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Phase fractionation at South Eugene Island Block 330
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Abstract—Persistent gas flux can dissolve, remobilize and alter reservoired or migrating oil through a
process of phase fractionation. Moving gas, when flowing through an oil, can dissolve large fractions of
that oil. The composition of the oil dissolved in the gas is dependent on the pressure-temperature con-
ditions of the oil and the fluid flow history of the basin. The composition of the residual oil can be
interpreted to yield both the depth at which the oil fractionated and the volume of gas required to frac-
tionate the oil. South Eugene Island Block 330 in the U.S. Gulf Coast is a hydrocarbon province that
has recently experienced large gas fluxes. Some of the oils in the region show signs of progressive frac-
tionation and remobilization by gas transport. For example, the oils are more aromatic and less paraffi-
nitic than unfractionated oils of similar maturity from the same area. The altered oils are also depleted
of light n-alkanes. We have developed a computer-based model of oil alteration based on a fluid phase
equilibria algorithm to simulate progressive fractionation of oil by gas. Application of the model to the
South Eugene Island Block 330 area shows that several of the oils in the area have compositions that
are compatible with alteration caused by equilibrating with approximately 12 to 14 mol of gas per mol
of oil (2 to 2.7 g of gas per g of EI oil). The oils appear to have fractionated at approximately the
depths of their present reservoirs. The model has great potential to examine hydrocarbon fluids for evi-
dence of past migration and mixing. © 1998 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Maturing hydrocarbons in the subsurface generally
start as a single-phase mixture. As the hydrocarbon
fluids migrate, the changing pressure and tempera-
ture regimes they experience can induce the fluids
to separate into distinct fluid phases (liquid and
vapor). Phase separation can also be caused by mix-
ing of separate single-phase fluids. Phase fraction-
ation is the general process that describes the
compositional changes caused by phase separation
and subsequent physical separation that occur to a
chemical mixture, such as a mixture of hydrocar-
bons in the subsurface. In the subsurface, these
events are caused by fluid movement. Phase frac-
tionation is distinct from simple phase separation in
that it includes the physical separation of the two
phases, and thus describes an open system.

One scenario of fluid movement and mixing in
the subsurface occurs when a mobile fluid invades
and mixes with a relatively immobile fluid (perhaps
trapped in a reservoir), causing the mixture of the
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two to fractionate into liquid and vapor phases. If
the mobile fluid is a gas that periodically interacts
with an immobile liquid (oil), the process can be
referred to as “gas washing” (see Fig. 1). Increasing
degrees of fractionation result as increasing
amounts of gas mix with the oil and remove the
most soluble components of the oil. The gas stream
leaving the oil contains some fraction of dissolved
oil, and can be thought of as a low-temperature
condensate. This stream can either be trapped in a
reservoir at a shallower depth, or vent out of the
system. Evidence for this venting occurs throughout
the Gulf of Mexico as pockmarks and seafloor hy-
drothermal vents (Roberts and Carney, 1997). In
this paper, we will present a model of the phase
fractionation that results from gas washing, and
relate that model to a case study of gas washing at
Eugene Island Block 330.

Gas washing occurs in many locations around
the world. There is evidence that gas migration-
induced fractionation occurs at the U.S. Gulf Coast
(Thompson, 1987), offshore Taiwan (Dzou and
Hughes, 1993), the South China Sea (Quanxing and
Quming, 1991), offshore Indonesia (Schoell et al.,
1985), offshore Alaska (Kvenvolden and Claypool,
1980) and the North Sea (Larter and Mills, 1991)
amongst other places. More generally, gas washing
should occur wherever a free gas phase can form
and migrate in a hydrocarbon province.
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Fig. 1. Two examples of gas “flowing though” oil. In the figure, flowing gas remains proximate to oil

for a sufficient period of time to equilibrate with that oil. In (a) the oil is trapped in a reservoir, while

in (b) a low saturation oil is migrating, albeit slower than the gas migrates. In both figures, the black
arrow indicates the region in which gas ““flows through” oil.

Models of gas washing in the subsurface are not
common in the literature. Though reservoir engin-
eers commonly calculate the effects of gas caps sep-
arating from trapped hydrocarbons using equations
of state (see reviews in Edmister and Lee, 1988,
Ahmed, 1989 and Reid et al., 1985) the published
work generally apply these equations to discuss the
effects of phase separation within closed systems in
which all phases remain proximate, such as within a
reservoir. Gas washing, which includes the physical
segregation and migration of the separated phases,
occurs in an open system. The gas that washes the
oil generally migrates towards the oil in order to

wash it, then migrates away from the oil. This pro-
cess can occur within a leaky reservoir, or as the
hydrocarbon mixture migrates outside a confining
reservoir.

Gas washing has appeared sporadically in the lit-
erature. Silverman (1963) and Silverman and
Plumley (1963) describe the process of separation—
migration, which is defined as a phase separation in
an oil reservoir caused by changes in pressure and
temperature, followed by migration of the two
phases along separate paths. McAuliffe (1979) pre-
dicts the fractionation effects resulting from oil mi-
grating in a water solution, which are quite
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different from the fractionation effects from mi-
grating in a gas solution, but are controlled by the
same theoretical constraints.

Thompson (1987, 1988) has suggested that many
of the gas condensates in the Gulf of Mexico basin
result from evaporative fractionation, which is a
restricted example of gas washing. Evaporative frac-
tionation results when a mixture of hydrocarbons is
invaded by a single body of gas, followed by equili-
bration between the fluids and subsequent mi-
gration of the vapor phase. Thompson proposed
that the vapor phase of the evaporative fraction-
ation products has a composition similar to, but
distinguishable from a thermal (high maturity) gas
condensate. The liquid phase resulting from the
evaporative fractionation is a residual oil depleted
in light hydrocarbons. Thompson found that this
process tends to alter the residual oil such that
there is:

1. an increase the modal n-alkane of the olil,

2. an increase in the aromaticity (defined by
Thompson as the ratio of toluene to n-heptane)
of the oil,

3. an increase in the normality (amount of
unbranched alkanes and cycloalkanes relative to
branched alkanes) of the oil and

4. a decrease of the oil’s paraffinicity (defined by
Thompson as the ratio of n-heptane to methylcy-
clohexane).

