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ABSTRACT

The natural variability of oil viscosity in the Clearwater B heavy
oil formation in east central Alberta has been examined. Oil sam-
ples taken from preserved cores from various depths vary in vis-
cosiry by as much as tenfold. The data show a consistent trend
of increased viscosity with increased depth of origin of the sam-
ple. Furthermore, over an area of 16 sections oil viscosity appears
to correfate with structural elevation. Samples from similar abso-
lure elevations have similar viscosity. In locations where the reser-
voir is structurally high, the viscosity-depth profile shifts toward
less viscous oil, and, in structural lows, the profile shifts to more

viscous oil. Distillation curves of selected samples confirm tkar'
the oil viscosity variations coincide with compositional differences.

~ Single sers of samples from three other heavy oil reservoirs, the

McMurray and Wabiskaw in the Caribou Lake area, and the
Waseca sand ar Pikes Peak in west central Saskatchewan, show
sirmilar trends to increased viscosity toward the botfom of the reser-
voir sand. These obervations are compared with others reported
in the literature, and possible causes of these compositional vari-
ations and of their significance to thermal recovery processes are
discussed.

Introduction

Variations in oil viscosity and composition were first observed dur-
ing studies of oil produced from wells in a thermal project near
Lloydminster, Saskatchewan. Although much of the variation
could be artributed to alteration resulting from the thermal recovery
process, some of the compositional data suggested that the un-
altered *‘native’’ oil may not be as homogenous as was assumed.
Orther data (density, viscosity and distillation) for samples produced
under primary conditions [rom other reservoirs in the Lloydmin-
ster area, also gave indication that significant viscosity variations
occur from well to well within the same reservoir. Because varia-
bility of oil viscosity within a reservoir could impact on the suc-
cess of a recovery process, and could also affect assessment of
the value and amount of recoverable oil, it was of interest to con-
duct a more thorough study to confirm the extent of variability
in heavy oil reservoirs.

The opportunity to conduct such a study in a virgin reservoir
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area came in 1987 when Husky Oil and Alberta Energy Compa-
ny carried out extensive drilling and coring of an area ‘in' tlic
Caribou Lake block of east central Alberta

This paper reports on a detailed examination of oil va.nablhl.y
within the Clearwater ‘B' reservoir, in particular in the Caribou
Lake area held jointly by Alberta Energy Comp‘my and Husky
Qil Operations. )

Literature Review

Although the subject has received little attention in 'Canada, oil
Vdnabﬂ.lf.}" within individual reservoirs has heen obscnred in’ m:my
reservoirs throughout the world. . *

Hunt sites a number of -examples, mcludlng the Coalinga
field in California, the Lapunillas field in Venezuela; the Sakha-
lin field in the U.S.S.R., ad the Burgan field in Kuwait which show
dramatic variations in oil viscosity and density with location arid/or
depth. An early discussion of the Kuwait oilfields and the impli-
cations of oil heterogeneity was given by Hefherington and Ho- -
ran®. In some reservoirs, sharp transitions from light oil to heavy
asphaltic oil occur near the oil-water contact. In other ficlds, there
is a more gradual change from light to heavy oil, as for example,
1n the Seria field in Borneo, where the oil varies from 19 APl to
37 API as the depth increases from 300 m to 3000 m™, or in the
Lagunillas field in Venezuela, where oil varies from 10 AP 10
36 AP! in different locations in the reservoir.

Large variations in bitumen density and viscosity were also
reported by Ward and Clark®, in an early study of the Athabas-
ca reservoir in Alberta. Samples from the McMurray area were
found to be 100 times more viscous than those taken further north
in the Bitumount area and the samples taken from diffecent depths
within the 20 m pay interval at Bitumount also showed signifi-
cant viscosity variation.

Hirschbergt® has discussed the proces&cs believed to be respon-
sible for the compositional variation. In light oil reservoirs, com-
positional eradation is attributed to gravitational segregation
among hydrocarbons, which leads ot oil having increasing amounts
of higher molecular weight compounds toward the bottom of the
reservoir. This process and its implications have also been discussed
by Schulte®®, using the Brent reservoir in the North Sea as an ex-
ample. A gravitational equilibfium model was developed which
accounted for some of the observed variations in composition and
PVT behaviour. From the modelling it was concluded that com-
positional gradation increased with increasing aromatics lraction
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FIGURE 1. Schematic sampling from core.

