqtn: 139.20 » DC Iag, 73.03 me

DP Size: _ 102,00 mm DP Length:

Hole Size: 200,00 mn Porosfty: 20,00

Liauic¢ Cush: Inhibitor Amt:

Res. Temp: 24,00 ¢ Net Pay: 1.9 m

Total Rev: 190,00 a

Liauia: .

APl Gravity: . ' Spec Gravity: 1.010

Viscosity; «800 mPa.S 3
Liquso Calculations: Inittal yipay
Horner: Slope (kpPa) 1289,219 34,671

Extrep. (kpPa) 3733, 3567.7
Slope LoqQ(dp) v Log(dT1l): 0647 .0057
Ave, Prod. Rate (m3/d) 15.68 185.6¢%
Transnlsslbjllty(-u.-/npa.s) 25.79 ¥59.13
In=Situ Capacity(mD.m) _ 20.63 767.31
Effective Pern. (mD) " 10.86 -~ 403.85%
Radius Of lnvcs.(-) 4,49 47.45
Damasge Ratio . 56 6.RS5
Productlv!.ty ldx(n]/kl’a.b) .005 .01} o
~Damaqe Removea (»3/xPa.D) «00S 073

\ADraw Down . 4,449
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Appendix 2B.2 - DST description for THE GNOC CIGOL TABERS 6-1&8-17W4M well

WELL NAMEK GNOL CIGOL TABERS 6€-15
RECORDER No. 3807 _ XLXIMENT RANGE 4300, PS.1. CHART SPEXD .12 MRS. RECORDER DEPTH 2265-

JuNetINe

/3

TIMK

RECORDER No. -3808__ zu;uzm' RANGE 4550 . P81 CHART SPEED __12 HRS. RECORDER DEPTH 2110

JNNIIN4




DSTs 002
Recr 003808

Preflow
Init. S.]1.

2nd. flow.
Final S.1.

100/ V6=15-0084=1Tew=yq /00
GNUC CIGUL TABERS

Intervaly
Kec deptn:

Init, hydrostatic
Final hydrostatic

Capacityv:
.TINES PRESS
(min,) kPa

0

5.0 27517.9
0.0 3750.7
27137.2

90,0  2868.2
90.0 3730.1%
7349.8
7349.8

Recovery description

badede L L L T T R T Y Py

27.4 w

8lov description

hadadn X X 2 T 2 T DT e

GGOD BLOW THROUGHOUT PREFLOM.
BLOK THROUGHOUT FINAL FLOW. WA

GENEKAL CUKKMENTS

9 0 e ov 00 aw G ap v 0w oy Ov o 0y 0w "

‘RELATIVELY MIGH PERMEABILITY. BOTh SHUT=INS STAUILIZED.

o

WUDDY WATER.

6Y5.6 to
704.3 =
-31371.1 kPa

kPa

37S6.9

371321

705.9 ™
OUTSILF

" EXTRAP(G) OQUALITY

COpE

G
G

(From multiple tests: NO)
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Test dater: 75 30 07

FM:  2-BFS 1e-psiD

Kelly bushing: 897.6
Rec, subsea: 193.5
Total depth: 733.7

v

Test tvpe: DCShY4p
Test qQual: A
- whys

Hole cona:
Cusnion tvpe:
Fluid amount:
Gas_asmount:
Innipftor:

Permeadbiifty: RH

Damage: NO

Hydro factor: ¢

virain press: 3757.0 kpa
Pot, surface:-

Gas neasurekents:

First: 26%25.6 'm3/4
Lest: 31084.4 n3/4
Max: 35084.4 »3/d

GAS TO SURFACE IN 1 MINUTE. STKUMG STEADY GaS

TER SPRAY AFTER 20 WMINUTES.



well Neme:

well Location:
Recorder Number:
K.B. elevation:
1ntgr§al Tested:
Recorder pepth:

Totsl Flov Time:

GNOC CIGOL TABERS

100/ 06-15-006=17~w=d4 /00

003808
2945.0 ft
2282.0 ft
2310,0 ft
5.0 min

to 2316.0 ft

Initfal=Shutin Pressures (Gas)

