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diffusion. This was found at the second of three siltstone/sandstone contacts and
composition of bitumen components expelled did not match the reservoir crude.
Maximum extent of such depletion was 1.9m. The presence ot such diffusional loss in
pre-expulsion source rocks indicates that diffusion will impair subsequent source rock
performance in interbedded sections.

Based on the maturity difference and the lack of depletion phenomena observed, it is
concluded that the oil migrated from a more mature section of the same formation and
that no primary migration had taken place in the section studied. The tact that expulsion
had not taken place in source rocks rated as good to very good suggests that source rock
classitications in general may be over optimistic and actual source rocks for some
Tertiary delta provinces such as the Mississippi and Niger may be as yet undiscovered.
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1.3.4. Source rock geology

Source rocks are defined as those having provided oil in sufficient quantity for
commercial accumulations and, as mentioned earlier, are found to be organic carbon-rich
shales, siltstones, and lime mudstones in which the total organic carbon contents are
generally greater than 1.5%. These, when mature, have high hydrocarbon/total organic
carbon ratios. These ratios are low in coals, even though these are richest in hydrocarbons
and total organic carbon, (Baker, 1962), and thus coals are at best a source for minor oil
or, at high maturities, gas.

Carbonate source rocks (lime mudstones) often have very low or negligible clay content
such as the Hanifa Formation of Saudi Arabia (Meyer and Nederlof, 1984) which has
sourced some of the largest accumulations in the world, so the presence of clay is
obviously not a requirement for primary migration (or generation). Carbonate source
rocks typically have similar total organic carbon contents as source shales (Jones, 1984)
and are most often hydrostatically pressured as in the Persian Gulf (Cousteau er al. 1975)
indicating that super-normal pressures need not be present for migration. Although
carbonates do show a general loss of porosity with depth (Schmoker and Halley, 1982)
this is much less regular than for shales, and due to early cementation, many mudstones
experience negligible additional water loss after shallow burial. This may mean that a
supply of compaction-released water may not be available in some carbonate-dominated
basins as a potential agent of primary migration.

1.4. Chemical fractionation during primary migration

Both crude oils and bitumens (organic compounds soluble in organic solvents) from
potential source rocks consist of hydrocarbons (compounds containing only hydrogen
and carbon), and hetero-compounds which in addition may contain nitrogen, oxygen, and
sulfur. Traces of metals, principally nickel and vanadium are also present, in specific
hetero-compounds. All these are members of the compound classes herein defined
(following Jewell er al. 1972) as:

« Saturates:
* Hydrocarbon compounds containing no double bonds.

* Aromatics:
* Hydrocarbon compounds containing one or more aromatic rings.

* Resins:
* Hetero-compounds soluble in n-pentane (generally of high molecular
weight).
* Asphaltenes:

* Hetero-compounds insoluble in n-pentane (always of high molecular
weight).






-M 1 and a smaller mode at "MZ2". The latter corresponds to “aromatic-intermediate oils”,
high in sulfur compounds and characteristic of oils from some carbonate sources such as
in Venezuela and the Persian Gulf (Tissot and Welte, 1978). The overall distribution is a
regular one characterized by increasing hetero-compound content with decreasing
saturate/aromatic ratio. This regularity, together with the dependence of the two poorly
separated modes on source rock lithology and not depth, organic matter type, hydraulic,
or stratigraphic criteria; or migration distance, suggest that differing primary migration
mechanisms are operating with similar chemical fractionation, or that a single mechanism
is dominant.

The study of source rock bitumens has shown that when these are of oil-generating
maturity, they are much enriched in hetero-compounds and poorer in hydrocarbons than
reservoired oils they have given rise to (Hunt, 1979). Tissot and Pelet (1971) have
presented “average’ bitumen(B) and o0il(O) compositions for carbonate(C) and shale(S)
source rocks and these are plotted on Fig. I-1 as points and joined with lines CB-CO and
SB-SO respectively. Although the hetero-compound content can vary somewhat with
solvent used for bitumen extraction (Ferguson, 1962), this enrichment appears to be
universally present. Additionally, the compositions of the saturate and aromatic fractions
of bitumens are found to be very close to those of the derived crude oils, enough to be
commonly used as a definitive correlation parameter (Williams, 1974; Powell et al.
1984). Thus migration takes place such that compound class proportions are changed
with little or no change in individual hydrocarbon class compositions (the detailed
composition of resins and asphaltenes is much more difficult to study). The regularity of
crude oil compositions noted previously, independent of secondary migration distance,
indicates that this fractionation takes place during primary migration.

1.5. Possible mechanisms of primary migration

Primary migration has been attributed by various workers at different times to aqueous
phase processes, organic liquid phase processes, gas phase processes, and molecular
diffusion.

1.5.1. Primary migration by diffusion

Diffusion is the transfer of matter, as individual molecules, driven by activity gradients
from zones of high concentration to those of lower concentration, to ultimately give
uniform activity. As such, diffusion can act only in decreasing concentrations and thus
cannot be effective to any extent during oil accumulation.

Since relatively large organic molecules can move only with great difficulty through
crystal lattices of clays or carbonates, it is probable that molecular diffusion of organics
in source rocks takes place through the pore water.



Leythaeuser er al. (1982), have estimated diffusion coefficients for light hydrocarbons
by measuring the decrease of their concentrations in a vertical shale core. They found
diffusion coefticients to decrease rapidly with increasing molecular weight and
concluded that diffusion is insignificant for primary migration except for gas and some
gasoline range hydrocarbons. The core was however taken from a region of present-day
permafrost, and may also have been weathered, so diffusion coefficients at actual oil
generation depths may be much higher. Their dependence on molecular weight would
remain. Although this could account for the higher retention in the source rock ot high
molecular weight resins and asphaltenes, it does not explain the similarity in molecular
weight distributions of saturates and aromatics between crude oils and source rock
bitumens. Ditfusion is unable to account for migration to accumulations in contact with
source rocks, where migration is counter to the concentration gradient, such as the
present study.

Since accumulations are zones of maximum concentration of organics, diffusion in the
subsurface should be much more active as an agent of dispersal, particularly of gas
accumulations. Although this must take place to some extent, the failure of surface
geochemical prospecting (Hunt, 1979) indicates that it is rarely of major significance.

If conditions are such that diffusion is able to transfer significant quantities of oil to
reservoir rocks, these will be at a concentration equal to, at most, their aqueous solubility
(limited by back-diffusion from exsolved oil). This presents major problems for
secondary migration as will be outlined in the following section.

1.5.2. Primary migration in aqueous phase

1.5.2.1. Solution in water

Water, not surprisingly, receives extensive consideration as an agent of primary
migration due to its ubiquity in the subsurface and its expulsion in large quantities from
compacting shales. Water moves with relative ease through tight rocks without the
relative permeability problems of oil and gas, and since generated oil must first move
through a tight source rock to the reservoir and then be trapped therein by its inability to
pass through a similarly tight caprock, primary migration in aqueous phase followed by
accumulation as a separate organic phase seems an attractive explanation. Tertiary deltas
such as the Mississippi, Niger, and Mackenzie contain thick, undercompacted shales of
low organic carbon content but abundant retained water, and the many oil and gas
accumulations in these settings are difficult to account for with other migration
mechanisms.

Solubilities in water of individual petroleum hydrocarbons at 25°C have been
determined (McAuliffe, 1978) and are, with the exception of gas constituents, low. For
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in addition should include pronounced molecular weight fractionation, at least below C 5
tor hydrocarbons. In the examples of McAuliffe 70% of the dissolved aromatics consist
of benzene and toluene, which make up 62% of the total dissolved gasoline-range
hydrocarbons, in contrast to concentrations of approximately 3% in the gasoline fractions
of the oils used.

Additional problems with aqueous phase migration arise when secondary migration to
traps is considered, and as mentioned earlier, this also applies to migration by diffusion
where the end product should at best be hydrocarbon-saturated water entering the
reservoir.

To form an accumulation, oil dissolved in water must be exsolved, and chemically this
can be carried out by an increase in salinity, decrease in temperature, or decrease in
pressure, the latter probably eftective for gaseous hydrocarbons only. Since oil
accumulations are often found within the oil generation window, or nearby, extensive
vertical migration necessary for significant pressure or temperature reduction often does
not take place. In addition, Bonham (1980) has shown that although water released from
compaction generally moves stratigraphically upward, basins are locations where water,
as well as sediments, is buried. The net flux ot water in the absence of uplift is thus
downward with respect to sea level and the majority of pore water in sedimentary basins
may never experience significant decreases of temperature or pressure other than those
due to changes in heat flow from the basement, or uplift. This leaves salinity as the most
feasible means of exsolution.

Shale (but not necessarily carbonate mudstone) pore waters are typically fresher than
those in neighboring reservoir rocks (Hunt, 1979), and Price (1976) found that salinity
greatly decreased the solubilities of hydrocarbons. This salinity though, should be
relatively uniform, due to diffusion, throughout large volumes of the reservoir thus
exsolution should occur over the source-reservoir contact and spread, rather than in a
trap. Oil saturation in the reservoir would then have to rise to residual oil saturation
(where K ;>0) betore oil flow could occur, with the result that most of the reservoir
outside the trap would contain this amount ot oil. As mentioned under *Secondary
Migration’ above, this is normally tfound not to be the case (but see du Rouchet, 1984),
and would in any event be, volumetrically, extremely wasteful (McAuliffe, 1978).
Exsolution from temperature decrease, although as outlined above unlikely, would show
the same effect to a greater degree, since temperature change and therefore exsolution
would take place gradually as the water rose, exsolving oil to be trapped as residual
throughout the dipping reservoir.

Due to the above implications and other difficulties, simple migration of oil dissolved in
water appears extremely unlikely, if not impossible. To overcome some of these
difficulties, some modifications have been proposed to the simple pore-water solution
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mechanism. These include changes to increase solubility of hydrocarbons, and those
which strive for the same effect by increasing availability of water.

Price (1976) advocated migration in super-hot (>300°C) waters from great depths in
sedimentary basins, thus vastly increasing solubilities. This mechanism requires
temperatures that are never reached in many petroliferous basins, and a mechanism to
bring such hot waters up to oil generation depths to dissolve hydrocarbons from source
rocks. Problems of chemical fractionation and residual oil saturation will remain, even if
such a fortuitous mechanism could be found.

1.5.2.2. Micellar solution

Cordell (1973) and others have proposed surfactants to solubilize oil as “micelles’,
much like household detergents, thus enabling migration of important quantities of oil in
water. This mechanism, as reviewed by McAulifte (1978), requires large amounts of
surfactant (approximately equal to the oil dissolved), and the origin and fate of this
surfactant cannot be accounted for. Surfactants are used in some tertiary recovery
projects in depleted reservoirs (Herbeck er al. 1976) where only an advancing front of
solubilized oil is established, not dissolution of the entire reservoir contents. Even this is
not feasible in carbonate reservoirs due to adsorption of surfactant onto mineral surfaces,
and McAuliffe (1978) indicates that water-in-oil micellar solutions are preferentially
formed. The chemical fractionation effect of micellar solution would likely be similar to
that of pure water, if solubility is increased uniformly for all compound classes, and upon
breakdown of micelles into oil droplets, (mechanism unspecified); secondary migration
problems similar to those for simple water solution should remain. If, somehow, droplets
smaller than reservoir pore sizes could be stabilized by some remaining surfactant, and
rise by buoyancy, they could not establish normal oil-water contacts as explained earlier
under *Secondary Migration’.