FIGURE 2. Location of Caribou Lake lease,

and decreasing pressure. Observed varations in oil bubble point,
gas dew point, and gas-oil miscibility could be explained.

Compositonal gradation in moderately heavy oil reservoirs (20
API to 30 API) has also been attributed to gravitational effects.
Hirschberg® gives data from a North African field, in which oil
viscosity varies from 2 to 12 mPa.s as the elevation decreases 60
m. In this case, modelling results suggest that settling of asphalt
(asphaltenes plus resins) ageregates, rather than asphaltenes alone,
is the primary cause of the varjation.

Consideration is also given to the extreme case of a tar mat at
the bottom of a formation. Two types of behaviour are predicted
by the model. When the asphalt and oil are miscible in any propor-
tions, a gradual transiion from light to heavy oil is predicted. Al-
ternatively, if solubility of asphalt in the oils is limited, a phase
transition from oil to tar is expected.

Tar mats present some unique reservoir engineering problems.
Their presence in several Middle East reservoirs appears to im-
pede natural basal water drive(s.,

Compositional variabiilty in heavy oils may also be caused by
selective gradation of the oil by a variety of processes. Many reser-
voirs allow oil to seep to surface, where oxidation and biodegra-
dation convert it to tar or asphaltite deposits. Similar processes
occur when oil comes into contact with oxygenated near-surface
“‘meteoric” waters. Light components may also be lost by disso-
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FIGURE 3. Type log of a typical Carihou Lake well.

lution into water, or be lost to a leaking pas cap. These and other
degradation processes have been described in detail by others®.

In a study of two reservoirs within the Sakhalin oilfields of the
U.S.S.R., Amosov and Kozina® conclude that oxidation was
more important then either water-washing or gravity in causing
the variation in oil density between the edges and crests of the
pools.

Qil Sample Preparation and
Measurement Methods

The core used in this work was cut using conventional unconsoli-
dated coring techniques, including capture and containment in 4
In. PVC pipe, packing in dry ice soon after retrieval, and immediate
transport to a lab with freezer storage.

Pieces of core material of about 150 g were cut from frozen
core in the way shown in Figure 1. The V-shaped pieces were cut
without lubricant and were transferred from the core analysis
laboratory to Nova Husky Research Corporation (NHRC) frozen
in sealed bags. Drillers’ depths were determnined for each sample
and marked on the bag. The samnples were kept frozen until used.

About one hour before use, a set of six randomly chosen sam-
ples was partially thawed at 22°C, and each sample was weighed
into a stainless steel centrifuge bottle. The bottle (about 250 cm?3)
was then filled to the shoulder with 1 M NaCl, reweighed, and
sealed.

The six bottles were placed in the centrifuge head, and the head
was heated to 90°C in an oven (1 hour). Preheating the head and
samples in an oven is more efficient than heating under the vacu-
um conditions in the centrifuge. The heated head was then trans-
ferred to the centrifuge and spun at 14 000 rpm (~30 000 x
gravity) for 1.5 hours at 90°C using a Beclanan Model L8/M heat-
ed ulracentrifuge. The head was then cooled to 22°C, and the
bottles removed and weighed to confirm that no leakage had oc-
curred.

The oil floating on the top of the brine was transferred to a
small vial with as little brine as possible. The measurements were
made on portions of the samples within 2 days of separation from
the core.

The concentration of water remaining in each sample was de-
termined on a 0.5 g subsample using a coulometric Karl-Fischer
apparatus. All samples contained less than 2% residual water.

Viscosity was measured using 2 Brookfield Model RVT DCP
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TABLE 1. Viscosity of oil from Caribou Lake wells