Thompson’s concepts and experimental work are
supported by Larter and Mills (1991), who per-
formed experiments to determine the compositional
changes that a migrating fluid undergoes.
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Krooss et al. (1991) describe gas washing as
“gas-liquid geochromatography”, where a mobile
vapor phase equilibrates with and then fractionates
a (relatively) stationary liquid phase. They find the
process analogous to separation techniques utilized
in gas- or liquid-chromatography. The limited nu-
meric model presented by the authors describing
the effects of a one-step fractionation between a
mobile and a stationary phase shows that the frac-
tionation between two phases is proportional to the
“sorption affinity”, which in two fluid phase sys-
tems is equivalent to solubility.

In this work, we will use the term gas washing to
describe the fractionation caused by multiple events
or continuous mixing between oil and gas. Gas
washing can be distinguished from evaporative frac-
tionation, which is caused by a single mixing event.
Thompson’s observations on the effects on hydro-
carbon composition of a single fractionation event
should apply to more general cases of gas washing.
We do expect, however, that multiple or continual
fractionation effects will cause more profound com-
positional changes in an oil than a single fraction-
ation event.

The literature on gas washing to date has been
focused on conceptual, experimental or observa-
tional reports. No detailed numeric or quantitative
models of gas washing have been developed. This
paper presents a numerical model that quantitat-
ively predicts the effects of gas washing on hydro-
carbon fluids under realistic conditions, and relates
the results to an example of fractionation found at
South Eugene Island Block 330 (EI 330) in the U.S.
Gulf Coast. We use the results from this model to
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Fig. 2. Location of Eugene Island South Block 330. From Anderson et al. (1993).
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Fig. 3. Map view of South Eugene Island Block 330 at the
JD sand, based on Coelho’s interpretation of a Pennzoil 3-
D seismic survey (Coelho, 1997). The shaded areas rep-
resent the major faults in the area. Structure contours of
the JD sand are in black, with depth listed in meters.

relate the fluid history of oils in the EI 330 reser-
voirs to oils that are in adjacent or underlying reser-
voirs. Relating oils to deeper fluids can be used to
understand the fluid flow history of a basin, and to
predict the existence of deeper fluids.

EUGENE ISLAND OILS: EXAMINATION OF A DATA SET
OF WHOLE OIL ANALYSES

In this paper we utilize a data set of whole oil
analyses of oils from South Eugene Island Block

Peter Meulbroek et al.

Oceanographic Institute for the Global Basin
Research Network (Whelan ez al., 1993, 1994).

The South Eugene Island Field is located on the
U.S. Gulf Coast Shelf, offshore Louisiana (see
Fig. 2). The South Eugene Island Block 330 field is
the largest Pleistocene oil field in the world
(Holland et al., 1990). It has been the focus of
Global Basins Research Network (GBRN) studies
for the past 8 years, and hence is well studied both
geologically and geochemically.

Structurally, the EI 330 area is a minibasin
bounded on the north and east by the “red” fault
(a regional growth-fault system), and on the south
by the “blue” fault (a counter-regional compen-
sation fault), as shown in Fig. 3. The stratigraphy
consists of alternating sequences of Plio-Pleistocene
sands and shales that overlie deepwater distal fan
deposits from the ancestral Mississippi river delta
(Alexander and Flemings, 1995). Each of the major
sand layers in the minibasin form rollover anticlines
on the downthrown side of the faults. These anticli-
nes are filled with oil and gas. The deepest reser-
voirs are geopressured, while shallower reservoirs
are hydrostatically pressured. The transition to
overpressure (from hydrostatic to a near lithostatic
gradient) generally takes place within or just above
the OI sand, at approximately 2.0 km depth (see
Fig. 4, modified from Coelho, 1997).

The producing sands in the field are lettered
according to depth. In this study, we only consider
the reservoirs from the IC sand, at approximately
1.7 km depth, to the OI sand, which can be as deep
as 2.7km. The cross-section in Fig. 4 shows the
depth to the various sands on the downthrown side
of the Red fault in EI Block 330. The location of
the cross section in Fig. 4 is shown in Fig. 3.

The ET 330 oil data were assembled to investigate
the concept of present day migration into the reser-

330 (EI 330) performed at Woods Hole voirs at EI 330. The evidence for present-day mi-
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Fig. 4. Geological section of South Eugene Island Block 330. After Coelho (1997).
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gration of low molecular weight fluids includes
active hydrocarbon seeps in the area that occur at
the surface expression of the major growth faults
(Anderson et al, 1993). Also, compositional
changes in the hydrocarbons in shallow reservoirs
imply that the injection of wet gas and gasoline
range hydrocarbons into those reservoirs is pre-
sently occurring (Schumacher, 1993; Whelan et al.,
1994). The migration of low molecular weight fluids
(most probably gas) implies that the oils from EI
330 might show the effects of gas washing. The
data analyzed in this paper consist of 110 oil
samples from Eugene Island Block 330, collected
during 1993 and 1994. The samples are analyzed
for approximately 60 n-alkane, isoalkane and gaso-
line range (light aromatic and naphthene) concen-
trations, as published in Whelan ef al. (1993, 1994).

