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ABSTRACT

The origins of high helium and nitrogen concentrations

in natural gases, such as those of the Pennsylvanian Morrow

Formation of southeastern Colorado, are not well understood.

The origins of these anomalous natural gases are important

to the understanding of the origins of natural gas and are

the object of this study.
If reserves of gas in a reservoir have lasted for more

than short periods of geologic time, the minimum required

rate of generation of the natural gas components can be

estimated from a Fick's First Law of Diffusion calculation

for loss through the reservoir cap rock. Fluxes at 17 fields

were calculated for five natural gas components (He, N" Ar,

CH., and C,H6). From these fluxes, the field turnover times

of these gas components were estimated to be: 0.1-1.9 m.y.

for He; 0.3-6.3 m.y., N,; 0.2-0.6 m.y., Ar; 0.2-4.2 m.y.,

CH.; and O.5-10m. y ., C,H6•

Assuming average crustal composition, there is insuffi-

cient uranium, thorium and potassium in the crust under SE

Colorado to maintain the turnover of He and Ar. Therefore,

an additional source from below the crust is required.

The turnover times for N" CH., and C,H6 require the

constant generation of these gases to maintain the reserves.
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Thermal maturation studies indicate that the available

organic material is not within the proper gas generation

window. However, if a change in the thermal regime was

recent enough, the vitrinite reflectance may not accurately

show it.
Epeirogenic uplift, recent basaltic volcanism and

anomalous heat flow in and adjacent to SE Colorado indicate

the presence of partial melting within the crust or astheno-

sphere. Evidence indicates partial melting in the upper

mantle supplies the helium, argon, and change of thermal

regime, and explains the anomalous nature of the natural

gases of the Morrow Formation.
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Chapter 1.
INTRODUCTION

Natural gas and oil are of obvious economic interest.

They are also of interest as a chemical probe into the

Earth. They serve as an indicator of the physical and chemi-

cal conditions in the sub-surface because of the conditions

required for their generation and migration. While there is

a substantial body of evidence on the nature of the required

conditions for generation and migration, there is much less

evidence on the rate at which these processes occur. This

study is an attempt to place a lower limit on the rate at

which certain processes in the generation and migration of

several constituents of natural gas occur, and to examine

the implications of these limits.
The natural gas constituents under consideration in-

clude the inorganic gases, helium, nitrogen, and argon, and

the light hydrocarbons, methane and ethane. In the oil and

gas fields producing from the Pennsylvanian-age Morrow

Formation of southeastern Colorado, helium, nitrogen, argon,

methane and ethane generally constitute over 90% of the

composition of the natural gas. The natural gas constituents

may be of either primordial origin or the result of a gener-
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ation mechanism occurring within the Earth. A primordial

origin will be considered only if no generation mechanism

exists which can adequately explain the abundance and asso-

ciation of the five natural gas constituents.

The five natural gas constituents considered are gener-

ated by at least two different mechanisms, i.e., radioactive

decay and thermal catalytic degradation of larger organic

molecules. Both helium and argon are primarily products of

radioactive decay but have different parents and decay

mechanisms (Faure, 1986). Therefore, the generation of

helium and argon actually results from two different mecha-

nisms. Methane and ethane are both believed to be derived

from the thermal degradation of larger organic molecules in

the deep sub-surface (Tissot and Welte, 1984). Microbial

activity can also generate them, but at depths shallower

than under consideration in this study (Tissot and Welte,

1984). The origin of nitrogen is not well known, but may be

the result of extreme thermal degradation of organic materi-

al (Tissot and Welte, 1984).
The five natural gas constituents under consideration

have four different sets of generation conditions. The

association of these gases in the same reservoir indicate

that they are somehow related, despite their diverse ori-

gins. By considering all five, it may be possible to identi-
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fy the set of conditions necessary for their association.

Because there is no perfect cap rock seal, all natural

gas reservoirs leak to some extent. Leakage through the cap

rock may occur by migration along faults, fractures, and

microfractures, or by diffusion. Diffusion is generally

considered to be the slowest mechanism for loss from a

reservoir, but is the only process which is always present.

Therefore, diffusion represents the minimum rate of loss of

natural gas through the cap rock.
If natural gas reserves have remained relatively con-

stant for more than the shortest periods of geologic time,

there must be an influx into the natural gas reservoir to

balance the diffusional losses. If the diffusional loss rate

exceeds the rate of influx, the reserves must be depleted

over time. If the influx rate exceeds the diffusional loss

rate and there are no other loss mechanisms in operation,

the reserves must be increasing. If it is assumed that the

reserves have remained constant for some time period, i.e.,

a steady state exists, then the diffusional loss rate has

the same value as the rate of influx. This rate of influx is

the rate of generation and migration of a natural gas spe-

cies. Therefore, diffusion offers a means of quantifying the

generation and migration rate of natural gas components

under steady state conditions.
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The diffusional loss rate is the diffusive flux which

is defined by Fick's First Law:

F = -D aeax

where F is the flux, D, the diffusion coefficient, and

8C/8x, the concentration gradient for one dimensional diffu-

sion. The minus sign indicates that diffusion occurs from a

higher to lower concentration, i.e., diffusion occurs down

the chemical potential gradient. In the above form, Fick's

First Law is a deceptively simple equation. A large portion

of the following study is devoted to setting limits on both

the diffusion coefficient and the concentration gradient

before a minimum estimate of the flux may be calculated.