1.5.2.3. ‘Protopetroleum’

A similar mechanism involving ‘in-transit conversion’ of a soluble protopetroleum has
been proposed by Hodgson(1980), but consists of actual generation during migration
rather than solubilization of pre-existing compounds. In such a case, oil precursors or
incompletely generated oils should be found in reservoir rocks, and being water soluble,
should have a composition very unlike ‘normal crude oils® in Fig. 1-1. Breakdown
products should also be evident. Petroleum generation in source rocks has been shown to
result from thermal breakdown of insoluble, high molecular weight kerogen, and it would
be a strong coincidence if oil of near-identical hydrocarbon composition could be
generated from water-soluble molecules. Problems of secondary migration of such
generated oil should be of equal difficulty to those resulting from micellar solution.



1.5.2.4. Solution in CO,-saturated water

Bray and Foster (1980) have reported CO,-saturated water to be much more effective
than distilled water for transporting oil through sediments, and propose that oil migration
may take place by this mechanism. Whether subsurface waters approach CO5-saturation
is doubtful because:

I. most organic CO, generation is complete before the onset of oil generation
in oil-prone source rocks.

N

.inorganic CO, generation takes place at temperatures well above those of
oil generation.

3. CO, in water can react to form secondary carbonate minerals, and

4. natural gases in contact with pore water for long periods typically contain
only traces of CO».

CO, is used in tertiary recovery projects where its high solubility in both water and oil
lowers intertacial tensions and makes possible miscible flooding of reservoirs (Momper,
1978). This may account for the report of Bray and Foster (1980).

1.5.2.5. Additional water source

In addition to seeking means of greater oil solubility in water, aqueous phase migration
could conceivably be achieved by acquiring a larger volume of water available for
transportation. Toth (1980) has analyzed the flow of meteoric water trom topographically
high to low regions in a basin, and shows that with large surface areas compensating for
low permeabilities, such flow can penetrate to great depths and cycle large volumes of
water through source and reservoir rocks alike. Even if this flow were sufticient to
successfully transport significant quantities of oil, with attendant fractionation and
secondary migration problems, it would leave unexplained the migration and
accumulation of offshore oil. Here the water table is level and constant (excluding tides)
and yet oil is seen to originate and accumulate exactly as in onshore basins, the only
difference being the present day surface geography. Similarly, Powers (1967) and many
others have proposed the conversion at depth of montmorillonite to illite to provide the
extra water necessary for aqueous migration. This mechanism would leave unexplained
the migration of oil from montmorillonite-free (and practically clay-free) carbonate
source rocks such as those feeding the richest producing areas of the world in the Persian
Gulf.



1.5.3. Primary migration in oil phase

Primary migration in a separate oil phase was suggested as early as 1935 (Hoots er al.
1935) but received little consideration until much later (Dickey, 1975) due to the lack of
modern techniques of detailed hydrocarbon analysis, and a concentration of attention on
aqueous phase migration thought to be more likely for the Gulf Coast Tertiary. Oil phase
migration is becoming increasingly favored as an explanation for oil occurrences
(Durand, 1981), largely due to increasing recognition that other proposed mechanisms
fail to account satisfactorily for geochemical observations and material balance
calculations for known oil-source rock combinations. Problems, however, remain and if,
as many believe, oil undergoes primary migration as a separate phase, it is by a process
or processes as yet poorly understood.

Geochemically, the similarity in composition of saturate and aromatic hydrocarbon
fractions between oils and source rocks, mentioned earlier, is one of the observations
most strongly favoring migration in oil phase. As was seen in the case of diffusion
(molecular weight dependent), and aqueous phase migration (solubility dependent), and
as will be outlined for gas phase migration (vapor pressure dependent), migration by any
of these mechanisms will result in more or less severe fractionation of hydrocarbons.
They are, however, totally miscible in a liquid hydrocarbon phase with the possible
exception of some very high molecular weight polycyclic aromatics. The observed
depletion in hetero-compounds of oils relative to their sources indicated on Fig. 1-1 has
been attributed to adsorption on mineral surfaces (Tissot and Welte, 1978) or their
limited solubility in a liquid hydrocarbon phase (Tissot, 1981). If either of these
processes is active, migration in oil phase can explain observed geochemical
fractionation better than other mechanisms considered herein.

Other evidence favoring oil phase migration includes direct and indirect observations.
Liquid oil has been observed in source rock fractures (Hoots er a/. 1935) and produced
therefrom in particularly rich source rocks (Meissner, 1984), the production being water-
free. Oil has also been observed in fractures in rocks between oil reservoirs and
underlying source rocks (all being carbonates) in the Persian Gulf area (Murris, 1984).
Surface oil seeps, although common, are equivocal and in many cases are instances of
secondary migration from underlying accumulations. Meissner (1984) and Goff (1983)
have documented large increases in deep resistivity on wireline logs in mature source
rock intervals. In the North Sea Kimmeridge Clay example given by Gotf (1983) this
decreases to normal levels below the oil generation window, and thus cannot be due to
compaction-related porosity loss. Such resistivity increases independent of porosity
indicate increasing hydrocarbon saturation in the pore space (Archie, 1942) and
increasing discontinuity of the conducting water phase. The decrease after termination of
oil generation must indicate expulsion of oil generated, or expulsion of gas generated
from thermal cracking of oil.
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The observation that source rocks generating commercial oil generally contain large
amounts of organic matter (>2.5% TOC- Jones, 1980) seems intuitively obvious, but is
inconsistent with migration in water solution. Jones (1980) shows that rocks with total
organic carbon as low as 0.2% still have enough hydrocarbons at peak maturity to
sa;urate their pore water. This implies that virtually all fine-grained rocks can expel equal
amounts of oil in solution, and that for many rocks, peak expulsion could thus occur well
above oil generation depths. This is not consistent with either the distribution or
composition of reservoired oil, but if migration in oil phase is possible, this difficulty is

overcome.

1.5.3.1. Flow through pores

Difficulties encountered in explaining primary migration in oil phase are principally of
a mechanical nature and some also arise from field observations. Migration in oil phase
in a source rock must proceed by increasing the oil saturation in the pore space to a point
where the relative permeability to oil becomes appreciable (considered to be 20-30%), to
establish a continuous oil phase in finely porous shales. This involves injecting oil into
water-filled pores much smaller in diameter (lO'5 to lO'bmm, Momper, 1978) than those
in reservoir rocks. Due to the greatly decreased radius of curvature of the oil-water
interface upon penetrating such pores, the capillary pressure (pressure differential
between oil and water) necessary becomes enormous. Tissot and Welte (1978) calculate
that for pores of 10> mm and viscosity and interfacial tension for typical oil generation
conditions, a capillary pressure of approximately 240 kg/cm? would be required to force
entry. There is no reasonable source for such pressures. Buoyancy alone, for an oil SG of
0.8, would require an oil column of 12 km, and the pressure of the oil phase (water pore
pressure + capillary pressure) would equal overburden pressure at a depth of 1900 m
under hydrostatic conditions. It is impossible to approach such pressures without
hydraulic fracturing (Eaton, 1969), and since the capillary pressure is an increment added
to the pore pressure, undercompacted overpressured shales only compound the problem.
Dickey (1975) suggested that permanently adsorbed water layers on pore walls in shale
rendered much of the water functionally solid, thus greatly increasing the hydrocarbon
saturation in the remaining effective porosity. This, however, adds to the capillary
pressure problem by decreasing pore diameters and is likely not applicable to carbonates
where both pore diameter and porosity may be much less than shales (Ayres er al. 1982).

If oil does migrate from source rock to reservoir in oil phase, subsequent secondary
migration by buoyancy through the reservoir should leave residual oil saturation along
the migration path. If the entire contact surface between source and reservoir transmits
oil, as would be expected for migration through pores, this residual saturation should be
easily detected during drilling, logging, and coring and should tie up a sizeable fraction
of migrated oil, increasing with area of contact and distance of migration. This residual
oil is seldom, if ever, encountered and Sluijk and Nederlof (1984), after analyzing several
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hundred oil accumulations from 37 basins, found no correlation between migration
efficiency and migration distance (over 100 km in some cases). They concluded that ‘no
appreciable oil loss takes place during migration’. This is ditficult to reconcile with oil
phase migration through source rock pores.

Coals, having low porosity and high hydrocarbon content, should be the best of source
rocks, if migration is in oil phase through pores. Coal measures generally have abundant
clean channel sandstones and sealing shales and thus should contain major oil reserves in
stratigraphic traps. In fact, they are only marginally prospective, usually for gas at high
maturities. On the opposite end ot the source-rock scale, thick Tertiary deltas such as the
Mississippi and Niger are characterized by very thick organically poor (<1 % TOC) shales
featuring gas prone terrestrial and oxidized organic matter. These should be very
unfavorable for oil phase migration, vet such deltas contain abundant oil reserves. This
fact has directed much study toward aqueous phase migration as noted earlier.

1.5.3.2. Flow through fractures

In an effort to explain oil phase migration, in spite of the enormous capillary pressures
required in shale pores, Tissot and Pelet (1971) have proposed migration through micro-
fractures. It present, these would presumably have dimensions sufficiently great to
alleviate the capillary pressure problem, and if distributed densely enough, could contact
sufficient kerogen to attain appropriate oil saturation and conduct adequate volumes of
oil to reservoir rocks. The formation of such fractures is more problematic. Du Rochet
(1981), using an analysis based on effective stresses (maximum downward) shows that
hydraulic fracturing occurs in a source rock when pore pressure (P,) exceeds the least
principle stress (S3) by the tensile strength of the rock (T), normally low.

S3-P=-T
Further increases in pore pressure are bled off by reopening or extending such fractures.
Injection of fluid from fractures to reservoir rocks encountered during fracture extension
can only take place if the reservoir pore pressure (P)) is sufficiently less than that of the
source rock such that the least principle stress (S3) now exceeds it by an amount equal to
the capillary pressure necessary to force entry into the largest pores in the reservoir (P,).

S3- P.= P,
This implies that water cannot enter a reservoir from a tensional fracture (S3- P, =0), and
that pore pressures greater than hydrostatic are needed for any hydraulic fracturing.
However, with oil, if sufficient vertical oil column can be established in a fracture system
to achieve sufficient capillary pressure by buoyancy, a reservoir may be entered through
any fractures, even ones predating oil generation or produced by tension. Thus
supernormal pressures may be required only to initiate and propagate microfractures until
they encounter any pre-existing permeable conduits. Those conduits first encountered
which are capable of transmitting enough oil and/or water to prevent further pressure
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increases, will stop further fracturing and propagation, and transmit all of the produced
fluids in the fracture system. Thus entry to a reservoir rock would be at distinct localities
and not uniformly across the contact, if this scheme applies.

Such a mechanism of migration by microfractures, although not restricted by high
capillary pressures or secondary migration losses, still leaves unexplained the problem of
coals, because these have very low tensile strengths and should fracture easily. Similarly,
thick Tertiary deltas (the other problem area) are characterized by much higher
supernormal pressures than most other geological environments and these pressures
could not be sustained if hydraulic fracturing was occurring. This is therefore likely due
to high values of least principal stress, indicating a more plastic rock behaviour, and
should apply to other shale lithologies.

Oil phase migration through pores and fractures would involve bitumen contact with
water-wet mineral surfaces. Adsorption on such surfaces increases in the order: saturates
< aromatics < hetero-compounds (Van Cangh and Fripiat, 1973) and the fractionation
observed from primary migration has been attributed to such adsorption by Tissot and
Welte (1978). Seifert and Moldowan (1981) have used the term ‘geochromatography” to
describe such fractionation, due to effects analogous to conventional liquid
chromatography. Some differences from laboratory chromatography exist, however, and
are important. Bitumen entry into the migration path can take place anywhere in the
source rock and no carrier liquid or gas is present. This is analogous to simultaneous
sample injection at many points along a chromatographic column, with no carrier flow. A
two-component mixture normally eluting as two peaks in conventional chromatography
would, under these conditions, elute as a single broad peak containing a small percentage
of the more strongly adsorbed component. The remainder of this component would
remain permanently adsorbed on the substrate. Final composition of the oil migrated
under these conditions, for a given generated bitumen and mineral composition, would
depend on the bitumen/mineral ratio, a high ratio resulting in an aromatic and hetero-
compound rich oil. Low ratios in the source rock should produce a more saturate-rich oil
and any lean rocks subsequently passed through should produce the same effect,
increasing with primary migration distance.