Well Viscosityla Elevation(t) Well Viscosity() Elevatlon®
Localion (Pass @ 25°C) (m above m.s.L) Location (Pa.s @ 25°C) {m above m.s.l)
6C-22696 165 233,85 BC-36 123 24173
17.8 232.40 14.4 240.86
16.9 232,05 5D-24 13.2 244.40
9B-12 30.3 239.63 124 243.75
32.2 237.20 138 243,20
385 236.48 142 239.15
430 233,95 13.1 238.80
53.4 232.15 159 237.20
28,5 225,98 214 234,60
6C-36 439 226.85 28.0 231.60
435 226.35 26.8 229.25
447 225.37 442 227.45
50.2 22480 45.4 226.10
7620 206 241.57 3-7 223.45
505 s 6 22275
2.1 938.49 795 221.15
237 235.02 93.8 219.85
el o0 16 100.0 217.15
44.5 224 .47 5C-13 126 239.28
5D-9 16.9 240.25 135 237.03
194 23463
21.3 236.83 5 prtipe
225 233.45 a3 o
70.8 223.50
o5 g 746 219.75
37.8 226.05 / s
11832 26.8 232.37 S | e
400 229.00 :
19.9 228.45
8C-9 19.3 227.83 28.0 22550
355 225.10 6.4 29270
gl—g §$?;§‘§' 102.0 216.00
572 21115 11G6 186 234.80
; s 17.0 231.80
8C-27 136 238.10 28.2 296.50
191 23218 505 219.10
25.2 ggggg 926 214.10
i ; 6C-32 145 24781
37.7 221.90 = it
5C-14 };?{ ggg;ﬁg 17.2 243.23
2 . 232 237.81
281 22540 95.7 231.50
515 22178 999 997 20
73.8 217.20
72.3 216.63

{a) 1 Pas = 10° mPas = 103 cP

{b) average deplh of sample origin, converled 1o mean sea level (m.s.l) elevation.

cone and plate viscometer thermostatted at 25°C (35°C for well
8D- 32). Readings made at three different shear rates (9.6, 3.84,
1.92 51) show a slight shear thinning, but it is of such small mag-
nitude compared to other measurement uncertainties that the aver-
age of the three readings has been reported.

Over-all uncertuinty of the sample preparation and measure-
ment technique was evaluated by selecting replicate samples from
adjacent locations for one well, 5D-24. The data show that over-
all repeatability is better than +5% relative.

Simulated distillation data were obtained using the CRUDE
proceduret® and an HP 5880 gas chromatograph with a Level 4
acquisition system.

Reservoir Description

Most of the samples discussed in this report are from wells in the
Caribou Lake area, in the Cold Lake region of east-central Alberta.
The Lower Cretaceous Cleanvater ‘B’ sand is the primary bitumen-
bearing reservoir on the Caribou Lake block. Top water and gas
are associated with the thickest sand accwnulations. Within the
bitumen saturated interval, thin layers of mobile water are present.
Also present are ferroan calcite tight-streaks.

Clearwater ‘B’ sands are typically fine to medium-grained, well
sorted, sub-angular to rounded feldspathic litharenites. The frame-
work grains consist mainly of rock fragments, followed by quartz

and feldspars. The matrix (3% to 5%) mainly consists of kaolinite
and illite with minor amounts of smectite, Clearwater ‘B’ sands
have an average thickness of 20 m, porosities average 35%, perme-
abilities average 1300 mD and oil saturations average 60%o_ A type
log is shown in Figure 3.

The sands are interpreted as deltaic deposits which appear lo
be a continuation of trends from the south (Dome Pilot) and the
southeast (Suncor's Commerical Development area).

Viscosity Variation with Depth

Data collected for oil samples from various depths in different
wells in the Clearwater ‘B' Formation are given in Table L. In
12 of the 15 wells, the oil viscosity increases consistently with in-
creasing depth of the sample. A plot of ane of the more exiensive
data sers is shown in Figure 4. Note that the viscosity increases
rapidly and linearly with depth in the lower 10 m of the zone,
but is much less sensitive in the top 10 m of the pay. This be-
haviour is typical of most of the wells examined.

Data from three wells, 9B-12, 8C-9 and 6C-32, show anomalous
behaviour. Although the viscosity depth trend is still evident, the
samples from the deepest section of the reservoir have unusually
low viscosities. [n each of these cases, additional samples werce
prepared and measurements of these confirmed the anomalies.

Table 2 gives some data obtained from oil samples taken from
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FIGURE 4. Viscosity depth profile of Caribou well 5D- 24.

two other formations found in the Caribou Lake area. Although
the data are limited, they show that, in both the McMurray and
the Wabiskaw zones, oil viscosity increases with increasing depth
of sample origin.