Evidence of fractionation

Much of the analysis performed here will examine
the distribution of molar concentration with carbon
number of the n-alkanes in the El 330 oils. Kissin
(1987) states that an unfractionated, unaltered oil
shows an exponential relationship between molar
concentration and carbon number. Kissin found
that the mole fraction of n-alkanes in most of the
world’s oils are exponentially distributed with car-
bon number, which might relate to the mechanism
by which n-alkanes are formed in source rocks
(Fabuss et al., 1964; Thompson, personal communi-
cation, 1996). This distribution can be modeled as

yi = A explax;], Q)

where y; is the molar concentration of the n-alkane
of carbon number x;, 4 is a scaling factor, a is the
exponential “‘slope factor”, which is generally nega-
tive. When the log of molar concentration is plotted
against carbon number, the slope factor is equival-
ent to the slope of the best fit line though the distri-
bution of m-alkane concentrations. Deviations of n-
alkane concentrations from this line are typically
quite small (Thompson, personal communication,
1996) reports R? values of up to 0.99 for unaltered
oils.

Kissin states that the slope factor is a function of
an oil’s maturity. Immature oils have a slope factor
near zero. More mature oils have smaller (more
negative) slopes. The typical range for slope factors
is shown in Table 1, after Kissin (1987).

The oils in Eugene Island can be characterized as
one of the two types based on their n-alkane distri-
bution.

1. Pristine oils, defined -as those oils with n-alkanes
that follow an exponential relationship, gas con-
densates with no secondary alteration, with n-
alkanes that also follow an exponential relation-
ship.
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Table 1. Kissin slope of different oil types

Range Oil type
—-0.5--02 wet gas to condensate
-0.19--0.16 normal oil

Greater than —0.1 heavy, waxy oil

2. Altered oils with m-alkane concentrations that
deviate from an exponential relationship, which
we interpret as oils that have been washed by
gas.

The n-alkane concentrations in the altered oils
show a very regular pattern. Their heavier n-alkanes
are exponentially distributed, with an exponential
slope factor similar to that of the pristine oils. The
lighter n-alkanes in the oil all have approximately
equal concentrations and plot as a horizontal line
in a semi-log plot. There is an abrupt transition
between the two sections. Hence, when the n-
alkanes of a fractionated oil are plotted in a semi-
logarithmic plot, the curve appears as two linear
sections that are joined. An example of this can be
seen in Fig. 5, which shows the plot of oils from
the LF sand at EI 330. Note that oils that show evi-
dence of biodegradation, such as from the GA and
HB sands, are not included in this study. The pat-
tern of n-alkanes in biodegrated oils deviate from
the scheme presented here.

To quantify the deviation in the r-alkane distri-
butions from an exponential distribution, each of
the n-alkane distributions in the EI 330 data set is
fit with a curve that defines the distribution as the
union of two line segments. We use this function to
fit the distributions since it describes the pattern
seen in most of the altered oils. The fit function is
defined by the following formula:

y=mx+b, ifx>a

@

y=ma+b, if x<a,

where m, a and b are determined by linear re-
gression, x is the carbon number and y is the log[-
mole fraction] for each n-alkane. The a value in the
equation we will refer to as the break number,
because it is the carbon number at which a “break”
occurs in the best fit curve. Note that a is not
necessarily an integer and hence has no direct physi-
cal meaning. The m value is the slope factor of the
heavy n-alkanes (those with carbon numbers greater
than ), and reflects the slope factor of the original
oil.

Figure 5 shows a plot for n-alkanes in the LF
sand. The population here consists of four unal-
tered oils (the B4, B5ST, B6ST and the A21), one
altered oil (the B14) and one heavy condensate (the
B7). The B4 oil, though referred to as unaltered,
actually has a slope break at about Co. Though this
might be an indication of mild alteration, we will
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N-Alkane Concentrations in the LF Sand
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Fig. 5. Plot of carbon number vs. the log of mole fraction for the n-alkanes in oils from the LF Sand,
South Eugene Island Block 330.

consider any slope break less than 9 to be unaltered
by gas washing. We choose a slope break of 9 as
the cutoff value to eliminate the fractionation intro-
duced during production of the EI 330 fluids, as
well as any fractionation attributable to gas-cap
separation.

Interpretation of fractionation

The EI 330 oils all seem to be of the same matur-
ity and source, based on biomarker analysis done
elsewhere (Whelan er al., 1993, 1994). The gases at
EI Block 330 (C; and C;) are somewhat more
mature, as determined by their 6'°C isotopic values.
This single maturity amongst the oils should result
in equal slope factors for all the oils in EI 330.
Hence, variations in the oil must arise from pro-
cesses other than maturation. To quantify these
variations, we analyze the distribution of n-alkanes

—-
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Condensates

Frequency

-0.8

-0.7 -0.6 -0.5

Slope Factor All Oils

in each sample using equation 2. Note that we use
the value m from equation 2 as the slope factor of
the oil, since this represents the original slope factor
of the oil regardless of postmaturation alteration.

Figure 6 shows the slope factor for all oils in the
GBRN database. The distribution here is trimodal,
with peaks at —0.7, —0.35 and —0.1. As defined by
list of tables. As described by Table 1, the first two
peaks correspond to condensates, and the —0.1
peak corresponds to a normal oil. Thus, the popu-
lation of all samples from EI 330 can be divided
into condensates and normal oils based on their
slope factor.

The normal oils can be subdivided into two cat-
egories (unaltered and altered) based on their slope
break, a from equation 2. Figure 7 shows the distri-
bution of slope break factors for all the oils in the
GBRN data set. The figure clearly shows a bimodal

Oils

-0.4 -0.3 -0.2 -0.1

Slope Factor

Fig. 6. The slope factor for all oils in the GBRN database, as defined by equation 2.
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Break Number All Oils
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Fig. 7. Break number for all oils in the GBRN database, as defined by equation 2.

distribution. The first peak in the distribution at
slope break values of less than 10 includes all the
unaltered oils and all the condensates. The second
peak, at 13, includes the altered oils.