1.5.3.3. Flow through kerogen

McAuliffe (1978) has suggested that oil phase migration routes should in fact be along
strands of kerogen in the source rock. He argues that because oil is generated from the
kerogen, it is automatically oil-wet and no capillary pressure or relative permeability
problems will be encountered if a three-dimensional kerogen network exists. He also
shows examples of isolated uncrushed kerogens which are both porous and
interconnected in three dimensions.
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thermal destruction, trapping efficiency may be quite high and the actual source rock not
outstandingly rich. The entire situation may be comparable to the North Sea, where a
lean, rapidly deposited Tertiary sequence, lithologically similar but much thinner than the
two deltas mentioned, hosts numerous accumulations from shallow degraded oil to gas
and condensate, all sourced by the underlying Jurassic. Oil-source rock comparisons
between delta oils and landward, older potential source rocks could possibly resolve this
long-standing problem. Isotopically, at least, some Tertiary and Cretaceous Louisiana
crudes are similar (Sofer, 1984), and a rich Cretaceous source has been correlated to
several Mackenzie delta crudes (Bruce and Parker, 1975).

1.5.4. Primary migration in gas phase

Hedberg (1974, 1980) has proposed primary migration of oil in gas phase. At oil
generation maturities, CO, and biogenic methane generation have largely ceased for oil-
prone kerogen and H,S generation has not yet become significant (e Tran, 1973), thus
any gas phase present should be dominated by thermally generated methane, as Hedberg
(1980) proposes.

Solubility in gas phase of compounds normally present in crude oil depends on
temperature, pressure, and the overall composition of the system. Although it is not
possible to measure the effects of each variable, solubilities of several whole oils in
‘natural gas’ as a function of temperature and pressure are given by Zhuze er al. (1962,
1963) and in methane (with water present) for one crude oil and two distillation fractions
by Price et al. (1983). The data are broadly similar and show increasing solubility with
temperature and especially pressure, the solubilities being higher overall in the hydrous
system.

Theoretically, assuming Raoult’s law is broadly applicable, solubility of individual
compounds in the gas phase should be a function of vapor pressure and concentration in
the liquid phase. Primary migration in gas phase would thus favor compounds of high
vapor pressure (generally low molecular weight) and the resulting fractionation should
produce a gas phase enriched in these components relative to the remaining liquid. This is
shown by the data of Price er al/. (1983) at temperatures ot 150°C or lower. In terms of
compound types, this would in general show up as an enrichment in saturates relative to
aromatics due to the minimum aromatic molecular weight of 78, and an enrichment of
aromatics relative to hetero-compounds due to the very high molecular weight of
asphaltenes and most resins. In practice, however, analysis of C 5+ fractions of oils
would largely miss the low molecular weight fractionation effect, and any
saturate/aromatic fractionation observed would depend largely on the molecular weight
distributions of these compound types above C 5.
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Asphaltenes and resins were previously defined herein as being “n-pentane insoluble’
and ‘n-pentane soluble, propane insoluble’ respectively and it is difficult to see how such
high molecular weight compounds can be dissolved in much greater weight dilution by
methane, which according to Mitchell and Speight (1972) should have a much reduced
capacity to retain these in solution than propane or n-pentane. Notwithstanding, Price er
al. (1983) have tound a measurable solubility of vacuum distillation residue in methane
at 250°C, in addition to hetero-compound enrichment in gas equilibrated with heavy
distillate at various temperatures. C,5+/(C,-C,5) ratios for crude oil dissolved in methane
were also found to exceed those for the initial crude oil at various temperatures and
pressures in the study of Price er al. (1983). This is the opposite of expected
fractionation and was left unexplained. Price er al. (1983) used crude oils of very low
hetero-compound content to begin with (3.25%), and dissolved oil in the gas phase was
measured by taking two differences, so possibly small systematic errors were magnified.
Also it is clear that for at least some of the liquid-gas equilibrations, new crude oil (or
fraction thereof) was not added to the system, the changes made being only increasing
temperature or pressure after sampling gas from a previous run. With pure liquid (such as
the water present) or solid, no activity change would result from this, but for a liquid
mixture, concentration and thus activity would decrease for those compounds depleted by
the first sample withdrawal. Concentrations subsequently measured would not be at
equilibrium with the original starting material. Another possibly pertinent factor would
be the limited volume dilution by methane in the gas phase at high pressures.

Assuming that the quantities of “liquid” dissolved in gas phase measured by Price er al.
(1983) are accurate, any fractionation of individual compounds may mean that some are
effectively insoluble in methane under experimental conditions and thus gas/liquid ratios
calculated for oil migration are only minimum, similar to water/oil ratios calculated from
“whole oil” water solubility. However they are still useful for comparison to gas/liquid
ratios measured at various stages of source rock maturation. Data presented by Rumeau
and Sourisse (1973) and Zhuze et al/. (1962) on initial conditions in natural condensate
reservoirs show gas/oil ratios greater than or equal to those determined by Price er al.
(1983). The weight ratios presented by Price er al. (1983) reach a minimum of 0.71
(gas/liquid) at 150°C and 845 kg/cm?, considered to be maximum temperature and
pressure for oil generation and preservation, and reach a value of 3.57 at 100°C and 422
kg/cm?, conditions corresponding closely to the reservoir in this study and more normal
for oil generation conditions.

Studies of gas content of source rocks are rare due to the specialized equipment required
and uncertain extent of loss from core recovery and storage. Tissot et al. (1971) have
carried this out for source rocks of the Paris basin and report a maximum weight ratio of
028 (C,-C5)/(Cex+ HC). This corresponds to near peak oil generation, the maximum
maturity reached by the type II kerogen in this basin.
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Several efforts to duplicate oil generation in the laboratory have also quantified gas/oil
ratios. Using hydrous pyrolysis, considered to be the most authentic laboratory
duplication of natural maturation (Winters et al. 1981), Tannenbaum er al. (1986),
working with a type I kerogen, measured a weight ratio of .011 (C-Cy)/(total bitumen) at
peak bitumen generation maturity. With dry pyrolysis this ratio reached .289 (same
kerogen and maturity) and .467 (different kerogen, same maturity). Rohrback er al.
(1984), using dry pyrolysis of immature recent sediments, measured ratios of C/(C s+
HC) of .379 and .787 for types II and III kerogen respectively, at peak liquid hydrocarbon
generation maturity. All of these pyrolysis results, tree from the loss hazards of core
studies, show in general a decrease in the gas/oil ratio (in the units chosen) as the
pyrolysis experiments approach natural maturation, i.e. in the order: Recent sediment dry
pyrolysis > Ancient sediment dry pyrolysis > Ancient sediment hydrous pyrolysis. Not
even in the recent sediment dry pyrolysis does this ratio approach the value of Price er al.
(1983) for oil generation conditions.

Under natural maturation conditions, where generation is much slower, more time is
available for methane loss by diffusion and water solution, as evidenced by the lack of
CO, in gas accumulations relative to that generated by kerogen maturation. Sluijk and
Nederlof (1984) in a statistical analysis of known source-migration path-accumulation
situations, estimate that in contrast to oil as previously cited, an average of 75% of gas is
lost during migration, probably by diffusion and solution. Finally, although in many
respects not an accurate simulation of natural maturation, Ungerer er a/. (1981) used dry
pyrolysis to calculate that at maturities of [.3% Ro vitrinite reflectance equivalent
(approximate oil deadline), both types II and III kerogen will generate liquid phase
products only. It appears from all the above evidence that sufficient gas is not available at
peak oil generation for gas phase oil migration. Hedberg (1980) indicates otherwise, but
his diagram of generation products vs. depth is taken largely from composition data of
accumulations, which have undergone varying degrees of vertical secondary migration.

The conclusion of insufficient gas for gas phase primary migration is supported by field
evidence from regions where key source rocks have not matured beyond peak oil
generation. In the central and northern North Sea, the main source rock, the Kimmeridge
Clay Formation, has for the most part not exceeded peak oil generation maturity (Cooper
and Barnard, 1984). Oil accumulations here with few exceptions are unsaturated (lack
gas caps) but due to continuing present day subsidence, most are probably still
accumulating or spilling oil.

Although discussion so far has centred on peak oil generation maturities, gas/oil ratios
in the source rock can rise to near infinite values with increasing temperature and
pressure while ratios required for gas phase migration fall. There thus appears to be no
valid reason why gas phase migration cannot take place at advanced maturities where wet
gas, dry gas, and condensate are the main products. Greatly increased volume expansion
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at such maturities (Ungerer er al. 1981) should greatly assist such expulsion, and indeed
migration may become possible for gas and condensate under such conditions for source
rocks (for example coals) which were unable to expel oil at lesser maturities.

In cases where migration has proceeded in gas phase, migration direction should be
dominantly upward due to buoyancy, and exsolution of oil will be by retrograde
condensation under conditions of decreasing pressure and temperature. This should lead
to an increase in gas and light hydrocarbon content in an upward direction where
vertically stacked accumulations are available for sampling. Such a pattern, the opposite
of normal maturity-depth trends, has been observed by Illich er al. (1981) and Ungerer et
al. (1984) and attributed by the latter to gas phase migration. Such migration, however,
need not be primary, and in at least one of the cases mentioned (Ungerer er a/. 1984),
mature gas-prone source rocks are present in great quantity below the accumulations.
This would allow gas, if migrating from below in gas phase, to dissolve hydrocarbons
from accumulations passed through and condense them higher in the sequence, producing
the observed effect. Unlike water, as previously explained, gas is able to enter and pass
through oil accumulations (although probably not able to enter source rocks) and thus the
scheme outlined is one of secondary migration, a form of segregation-migration as
described by Silverman (1965). The presence therefore of such a sequence as observed,
where a possible underlying gas source exists, cannot be accepted as a case of gas phase
primary migration (or even principally gas phase secondary migration) without further
detailed study.

1.6. Aims of the present study

A study of primary oil migration to determine which, if any, of the mechanisms, or
combinations of mechanisms, outlined above has been operative is best carried out where
source rock, migration path, and resulting oil composition are accurately known. The
ideal location would be a source rock-reservoir contact where the reservoir is oil-bearing,
and still being filled, minimizing the possibility of post-accumulation alteration. The
present study comprises an organic-rich shale overlying an oil-bearing reservoir in the
North Sea, a region where only one oil source rock appears to be present (Cornford,
1984). As previously stated, Tertiary-Recent subsidence has been rapid and is continuing,
such that in most areas oil generation and thus presumably migration are ongoing,
without any special pressure and temperature conditions as postulated by Cartmill (1976).
Due to the shale overlying the reservoir, oil-bearing sandstone is adjacent to the shale
rendering impossible any post-accumulation hydrocarbon diffusion from source to
reservoir. Like most North Sea accumulations, the reservoir is unsaturated, making gas
phase primary migration unlikely and certainly impossible by buoyancy alone.
Geochemical analysis of source rock bitumens and reservoir oil in this situation should
reveal chemical fractionation and depletion characteristic of the migration mechanism
Operating as follows:
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Figure 2-2: Carbon-normalized bitumen profile,
U. Devonian, Algernia

(after Tissot and Pelet, 1971)

The lack of gas chromatographic data on molecular weight distributions,
saturate/aromatic ratios, and TOC values makes it impossible to determine whether
migration was carried out via diffusion, gas phase, aqueous solution, oil flow through
kerogen, or oil flow through pores and fractures, but the observed depletion is far greater
than that documented by Neruchev and Kovacheva (1965) and thus more likely to be
representative of the large scale migration necessary to produce significant oil
accumulations.