Time (m1n) Delta-p

phy

bt 4t pa
B O DAY e

o 6 5 ¢ 5 0 0 0 0
QO dA=BNO

- .
~ a

® o

21.1
24.2
27.4
30.2
34,8
37.9
39.2
41,0
42,7
43.7
45.5
47.0
48.1

(psi)

.o
24.7
102.0
119.1
131.2
133.7
137.7
144.0
144.0
144.0
144.0
144.0
"144.0
144.0
l“.o
144.0
144.0
144.0
144.0
144.0
144.0
144.0
144.0
“‘.o
144.0

(T+Pn1)

/Png

$.172)
3.809¢
2.6103
1.9055
1.6477
1.5803
'1.4967
1.3883
*1.3579
1.3428
1,2807
1.2368
1.2066
1.1823
1.1653
1.1438
1.1321
1.1277
1.1219
1.1170
1.1145
1.1100
1.1063
" 1.1039

Pressure

(os1)

400,0
424.7
502.0
519.8
531.2
533.7
$37.7
544,0

S0

44,0
Su4e.0
544,.0
544.0
544.0
544.0
544.0

- S544.0
544.0
544.0

$44.,0

S44.0
S44.0
$44.0
S544.0
S44.0

USTS Ou?

Pressure
(ps{*2)/10%6

«16000

.18037
«25198
.26944
.28216
<7479
<2RY10
«29594
«29595
«29%94
«29594
29594
«295Y«
«29594
«29594
«29594
«29594
«29594
«29594
«29594
«29594
«49594
«29594
«29594%

Continued on next nane

LA R AR IR IR IR IR A W N N E R RN X

128



Inftisl=Shutin Pressures (Gas)

Time (min) Delta-p (T+Pn1) Pressure Pressure
Pni (ps1) /Pnt (psi) (vs{=2)/710~+
50.7 144,0 1,0985 S544.0 029594 o
52.3 144,0 1.0955% 544.0 «29594 »
54.0 144,0 1,0926 544,0 «29594 »
57.9 144.0 . 1,0864 544.0 29594 »
60.0 : 144,0 1,08133 544.0 «29594 »

® vValues used iIn Horner analvsis
Extrapolateq Pressure: . 544.9 psi
‘Horner slope: <0165 (0$1°2/10%6)/cvc]e

Slope LoQ(dP) vs Log(Pni): «0071



ERRUT

1Vv/7 1V +1)

- L . ‘ S ‘.'130':';
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o T 5.00 min
= _ SLOPE (LOG AP / LOG AT): 0071
! L
, T i
, : - =
T , EERREAR!
R v ‘ i . < i ; ! !
1 [ B DR IO B I N ! i
I R EESRITEENENEREENRE TR
T T T ! . JER s | ! IR R
L P i T
: T B
. N ‘ ! l
T T T AR ESENE AR iR B BE IR
R R E s | SRR ‘
TN SN SN U S g SN B § . s —
IR RPN [P SR S . T [ RV RSN SR [P SERUUT
5 eI
SSEE: s :
— I; . i
0 Y OV N O
e
0 L O I
0 B el e Wty ' —

" .
S :
T 1 0 SRS t [ t - —r —
1 Fg { 1L 17 ) S SIS SN O MR A — O A S BRI I Y
- PN ik A 4 g ) S0 S5 Q) SRV BV S MR LIS ISR SO +
! H | HE Py I I I N | pe !
+ t ! 0 e e e I ———
e : S -
i M 1 1 T 1 ] : H 1 1
" 3 . Y —+ S A Tt 1 : +
oy —
o FEma T - e e B
+ 1 1 . B . 1
+ % I [N i H
L + 4, T T 1
— - —+
N
.
wn
L
bl i

o . v 2 3 4 5 .6
PRESSURE PS1t/10% GAS '

DA.DSILIB SPT222.0A.0STL1I8



well name:

Well Locatfon:
Hecorder Number:
K.B. elevation:
lntervi; Tested:
Recorder Depth:

Total Flow Time:

Tiwme (min)
Phy

sV
.6
1.6
4.2
7.7
10.4
13.8
14.9
16.4
19.0
22.9
24.0
2.0
28.9
31.7
34.6
37.7

41.0 '

47.6
52.2
'S4.8
57,7
63.2
69.6
15.7

1

GNOC C1GUL TABERS

100/ 06-15-00R~17=u=4 /00

003608

2945.0 £t
2282.0 ft
2310.0 ft

95.0 min

to 2316.0 ft

Finsl-Shutin Pressures (Gas)

Delta~pP

(psi)

.0
50.8
80.3

107.8
120.5

120.5

121.0
122.3

123.7 .