The diffusion coefficient of a chemical species through

a continuous medium is a function of the temperature, pres-

sure, and viscosity of the medium (Einstein, 1905). Because

all of these properties change along the geothermal and

hydrostatic pressure gradients, the change in the diffusion

coefficient must be considered.
A reservoir cap rock is a porous medium where the con-

tinuous pore filling medium is water. For diffusion in a

porous medium, Maxwell (1873) defined the effective diffu-

sion coefficient (Deff) , where D is the diffusion coefficient

through the continuous medium and ~ is a factor or equation
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representing the fractional reduction of the diffusion

coefficient as a result of the porous medium itself:

Doff = tp D

The practical if not theoretical value for ~ may be defined

by the Archie Equation (Archie, 1942) even though it was not

originally intended for this purpose.
The concentration gradient is a function of both the

concentration of the diffusing species at both boundaries of

the cap rock diffusion barrier, and the cap rock thickness.

Cap rock thickness may be determined from wireline electric

logs on boreholes drilled into the reservoir, and from a

geologic background of the area. The concentration of at the

top surface of the cap rock may also be estimated from geo-

logic evidence, but is generally set at zero, in part be-

cause of the definition of a cap rock. The concentration at

the lower boundary of the cap rock represents a more in-

volved problem.
The concentration of a natural gas species within the

reservoir may be determined from chemical analyses. While

necessary to determine the concentration gradient, the

reservoir concentration does not represent the lower bound-

ary concentration. The lower boundary concentration is a

function of the solubility of the diffusing species in the

continuous medium, water, in this case. Solubility must be
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experimentally determined, and has been found to be a func-

tion of temperature, pressure, and salinity. Therefore, it

is necessary to consider these factors along the geothermal

and hydrostatic pressure gradient.

Once the effective diffusion coefficient and concentra-

tion gradient of a natural gas species have been determined

for a particular reservoir and cap rock, the flux through

the cap rock may be determined. This flux is also the same

as the influx into the reservoir which is required to main-

tain the steady state condition. The influx requires that

generation and/or migration occur at a sufficient rate to

balance the diffusive loss flux. It may, therefore, be

possible to estimate the conditions necessary to maintain

the influx.
From the radioactive decay equations for the generation

of helium and argon, limits on the amount of parent radioac-

tive species necessary may be determined. This value may be

used to test the feasibility of various models of parent

concentrations and migration within the Earth's crust.

Nitrogen, methane, and ethane are believed to be gener-

ated primarily by thermal degradation of organics. While the

rate of generation of these natural gas components may not

be directly calculable, the influx rate provides an estimate

of the generation rate which must be occurring within some
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volume of rock. If they are not directly generated in the

vicinity of the reservoir, they must be generated at some

other location and migrate to the reservoir. The influx rate

provides a measure of either the generation rate, the migra-

tion rate, or some combination of the two, which may be used

to test migration and generation models.

Helium, argon, nitrogen, methane, and ethane are all

present within the same reservoirs in southeastern Colorado.

Generation and migration models for these natural gas compo-

nents must be compatible. The conditions required for the

generation of one component must not exclude or prohibit one

of the other components present. The overlap in allowable

conditions provides an estimate of the conditions present in

and around the reservoir/cap rock system. Given these condi-

tions, it may be possible to estimate the causes and impli-

cations of them.
The anomalously high concentrations of helium and

nitrogen in the Morrow Formation reservoirs, the diffusional

fluxes of all the species considered, and the indicated

thermal immaturity to marginal maturity of the Morrow Forma-

tion and underlying sedimentary rocks (Burruss et al.,

1990), provide an indication of relatively recent and possi-

bly ongoing events within the crust under BE Colorado.

Despite conservative estimates throughout this study, the
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results of the flux calculations indicate the presence of

partial melting of the lower crust or asthenospheric degas-

sing and/or upwelling. If correct, the study of natural gas

diffusion through reservoir caprocks provides a probe into

the nature of the lower crust and/or upper mantle, and a

measure of the conditions required for and the rate of

natural gas generation and migration.
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Chapter 2.
DIFFUSION COEFFICIENTS

All reservoir cap rocks leak. There is no perfect

reservoir seal. Leakage may occur by migration along faults

and fractures or through the pore space, or by diffusion.