2.3. Lower Jurassic, France

The “schistes cartons’ of the Paris basin, made famous through use as a petroleum
generation laboratory for pioneering geochemical studies (Louis, 1964), and the type
locality for type II organic matter, have also been the subject of a detailed and thorough
primary migration study at a shale-limestone contact. Twelve metres of this formation
overlying a limestone were continuously cored and geochemically analyzed
(Vandenbroucke, 1972) as follows:

e Light hydrocarbon extraction (C,-C5)

e Mineralogical breakdown (Qtz, Clay, total Carbonates)
« TOC

¢ Solvent extraction

¢ Liquid chromatography

¢ Gas chromatography (2 samples:saturates)

* Mass spectrometry (6 samples:4 saturates, 2 aromatics)

Lithologically, (Fig.2-3), the core consists of calcareous shale overlying a tight clean
limestone. For the lower 4m of the core, carbonate appears to act as a diluent to clay and
organic matter, but in the upper half organic matter decreases upward despite decreasing
carbonate content, reflecting changes in conditions of deposition and preservation. Two
stringers of argillaceous limestone and very calcareous shale at 0.9m and |.7m
respectively above the limestone contact are associated with lower values of TOC and
higher values of bitumen/unit TOC than adjacent shale, as is the underlying limestone,
and these two zones appear to have functioned to a limited extent as reservoir rocks for
migrating hydrocarbons.

Organic matter for this formation is type II (Tissot and Welte, 1978) and although
maturity was not measured directly in this study, the presence of a sterane “hump’ of
tetracyclic alkanes in all of the saturate MS data indicate that peak oil generation maturity
has not been obtained. The core comes from a depth of approximately 2040m in a basin
where oil generation increases steadily from 1500m to maximum burial depth of
approximately 2400m (Louis and Tissot, 1967), reaffirming the conclusion drawn above
from the MS results and possibly primary migration, which must lag behind oil
generation, may not yet have begun at the depth in question. Hydrocarbon generation
reaches a maximum of 96.5 mg/g TOC in this core.

No oil accumulation was found in the limestone “reservoir’ below the shale, although a
show was observed at its upper contact. This was found to total 16.5 ppm bitumen, a
value lower than any in the overlying shale. Any significant migration from the shale to
the limestone must thus have been accompanied by lateral migration away from the zone
sampled. Reservoir properties reported of the limestone are very poor. The compound
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Figure 2-3: Litho-facies profile,
L. Jurassic, France

(after Vandenbroucke, 1972)

type data from the solvent extracts are plotted as mg/g TOC (Fig.2-4) and since TOC data
are available, the data are also shown as ppm total rock in Fig.2-5. It can immediately be
seen that the data normalized per unit TOC are much more constant with depth than as
pPpm total rock, indicating that bitumen has failed to redistribute itself evenly into shale
porosity. The two calcareous stringers at 0.9 m and 1.7 m from the contact are apparent in
Fig.2-4 as being relatively enriched compared to adjacent shales. The underlying
limestone (not plotted) shows this to a much greater degree, to 185.1 mg/g TOC.
Although the uppermost, at 1.7 m, is enriched in all four compound types, the lower
stringer at 0.9 m is enriched only in hydrocarbons, principally saturates. The same is true
for the underlying limestone, where enrichment is almost entirely saturates.

Vandenbroucke (1972), citing mainly data of compound type per unit TOC (Fig.2-4),
suggests that the lower values below 5.1 m, excluding the calcareous stringers, represent
shales depleted by migration, while the stningers, the underlying limestone, and to a
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Figure 2-4: Carbon-normalized bitumen profile,
L. Jurassic, France

(after Vandenbroucke, 1972)

limited extent the lowest shale sample (0.4 m) represent enrichment by migrated oil.
Maximum depletion is thus 35.7 mg bitumen/g TOC. Decreasing bitumen/unit TOC from
5.1 m toward the top of the core is not associated with any known reservoir rock and is
attributed to changing conditions of deposition and preservation of organic matter. Why
this explanation cannot hold equally well for the zone below 5.1 m is not outlined.
Bitumen in both zones consists of hydrocarbons and heterocompounds in relatively
constant proportions except for the lowest 2.3 m. This would indicate (for the zone
above 2.3 m) migration of bitumen without fractionation, or equally well, reduced
bitumen generation due to environmental conditions as suggested.

The lowest 2.3 m of core feature decreased hydrocarbons relative to heterocompounds,
and from MS, depletion of saturates of O and | ring relative to those of 2-5 rings. These
findings could be indicative of migration with fractionation. This zone also contains the
relatively enriched calcareous stringers and contacts the underlying limestone. However,
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lo depletion at all is shown by the given data above the top of the lower sandstone at O
m. The top 4.5 m of this rock type, together with 0.5 m of the overlying shale are
believed by the authors (Leythaeuser et al, 1984a) to be a former oil accumulation
together with an impregnated cap rock. This is shown by much larger values of mg
bitumen/g TOC for this interval compared to adjacent samples. However maximum ppm
bitumen is only 345, a value only slightly exceeding 308 ppm for the depleted shale at
34.5 m, and much less than that used as a ‘depleted’ shale (1524 ppm) for subsequent
expulsion efficiency calculations. Even assuming a low 5% sandstone porosity, 345 ppm
only amounts to an oil saturation of 1.7%, an unrealistically low value for residual oil
saturation. Sandstone analyses in general quoted for this core are lower in ppm
bitumen/total rock and higher in mg bitumen/g TOC than shales, and the two sandstones
targeted here as incipient or former reservoirs are not noticeably different. The entire
sequence, featuring low hydrocarbon generation, low depletion with inconsistent
compound type fractionation, no oil accumulation, and low TOC values inducing scatter
in TOC-normalized data, may be one where significant migration has not occurred, and
variations noted could be due to natural variability (noise) in the parameters measured.

On a molecular level, no depletion was noted in the biological marker compounds
measured, but GC results showed consistent differences in normal alkane distributions
v ich appear to be due to migration. Shale bitumens from thin shale beds within the
thick sandstone and from the edges of thick shales were found to be preferentially
depleted in low molecular weight normal alkanes relative to those from the center of
thick shales. On the other hand, many sandstone bitumens were enriched in normal
a anes of the same low molecular weight range. For example, the thin sandstone from
32.4 to 32.6 m shows a mode at nC 5 with a steady decrease toward higher molecular
weights, whereas the two closest shales show an additional mode at nC, |, with a much
more even n-alkane distribution in the nC,5-nC53 range. Some limited odd-carbon
predominance is also apparent in these samples.

2.4.2. Expulsion efficiencies

The n-alkane fractionation thus made evident was quantified by calculation of
“expulsion efficiencies’. These are ratios, different for each alkane, of the amount of
alkane expelled per unit of alkane originally in place, expressed as a percentage
(Leythae ereral. 1984a).

2.4.2.1. Using two rich shales

In the t st determination presented, a thin *depleted’ shale within the thick sandstone
member is compared to an ‘unmodified’ sample within the lower massive shale below the
sandstone. These samples are not shown on Fig. 2-6. The two samples, although 64m
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apart, are of roughly similar high TOC content and organic matter subtype, but are not on
the same primary migration path. Expulsion efficiencies are calculated using alkane
abundances per unit rock. Absolute amounts of nC,,+ alkanes from the two shales are
very close, resulting in expulsion etficiencies of near 90% tor nC, 5, decreasing steadily
to near zero for nC55+. Both pristane and phytane are shown to be ‘expelled’ to a
markedly lesser degree than n-alkanes of equivalent carbon number.

2.4.2.2. Using one rich and two lean shales

Expulsion efficiencies are next determined for another thin shale within the sandstone,
and a sample from the upper contact of the lower massive shale. Both have considerably
lower TOC contents than the ‘unmodified” shale considered, the same one as for the
previous determination. The thin shale is 20 m distant from the unmodified, whereas the
contact sample, 7m from the unmodified, could in this case very likely lie on the same
primary migration path (upward into the sandstone). Efficiencies calculated as before, on
a total rock basis, are now approximately 80% for nC,5, decreasing uniformly to
approximately 60% for nC5-. Mass expulsion of all alkanes considered is thus indicated,
although greater for those of low molecular weight, and attributed to possible differences
in pore size distributions by these authors (Leythaeuser er al/. 1984a). However,
accepting such “expulsion efficiencies’ as accurate requires assuming that, for example,
in the case of the contact sample, a shale of 1.19% TOC and 704 ppm bitumen originally
contained a quantity of n-alkanes equal to that of the ‘unmodified’ shale of 5.7% TOC
and 2310 ppm bitumen (same organic matter subtype). This may not be a reasonable
assumption since the dependence on TOC content of the calculated efficiencies is
obvious. This, as in the French example, demonstrates a lack of bitumen redistribution
into shale porosity. The approach of these authors (Leythaeuser er al. 1984a), has been to
use absolute amounts of hydrocarbons per unit rock to measure source rock depletion,
and, as reviewed earlier, bitumen per unit TOC to delineate residual reservoir
accumulation. This is opposite to the overall trend of oil migration and accumulation,
which is broadly from source rock organic carbon ro reservoir porosity and assuming
constant reservoir porosity for want of better data, the search for and quantification of
effects as documented in this paper should be best carried out with an approach opposite
to that presented.

2.4.2.3. Using a shale and a sandstone

In the same paper comparison is next made between the same “depleted’ shale (1524
ppm bitumen) as used in the first expulsion efficiency determination and an
“impregnated’ sandstone (273 ppm bitumen) 21.5m distant and of a differing organic
matter subtype, not shown on Fig. 2-6. Assuming the n-alkanes in the sandstone to be
derived from the thin shale interbeds, the authors reconstruct an ‘unmodified’ shale by
adding the amounts of each n-alkane per unit rock in the sandstone to those in the shale.
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Chapter 3
ANALYTICAL PROCEDURES

The source rock section studied herein consists of 92 m of Kimmeridge Clay Formation
siltstone overlying a sandstone reservoir rock. A 3.4 m thick sandstone is also present in
the siltstone 12.4 m above the reservoir, and both sandstones are oil-bearing. The entire
section was cored and sampled at intervals of 5-7 m for the upper part of the core,
decreasing to 1-3 m for the last 30 m above the reservoir. Attention was given while
sampling to avoid fractures and possible porous zones with drilling mud invasion. All
rock samples (19-162 g.) were obtained from 4" diameter conventional drill core,
wrapped in aluminum foil, and stored in plastic bags prior to the study. The sample of
reservoir oil was obtained from the operating company and was stored in a brown glass
bottle in darkness.

3.1. Crushing and grinding

After removing core edges contaminated with diesel oil (see Appendix A, page 146),
samples were crushed to approximately 0.5 cm in a Braun *Chipmunk’ jaw crusher (steel
jaws), which was brushed and washed with methanol between samples. Crushed samples
were then ground for 5 minutes in a Siebtechnik agate disk mill (10.6-9 cm.), again
brushed and washed with methanol between samples. The steel and agate crushing and
grinding surfaces prevented contamination by tungsten carbide.