123.7
123.7

124.1
125.0
125.0

125.0
125.0
125.0
128.0
125.0
125.0
125.0
125.0
125.0
125.0
125.0

(T+PhY1)

/Pni

153.88S¢
60.8370
23.879¢
13.3649
< 10.177S
. 7.89ue
7.3945
6.7961

6.0058
5.1547

4.9561
4.5657
4.2872
3.9947
3.7441
J.s215
3.3152

2.9963°

2.8182
2.7348
2.6454
2.5042
2.3658
2.2%43

Pressyure

(ps1)

416.0
466,8
496.3
$23.49
$36.5
536.5
537.0
538.1
$39.7
$39.7

$40.1
S41,0
5a41,0
. 541.0
541,0
541.0
541.0
541.0
S41.0

S41.0

541.0
S41.0
541.0
541.0

539.7

- DSTe w02

Pressure
fost22)/710°4n

«17306
«21792
«24632
<2744
24783
« 28763
.728%42
s 2895
«29132
.291332
291132
.29174
«29268
«29268
«29268
«29268
«29268
«29208
-29268
«29268
»29268
«39248
«29208
.29201
.29268

Continued on next rane

® & o @0 8 8 8 8 e O a e s g
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Finsl=Shutin Pressures (Gas)

Time (min) belte=pP

Phi (psl)
719%.3 125,0
2.3 125.0
87,1 125.0
90.0 125.0

(TePn1)

/Pntg

2.1970
2.154)
2.0905
2,0556

Pressure
(nsi)

S41.0
S41.0
S41.0
S41.0

® Values used ih Horner anolvsli‘

Extrspolated pressure:

Horner slope:

lope Loa(dP) vs Log(Phi):

+

541.3 psy

.0009 (psi1°2/10-6)/cycle

<0016

Pressure

(ns§=2)/710~p

29264
«29268
« 49268
.2926%

]
[ ]
»
L J
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%

Reservotlr

well name: GNOC CIGOL TABERS
Location: 100/ 06~15-00v~17~u=4 /00
Dst Number: 002 E

»

Reservoir Parameters:

Interval from: 695.55 m
To: 705,92 =
OC Length: 142,04 »
DP Size: 8§.90 am
Hole Site: 156,75 em
Liquid Cush:
Res, Teap: 24,00 C
Total Rcv: 27,43 n
Gas: -
Z: .937
viscosity: +012 mPa.s
Gas Calculations: T Inttia)
Horner: Slope (kPa"2/10+¢) <7863
Extrap. (kxPa) 3756.9

Slope LOQ(dP) vg Log(dT): 007}

13
Transmissihility(mD . ma/aPa.s) 16410, Ry

In=Situ Capacity(mD.m) 196,93
Eftfective Pern. (mD) 82,05
Radius 0f Inves.(a) 2,88
Actual Capacity (mD.m) 59.65
Damgge katio 3,30
.ESt Damasqe Ratio 2.47
daxisum Aof., (m3/4) 67410.67
~Varage Remroved (m»3/4) 222551.38
Kinymum Aof, (n3/4) 45775.713
~Damage Removed (m3/4) 191125.19

\Drav Down

Celcuj)ations

G009 SBISOOINOIOIRNIISRNOTDL

DC 1la.

DP Lenqth:
Porosity:
Innivitor Amt:

Net Pay:

Spec Gravity:
Dst GCas Rate:

Fina)
0382
3732.1

.0016

330065, 88
4056.79
1690.33
§s .28
138.90
29.21
32.4%
75930.94
2217703.00

. 48582.5%

1418942. 78"

L6060

Test Date:

134

75 10 07

License ~vo: $5)76

Ticket no: u

60,32 anm

18.50

2,40 m

-630
31064.359 ri/0



Appendix 3A - Glossary of Terms

English
A area
Ay integral describing prolate spheroid
Ay integral describing prolate spheroid
a,b - major and minor axes of an ¢llipse
B formation volumggfactor
B, mntegral describlﬁlatc spheroid
T s
B,y integral descr " g le spheroid
b porous interval or ormation thickness in a DST
C, integral describing prolate spheroid
Cy integral describing prolate spheroid
' DELC distance between nodes in column direction
DELR distance between nodes in row direction
e eccentricity of an ellipse
e' eccentricity of a confocal ellipse throug.h external points
g acceleration due to gravity
HNEW ‘ hydraulic head value_at end of iteration (section 3.3)
HOLD " hvdraulic head value at end of previous iteration {section 3.3)
h hydraulic head )
ah/ 9x hydraulic gradient in x direction
K hydraulic conductivity
K’ hydraulic conductivity inside conductive body
k absolute permeability
k. effective permeability
k, relative permeability

135
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¥
L ) S length; length of lens
£ | length; distance f rom endpoint of lens to point of measurement
.‘ Lw le.ngth to width raiio of lens
| mass
M slope, linear section of pressure analysis ( Horner).plot
.Mg’ slope, linear section of pressure analﬁ'sié (Horner) plot [ or gas:
Pr . ' forrmation pressﬁre during t;uild-up at well .
Pmax 'r_naximum (extrapolated) formation press“ure ffom Horner plot (\virgin
Teservoir pressure)
'. P, . - pressure in'the well at drainage radius
" p | formation pfessure '
. Q : flow rate [L?/T];(m’/day) ‘
ro i " radial distance
TK temperatur‘e’:'Kelviﬁ
t ~ time. o S 3
tc’ ‘ . -io;al time of production at rate Q -
st | _’ elapsed [ime'f;omb'eginnin/g of s\hu’t-in period '
v,(.,-,‘Z _ ve_léci;y in x,y ér 7 direction (L/T] | oo o j)
Z " . ) - gas deviation factor
z " y | 3 -elevation of standard datum
:‘.'e, . '. ‘ E N .
« ' compf-_essibilii’yffv'b'f waf[gr |
8 ' A compréssibility of rocik framework a
3.4 . partial diffé;éﬁtial. d?fferencé , :
€ o . ! hydraulic cqndﬁgiivit‘\y-pérmabiligy contrast (K'/K, k'/k)



ade,
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threshold permeability contrast
dynamic viscosity

porosity

density

fluid poténtial

fluid potential inside lens
fluid potential outside lens
distorted fluid potential

flui-potential anomaly. positive and negative anomaly s% = | ¢, - ¢, |

i

relative fluid-potential anomaly, s®/sbe, ‘

anomaly shift due to interference effect

V.-

magnitude of fluid-potential anomaly at the threshold permeability

contrast (e;)

pressure head (datum pressure)



Apperiﬂix 3B.1 - Input data for the USGS-GWFM Basi¢ Package

Unmiversity of Alberta

DATA INPUT FOR ‘BASIC PACKAGE', (ELLIPSE L:w=2:1)

H/L = 0.01, HOMO - 1S0O
1 . 22 24

(0CT 30.85)
1 4

07 00 00 OO0 00 00 OO0 OO 00 0O 11t 12
C 1

O .
1 1 (2412)

138



139

St 534 oy

1 Sy ov

Sy 'Sy “Oop

‘Sp Gp 0P
-1 2 -1 Y 0] 4
-T2 -1 A o 14

1 -1 4 ov

sy sp - Ob

St 'Sy ov

14 'Sy ov

‘s 'Sy Ov
Sy sy Ov
Sy 'Sy "OY
Sy sp Ov
sy Sp ov
BT A -1 A ¢ ] 4

‘s¥  SB OV
=T I -T A o1
-T2 -T Y o1
T R -T o1

i
v

ov

oy’
oy
‘ot
‘ov
‘ov
‘oY
ov .
oV
“ov
oy
Ov
‘ov
“ov
oY
oy’
“ov
oy
Ov
Op
‘ov
"oV

o

(0°G3vZ) |}

8888888888888888888888

%

eaglY Jo Ansiaatun



Appendix 3B.2 - Input data for the USGS-GWFM Block Centered Flow Package
©000000000000000000000