Diffusion is generally regarded as the slowest process by

which oil and gas may escape from a reservoir; but it is the

one process which is always present, regardless of the

nature of the trap, cap rock, or hydrocarbon composition. As

the slowest process, diffusion also represents a limiting

case for leakage, the minimum rate at which leakage must

occur.
The defining equations for one dimensional diffusion in

a homogeneous medium are the empirically derived Fick's

First Law of Steady State Diffusion:

F = _DoCox
and Fick's Second Law of Unsteady State Diffusion:

where F is the flux; D, the diffusion coefficient; C, the

concentration of the diffusing species; x, distance; and t,
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time (Crank, 1975). For diffusion in a porous medium, such

as a sandstone or shale, the diffusion coefficient used in

Fick's First and Second Laws is the effective diffusion

coefficient, Doff' defined by Maxwell (1873) and later work-

ers (Keller, 1963, Crank, 1975, Cussler, 1984) by an equa-

tion of the form:

where ~ is an equation or constant containing all the addi-

tional factors influencing diffusion in a porous medium as a

result of the porous medium itself and D is the diffusion

coefficient for the pore-filling medium when the material

making the pore space is impermeable, or effectively so, to

diffusion. The analogous equation from electrical conduction

is:

Co = WC

where Co is the conductivity of the system and C is the

conductivity of the continuous or pore-filling fluid medium.

Since the pore fluid in many rock systems is water (or

an aqueous solution), the effective diffusion coefficient

for water saturated rocks will be:

Deff = WDw

where Dw is the diffusion coefficient for a chemical species

in water or aqueous solution. Analogously, the conductivity
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of the system, where Cw is the conductivity of the water in

the pore space, will be:

~ consists of factors effecting diffusion, or conduction,

that are properties of the rock itself, and represents the

fractional decrease in the diffusion coefficient, or conduc-

tivity, as a result of the rock.
For diffusion to occur, the system must not be in equi-

librium, but rather be evolving toward equilibrium. The

derivation of Fick's First Law, where the flux is linearly

related to the "driving force" or chemical potential gradi-

ent, requires that the system be near equilibrium, but not

at equilibrium (Bockris & Reddy, 1970). Namely, a chemical

potential gradient must exist for diffusion to occur. In the

case of one-dimensional diffusion, the gradient exists only

in one direction, while an equilibrium condition, or no

chemical potential gradient, exists in the other two perpen-

dicular directions. Therefore, the system is in equilibrium

in the any plane perpendicular to the direction of diffusion

and near equilibrium in the direction of diffusion.
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The Effective Diffusion Coefficient

The effective diffusion coefficient for diffusion

through water-saturated rocks includes the effects of the

volume of pore space available for diffusion to occur in

(porosity) and the way in which that pore space is inter-

connected (permeability, tortuosity, pore throat diameter)

(Cussler, 1984). Equilibrium factors, such as the adsorption

and desorption of the diffusing species on the surface of

mineral grains (Leythaeuser et al., 1982), and the parti-

tioning of the diffusing species between the pore water and

any other fluid phase present (Thomas, 1989), have also been

considered.
Under one-dimensional steady state diffusion (Fick's

First Law), a fixed concentration gradient is imposed on the

system and maintained by setting the boundary conditions.

Under these conditions, equilibrium processes within any

plane perpendicular to the concentration gradient are in

equilibrium with the concentration at that point along the

gradient, or else the steady state does not exist. Further-

more, adjacent planes must be nearly in equilibrium with
each other (local equilibrium). The analogous situation of

an imposed steady state thermal gradient along an iron bar

requires that at a fixed point along the bar, thermal ef-
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fects will be in equilibrium with the temperature at that

point, if the system is in a steady state. Under steady

state diffusion, since the concentration gradient is fixed,

equilibrium processes do not effect the diffusion coeffi-

cient or the flux.
Under one-dimensional non-steady state conditions,

equilibrium processes at first appear to affect the evolu-

tion of the concentration gradient over time by acting as

temporary storage of the diffusing species, thereby retard-

ing the rate of change of the concentration gradient. Howev-

er, within the plane perpendicular to the concentration

gradient an equilibrium condition exists. Further, the ini-

tial uptake of the migrating species at a given point on the

concentration gradient will initially increase the rate of

diffusion by decreasing the amount of migrating species,

causing a higher concentration gradient at that point. The

net result is that the two effects cancel. The driving

"force" of diffusion is the concentration gradient, or more

exactly, the chemical potential gradient. Equilibrium pro-

cesses within a plane perpendicular to the gradient must be

in equilibrium with the gradient at their intersection.

Regardless of the counter-intuitive nature of it, equilibri-

um processes do not effect non-steady state diffusion. Irre-

versible reactions occurring along the concentration gradi-
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ent may be the cause of the impression that equilibrium

should affect diffusion.
The diffusion coefficient and hence, the effective

diffusion coefficient, in Fick's First Law is identical to

that in Fick's Second Law. In neither case is the diffusion

coefficient a function of equilibrium constants. This is not

to say that experimental determinations do not run into

difficulties because of kinetically induced disequilibrium

conditions.
Diffusion is analogous to electrical conductivity, and

much of the theoretical work on diffusion is based on con-

ductivity. Experimentally, conductivity is also more readily

measured than diffusivity. Therefore, the initial step in

determining ~ should consider conductivity.