Thus, the oils of EI 330 seem to fit into three cat-
egories: condensate, unaltered oil and altered oil.
The condensates can be distinguished from the oils
based on their slope factor. The oils can be divided
into altered and unaltered based on their break
number. Note that these categories should be very
sensitive to mixing. The slope factor and slope
break are determined from the relative abundance
of n-alkanes in a fluid. If two fluids with different
slope factors mix, the n-alkane concentrations
would very quickly reach an average value, and

hence deviate from an exponential distribution.
These indexes can be used to distinguish fluids in a
reservoir that have not interacted or mixed, which
can be an indication of reservoir continuity.

We propose that the oils at EI 330 with a break
number greater than 10 are the products of phase
fractionation (gas washing), caused by the equili-
bration of these oils with large volumes of gas,
most probably, methane. A considerable body of
evidence shows that the EI 330 area is at present
discharging large volumes of gas generated below
the present reservoirs to the surface (Whelan et al.,
1997). This gas fractionates the EI 330 oils as it
migrates towards the surface. The deviations in the
n-alkane concentrations from an exponential distri-
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Fig. 8. Aromaticity (toluene/n-heptane) vs. paraffinicity (n-heptane/methyl-cyclohexane) for Eugene

Island Oils. The light gray line shows the line of increasing alteration according to Thompson. Symbols

indicate each fluid’s reservoir. Condensates are shown with holtow symbols and normal oils are shown
using solid symbols.
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bution can be used as a quantitative indicator of maticity of the oil, accompanied by a slight

fractionation.

Relating the categories to phase fractionation

In mixtures of hydrocarbons at typical reservoir
conditions (e.g. 100 bar, 60°C), n-heptane preferen-
tially fractionates into a methane-rich gas phase
compared to either methylcyclohexane or toluene
(Thompson, 1987). Hence, as an oil is increasingly
fractionated by a methane gas stream, it should
show a decline in paraffinicity (defined by
Thompson as n-heptane/methylcyclohexane) and an
increase in aromaticity (defined by Thompson as
toluene/n-heptane) as the concentration of n-hep-
tane declines relative to both methylcyclohexane
and toluene. This result is numerically verified in
Meulbroek (1997). Contrawise, the condensate
(vapor phase fractionate) is enriched in n-heptane,
and hence shows an increase in paraffinicity and a
decrease in aromaticity when compared to the orig-
inal fluid.

The oils in the GBRN data set from EI Block
330 show evidence for phase fractionation. Figure 8
shows a plot of aromaticity vs. paraffinicity for the
GBRN data set. The gray lines superimposed on
the plot show the alteration expected for residual
oils and for biodegradation/water-washing as
demonstrated by Thompson, and discussed for the
EI 330 case by Whelan et al. (1994). In this figure,
an increasingly fractionated or repeatedly gas-
washed oil should move from the center of the dia-
gram to the upper left corner along the line marked
“evaporative fractionation” as the oil becomes
depleted in n-heptane relative to methylcyclohexane
or toluene. The corresponding vapor-phase conden-
sate should plot towards the right side of the dia-
gram, since it would be enriched in n-heptane
relative to both the original oil and the liquid frac-
tionate. Water washing tends to decrease the aro-

decrease in the paraffinicity of the oil.

The condensates from EI 330 plot towards the
right of the diagram, and fractionated oils (as
defined by their break number) plot towards the
upper left. Unfractionated oils plot in the center of
the diagram. This agreement between the EI 330
data and the Thompson trend is strong evidence
that these oils are altered by gas washing.

We next show that the proposed indices of frac-
tionation, slope break and slope factor, are related
to the aromaticity and paraffinicity of the oils at EI
330. Figure 9 shows the aromaticity vs. calculated
slope break for all hydrocarbon samples in the
GBRN data set. Fractionated oils tend to have high
aromaticity and high slope break. Condensates have
(on average) a lower aromaticity than unfractio-
nated oils, and have an insignificant slope break
(a < 9). Figure 9 shows a somewhat ambiguous re-
lationship between aromaticity and slope break for
both the oils and the condensates at EI 330. Not
shown on this figure are four wells with quite
abnormal aromaticity values (ranging up to 23).
The high concentration of toluene in these wells,
and the low values of aromaticity for some of the
other fractionated oils imply that aromaticity values
of the fluids in the are have been altered by other
processes in addition to gas washing.

To reinforce this point, Table 2 shows the corre-
lation coefficients between aromaticity, paraffinicity,
slope break (a) and slope factor (m) for the EI 330
fluids. The table reports separate correlation coeffi-
cients for oils and condensates. The table shows no
significant relationship between aromaticity and
slope break for either the oils or condensates in the
GBRN data set. The only statistically significant
correlation involving aromaticity is between aroma-
ticity and slope factor for the oils. This relationship
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Fig. 9. Aromaticity (toluene/n-heptane) vs. slope break (a from equation 2) for the EI 330 data set. The
gray lines show the path of increasing alteration from continual gas washing. Note that slope break
values below 8 are considered unfractionated for the purposes of this work.
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Table 2. Correlation coefficients for EI 330 data set. Significance is
measured by a Student t-test at the 95% confidence interval

Paraffinicity Slope break Slope factor

Correlation coefficients for oils (slope factor > —0.3)

Aromaticity 0.10 —0.10 0.36
Significance false false true
Paraffinicity — —0.68 0.02
true false

Slope Break - - 0.22
false

Correlation coeflicients for condensates (slope factor < —0.3)

Aromaticity —0.10 ~0.01 —0.02
Significance false false false
Paraffinicity - 0.09 —0.55
false true

Slope break - - 0.21
false

arises from a group of high aromaticity oils with a
slope factor of 0.1 from the OI sand.