Most source rock studies in the literature leave the crushing and grinding procedures
and results unreported. Ferguson (1962) found a median size of approximately 10 u (ball
milling) necessary for complete extraction of hydrocarbons, finer grinding increasing
only the yield of non-hydrocarbon organic compounds. The size distribution of Ferguson
showed approximately 85% <75 u, and 95%<150 u. Powell (1978) specifies grinding to
100% <149 u. To evaluate the grinding of samples in the present study, a 74 u sieve was
used. After 2 minutes of grinding in the agate mill, 37% was found to be <74 u. After S
minutes of grinding, visible aggregates began forming on the sieve, and only 19% passed
through. Wet sieving was not attempted due to the swelling nature of the powdered shale.
It was decided that further size analysis would be difficult, and that a substantial fraction
should be <74 u, aggregates possibly having already formed and contributed to the
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3.4.2. Liquid chromatography

Liquid chromatography, either high pressure or in columns under atmospheric pressure,
is most commonly used to separate de-asphalted bitumens, although thin layer
chromatography is also sometimes employed. Liquid chromatography separates
compounds according to their degree of adsorption on selected substrates in selected
liquid phases. In general, polarity increases in the order: saturates < aromatics < resins,
although some overlap occurs, notably between the two latter types.

Most liquid chromatography applied to bitumens utilizes a substrate which adsorbs
resins and allows hydrocarbons to pass, followed by a more active substrate which
adsorbs aromatics and allows saturates to pass. Saturates are thus collected and more
polar solvents are then used to elute aromatics and resins. This sequence is outlined by
Oudin (1970) for a two stage procedure, and by Jonathan et al/. (1976), tor a dual-packed
column. It is also implicit in ASTM standard method D2007(1984) where the two
substrates are physically separated after saturate elution for independent recovery of
resins.

Some form of silica gel was used for adsorption of aromatics in all documented
methods reviewed in the literature, but adsorption of resins was variously carried out with
alumina, bauxite, Attapulgus clay, and combinations of ion-exchange resins with
FeCl_;—coated clay. Radke et al/. (1980), have successfully used wide-pore (63-200 )
silica gel for resin adsorption (thermally de-activated to allow elution of polyaromatics),
indicating that pore size and not substrate chemistry may be the controlling factor for
high molecular weight resins.

Little standardization exists with regard to chromatographic separation of bitumens and
most studies leave this procedure poorly documented, particularly for purity of products.
The adsorption of aromatics on silica gel is not 100% irreversible in the presence ot non-
polar solvents, and exhaustive elution will include monoaromatics in the saturate fraction
(Jewell er al. 1972). Similarly, a solvent of too high polarity will introduce resins into the
aromatic fraction (Durand er al. 1970). Insufficient quantities of either adsorbent can
result in ‘breakthrough® with the same effects. The extent of these overlaps, always
present to some degree, are rarely stated in descriptions of procedures. For this study, a
method was sought which used existing equipment (ruling out HPLC), was applicable to
source rock bitumens, and was well documented with respect to product purity, elution
volumes, and column loading.

Of well documented methods studied, several required HPLC equipment, e¢.g. Radke et
al. (1980), one gave no aromatic-resin separation (ASTM D2549,1984), the USBM/API
60 method required prior ion-exchange resin treatment and did not effect a complete
resin-polyaromatic separation (Hirsch et al/. 1972), and ASTM standard method
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decreasing with time, favorable for source rock maturation. In the North Sea, rifting
began in the Triassic and culminated in the Upper Jurassic. The post-rifting subsidence
phase began in the Lower Cretaceous and continues to the present, such that with the
exception of a few salt piercements and inversion troughs, sediments are presently at
their maximum depths and temperatures.

Oil occurrence is limited almost entirely to the central and northern North Sea and
further discussion will be limited to areas north ot approximately 55°N. General outlines
of North Sea basin geological and tectonic development are presented by Zieglar (1981)
and Sclater & Christie (1980).

4.3. Source rocks

The presence of both a thick Permian proto-rift evaporite sequence and a thick Triassic
syn-rift continental redbed sequence restricts oil generation in the North Sea to the
overlying Jurassic, Cretaceous, and Tertiary.

Both Oudin (1976) and Barnard and Cooper (1981) have found the Cretaceous and
Tertiary shales, although moderately high in organic carbon, to have kerogen dominated
by vitrinite and inertinite and thus, at best, gas-prone. Their low oil source capability is
demonstrated by the observation that Tertiary and Cretaceous-reservoired oils can be
correlated to the underlying Upper Jurassic (e.g. Van den Bark and Thomas, 1981) even
in locations most tavorable for Tertiary and Cretaceous thickness and maturity (Byrd,
1975).

4.3.1. Jurassic

The syn-rifting Jurassic sequence is, in general, rich in organic carbon and buried to oil
generation maturities. Basically it consists of, in order of increasing areal distribution:

* a marine, shale-dominated Lower Jurassic
* a sand-dominated deltaic Middle Jurassic with volcanics and coal

* a marine, anoxic, shale-dominated Upper Jurassic

4.3.1.1. Lower Jurassic

Fuller (1975) and Oudin(1976) have found Lower Jurassic shales in the northern North
Sea to contain dominantly gas-prone kerogen types. In addition, oils from the central and
northern North Sea are very similar (Mackenzie & Maxwell, 1983; Oudin, 1976; Brooks
& Thusu, 1977) and the central North Sea lacks Lower Jurassic sediments (Brooks &
Chesher, 1975). These observations make Lower Jurassic shales very unlikely as a
significant oil source rock in the North Sea oil- producing sectors.
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sample, and the original bitumen weight was estimated from organic carbon loss on
extraction. Also, the weight of asphalt-free bitumen was not determined for the sample
from 1.4m, and an average 3.4% resin loss on the column was assumed. This introduced
negligible error.

5.1.2. Reproducibility

As outlined under “Precipitation of Asphaltenes”, page 51, a readily available crude oil
was used for asphalt precipitation trials. Asphaltenes were precipitated using a range of
solvent ratios trom 10 to 50 ml solvent/ml dried oil and standard deviation for percent
asphaltenes was 0.17% (or 4.7% of the mean). Since a constant solvent ratio was used for
samples in this study, the above figure should be regarded as a maximum and the
reproducibility of percent asphaltenes in this study will be somewhat better.

The same crude oil samples, when asphalt-free, were fractionated by an identical
method as used for the other samples. Standard deviations were for saturates: 1.95%
(3.8% of mean); for aromatics: 1.61% (5.3% of mean); and for resins: 0.66% (4.4% of
mean). Reproducibilities should be similar for the fractions in this study, the effect on
other fractions of the variable asphaltene removal in the trials being negligible.

5.1.3. Bitumen profiles

Using the results of compound-type analysis presented in Table B-4, bitumen
composition in units of ppm dry rock is plotted against depth in Figure 5-1. Wide
variation can be seen between samples from differing depths, but in general the lower
portion of the core, below 30 m from the reservoir, contains less bitumen, as would be
expected if primary migration into the thin sandstone and the underlying reservoir
resulted in significant depletion. However, TOC content also decreases below this point,
and a plot of bitumen composition in units of mg/gTOC against depth, Figure 5-2, shows
much less variation between samples and no large apparent depletion zone. Although
apparent depletion may be present immediately below the thin sandstone or immediately
above the reservoir, the lowest sample has had total bitumen weight estimated from
carbon loss data, and is thus much less reliable in terms of total quantity than the others.
Slightly higher values are generally found for samples below 30m, possibly part of an
inverse trend of increasing hydrocarbon/ TOC with decreasing TOC, noted by
Jones(1984).
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saturates and aromatics chromatograms, normalization of n-alkane and aromatics
distributions, and the crossplot lends confidence to this interpretation, particularly the last
2 approaches which are objective and show a clean separation from “uncontaminated’
bitumens. The sample from 15.8m, not separable with n-alkane or aromatics distribution
data, is adjacent to a sandstone contact as is that from 12.4m which shows extensive
depletion. A combination, in the bitumen from 15.8m, of similar depletion followed by
contamination may account for the final n-alkane and aromatics distributions being

similar to uncontaminated bitumens.

5.4.2. Cross-contamination

Cross-contamination is herein used to refer to contamination between compound type
fractions due to less than perfect separation procedures. Separations between resins and
asphaltenes, and between aromatics and resins were not verified after the liquid
chromatography step, reliance for the latter being placed on the total separation of the
standard compounds employed. Aromatics of high aromaticity constitute a diminishing
proportion of total aromatics (Appendix B, Table B-9, ), and loss of some of these to the
resin fraction should change the relative proportions very little. The separation between
saturates and aromatics however is vulnerable to considerable error.

Inspection of gas chromatograms of aromatic fractions (Appendix C) reveals that many
contain heavy n-alkanes at the maximum temperature end of the chromatogram,
identifiable by their even spacing and individual retention times. Assuming a constant
quantity of fraction injected, accurate but not precise, estimates can be made. Because
external standards in this molecular weight range were not employed for the aromatic
fractions, an average sensitivity (mg/unit peak area) for nCy, in the saturate fraction
calibration runs was used. Results, tabulated in AENDIX B, Table B-6, vary tfrom 0.07 to
1.84% of the aromatic fraction, averaging 0.61 %.

No such n-alkanes were present in the aromatic fraction of the procedure blank and their
source appears clearly to be holdover from the elution of saturates during liquid
chromatography. Bitumens with large amounts of heavy n-alkanes in the aromatic
fraction are also those with truncated n-alkane distributions in the saturate fraction, the
lightest in the aromatic fraction corresponding well with the heaviest in the saturate
fraction. This is best illustrated by referring to the chromatograms of saturate and
aromatic fractions of bitumens from 19.6m and 85.9m. The cause of this holdover is not
clear, but appears to be related to the quantity of asphalt-free bitumen separated during
liquid chromatography. Figure 5-8 is a plot of n-alkanes in the aromatic fraction against
liquid chromatography sample size and a clear inverse relation can be observed. Such a
relation would be expected from external contamination, smaller samples being relatively
more contaminated, but calculation of absolute amounts of n-alkane contaminants shows
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Figure 5-11: ppm Hydrocarbons vs. TOC

A classification such as this implies dependence of source quality on carbon-normalized
hydrocarbons only, with no dependence on, or minimum value of, TOC. The minimum
value of 70 ppm for source potential (or higher values for fair-good-very good
subdivisions) appears to reflect that a certain minimum saturation in the rock is believed
necessary for expulsion. Rocks with a high content of heterocompounds or those
extracted with a variety of solvents will not be misleadingly interpreted on such a
diagram. Hydrocarbon yield in mg/g TOC plotted against % of hydrocarbons in
bitumens has been used to evaluate oil source rocks by Powell(1978). Such a plot, shown
in Figure 5-12 with data from the present study, is done with polar coordinates using
R=mg HC/g TOC and ©®=%HC in bitumen. Although the latter will be affected by
solvent type, the diagram has been intended for use with benzene-methanol or
CHCI;3-methanol solvent mixtures, so should be applicable to the present study.

Using this classification, bitumens are classed as marginally mature (B) if between 30
and 40% hydrocarbon, and mature to overmature for higher values. Source potential at
peak and pre-peak maturity is rated as minor (C2) from 30 to 50 mgHC/g TOC, based on
a maximum yield from coals of about 25, and the assumed existence of some good oil































































107

Assuming the same organic matter type at 12.4 and 10.5m, gross expulsion efficiencies
are calculated to be:
e Saturates : 52.7%

e Aromatics : 34.7%
e Resins: 552%

» Asphaltenes : 55.8%
However, accurate determination of organic matter subtypes was not carried out in this
study, unlike those of Leythaeuser and co-workers, and admixture of inert organic matter
at either depth would also greatly alter the above figures. These should therefore be
regarded as rough estimates with estimated error + or - 22% expulsion for aromatics and
14% for the other 3 fractions.