The system conductivity, or the effective diffusion

coefficient, represents the reduced conductivity or diffusi-

vity as a result of the presence of the discontinuous medi-

um. The pore volume represents the fraction of the volume of

the entire system in which conduction or diffusion may

occur. The upper limit on the value of the conductivity or

effective diffusion coefficient is therefore the conductivi-

ty or diffusion coefficient of the continuous medium multi-

plied by the volume fraction occupied by the continuous

medium. Therefore, as an upper limit, ~ is equivalent to
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porosity.
Theoretical work based on ideal arrays where the geome-

try of the pore volume is known (Maxwell, 1873, Keller,

1963, Crank, 1975) has demonstrated that the system conduc-

tivity is not a simple function of porosity and the conduc-

tivity of the continuous medium. Maxwell (1873) derived an

expression for ~ for uniform nonconducting spheres embedded

in a conducting fluid continuum:

* =

where ~ is porosity and F. is the "formation resistivity

factor". This expression applies only to ideal periodic

composites and therefore represents another ideal (and

upper) limit on the system conductivity.
Because of the complexity of natural rock systems, it

is necessary to employ empirical relationships. Archie

(1942) determined that many reservoir rocks obeyed the

relationships:

where Ro is the resistivity of a 100% water-saturated rock

(the pore space is 100% filled by an aqueous solution); Rw,
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the resistivity of the water (aqueous solution) in the rock;

Co, the conductivity of a 100% water-saturated rock; Cw' the

conductivity of the water in the rock; and FR, the formation

resistivity factor. The_works of Archie and numerous others

have empirically established that FR may be represented by

the equation:

a

where ~ is porosity; m, the cementation or lithologic expo-

nent; and a, the rock texture or tortuosity factor (eg.

Asquith & Gibson, 1982, Brock, 1986, Jorden & Campbell,

1986) .
Substituting for the formation resistivity factor FR in

the conductivity equation for a rock-water system yields:

c=cj>mc=a a W
...2:.-cF W
R

If the value of m is greater than or equal to 1.50 and the

value of a is greater than or equal to 1.00, the value of

the effective conductivity will always be lower than that

determined using Maxwell's equation. If the value of m is

greater than or equal to 1.00 and the value of a is greater

than or equal to 1.50, the value for the effective diffusion

coefficient will also be lower than that of the Maxwell

equation for all porosity values. Within the common range of
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rock porosities, i.e., up to 30%, a value for m greater than

1.25 along with an a value greater than 1.00 will give

values lower than the Maxwell equation. Figure 1 shows the

porosity, Maxwell and Archie functions for the ratio Co/Cw

versus porosity. Figure 2 is an expansion of the region

below 30% porosity.
Empirical tortuosity factors for limestones may have

values less than one, but as noted by Carothers (1968), the

best fit line through his data indicated that a value of one

could be used equally well, if the value of m was changed. A

minimum value for a of 1.00 is expected for tortuosity

because a value of 1.00 represents a straight line.

Empirically determined tortuosity factors (a) in reser-

voir rocks range from as low as 0.45 (Carothers, 1968) to at

least 4.0 (Porter & Carothers, 1970). Archie (1942) initial-

ly used a value of one for a in Gulf Coast sandstones. For

sandstones, the values below 1.00 determined by Carothers

(1968) were all from Oligocene Gulf Coast sandstones.

With the exception of these sandstones, Carothers (1968,

p.18) suggested that for sandstones "...'a' in the Archie

relation is greater than 1.0 through the range of porosities

normally encountered in well log analysis." Shaly sands

were determined to have an average value of a of 1.65 (Caro-

thers, 1968), while poorly sorted shaly sands ranged up to a
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Figure 1. Theoretical Conductivity Ratios

Ratio of Co (conductivity of 100% water-saturated rock)

over C. (conductivity of the water in the rock) versus

rock porosity, calculated using porosity (Co/C. = ~), the

Maxwell equation (Co/C. = 2~/(3-~), and the Archie equa-

tion (Co/C. = ~m/a) where Co/C. = '¥. Original Archie equa-

tion used m = 2 and a = 1, Curve with m = 2 and a = 2

given for comparison.
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Figure 2. Theoretical Conductivity Ratios

Expansion of Figure 1 in the 30% and lower porosity range.

Archie equation where m = 1.25 and a = 1.00 has values

equivalent to Maxwell equation at 0% and 30% porosity.
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value of 4.0 (Porter & Carothers, 1970).