A similar study of samples from a single well in the Pikes Peak
reservoir northeast of Lloydminster (Tp. 50, Rg. 24 W3M) has
been completed. The formation of interest in this area is a Wase-
ca channel sand; geological details have been reported previous-
Iy, A plot of the data seen in Figure 5 shows the same trend
as observed in the Clearwater ‘B” Formation. Viscosity increases
with increasing depth, but the over-all change is less than that
observed in most of the Caribou Lake wells,

Oil Compositional Variability

To assess the relationship between the oberved viscosity variations
and suspected compositional differences, the distillation behaviour
of selected oil samples was determined. The distallation curves in
Figure 6 show clearly that the samples of higher viscosity, from
locations lowest in the zone, have higher amounts of less volatile
components.

Areal Variation of Viscosity

. Because of the very significant dependence of viscosity on sample
location within the vertical profile, it is not immediately apparent

how best to compare the variations among different wells. One
approach is to'compare samples from similar locations within the
formation interval. In Table 3, estimated values of oil viscosity
are given for locations 5 m below the top and 5 m above the bot-
tom of the Clearwater 'B’ sand interval. It is evident from the
data that oil from the same relative location within the sand in-
terval does not have the same viscosity. Such a correlation might
be expected if the viscosity variation resulted from gravitational
segregation of asphaltenes and resins.

Another way of comparing the data from different wells is to
compare samples originating from similar mean sea level (msl) ele-
vations. This comparison is shown in Figure 7. Although there
is considerable scatter, 13 of the 15 data sets show a similar corre-
lation between viscosity and structural elevation. Viscosity is lowest
in areas of structural highs and increases with decreasing struc-
tural elevation. Six of the 13 sets follow a lower curve, while the
other 7 follow a higher curve. Data from wells 6C-32 and 9B-12
are anomalously high. Wells with data on the lower curve are all
located in the southern part of the lease area.

Potential Impact on Recovery Processes

The viscosity variations observed in the heavy oil reservoirs exam-
ined in this work could affect recovery performance in several
different ways. All of these reservoirs have been or will be produced
after thermal stimulation with stearn. Although the viscosity differ-
ence between top and bottom of the zones will be much less at
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FIGURE 5. Viscosity depth profile of a Pikes Peak well (Wascca).

TABLE 2. Viscosity of oil from McMurray and
Wabiskaw Reservoir in Caribou Lake area

Deplh  Viscosilty(®

Well Formation (m KB) {Pa.s)

10B-33-70-6\W4 Wablskaw 453.61 8.5

457.15 10.8

8D-32-69-6W4 McMurray 529.75 72.4
) 53007 . 749

530.30 79.2
530.50 77.4

(a) Viscoslly measured al 25°C lor samples from 10B-33, and 35°C Im
samples from BD-32 (>102 Pas al 25°C),

steam temperatures, it is likely that hot oil at the top will still be
more mobile than hot oil at the bottom. This difference will en-
hance the natural tendency of steam to displace more oil from
the top of the reservoir, and thus lead to poorer vertical confor-
mance and more rapid steam breakthrough among wells. The sig-
nificance of viscosity variations relative to other factors, such as
fracture orientation, and permeability and saturation heterogcnm
ties, has not yet been assessed.

Results of numerical simulation are often used to guide the de-
sign and operational strategy of thermal projects. Although it is
common practise to include known permeability variations in the
model, oil properties are usually assumed to be uniform through-
out the reservoir. Introduction of a viscosity-depth profile into
a reservoir model could have a significant effect on its predictions,
and thus alter the development strategy of a heavy oil reservoir.

Under the elevated temperature and flow conditions created in
a reservoir undergoing steam recovery, the ability of an oil to solu-
bilize asphaltenes can be affected(!112. Deposition of asphaltenes
deep in a reservoir may actually improve performance, by reduc-
ing permeability in steam-swept regions, and improving produced
oil quality. On the other hand, deposition in the vicinity of produc-
ing wells can greatly reduce inflow and lead to poor well perfor-
mance. Asphaltene precipitation in the surface equipment is also
of concern,

Based on the literature reviewed above, and consistent with the
distillation curves, the higher viscosity oil found at the bottom of
the reservoir zone probably contains more resins and asphaltenes
than oil from near the top. This higher viscosity oil, when heated
and mobilized, is therefore more likely to lose asphaltenes, with
either good or bad effects depending on where the asphaltenes
are deposited. This possibility should be of particular concern when
more oil from lower parts of the reservoir is being produced, as
would normally occur in later stages of a steam recovery process,
or after special efforts to divert steam to lower unswept portions
of a reservoir.
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