The relationship between paraffinicity and slope
break is much clearer than the relationship between
aromaticity and slope break. Figure 10 plots slope
break vs. paraffinicity for all hydrocarbon samples
in the GBRN data set. Fractionated oils have low
paraffinicity and high slope break. The condensates
have a higher paraffinicity than unfractionated oils.
Figure 10 shows a clear trend of decreasing paraffi-
nicity with increasing slope break in the oils of the
GBRN data set. Table 2 reinforces this observation,
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showing that paraffinicity is negatively correlated
with slope break for the oils. No significant re-
lationship between slope break and paraffinicity
exists in the condensates.

The relationship between slope break and paraffi-
nicity is consistent, both with the results of earlier
modeling (Meulbroek, 1997) and with the exper-
iments of Thompson (1988). The carbon number of
the highest n-alkane affected by fractionation (the
slope break) is positively correlated with both depth
and the amount of gas that washes the oil
Similarly, the paraffinicity of an altered oil is nega-
tively correlated with the amount of gas that washes
the oil.

The relationship between slope break and slope
factor is explored in Fig. 11. In this figure, conden-
sates plot on the left, and all oils plot on the right.
Note that all slope break values less than 9 are not
considered significant. Though a slight positive re-
lationship may be seen between slope break and
slope factor in both the condensates and the oils,
this relationship is not statistically significant, as
reported in Table 2.

MODELING-DEVELOPMENT OF MODELS THAT CAN
PREDICT FRACTIONATION

The FlowTube model used in this paper is
described in detail in Meulbroek (1997), modified
from Prausnitz et al. (1986) and Mathias (1983).
The FlowTube numerically simulates the fraction-
ation that occurs when a mobile fluid flows past
and equilibrates chemically with a series of rela-
tively immobile fluids. We use the term “flow
though™ to represent the interaction of gas and
liguid similar in concept to experiments of
Thompson (1987). In the model, gas “flows
through” an immobile oil in the sense that it inter-
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Fig. 10. Paraffinicity (n-heptane/methyl-cyclohexane) vs. slope break (a from equation 2) for the EI 330
data set. The gray lines show the path of increasing alteration from continual gas washing. The differ-
ent symbols refer to each sample’s reservoir.
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Fig. 11. Slope Factor (m from equation 2) vs. slope break (a from equation 2) for the EI 330 data set.

acts with the oil sufficiently to reach chemical equi-
librium, then moves away from the chemically
altered immobile oil (see Fig. 1). Gas may “‘flow
though” oil by passing through it physically, or by
remaining proximate to the oil until the gas and oil
equilibrate.

The FlowTube can simulate gas flowing through
oil at a single location, or past several locations
(nodes) that contain oil. Each location is rep-
resented by a node and is assigned a pressure, tem-
perature and starting oil composition. The nodes
are modeled as fluid systems at thermodynamic
equilibrium, using a fluid phase equilibria model
(Michelsen, 1982a,b; Prausnitz er al., 1986) that
relies on the Mathias equation of state (Mathias,
1983), a Redlich-Kwong-Soave (RKS)-type cubic
equation of state. RKS-type equations have seen
widespread acceptance as a method for calculating
fluid properties (Shibata and Sandler, 1989). In gen-
eral, RKS-type equations of state produce adequate
volume predictions for nonpolar mixtures provided
that pressure and temperature conditions are far
from the mixture’s critical point.

The FlowTube model can reproduce experimental
density data within a few percent, and predict ex-
perimental composition with an average deviation
(d) of 15% when compared to flash PVT exper-
tments performed on the reservoir fluids, which is
defined by the following equation:

d:Zm—m 3)

where p; is the mole fraction of the ith component
predicted by the model and ¢; is the measured mole
fraction of each component. Given that the compo-
sitional changes predicted by the model span orders
of magnitude, an error of 15% is acceptable.

The nodes in the FlowTube can be thought to
either represent an oil reservoir, or a migrating oil
whose velocity is lower than that of the gas stream.

For the EI 330 simulations, a FlowTube model uti-
lizing a single node adequately matches the known
hydrocarbon compositions. This conclusion is re-
inforced by the observation that none of the con-
densates at Eugene Island Block 330 are derived
from previously-fractionated oils.

The FlowTube model runs used in this paper
simulate the conditions in which an aliquot of gas
cnters the FlowTube, equilibrates with the oil
located in the system, then passes out of the system.
This occurs numerically by adding an amount of
gas to the deepest node, calculating the equilibrium
phase separation of the mixture in the node, and
allowing any excess volume of gas to pass upward
to the next node. At each node, equilibrium occurs
when the fugacity of each component of the mix-
ture at that node is constant across all phases
(Michelsen, 1982a). For the purposes of this paper,
only single phase and two-phase (liquid, vapor) sys-
tems are considered.

EI BLOCK 330 FLOWTUBE SIMULATION

We verify that the EI 330 compositional vari-
ations could result from gas washing by analyzing
the results of several FlowTube simulations. These
simulations show that some the composition of the
EI 330 oils located in the IC through OI reservoirs
can be produced by phase fractionation. By com-
paring the simulations to the current compositions
of oils from EI 330, both the depth at which oils
fractionated and the amount of gas required to
cause their fractionation can be determined.

The simulations test the fractionation scenario
that each of the oils at EI 330 was washed by a gas
stream composed of pure methane. Methane is cho-
sen as the washing fluid for simplicity. Though a
more common washing fluid in a sedimentary basin
might be a wetter gas (gas with some amount of
dissolved oil); early model runs in Meulbroek
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Fig. 12. Composition of the unfractionated fluid used in FlowTube models. The figure plots the mole
fraction of each species vs. boiling point, which is proportional to retention time.