A decrease in sorting in sandstones and an increase in

shale content usually results in an increase in the value of

the tortuosity factor. Thomas (1989) states that shales

typically have a tortuosity factor of 6. Based on the

general trends for the value of a, a value of 6.0 or slight-

ly above is not unreasonable for the tortuosity factor in

shales.
Archie (1942) determined that for consolidated sand-

stones the value of the cementation exponent m ranged be-

tween 1.8 and 2.0, and for loosely or partly consolidated

sands, between 1.3 and 2.0. In a statistical study using 981

measured values of the formation resistivity factor, Caroth-

ers (1968) determined that an average value of m for sand-

stones is 1.54; for calcareous sands, 1.7, for shaly sands,

1.33; for limestones, 2.14. Using 1,575 samples from four

formations in eleven drill holes in a lower Pliocene sand-

stone reservoir, Porter and Carothers (1970) indicated that

m could vary between 0.57 and 1.85. Values for m lower than

1.00 were all related to relatively high values of a (a >

2.45). In general, m is found to vary with grain size, grain

size distribution, and "tortuosity" (Asquith & Gibson,

1982). The cementation exponent may represent the effects of

pore throat size, pore geometry, blocked and isolated pores,
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and the presence of vugs. The cementation factor m accounts

for permeability and pore throat diameter in the value of

the formation factor FR'
A value of m less than 1.00 implies that the effective

porosity exceeds the actual porosity, and results in values

of Co in excess of Cwo Therefore, 1.00 may be considered the

theoretical lower limit for m. Using a theoretical minimum

value of 1.00 for a and a theoretical minimum value of 1.00

for m results in a formation factor that is equivalent to

porosity, a value which exceeds that of the Maxwell rela-

tion. If both m and a exceed 1.00 and their numerical sum

exceeds 2.50, the Archie equation will always yield a lower

value than the Maxwell equation. The value of a must also

always approach the value of 1.00 at high porosity and be

equal to 1.000 at 100% porosity because this value repre-

sents Cw with no porous medium present.

At the limit where the continuous medium becomes non-

continuous such that Co equals zero, either a or m may

become infinite regardless of the porosity. Co also ap-

proaches zero as porosity approaches zero regardless of the

values of a or m. As a practical matter, the original Archie

equation where a equals 1.00 and m equals 2.00 approximates

this lower limit at low porosity values.

Conduction within a porous medium may be considered to
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have an ideal upper limit given by the Maxwell equation and

an approximate lower limit given by the Archie equation at

low porosities. Since the Archie equation was empirically

derived from experimental values for natural rock systems,

it should be expected that most future values will lie near

it.
Substituting the diffusion coefficients for conductivi-

ties yields:

1 <pm
Deff = '''Dw = - Dw = -Dw'I' F a

when the Archie equation is used. Electrical conduction

occurs by the migration of charged species. In the case of

the diffusion of natural gas, the migration is by neutral

molecules which, if only the light hydrocarbons and inorgan-

ic species are considered, are relatively small. Equating

conduction with diffusion presupposes that no additional

factors are present in the diffusion process to reduce

diffusion relative to conduction, or if additional factors

are present, their effect is relatively minor.
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Comparison of Experimental to Theoretical Effective
Diffusion Coefficients

Krooss & Leythaeuser (1988) experimentally determined

the effective diffusion coefficients (Deff) of six light

hydrocarbons through a number of water-saturated rocks over

the temperature range of 30-70oC. Sahores & Witherspoon

(1966) experimentally determined the diffusion coefficients

of six light hydrocarbons in water (Dw) from 2°C to 80°C.

Both studies included methane, ethane, and propane. Utiliz-

ing the data from both studies, the ratio Deff/Dw at a given

temperature for a given rock sample may be determined and

plotted against the rock's porosity. Figure 3 is a plot for

methane at 50°C using the twenty samples (all available)

from Krooss & Leythaeuser (1988) and includes the theoreti-

cal curves obtained using porosity only, the Maxwell rela-

tion and the Archie equation. Figures 4 & 5 are similar

plots for ethane and propane using the seventeen available

samples.
In all three cases, methane, ethane and propane, the

majority of the experimental ratios fall above the theoreti-

cal maximum of the Maxwell equation. Krooss & Leythaeuser

(1988) estimate a maximum error of 25% in the absolute

values of their determinations. Sahores & Witherspoon (1966)
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Figure 3. Theoretical curves and experimentally determined

values of Deff/Dw versus porosity for methane. Experimental

values from Krooss & Leythaeuser (1988).
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Figure 4. Theoretical curves and experimentally determined

values for Deff/D. versus porosity for ethane. Experimental

values from Krooss & Leythaeuser (1988).
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give a precision for their values of approximately 5% but

note that their results for n-butane are about 20% higher

than their previous work. Assuming a maximum error of 25%

for the Sahores & Witherspoon (1966) data coupled with the

maximum error of 25% for the Krooss & Leythaeuser (1988)

data, the maximum error in the ratio Deff/D. may be estimated

at 50%. Even allowing this large error, most of the ratios

still fall above the Maxwell equation curve. Only a few data

points fall within experimental error envelope of the Archie

equation, where most points were expected to lie. The Archie

equation appears to represent a minimum value for the effec-

tive diffusion coefficient, rather than a most probable

value.
Rationalizing the discrepency between theoretical and

experimental results is at best tentative. Recognizing that

the determination of the diffusion coefficient in water is a

relatively simple problem compared to the determination of

the effective diffusion coefficient through a complex system

such as a rock, it is assumed that the determination of D.
is correct. Therefore, the discrepancy between experimental

and theoretical results lies within the determination of the

effective diffusion coefficient.