5.9.2. Gas chromatographic evidence

Inspection of gas chromatograms of both saturate and aromatic fractions from 12.4 and
10.5m (Appendix C) shows clearly that depletion has taken place in both fractions,
preferentially at low molecular weights, of both resolved peaks and background “hump’.
Isoprenoids are also depleted while n-alkanes are still present, ruling out biodegradation
as a cause.

Since the absolute concentration of n-alkanes per unit TOC or total rock was not
measured, in order to quantify expulsion it was assumed that depletion did not extend
beyond nCs3s (the heaviest n-alkane quantifiable) and that before depletion, both
bitumens (12.4 and 10.5m) had identical n-alkane contents and distributions. The most
and least abundant n-alkane at the depths of 12.4 and 10.5m respectively is nCss, and is
beyond the range of fraction cross-contamination for these 2 samples. The resulting n-
alkane and isoprenoid distributions, normalized to an equal value for nC54 are shown in
Figure 5-21. From such normalized distributions, expulsion efficiencies can be
calculated for n-alkanes and isoprenoids, and these are plotted against carbon number in
Figure 5-22. From this it can be seen that expulsion has been very efficient at low
molecular weights, approximately 85%, and diminishes to about 50% at nCs,. The
method of calculation forces the expulsion efficiency to 0% for nCss, but in the event of
actual expulsion of nC35+ n-alkanes the calculated efficiencies will be too low, thus they
¢ 1 be regarded as minimums. Differences will be slight, however, except at the high
molecular weight end. Interestingly, expulsion efficiencies for isoprenoids are similar to
those of n-alkanes of the same molecular weight unlike the findings of Leythaeuser ef al/
( 7’84a) for type HOI organic matter. This suggests that, as recognized in the chapter
"PREVIOUS INVESTIGATIONS...", original differences in isoprenoid/alkane ratios may
have accounted for these findings and are fortunately not present in this study. Based on
the given assumptions, overall n-alkane expulsion efficiency is 74%, which will be little
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to lower expulsion efficiency of isoalkanes, but since isoprenoids appear to be expelled

as easily as n-alkanes of similar molecular weight, this explanation can only hold if
isoalkanes as a group are both less expellable and of higher average molecular weight
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phenanthrene/(C3 biphenyl + C1 fluorene) ratios in depleted and undepleted aromatic
fractions. A dependence of expulsion on molecular weight could account for this reduced
depletion if aromatics are of higher average molecular weight than saturates, but resins
and asphaltenes also show greater depletion than aromatics. However, as can be seen in
Table B-5, carbon-normalized yields of bitumen fractions are quite variable, even for
constant organic matter type, and this greatly influences expulsion calculations through
the choice of ‘undepleted” end member. Use of an average uncontaminated bitumen
composition instead of that from 10.5m results in similar expulsion efficiencies for
saturates and aromatics, but with resins and asphaltenes much more depleted.

Inspection of gas chromatograms of saturate and aromatic fractions from 2.4 and 10.5
m (Appendix C) shows depletion increasing with decreasing molecular weight for both
fractions. This is similar to depletion observed by Leythaeuser et a/ (1984a) and is in
rocks of similar low maturity. Also, like this previous study, realistic depletion is
observed on a carbon-normalized rather than a rock-normalized basis, indicating lack of
bitumen redistribution into source rock porosity. Dependence of depletion on molecular
weight is characteristic of migration by diffusion or gas phase solution, as reviewed in the
chapter 'INTRODUCTION", and its presence at low maturities, masked by bitumen
formation near peak oil generation (Leythaeuser et a/ (1984b), and its situation at source
rock-reservoir contacts indicates the former mechanism to be operative.

Ditfusion should be most active where concentration gradients are highest (contacts)
and when reservoir water flux is highest, since reservoir pore water is the most effective
sink for diffusing organic compounds. This will be at very shallow depths where
compaction dewatering is most active. On the other hand, extent of diffusion should
increase with time and water loss, thus depth, until masked by thermal generation of
bitumen. Depletion from diffusion should thus be evident at all uncontaminated source
rock-reservoir contacts above oil generation depths.

The gas chromatograms of the fractions from 12.4m suggest depletion of low molecular
weight compounds still present at 10.5m and possibly generated in the early stages of oil
generation reached relatively recently by these rocks. This suggests a recent age for the
diffusion. However, this may only apply to the evidence of diffusion, pre-existing low
molecular weight compounds being largely diluted. Also, diffusion related loss, at a
much earlier stage, of more water soluble precursors of the hydrocarbons studied may
produce the observed effects and account for losses of resins and asphaltenes too, if these
are not merely artifacts of sample variability as discussed above. In addition, back
diffusion of reservoir oil into the source rock was not observed, also suggesting a lack of
relatively recent diffusion.

Implications for primary oil migration of such diffusive expulsion are minimal.
Composition of “expelled oil’ back-calculated from GC and MS data as previously
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carried out has only a supertficial resemblance to actual crude oil, and fails to duplicate
the close similarities observed between crude oil hydrocarbon fractions and those of their
source rock bitumens at peak maturity. Since diffusion will result in bitumen
concentrations in reservoir rocks below those of source rocks, diffuse bitumen will be
more difficult to accumulate than source rock bitumen and hence diffusion hinders
effective primary migration. However, the amount of oil, or potential oil, lost is very
small, extending less than (and possibly much less than) 1.9m in the studied section. This
can only become significant in a source rock finely interbedded with reservoir lithologies,
as few are, having been deposited in what must be the last word in low-energy
environments. Any such rocks can be expected to lose their effectiveness as oil sources
rather than have it enhanced by the permeable interbeds.

5.10. Conclusions

Study of the bitumens (and kerogens) from shale samples from throughout the cored
section reveal that:

* Source rock quality rates from minor to prolific, depending on the
classification, but that of Powell (1978), which uses less arbitrary limits,
rates the bulk as intermediate oil sources at less than peak maturity.

* A strong concensus of maturity indicators indicates the section to be in the
early stages of oil generation, just within the oil generation "window’.

* Organic matter is of type II, originating mainly from planktonic sources and
deposited in an anoxic marine environment with subsequent anaerobic
biodegradation.

* Compound type bitumen composition is more constant on a carbon-
normalized than on a rock-normalized basis, indicating lack of bitumen
redistribution into porosity.

Study of the reservoir oil using the same techniques concludes that:

» The oil is a very typical North Sea oil, classed as Paratfinic-Naphthenic or
possibly Paraffinic, typical of clastic source rocks containing low sulfur
marine organic matter.

» Chemical properties of the oil match those of Kimmeridge Clay Formation
bitumens at peak oil generation maturity, not those of the overlying section.
It is concluded that the oil has been generated from the same source rock, but
at higher maturity, and has accumulated in its present location after
secondary migration.

» N-alkane envelopes of the bitumens and oil correspond well, indicating that
alkanes generated between early and peak maturity levels have essentially
the same distribution, and extensive cracking of C-C bonds in straight chains
thus takes place primarily beyond peak maturity.
Depletion characteristic of extensive primary migration was not found in the section

studied. Since unaltered North Sea oils, in general, resemble source rock bitumens at
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peak oil generation maturity, it is concluded that at least for the Kimmeridge Clay
Formation and possibly for most other source rocks, oil migration lags considerably the
onset of oil generation, and has not begun at the maturity levels of the source rocks in the
section studied.

Molecular weight-dependent depletion was detected at the single uncontaminated
source rock-reservoir contact and resembles that expected from molecular diffusion,
either of presently existing compounds or their earlier precursors. It appears to play no
part in primary migration, but rather lowers source rock potential in the immediate
vicinity of reservoir contacts.
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Chapter 6
STABLE CARBON ISOTOPES

Stable carbon isotope ratios(d!3C vs PDB standard) were measured on all rock samples,
extracted and unextracted, and on all oil and bitumen fractions as outlined in the chapter
*ANALYTICAL METHODS’, and these are tabulated in Appendix B, Table B-7

For oil and bitumen fractions, standard deviations averaged O.11 per mil for samples
repeated and worst case repeatability difference was 0.29 /.

6.1. Environmental interpretation

Organic carbon in recent sediments has isotope ratios clustering about and varying
between approximately -18 °/,, and -23 ¢/,  for marine and terrestrial end members,
respectively (Sackett and Thompson, 1963) and this relationship has frequently been used
simplistically to deduce ancient environments. Although isotope ratios of land plants and
coals cluster around -25 O/00 since the Carboniferous (Degens, 1969), secular variations
are apparent in those of kerogens and crude oils (Degens, 1969, and Stahl, 1977) with
most of these in the pre-Tertiary being isotopically lighter than contemporaneous land
plants. Pre-Devonian kerogens and crude oils are among the lightest and are exclusively
of marine origin owing to the non-existence of terrestrial life in this period. All of this has
been noted by Arthur er al (1985) who suggest that the present terrestrial-marine carbon
isotope ratios and their order of lightness are only a post Oligocene phenomenon. They
attribute this to, among other causes, a CO, source largely from bacterial oxidation of
organic matter rather than atmospheric CO,, encouraged by the relative abundance of
shallow seas pprior to the Tertiary. However as Schoell (1984) states:*There is no current
concept to explain the isotopic variability in kerogens’.

Sofer (1984), in an isotopic study of 339 crude oils, came to a similar conclusion,
namely that isotopic differences between whole oils cannot distinguish terrestrial from
marine sources. His study went further, however, and isotope ratios of isolated saturate
and aromatic fractions were measured and related to oil source. Source was assumed as
terrestrial for “waxy’ oils and marine for non-waxy oils based on saturate fraction gas
chromatograms, and thus the resulting discrimination based on isotopic data alone can
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and this was determined to be immature as discussed in the chapter *“SOURCE ROCK
BITUMENS’, the interpretation of very mature terrestrial is doubtful, and mature and
marginally mature terrestrial sources should plot in the southeast quadrant. These 3
bitumens are thus isotopically similar to terrestrial sources, but have alkane distributions
of marine sources. This situation could arise from an unusual type of terrestrial organic
matter, from marine organic matter isotopically outside the range of those investigated by
Sofer, or simply from the fact that these relationships were developed for crude oils
rather than immature bitumens. However, the fractions investigated (saturate and
aromatic) should, for these relationships to apply strictly, be isolated using the method of
Sofer, which was not that used in this study. A crude oil used for procedure trials prior to
this study gave CVs ranging from -1.02 to 2.25 using identical isotope ratio measurement
procedures and 3 different liquid chromatographic separation procedures, illustrating the
sensitivity of this variable to the isolation method employed (Table 6-1).

Table 6-1: Sensitivity of CV calculation to LC method

LC d3c |33 | ¢V
METHOD | Sat. | Aro.

A 269|-24.4{ 2.25

B -25.7(-24.5|-1.02

C -26.3|-24.2|1.165

The 6 bitumens believed to be contaminated by diesel oil as outlined in the chapter
*SOURCE ROCK BITUMENS" plot in the same quadrant as the bulk of the other
bitumens, with similar CVs and higher QCs due to enrichment in light n-alkanes. This
indicates contamination by diesel oil isotopically similar to the bitumens themselves.