(1997) suggest that using a wet gas composition
does not significantly change the predicted effects of
gas washing on oil composition. We assume that
neither the gases nor the oils mix after they are
washed, but either fraction might migrate to a shal-
lower depth after washing. Two reservoir sands at
EI Block 330 above the IC sand (the GA and HB
sands) do show the addition of light material,
which would imply mixing. However, these reser-
voirs are severely biodegraded, and so it 1s difficult
to separate the effects of enrichment from the back-
ground of biodegradation. We have elected to not

include these reservoirs in the sample set analyzed
in this work.

The simulations are carried out for a range of
depths between 2.0 and 3.6 km, which allows us to
estimate the effect of depth (i.e. pressure and tem-
perature) on fractionation. Pressure is assumed to
follow a hydrostatic gradient from the surface to a
depth of 2.0 km. Below 2.0 km, pressure follows a
lithostatic pressure gradient. Temperature follows a
25°C/km gradient, with a surface temperature of
15°C. These are the conditions currently observed
at Eugene Island Block 330. The FlowTube is filled

n-Alkane Alteration

o L .n
7 4 Effects,ofGas Washing
3

®

o

== |

2 -5

©

g

o0

)

= .6

10

15 20

Carbon Number

Fig. 13. Effects of gas washing on n-alkane concentrations in a FlowTube Simulation (at 2.0 km).
Shown is the log[mole faction] for n-alkanes in the liquid phase (oil) plotted vs. carbon number.
Shading in the figure represents the amount of gas that has washed the oil, running from 0 to 16 (mol
gas/mol oil). Bach line shows the effects of washing by an additional 1.6 mol of gas/mol of oil.
Compositions with alteration less than that seen in the fractionated oils of Eugene Island are unbroken.
Compositions with alteration greater than that seen at Eugene Island are shown as dashed. The thick
black line represents a composition with a degree of alteration comparable to some of the EI oils.
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with 1 mol of the fluid from the A3 well of the NH
sand, reconstructed as in Meulbroek (1997). This
fluid is the least fractionated in our sample set, as
established by both a low slope break and the
Thompson (1988) criteria. The simulation proceeds
by injecting sequential aliquots of 1/5mol of
methane through the oil. The composition of this
starting oil is represented in Fig. 12, which shows
an impulse plot of the mole fraction of species vs.
their boiling point, which is proportional to reten-
tion time (Altgelt and Boduszynski, 1994).

Washing an oil with methane removes com-
ponents from that oil in proportion to their solubi-
lity in methane (more precisely, in proportion to
their fugacity in a methane-rich mixture). Hence,
the most soluble components are removed quickly,
while the removal of less soluble components
requires more methane. The solubility of n-alkanes
in methane is a function of carbon number.

The effects of gas washing on the distribution of
n-alkanes are shown in Fig. 13. In this figure, the
log of the n-alkane mole fraction is plotted vs. car-
bon number for a FlowTube simulation at 2.0 km.
It can be seen that light n-alkanes are removed
from the oil more quickly than heavy n-alkanes.
With increasing gas throughput, the distribution of
n-alkanes moves away from exponential (which
would plot as a straight line on this diagram) to a
kinked line similar in form to that described by
equation 2. High carbon number n-alkanes are not
affected by the gas washing, while low carbon num-
ber n-alkanes are completely removed.

The tendency for a portion of the r-alkanes to
shift away from an exponential distribution with
increasing amounts of gas washing results in com-
positions similar to those found at EI Block 330. It
can be seen from Fig. 13 that n-alkane distributions

Effect of Gas Washing
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of an oil that is washed by a gas appear similar to
those shown in Fig. 5.

The effect of gas washing on the aromaticity and
the paraffinicity of the oil is shown in Fig. 14. In
this figure, both paraffinicity and aromaticity of the
fractionated oil are plotted vs. the amount of gas
that washes the oil for a FlowTube simulation at
2.0 km. Both these ratios can be used as linear
measures of the amount of gas that washes the oil.
Aromaticity smoothly increases in the fractionated
oil, while paraffinicity smoothly decreases. Hence,
any of the EI 330 oils that have been fractionated
at 2.0 km should have paraffinicities and aromatici-
ties that fall along these curves, and these two
measures of fractionation should quantitatively in-
dicate how much gas has washed those oils.

The solubility of oil components in a gas stream
is strongly affected by the depth at which that gas
stream washes the oil. In general, the solubility of
all oil components in methane increases with
increasing depth; i.e. higher pressure and tempera-
ture (Price et al., 1983). However, the solubilities of
individual components do not increase equally with
depth. The change in solubility of components with
lower solubility in gas is greater than the change in
solubility of components with higher solubility. In
mathematical terms, the change in concentration of
an oil component in a gas stream with depth is a
decreasing function of concentration. This implies
that the curves shown in Figs 13 and 14 are not
general, but instead are depth-specific. Each of the
indices of fractionation described here (aromaticity,
paraffinicity and slope break) should respond
uniquely to changes in depth. Hence, it is possible
to combine two of the indices to determine both the
amount of gas that has washed the fractionated
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Fig. 14, Effects of gas washing on the aromaticity and paraffinicity of a fractionated oil in a FlowTube

simulation (at 2.0 km). In the figure, the aromaticity and paraffinicity of a fractionated oil is plotted vs.

the amount of gas that washes that oil (in mol of gas/mol of oil). “Tol” refers to the toluene mole frac-

tion in the oil, “MCC6” refers to the methyl-cyclohexane mole fraction in the oil and “nC7” refers to
the n-heptane mole fraction in the oil.
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labeled. The alteration history of an oil can be estimated by comparing the measured slope break and

aromaticity to this figure. “Tol” refers to the toluene mole fraction in the oil and “nC7” refers to the
n-heptane mole fraction in the oil.

oils, and the depth at which those oils have been amount of gas (in mol/mol oil) required to cause
washed. the indicated fractionation is indicated by the gray

One such combination is shown in Fig. 15, which tie lines. This figure can be compared directly to
plots the aromaticity of the fractionated oils vs. Fig. 9 to determine both the depth of fractionation
their slope break for various depths of interaction. and the amount of gas necessary to fractionate the
The depths range between 2.0 and 2.8 km. The oils of EI Block 330. For example, the alteration of
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and labeled. The alteration history of an oil can be estimated by comparing the measured slope break

and aromaticity to this figure. “MCC6” refers to the methyl-cyclohexane mole fraction in the oil, and
“nC7” refers to the n-heptane mole fraction in the oil.
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residual oils in Fig. 9 with aromaticity of 0.8 and
slope break of 14 requires about 15 mol of gas at
2.0km depth. Some of the outlying points from
Fig. 9 do not plot on Fig. 15, reinforcing that these
oils might have undergone a more complex flow his-
tory than modeled here. A different pressure gradi-
ent (such as a normal pressure regime) would lead
to different depth estimates.