The diffusion coefficients of light hydrocarbons

through other gases range from three to five orders of
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magnitude larger than through water (1.0-0.01 cm2/sec versus

10.5 em"/sec, Wilke & Lee, 1955). The discrepancy between

experimental and theoretical results for the effective

diffusion coefficients in rocks is roughly an order of

magnitude (Figures 3-5). If diffusion occurred 99% through

water and 1% through a vapor phase in the pore volume, the

average resultant effective diffusion for the system would

be a full order of magnitude larger than for a 100% water

diffusion [ (.99 x 10.5) + (0.01 x 10.2) = 11 X 10.5 when

the lower limit for vapor phase diffusion is used. The pres-

ence of between 0.1% and 0.001% vapor phase in the pore

volume reconciles the difference between calculated and

experimental effective diffusion coefficients. Namely,

rather than being 100% water-saturated, the rock sample may

range between 99.9% and 99.999% water-saturated. Considering

the sample preparation procedure described in Krooss and

Leythaeuser (1988), i.e., sawing, lathing, and resaturation

of the samples with water, the presence of some vapor phase

does not appear to exceed credibility or experimental error.

Further, the presence of some small amount of vapor phase

trapped within a rock sample prior to preparation can not be

excluded. One may conclude that the experimental data actu-

ally reflects what occurs in real rocks, implying that the

rocks are not always exactly at 100.000% saturation, and may
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contain small bubbles or pockets of gas. Use of the Maxwell

and Archie equations required exact 100.000% water-satura-

tion. Therefore, the Archie equation, where m=2 and a=l,

represents a theoretical and practical minimum for most

rock-water systems and implies 100% water-saturation. For

methane, ethane and propane, only a few ratios fall within

experimental error of the Archie equation, while the majori-

ty of points lie well above the values for the Archie equa-

tion.
As a practical lower limit for the effective diffusion

coefficient, the equation:

,hm
= _'I' Da W

l:DF W

appears valid. In this case, log analysis may be utilized to

estimate a value of F. The estimated effective diffusion

coefficient will represent a minimum value for Deff with the

potential that the actual value may be an order of magnitude

larger.

Temperature and Pressure Effects on ~

Porosity, tortuosity, and cementation are not functions

of temperature and pressure as such. Namely, a core sample
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removed from a depth of 2 km to the surface does not regain

its original porosity and tortuosity and lose its cement. A

temperature or pressure change on a rock at depth does not

necessarily change its attributes unless that change is

either large or results in a physiochemical change such as a

phase change or chemical reaction. Such a change is also

generally an irreversible change.

Temperature and Pressure Dependence of Dw

The diffusion coefficient itself (Dw) may be represent-

ed by an equation. Einstein (1905) derived the equation, now

termed the Stokes-Einstein Relation, where k is the Boltzman

constant; T, absolute temperature, r, the Stokes radius of

the diffusing species; and ~, the viscosity of the diffusion

medium (i.e., water):

D = kT
61tITl

Wilke & Chang (1955) empirically derived the alternate

expression:

D 7.4x10-8
(xM) 1/2T

T] Va.6

where V is the molal volume of the solute at normal boiling
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point; M, the molecular weight of the solvent; and x, the

association parameter for the solvent. Sahores & Witherspoon

(1966) noted that the Stokes-Einstein Relation predicted

diffusion coefficients which were lower than observed in

their experiments on the diffusion of light hydrocarbons

through water, while the Wilke-Chang equation predicted

higher results than observed. Other empirical formulas, such

as the Scheibel (1954) and Othmer-Thakar (1953), yielded

intermediate results (Sahores & Witherspoon, 1966). Regard-

less of the formula, the diffusion coefficient is directly

proportional to the temperature and inversely proportional

to the viscosity of the solvent:

The viscosity of water is virtually independent of

pressure to at least 800 bars (Figure 6), or the equivalent

of the hydrostatic pressure of fresh water at a depth of

over 8000 meters (26,000 feet). Therefore, the diffusion

coefficient, Dw' may be considered independent of pressure

at least to a pressure of 800 bars, and to the depth of

nearly all oil and gas wells.
Up to a temperature of about 200°C, the viscosity of

water is strongly dependent on temperature (Figure 7) .
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Figure 6. Pressure dependence of the viscosity of water.