©000000000000000000000

- -

OOOOOOOOOOOOOOOOOOOOQO

....._._.....-—.-8888_......_-._.-—

- o

250. S500. $00. 500.
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500. S00. 500.

e
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@ 8 TTTTTTTT"8888 """t
o~ n — -
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T8 oo oooggggmn oo
8 g oqqqquoooooooooogoqoq
G ooeooooggggggeooooc
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L TTTTTToogsssgsToooooC
2 8
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.-.-._.--.-.-.--8888———._....._--

© 00 =

oo
? B 0000000000000V C0000000
5 8 8 - - -
N & 00000000000000000QO0000
o. 6 8888 - v o - -
g g e -
. qoqqqqqqqqoooooooooooo
8 8 .--.-—.--——-—-88——-.-.-.-.-.-—.--—
N N Lol 4
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NN o~
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1.
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Ve e e e Ve v R e v e Y= = e e v = v v e e =
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1
o
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1

1
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f
1
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1

1
1
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1
1
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¢s¢ess USGS GROUNDWATER FLOW MODEL INPUT FOR BCF PACKAGE ¢+

500. S00. S00. 250.

(o]



Appendix 3C - Potentiometric surface and anomaly magnitude maps for various numerical '

_simulations.
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(a,b)

5:4 and 10:1 and

Figure 5.1 Potentiometric surface and anomaly maps for ienses of L:W

¢_=_100. flow is from right to left.
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Figure 5.3 Potentiometric surface and anomaly maps for a lens of L:W=5:1 and flow at 45

- a,band %0°¢, d.
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Figure 5.4 Multiple lens configurations used to determine interference effects (anomaly shift

a®;) with, horizontal separation (a-d) and vertical separation (e-g) .
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(a) - |
a '

2/5L —l20% overlap E

L .

( 3.

=

| ' 20% overla
p
. (b) 3{5‘. .
- 2L-09 e >
- X | aH;=1H xo09
! |
2.5L e———= 50% overlap 5t —
r- | -
! L {c} ! L———————‘
L 5L 50% overlap :
- ’ 2L°0.75 —
. AH; = AH0.75
(d)
—
LM I
: RN
{e) , |
4/5L 3/5L t)
‘ 5100% overlap . ’ "Av r %
P i 7] ! : '
r N 2
—_— —_L— ) AH' = 0

Figure 5.5 Multiple lens configurations used to determine reduction in anomaly_ shift (ad;)

with progressive overlap of subjacent lenses.
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Figure 5.6 Potentiometric surface and anomaly maps due to interference effect of adjacent

lenses, separation £/L=1/6 a, b and ¢/L=1/2 ¢ .d.
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Figure 5.8 Potentiometric surface and anomaly maps for subjacent lenses with a vertical

separation of 4/L=2/5 and overlap of 20% a, b and 50% c, d.
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. F.i_gufe 5.9 Potentiometric surface and anomaly fnaps for subjacent lenses with 100% overlap

3/5a, band 4/5 ¢, d.

“and vertical separation of 4/L



This figure has been omitted due 10 copyright restrictions on the material.
Source :

3
Téth, J., and T. Corbet, 1986, Post-Paleocene evolution of regional grounwatef flow-systems ™
and their relation to petroleum occurrences, Taber area, southern Alberta, Canada :
“Builetin of Canadian Petroleum Geology, vol.34, no.3, pp. 339-363.
1
Figure Number : 25

Pagé Number : 358



This figure has been omitted due to copyright restrictions on the material.

4
Source :

e

-

T6th, J., and T. Corbet, 1986, Posi-Paleocgne evolution of regional grounwater flo'w‘;sy,s‘tems y

Ed
C e M

and their relation tg petroleum occurrences, Taber area, 'southcm Alberta, Canada :

Bulletin of Canadian Petroleum Geology, vol.34, no.3, plp.l 339-363.

Figure Number : 26

Page Number : 359
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This figure has been omitted due to copyright Testrictions on the material.

Source : {

L

[

Téth, J., and T. Corbet, 1986, Post-Paleocene evolution of regional grounwater flow-systems
and their relation to petroleum occurrences, Taber area, southern Alberta, Canada :
Bulletin of Canadian Petroleum Geology, vol.34, no.3, pp. 339-363.

. ' M v
Figure Number : 27 ' o : ; . >

Page Number : 360
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