Isotope ratios of bitumen fractions and kerogen show no apparent relationship with
depth or TOC content in this study, but a general increase in Rock-Eval Hydrogen Index
(HI) with increasing d!3C of kerogen (Figure 6-2) for the limited number of samples so
analyzed may indicate a more prolific organic matter type with less negative isotope
ratio. Cooper and Barnard (1984) subdivide Kimmeridge Clay kerogens into macerals
with isotope ratios varying from -22 to -31 ¢/, all from marine environments, but details
of how these ratios are obtained are not given. They find this formation to be dominated
by anoxic marine ‘Algal Sapropel’ and open marine “Waxy Sapropel’® with isotope ratios
of -26 and -31 9/, respectively. This interpretation suggests that kerogens from this
study may be intermediate between these end members, with the algal sapropel having a
greater generation potential.


















the crude oil of this study, this would correspond to a range of -28.94 to -26.46 9/ for
potential source ‘kerogens’, lying between the solid vertical lines in Figure 6-6. In this
instance, a significant portion (46%) of the “kerogens’ lie outside this range, and the
correlation is much more uncertain than with extrapolated values as above. This could be
due to differences in asphaltene separation between this study and Stahl (1978),
differences between these immature ‘kerogens” and those expelling oil, inadequacy of the
calibration set of Stahl, or possibly oil expulsion from selected levels in source rocks.
The last alternative seems unlikely in light of the much better isotopic correlation using
extrapolated ‘kerogen” values above.
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Figure 6-7: Isotopic bitumen-source correlation

(using Km-Kx)

As with the method of Sofer (1984), bitumens from this study can be assumed to be
similar isotopically to oils expelled from similar kerogens at expulsion maturity, and this
allows use of the present study as a calibration set to check the validity of the 6 oil-source
rock pairs of Stahl (1978). Plots of all bitumen fraction isotope ratios similar to those of
the crude oils of Stahl and that of this study, are shown in Figures 6-3 to 6-5, with
extrapolated “kerogen” ratios plotted as Xs and actual measured ratios of TOC as circles.
Figure 6-7 shows the Km-Kx differences as a histogram along with the limits of this AK
from Stahl (1978) for a positive correlation (after re-determination with alternative least
squares fit). The bulk of the bitumens (88%) can be seen to lie within the limits, lending
support to the values of Stahl. The 3 bitumens outside the limits (66.4m, 54.4m, and
32.8m) are all ones with anomalously light resin fractions. Similarly in Figure 6-8,



126

12
LIMITS FROM

AK—As

Figure 6-8: Isotopic bitumen-source correlation
(using Km-As)

*kerogen-asphaltene isotope ratio differences for the bitumens are plotted as a histogram
and again the bulk (96 %) plot within the limits of Stahl.

Both of these ‘Bitumen-Source Rock Correlations’ suggest that the limits set by Stahl
(1978) are adequate, and more importantly, that the bitumens are indigenous, isotopically
uncontaminated, and show no evidence of migration into the organic matter studied. In
addition, the close correspondence of the bitumen isotope ratios to those of the TOC
required for positive correlation using this method implies that crude oils are not derived
from an isotopically light “lipid’ fraction in otherwise isotopically heavy organic matter
(Silverman, 1971).

6.3. Conclusions

The range of isotope ratios for the oil, bitumen fractions and organic matter in this study
is typical of Jurassic oils in general (Stahl, 1977) and North Sea oils and Kimmeridge
Clay source rocks in particular (Cooper and Barnard, 1984). Using isotopic relationships
developed by Sofer (1984), the oil is inferred to have a marine source, similar to the
source rock bitumens analyzed, and in keeping with conclusions from the chapter
"SOURCE ROCK BITUMENS’, drawn from pyrolysis and microscopy.

Correlations developed by Stahl (1978) indicate a positive oil-source correlation,
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although this may be affected by choice of liquid chromatographic separation method,
and at any rate, only one potential source was considered. The same correlations applied
to bitumen fractions also came up positive, indicating bitumens to be indigenous, with no
isotopic evidence of migration into the source rock samples, and diesel contamination
previously diagnosed being therefore isotopically similar to the bitumens.



Chapter 7
SUMMARY AND CONCLUSIONS

7.1. Reservoir oil

From regional comparison, the reservoir oil is a typical North Sea crude and correlates
well with Kimmeridge Clay bitumens of near peak oil generation maturity. Correlation
with the bitumens studied is not as good and it is concluded that the oil is more mature
than the overlying sampled section of this formation. The oil has isotopic characteristics
typical of a marine source and correlates well isotopically with the sampled section.

7.2. Source rock

Consideration of North Sea geology and geochemistry shows the Kimmeridge Clay
Formation to be the only major source rock for North Sea oils. The section of this
formation studied contained Type II organic matter, with possibly a slight contribution
from Type I, and had marine isotopic characteristics. Maturity was evaluated by a
combination of 10 indicators of varying reliability, but a concensus of early oil window
maturity emerged, with some indicators including this in a wider maturity range. Despite
this relatively low maturity, source rock samples rated from “minor’ to “prolific’ using
several classification schemes, with the bulk ranging from ‘good’ to “very good’. Also
despite low maturity, isotopic correlation between oil and source rock was positive, as
mentioned above.

7.3. Migration

7.3.1. Primary migration

The poor correlation between reservoir oil and source rock in this study indicates that in
spite of the short migration path available, either primary migration has not taken place or
it has been very minor and the resulting oil greatly diluted by crude from a deeper source
rock section near peak maturity. The fact that, in the North Sea, oils of similar maturity to
the bitumens of this study are very rare supports the conclusion that no migration has
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occurred. Additional confirmation can be had from isotopic data which indicate that the
bitumens are indigenous, with no evidence of a downward progressive shift in the
bitumen components to lower levels as migration progresses. In contrast to what was
sought, therefore, evidence of primary migration from this study is of a negative nature.

Conclusions can still be drawn, however, from negative evidence by considering
circumstances under which migration has not taken place. Primary migration is a
physico-chemical or physical process dependent on source rock maturity only to the
extent that this affects bitumen supply. Thus the early oil window maturity of bitumens
from this study should not prevent primary migration if liquid saturation of kerogen or
source rock porosity is high enough. Various classifications based on TOC, bitumen, and
hydrocarbon content have, as stated earlier, classified the rocks as good to very good, but
they have proven to be inadequate for short range primary migration. This suggests that
either the Kimmeridge Clay Formation has more difficulty expelling oils than most
source rocks, or that classification schemes are too generous in their evaluation of source
rocks. The abundance of oil derived tfrom the Kimmeridge Clay where it is mature rules
out the first alternative.

The 1% TOC value frequently quoted as a lower limit for effective oil source rocks is
not based on oil-source correlation case histories (Jones, 1980). A higher value of about
2.5% TOC is recommended (Jones, 1980) as more realistic and arguments from this
study suggest that other accepted effective source rock thresholds may also be too low.
Using a TOC cutoff of 2.5% as suggested by Jones (1980), and a minimum hydrocarbon
generation level of 80 mg/gTOC as used by Powell (1978) for prolific source rocks (tying
in well with pre-expulsion samples from this study) results in an evaluation scheme as
shown in Figure 7-1.

Implications of this are that many presumed source rocks (based on analysis or default
only, without positive correlation) may be in fact incapable of expelling oil, and this
should include the majority of Type III kerogens in oil-bearing Tertiary deltas as
suggested in the chapter 'INTRODUCTION".

7.3.2. Diffusion

One example of molecular weight dependent depletion by diffusion was found at a
shale/sandstone contact in this study, similar but more depleted than those reported in the
literature. Such diffusion will by nature produce bitumen components (or their precursors
as the case may be) more dispersed than in the source rock, and the fact that this is herein
documented for a source rock too immature for primary migration implies that such
diffusion will impair the source potential somewhat before expulsion is attained. Because
diffusion may occur at most source rock-reservoir contacts, finely interbedded lithologies



130

10000

CONTAMINATED

1000

ppm HYDROCARBONS

108.1 J‘] 10

Z TOC
(x=clean bitumen;c=contaminated bitumen)
Figure 7-1: ppm Hydrocarbons vs. TOC (with cutoff)

may be most seriously affected, and be outperformed by more massive shales contrary to
what one would intuitively expect in terms of effective drainage.
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Appendix A
DIESEL CONTAMINATION REMOVAL

Because the core under study was cut using a diesel-oil based drilling mud, the
possibility existed of diesel invasion into the core and consequent contamination of
contained organic matter. A sample of the actual diesel used in this mud was not
available, thus it was not known if any specific chemical properties characteristic of the
diesel could be used to identify contamination. The core had been slabbed prior to

SLAB CUT

CORE £DGE

Figure A-1: Cross section of core

sampling (Fig. A-1), so a sample (7.7m) bounded by both core edge and slab cut was
selected for study. Four small holes were drilled across this with an electric drill, and the
drillings (approx. lg each) crushed with mortar and pestle and solvent extracted (see:
Solvent Extraction, page 47). Solvent and bitumen were rotary evaporated at 25°C and
injected into a gas chromatograph with no further treatment. Chromatographic conditions
were:

e Chromatograph: HP 5792
e Column: OV 101

* Temperature Program:
* 3 min. at 70°C

* 70°C - 270°C at 3°C/min.
* 20 min. hold at 270°C
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drilled sample probably due to material in the first 3mm not included in the saw-cut
samples. The diesel range odd-carbon predominance shows a slight decrease 1.6cm from
the edge and a more dramatic drop 0.5cm from the edge (Fig. A-2). Assuming the first
slight drop to be natural variation in the shale, the subsamples indicate invasion of
0.9-1.2cm. This ratio is regarded as less reliable than the two previous.

Based on these results, 1.0cm of core, measured perpendicular to the edge, was removed
with the water-cooled electric saw from visible core edges on all samples and all borders
showing traces of mud solids, which indicate breakage betore initial wiping down of the
cores. These removed edges were stored in plastic bags and used for subsequent thin-
section petrography, vitrinite reflectance, and visual kerogen typing. Small sample sizes
prevented lcm from being removed from all borders. Although many of these were
created after wiping and drying or were relatively impermeable bedding planes, the
possibility of remaining diesel oil contamination cannot be ruled out, particularly for
samples showing no edge or slab cut whose initial orientation is thus unknown, or those
in which the invasion depth may have exceeded Icm.
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Appendix B

TABULATED DATA

Table B-1: Data for lithological breakdown

* calculated from carbon loss data

M. Above | Dry Wt. % TOC % TOC Bitumen CaCO;,

Contact g. (unextr.) (extr.) g. %
92.0 55.9726 4.56 4.04 3119 21.79
85.9 84.2162 3.43 3.04 3227 15.91
79.3 24.3792 3.20 2.90 1050 18.94
72.7 55.0601 3.66 3.29 2918 14.76
66.4 50.5607 2.32 1.87 3244 37.20
60.2 57.3912 3.59 3.02 3131 18.44
54.4 61.8472 3.40 3.01 .3008 13.11
48.5 74.8739 1.85 1.71 1541 34.75
43.1 39.1072 3.75 3.45 2266 17.20
37.7 58.0955 4.56 4.07 3279 17.99
32.8 48.6545 5.57 4.89 2900 13.45
25.5 67.2659 1.50 1.27 .1945 51.48
23.5 29.8492 1.76 1.51 .0958 16.50
21.6 77.3172 1.91 1.48 3561 47.79
19.6 57.1067 1.30 1.10 .0887 13.63
17.9 41.1711 2.13 1.89 1226 16.65
15.8 78.9182 1.70 1.43 2739 27.05
12.4 52.1647 3.05 2.71 .1799 10.31
10.5 59.7047 1.35 1.05 .1848 28.13
9.2 19.3010 3.25 2.81 .0907 21.00
7.7 91.0517 1.91 1.60 .3056 16.33
6.2 23.2249 2.85 2.53 1106 11.32
4.9 54.1614 2.18 1.82 1785 36.52
3.2 48.5323 3.02 2.72 2013 9.79
1.4 56.9184 3.20 2.79 3248 10.46
0.0 100.6915 2.27 1.99 .3250% 36.49