Values from the International Skeleton Table (Kestin and

Dipippo, 1972) for the viscosity of compressed water.
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since the viscosity term is in the denominator of the

Stokes-Einstein Relation, the decrease in the viscosity of

water increases the value of the diffusion coefficient Dw•

The viscosity of water not only depends on temperature

and pressure but also on the type and amount on dissolved

material present. For water-saturated shale cap rocks, the

pore water often contains dissolved salts in proportions

similar to sea water (Hunt, 1979). Average sea water has 3.6

wt% dissolved salt, and shale pore water may have a similar

or lower salinity (Hunt, 1979). Increasing salinity results

in an increase in the viscosity of the solution relative to

that of fresh water (Figure 8) .
Assuming an average geothermal gradient of 25°C krn>

(Tissot & Welte, 1984), a fresh water hydrostatic pressure

gradient of 9.8 kPa mol (0.433 psi ft-l) (Hunt, 1979),

and an average surface temperature of 13°C, the viscosity

of water with depth may be calculated (Figure 9)

Arbitrarily setting the value of the diffusion coeffi-

cient in fresh water at 20°C at 1.00 (Do)' the relative ef-

fects of temperature and salinity on the diffusion coeffi-

cient may be calculated (Figure 10). For example, at a

caprock temperature of 65°C and pore water salinity of 3.5

wt% salt, the diffusion coefficient is approximately 2.5

times the value at 20°C in fresh water. Because the



T4412 35

1.2

1.18

1.16

1.14
»,~.~
1. 120

u~
'> 1.1
ID
.~1.08
0
a;

'" 1.06

1.04

1.02

1
0

Viscosity of Salt Water Relative to Pure Water

Artificial Sea Water

Noel Solution

... Average Sea Water Salinity

8 9 104 5 6
Weight % Salt

72 3

Figure 8. Relative viscosity of artificial sea water and

NaCl solution versus weight % salt in the solution, where

pure water viscosity equals 1.00. Data from Weast, ed.

(1986). Average sea water salinity marked at 3.6 wt.%

salt.
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diffusion coefficient is essentially independent of pres-

sure, this value will be a valid approximation to a depth of

at least 8000 meters.
As a practical matter of calculating the diffusion

coefficient in the oil field environment, electric logs pro-

vide the necessary values for several of the variables. The

bottom hole temperature (BHT) provides an estimate of the

geothermal gradient at a particular well site. Salinity may

be estimated from the resistivity of water (Rw) , determined

from the spontaneous potential log (SP), water-catalogs, or

from formation water samples obtained by drill stem test

(DST) or repeat formation testers (RFT). Direct estimates of

the formation factor may be obtained from the formation

resistivity (Ra) on a dual induction or laterlog, in con-

junction with the Rw• Alternatively, crossplots of the

compensated neutron log, density log, and sonic log provide

an estimate of the rock porosity for use in the Archie

equation. Formation pressure may be roughly estimated from

mud weight (required to prevent blowout), or directly mea-

sured by DST or RFT. Formation temperature and pressure may

be known from production engineering data.
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Diffusion Coefficient Summary

The rock properties found in ~ are essentially indepen-

dent of temperature and.cpz-essure , making the value of ~

constant for a given rock. A practical minimum value of ~

may be estimated using Archie's equation. This minimum value

assumes 100% water saturation. Calculations based on the

Archie equation will yield a minimum rate for diffusion.

Because of the potential presence of some small amount of

gas phase present in the rock pores, actual diffusion rates

in the subsurface may be orders of magnitude greater than

those calculated using the Archie Equation.

The value of Dw is nearly independent of pressure, but

is strongly dependent on temperature and salinity. There-

fore, the value of the effective diffusion coefficient, Deff<

is a function of temperature and salinity, but not pressure.

The direct effect of temperature and the larger indirect

effect through the viscosity of water may not be ignored in

calculations of the rate of diffusion of any species through

reservoir cap rocks.
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Chapter 3.
SOLUBILITY AND CONCENTRATION GRADIENT

The previous section dealt with the diffusion coeffi-

cient or effective diffusion coefficient. This section deals

with the concentration gradient and how it is determined by

the solubility of the gases in the pore fluid. Again, the

defining equations for normal diffusion are Fick's First Law

of Steady State Diffusion:

F = _Daeax
and Fick's Second Law of Unsteady State Diffusion:

ae
at

for one-dimensional diffusion, i.e., the gradient of concen-

tration is only along the x-axis (Crank, 1975). F is the

flux in the x direction; D, the diffusion coefficient; C,

the concentration of the diffusing species; x, the distance

along the x-axis; and t, the time.
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Boundary Values

For Fickian diffusion to occur, there must be a concen-

tration gradient. To determine the concentration gradient,

boundary values for the concentration of the diffusing

species on either side of the cap rock must be chosen.

Usually the concentration on the top side of the cap rock is

chosen to be zero (Pandey et al., 1974, Leythaeuser et al.,

1982). This condition is effectively met when the units

immediately above the cap rock are either highly fractured

or porous, i.e., the unit is not a cap rock or a reservoir.