Comparison of Figs 9 and 15 reveals that the
only reservoirs that have experienced significant gas
washing at Eugene Island Block 330 are the IC,
MG and the OI sands. The estimation of fraction-
ation depths ranges from 1.7 km (for most of the
OI oils) to 2.1 (for the MG oil). The estimation of
amount of gas ranges from 10 mol gas/mol oil (for
the MG oil) to approximately 16 mol gas/mol oil
(for the OI oils).

The paraffinicity of all FlowTube simulations is
plotted against slope break for different depths of
alteration in Fig. 16. The amount of gas (in mol/
mol oil) required to cause the indicated fraction-
ation is indicated by gray tie lines. This figure can
be compared directly to Fig. 10 to determine both
the depth of fractionation and the amount of gas
necessary to fractionate the oils of EI Block 330.
For example, the alteration of residual oils in
Fig. 10 with paraffinicity of 1.2 and slope break of
13 (similar to the OI oils) requires about 12 mol of
gas at 2.2 km depth. As with Fig. 15, the depth esti-
mate derived from the FlowTube modeling is
dependent on the pressure gradient assumption
used to design the simulations. Both Figs 15 and 16
produce similar results for estimates of depth and
required gas for each sample in the El database,
resulting in a robust estimation of the alteration
history of each oil.

DISCUSSION

According to the model results, about 40% the
oils at Eugene Island have been washed by a gas
stream. These fractionated oils come from the IC,
MG and OI reservoirs. In general, the OI oils have
been washed by more gas (approximately 12—14 mol
gas/mol oil) at a shallower depth (1.7 km) than
have the oils from shallower reservoirs.

This difference in fractionation depth could indi-
cate that the OI reservoir filled earlier (shallower)
than the sands above it. However, using an oil with
a somewhat higher initial aromaticity and some-
what lower initial paraffinicity in the simulations
would eliminate the differences in predicted depth
of fractionation between the OI oils and the 1C/
MG oils.

The oils from the OI sands might well have de-
rived from a fluid with lower initial paraffinicity
and higher aromaticity than the oils from the IC/
MG sands. The NH reservoir oils show the least
amount of fractionation of any reservoir at Eugene
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Island Block 330. These oils have paraffinicity
values that range from 1.2 to 1.5 and aromaticity
values that range from 0.5 to 0.7. According to
Fig. 14, these ranges would require the fluids to be
washed by approximately 8 mol of gas/mol of oil.
Since the oils have low break numbers (and hence
do not show evidence of much gas washing), the
ranges in aromaticity and paraffinicity shown in the
NH reservoir oils may be attributed to factors other
than gas washing, and add uncertainty to their use
as indicators. This variance might indicate that the
original (prior to washing) fluids that fill the EI 330
reservoirs were slightly heterogeneous in compo-
sition, though of very similar maturity and source
rock. In light of this, the difference in fractionation
depth between the IC/MG oils and the OI oils is
probably not significant. This heterogeneity might
relate to subtle source differences, or indicate that
the oils underwent slightly different migration his-
tories.

In this work, we chose to ignore the effects of
water on fractionation and only examine two phase
flow. There are two effects caused by the presence
of a third phase. The first is a thermodynamic effect
in which the separation conditions and compo-
sitions are changed by the presence of water. There
is some evidence in the literature that liquid—vapor
separation in hydrocarbons is not significantly
altered by the presence of water (Pendersen et al.,
1984). Note that a mobile water phase would cause
alteration, as more water-soluble components (e.g.
such monoaromatic compounds as benzene and
toluene) are removed from the hydrocarbon liquid
phase (McAuliffe, 1979). Though this point will be
pursued in later work, we believe that a two phase
model provides a foundation on which to build.

The second effect that water has on fractionation
is a mass transport effect, in which the interactions
of the vapor phase with the liquid hydrocarbon
phase are modified by the presence of a separate
aqueous phase. At some scale, migrating gas that is
proximate to oil will equilibrate with that oil, and
hence “flow through™ some amount of that oil (in
the sense that we use the term). The presence of the
third phase can affect the amount of contact that
the gas experiences with the oil, as well as the rela-
tive velocities of gas and oil, and hence the duration
of contact of the two phases. These two effects dic-
tate with how much oil a migrating gas can equili-
brate. Hence, the presence of water only affects the
scale of the washing phenomena.

As with any phase equilibria model that depends
on an equation of state to calculate fugacity of indi-
vidual species, the values predicted by the model
show some scatter when compared to PVT cell
simulations. For example, model simulations of
PVT experiments in the area give average deviations
in composition of 15%. Though this limitation
should be recognized, the compositional changes
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noted in this work are well within the predictive
limit of our model. For example, Fig. 13 shows an
order of magnitude change in Cg concentration
caused by gas washing.