Table B-2: Bitumen fractionation results

* calculated from carbon loss data
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SAMPL SAT. ARO. RES. ASP. BIT. S/A
(m) (8 (8 (2 (® ® RATIO
92.0 0708 0687 0741 0983 3119 1.0308
85.9 0744 0746 0843 0895 3227 9973
79.3 0280 0234 0292 0244 .1050 1.1962
72.7 0749 0757 0691 0721 2918 9893
66.4 1134 0739 0949 0422 3244 1.5353
60.2 0841 0754 0793 0743 3131 1.1149
54.4 0809 0796 0755 0648 .3008 1.0164
48.5 0285 0361 0463 0431 1541 7915
43.1 0496 0460 0577 0733 2266 1.0768
37.7 0740 0861 0866 0811 3279 8596
32.8 0592 0788 0776 0745 2900 7516
25.5 0634 0480 0484 0348 1945 1.3227
23.5 0265 0190 0278 0226 0958 1.3941
21.6 1334 0827 0739 0661 3561 1.6119
19.6 0163 0193 0265 0266 0887 8465
17.9 0298 0273 0305 0351 1226 1.0928
15.8 0975 0561 0620 0584 2739 1.7393
12.4 0475 0462 0416 0446 .1799 1.0278
10.5 0508 0358 0472 0510 .1848 1.4202
92 0167 0198 0272 0269 0907 8471
7.7 0751 0591 1006 0708 .3056 1.2718
6.2 0220 0250 0294 0342 1106 .8799
4.9 0396 0425 0484 0480 .1785 9321
3.2 0432 0457 0538 0587 2013 9453
1.4 0601 0641 0651 1355 3248 9378
0.0 0864 0587 0839 0959 .3250%* 1.4720
OIL 1568 0554 0152 0047 2320 2.8281
BLANK 0 0003 0005 0001 .0009 0
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Table B-5: Carbon-normalized bitumen composition

SAMP. SAT. RES. ASP. BIT.
(m) mg/gTOC | mg/gTOC [ mg/gTOC | mg/gTOC | mg/gTOC | mg/gTOC
92.0 27.7 . 29.0 38.5 122.2
85.9 25.8 25.8 292 31.0 111.7
79.3 359 30.0 37.4 31.2 134.6
72.7 37.2 37.6 343 358 144 .8
66.4 96.7 63.0 80.9 36.0 276.5 159.6
60.2 40.8 326.6 38.5 36.1 152.0 .
54.4 38.5 37.9 359 30.8 143.0 .
48.5 20.6 26.0 334 31.1 111.2 )
43.1 33.8 31.4 39.3 50.0 154.5 65.2
37.7 279 32.5 32.7 30.6 123.8 60.4
32.8 21.8 29.1 28.6 27.5 107.0 50.9
25.5 62.9 47.5 47.9 34.5 192.8 110.4
235 50.4 36.1 529 43.0 182.4 86.5
21.6 90.3 56.0 50.0 44 .8 241.1 146.3
19.6 220 26.0 35.7 35.9 119.5 47.9
17.9 34.0 31.1 34.7 40.0 139.9 65.1
15.8 72.7 41.8 46.2 43.5 204.2 114.5
12.4 29.8 29.0 26.2 28.0 113.1 58.9
10.5 63.0 44 4 58.5 63.3 2293 107.4
9.2 26.7 31L.5 434 429 144.6 58.2
7.7 432 34.0 57.9 40.7 175.7 77.2
6.2 332 37.8 44 .4 51.7 167.1 71.0
4.9 335 36.0 41.0 40.6 151.1 69.5
32 204 31.2 36.7 40.0 137.3 60.6
1.4 330 35.2 35.7 74.4 178.3 68.2
0.0 37.8 25.7 36.7 42.0 142.2 63.5




Table B-6: Miscellaneous GC results
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SAMPL Pr/nC,5 | Ph/nCg Pr/Ph QC MPI % n-ALK
(m) in ARO.
92.0 1.924 0.900 2.472 0.069 0.642 0.16
85.9 1.800 0.865 2.804 0.041 0.614 0.15
79.3 1.366 0.834 1.946 0.050 0.631 1.50
72.7 1.649 0.928 2.081 0.055 0.658 0.16
66.4 3.182 3272 1.203 0.099 0.524 0.07
60.2 1.054 0.852 1.496 0.095 0.644 0.07
54.4 2.270 2.152 1.288 0.063 0.545 0.28
48.5 2.291 0.938 2.694 0.042 0.506 0.98
43.1 1.058 0.642 1.891 0.112 0.599 0.69
37.7 1.822 0.842 2.459 0.060 0.589 0.25
32.8 1.507 0.851 2.024 0.062 0.596 0.07
25.5 1.108 0.723 1.771 0.054 0.531 0.39
23.5 0.861 0.567 1.880 0.091 0.551 1.84
21.6 0.746 0.610 1.421 0.107 0.549 0.21
19.6 1.403 0.610 2.563 0.038 0.530 1.55
17.9 1.284 0.743 2.060 0.035 0.479 1.08
15.8 0.962 0.683 1.605 0.069 0.452 0.14
12.4 1.727 1.236 1.708 0.033 0.388 0.75
10.5 1.212 0.651 2.190 0.051 0429 0.50
9.2 1.184 0.772 1.598 0.022 0.458 1.30
7.7 1.230 0.710 1.966 0.058 0.475 0.16
6.2 1.576 0.864 1.936 0.002 0.488 1.47
4.9 1.688 0.922 1.936 0.041 0.493 0.55
3.2 1.684 0.878 1.948 0.021 0.488 0.50
1.4 1.655 0.847 2.028 0.028 0.502 0.18
0.0 0.672 0.588 1.145 0.081 0.563 1.19
OIL 0.515 0.525 1.002 0.017 0.589 0.19




156

Table B-7: Carbon isotopic data (vs. PDB)

SAMP. | d313C | d313C | 313C | d313C | d313C [ d13C | d3BC | ¢V
(m) Sat. Aro. | Res. | Asp. | Ker. | TOC | TOC
(extr.
920 | 295 -2809 | -30.5| 295 | -28.9 | -29.6 | -30.0 | -1.30
859 | -29.7 | -29.0 | -30.2 | -29.1 | -28.0 | -28.7 | -29.3 | -0.74
793 | -30.8 | -299 | -31.2 | -296 | -28.8 | -29.2 | -29.8 | -0.10
727 | -30.2 | -28.8 | -30.7 | -282 | -27.1 | -279 | -285 | 0.96
664 | 235 | -250 | -28.1 | -252 | -25.7 | -25.8 | -27.5 | -7.56
602 | 272 | 273 | 296 | -27.1 | -262 | 276 | -28.3 | -3.33
544 | 27.1 | 279 | 298 | 280 | 275 | 278 | -294 | -497
485 | -29.6 | -300 | -31.0 | -295 | -285 | -292 | -302 | -3.26
43.1 292 | -296 | -30.1 | -289 | -28.6 | -29.1 | -29.3 | -3.49
37.7 | 294 | -29.8 | -31.6 | -296 | -29.2 | -29.4 | -30.7 | -3.31
328 | -285 | -284 | -31.3 | -295 | -28.7 | -292 | -30.8 | -2.46
255 | 290 | -28.7 | -:31.0 | 280 | -27.2 | -27.7 | -290 | -1.97
235 | -29.1 | -285 | -30.8 | -283 | -27.7 | -279 | -29.1 | -1.27
216 | 279 | 275 | 294 | 264 | -25.6 | -26.6 | -27.1 | -2.02
196 | -29.5|-290 | -302 | -285 | -27.8 | -28.0 | -289 | -1.38
179 | 294 | -280 | 299 | -285 | -27.8 | -28.4 | -28.8 | -1.57
158 | -293 | -283| 296 | -27.7 | -26.8 | 274 | 279 | -0.42
124 | -293 | -290 | -30.8 | -282 | -27.4 | -282 | -29.0 | -2.03
105 | -292 | -286 | -30.7 | -28.1 | -27.3 | -292 | -289 | -1.36
9.2 284 | -27.7 | 292 | -264 | 254 | 259 | -269 | -1.41
7.7 303 | -286 | -304 | -285 | -276 | 283 | -286 | 1.47
6.2 297 | -287 ] -309 | -289 | -28.1 | -28.6 | -29.5 | -0.21
4.9 297 | 289 | -31.4 | -29.1 | -28.4 | -288 | -299 | -0.69
3.2 302 | -289 | -31.7 | -29.8 | -29.1 | -29.7 | -30.6 | 0.61
1.4 2301 | -29.0 | -31.5 | -300 | -29.3 | -29.8 | -30.7 | 0.24
0.0 204 | -287 | -31.2 | -29.1 | -28.5 | -29.0 | -30.0 | -0.83
OIL | -285| -278 | -29.2 | -28.3 . - 287 | -1.22




157

Table B-8: MS results: saturate fractions (volume %)

(MA = monoaromatics)

COMP | 66.4m | 25.5m | 17.9m | 15.8m | 12.4m | 10.5m | 0.0m OIL

CLAS

Chain 43.8 30.0 26.2 32.3 249 30.0 36.2 32.9
1 Ring 10.3 14.3 11.8 14.7 13.3 13.1 14.2 12.5
2 Ring 7.1 9.3 6.1 8.9 7.1 8.0 8.2 6.1
3 Ring 7.2 10.1 13.7 9.4 11.0 11.2 7.6 6.8
4 Ring 14.8 17.7 26.9 16.9 20.6 22.8 16.0 15.8
5 Ring 14.5 16.6 12.3 15.5 15.3 12.1 16.3 21.4
6 Ring 0.0 0.0 0.0 0.0 5.2 0.0 0.0 0.0
MA 2.4 1.9 3.0 2.3 2.6 2.7 1.4 4.6
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Table B-9: MS results: aromatic fractions (volume %)

COMPOUND CLASS 66.41255|117.9|158|12.4|10.5| 0.0 |OI
m m m m | m m m

MONOAROMATICS:

Alkylbenzenes 1661159112.71228111.4117.3(18.6|20.1
Naphthenebenzenes 1571501129 (13.1}122|12.6{12.2(14.2
Dinaphthenebenzenes 1.1 {103(11.1[{100[105[109(10.9(12.1
DIAROMATICS:

Naphthalenes 10.7 ({107 11.6]10.1| 7.7 {12.8|13.1| 9.5
Acenaphthenes,Biphenyls 8.6 88103 82| 98| 96| 9.1 | 9.1
Fluorenes 731 78| 84| 751937272} 7.7
TRIAROMATICS:

Phenanthrenes 70| 821 90| 86| 72| 82| 88| 7.3
Naphthenephenanthrenes 551 51| 571 08| 69| 52} 42| 4.2
TETRAAROMATICS:

Pyrenes 37 43| 43| 42 50| 38| 3.7| 35
Chrysenes 12116 14116125 131 09 1.1
PENTAAROMATICS:

Perylenes 09| 08| 09| 14| 1.1 09| 06| 0.6
Dibenzanthracenes 03[ 04| 06| 04 04 06| 0.1 ] 06
THIOPHENO-AROMATICS:

Benzothiophenes 2511911910022 15| 18] 1.5
Dibenzothiophenes 1.7 1.8 2.1 | 28| 22| 2.1 | 32| 2.3
Naphthobenzothiophenes 0.1 00[ 00| 021 05(02| 03| 0.3
UNIDENTIFIED AROMATICS:

Class II 1.0 08] 06| 09| 1.3 0.7 03] 06
Class 111 07112107108 15|08 06 0.8
Class IV 34| 33| 38| 50| 55| 34| 26| 28
Class V 08| 1.1 071 09(05] 02| 05| 04
Class VI 0.5] 051 02| 04| 03| 0.1 0.1 0.7
Class VII 05]03[02]02( 130203} 0.6
























































































































































