ALTERNATIVE EXPLANATIONS

We propose that the compositions of oil from
Eugene Island Block 330 show the effects of gas
washing. Other possible causes of the unusual
chemistry patterns described above include:

Separator-induced alteration

It should be noted that the a value, as calculated
above, can be changed during the production of an
oil. A reservoir fluid passing through a separator
“fractionates” into a stock tank oil and a separator
gas. Though this might shift a to higher values, this
production-induced fractionation should not induce
a values greater than 7. This can be verified quali-
tatively by examining a plot of rn-alkane vapor
pressure vs. carbon number. Figure 17 shows a plot
of the vapor pressure of the n-alkanes n-butane (Cy)
through n-eicosane (Cyp) at 70 F, a typical separa-
tor temperature. This figure shows that the vapor
pressure of n-alkanes above C; is negligible, and so
significant production induced fractionation should
not occur at carbon numbers greater than 7 for
fresh oil samples. The vapor pressures plotted were
calculated using the Antoine equation (Reid ez al.,
1985), which predicts the vapor pressure of a pure
species as:

B
log(p)=A4— T+ o 4
where p is the vapor pressure of the species, 7T is
the absolute temperature (K) and 4, B and C are
experimentally determined species-specific par-
ameters. Larter and Mills (1991) confirm that the
effects of separator-induced fractionation is small
above C.

Gas cap separation/separation migration

Formation of a gas cap and subsequent preferen-
tial gas migration can cause some fractionation.
However, separation migration can only cause the
loss of intermediate n-alkanes (Co—C;4) for oil mix-
tures that are near their critical point. Otherwise,
the fugacities of intermediate n-alkanes at typical
reservoir conditions are simply too low to result in
significant loss from a liquid phase during phase
separation.

Furthermore, the vapor phase formed by near-
critical phase separation resembles a light oil with a
slope factor of —0.3 to —0.4. Three condensates
from EI Block 330 have this slope factor, but 14
condensates have slope factors of —0.6 to —0.8,
which are better explained by gas washing (see
Fig. 6). Though separation migration might have
caused the lower carbon number breaks (below Cog)
seen in some of the EI oils, the process would not
cause higher carbon number breaks, as seen in the
more fractionated oils from EI 330.

Solid-liquid geochromatography

In this scenario, the fluid oil is progressively
altered during migration through selective sorption
of aromatic and more polar species to the mineral
matrix. Though this process undoubtedly occurs
widely in the subsurface, it probably is not the pri-
mary cause of the alteration in the EI Block 330
oils. As reported by Krooss et al. (1991), oils
altered by the process of solid-liquid geochromato-
graphy show progressive loss of aromatic and polar
species, but this loss is not species specific. In par-
ticular, ratios of compounds within a homologous
series tend remain constant during fractionation.
Krooss et al. attribute the decline in fractionation
to the presence of water, which spoils the absorp-
tion ability of the rock matrix. Hence, the fraction-
ation among the n-alkanes of the oils at EI Block
330 is probably better explained by gas washing.
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Molecular diffusion

In this scenario, light, mobile species diffuse away
from the main oil pool, leaving the heavy species
behind. This process cannot explain two aspects of
the composition of the EI 330 fluids. First, it can-
not explain the relationship between aromaticity
and paraffinicity of the fractionated oils. Diffusion
coefficients are (to zeroth order) proportional to
species the product of mole fraction (x;) and the
square root of molecular weight (mw,):

Djocx i /mw;. (%)

Toluene, methyicyclohexane and n-heptane are
have similar molecular weights, (84, 98 and 100, re-
spectively), and their mole fractions are also quite
similar (since the values of paraffinicity and aroma-
ticity are close to 1). Fractionation based on diffu-
sion in these circumstances is a very slow process,
which probably has not had cause significant
changes in composition since the reservoirs were
filled (which must have occurred since the reservoirs
formed, i.e. within the last 150,000 years).

Secondly, diffusion would not cause the n-alkane
fractionation seen in the EI 330 oils. Since diffusion
coefficients are proportional to the square root of
molecular weight, no strong compositional differ-
ences would be expected between heavier n-alkanes
(e.g. Cipt+) where the difference between diffusion
coefficients becomes small. For example, diffusion
probably does not explain a fractionated oil with a
break number of 12 that has lost a significant
amount of C;y and C;;, but very little C,.

CONCLUSION

Alteration by a gas stream causes predictable
changes in an oil’s chemistry. In particular, those
changes are reflected in the distribution of n-
alkanes, as well as in the aromaticity and paraffini-
city in the oil. An oil’s n-alkane content is sensitive
to both the amount of gas that washes an oil, and
also to the depth at which that oil was washed.
Both of these factors cause the n-alkane content of
an oil to deviate from an exponential distribution.

This paper introduces a model that can simulate
phase fractionation in hydrocarbon fluids and quan-
titatively predict the effect that one example of
phase fractionation, gas washing, has on fluid
chemistry. Oils from South Eugene Island Block
330 show varying degrees of gas washing. The simu-
lations show that the alteration seen at EI 330 is
consistent with a series of independent washing
events at approximately 2.0-2.6 km depth, which
are the depths of the current reservoirs. The oils do
not seem to be the result of a flow through system
where a single gas stream fractionates deeper and
then shallower oils sequentially. Rather, the oils
seem to be fractionated by methane gas streams
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that independently affected different oils at different
depths. Variations in compositions of approxi-
mately 40% of the oils in the EI Block 330 data set
we examined can be attributed to by gas washing.
The slope break in the n-alkanes and the changes in
aromaticity and paraffinicity in these oils indicate
that 12-15mol of methane per mol of oil is
required to fractionate these oils. The agreement
between the independent fractionation indexes lends
strong support to this conclusion.

The method presented here is a powerful tool for
describing the history of hydrocarbon fluid flow in
sedimentary basins. With this tool, we can identify
scenarios that are consistent with the available data,
and reject those that are not. Gas washing is clearly
an important process that can control the compo-
sition of hydrocarbon fluids in the subsurface, and
the FlowTube model is a tool that can aid in quan-
tifying the effects of this process.
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