The boundary value at the reservoir/cap rock interface

(the lower side of the cap rock) is a function of the con-

centration of the diffusing species in the reservoir and its

solubility in the cap rock pore fluid (Krooss et al., 1992).

From the chemical analysis of a natural gas, the mole frac-

tion of a gas species present in the natural gas within the

reservoir is known (analyses are generally given as mole%)

The solubility of a gas species in the pore fluid at

the temperature and pressure of the reservoir/cap rock

interface must be estimated from experimental solubility

data. If a natural gas consisted of a single pure species,

only the solubility of the gas in the pore fluid would be

necessary. However, the presence of other gas species reduc-
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es the volume of pore fluid available for the solution of

any single species; namely, solvation (hydration when water

is the solvent) of any molecule or ion reduces the available

solvent left for the solvation of other molecules or ions

(Bockris and Reddy, 1970; similarly, the common ion effect)

Therefore, the solubility of a gas species in the pore fluid

is its solubility, as if it were the only soluble species,

at the chosen temperature and pressure, multiplied by its

mole fraction in the natural gas.

Mole fraction is used in the calculation rather than

fugacity as a direct result of the IUPAC recommended defini-

tion of the partial pressure of a gas:

~~~p

where Pi is the partial pressure of gas i in a gas mixture

(ideal or non-ideal), Xi' the mole fraction of gas i in the

mixture, and P, the total pressure (Levine, 1988). In a

nonideal gas mixture, the partial pressure as defined may

not be equivalent to the pressure that the gas would exert

if it were alone (Levine, 1988).

Because the porosity of a porous medium has already

been factored into the effective diffusion coefficient, cap

rock porosity is not a factor in determining the concentra-

tion of the diffusing species at the reservoir/cap rock

interface (Nelson and Simmons, 1992). Therefore, the bound-
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ary value for the diffusing species is its mole fraction in

the reservoir gas multiplied by its solubility in the pore

fluid, i.e., water in a water-saturated cap rock.

Solubility of Gases at Elevated Pressures and Temperatures

Despite attempts to theoretically correlate solubility

with the properties of the liquid or the solution, solubili-

ties must be experimentally determined. Solubility varies

with temperature, pressure, and salinity. The experimental

data for the solubility of components of natural gas at

varying temperatures, pressures, and salinities are present-

ed below.
Mole fraction solubility is used because of the IUPAC

definition noted above. Also, activity, based on equations

such as the Debye-Huckel, is not applicable because the

chemical species under consideration are neutral species,

not ions. Nonelectrolyte solutes do not have the long range

coulombic interactions experienced by ions (Bockris and

Reddy, 1970). For a nonelectrolyte, activity and mole frac-

tion are equivalent based on the Debye-Huckel equation

because the charge term is zero.
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Methane
Critically evaluating thirteen papers that reported on

the experimental solubility of methane in pure water as a

function of temperature and pressure for the IUPAC (Interna-

tional Union of Pure and Applied Chemistry), Battino (1984)

recommended the smoothed equation for methane solubility as:

; -55.8111+ 74.7884 +20.6794ln1:+0.753158lnp
1:

where x, is the mole fraction solubility; T ; T/100K; P is

the total pressure expressed in MPa (MPa ; 10' pascals). The

tentative mole fraction solubility of methane based on this

equation for several pressures over the temperature range of

300-500 K (Battino, 1984) are presented in Figure 11. Note

that with increasing pressure, the solubility minimum be-

tween 50-150'C becomes larger.
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Figure 11. Methane solubility in pure water based on

Battino (1984) smoothing equation. Calculated points from

Battino (1984). Straight line connection of points added

as a visual aid.
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Ethane
Relatively little work has been done on the solubility

of ethane in water at elevated pressures. Young (1982) was

only able to critically evaluate four papers for the IUPAC.

Three of the papers were by J.J. McKetta and his coworkers

and were internally consistent; however, these results could

not be meaningfully compared with the fourth, which was also

internally consistent. Young (1982) classified the experi-

mental results as tentative. Lacking a recommended solubili-

ty function, the data from one of the papers (Culbertson &
McKetta, 1950) is presented in Figure 12. None of the four

papers reviewed by Young (1982) contain elevated pressure

values at temperatures below 37°C. A solubility minimum

similar to that for methane appears in the lower pressure

data, but without lower temperature data for higher pres-

sures, the presence of a solubility minimum across the

pressure range may only be speculated on.
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Figure 12. Ethane solubility in pure water. Experimental

data points from Culbertson and McKetta (1950). Straight

line connection of points added as a visual aid.



T4412 48

Helium
For helium solubility at elevated pressures, Young

(1979), for the IUPAC, recommended the data of Gardner &

Smith (1972) and their smoothing equations:

At 323. 15K

At 373 .15K xHe = 6.7624x10-6p - 2.509110-9p2 + 2.4032x10-12p

where p is pressure in bars (105 Pa). Unfortunately, not all

of the experimental data is presented in Gardner & Smith

(1972), so for graphing purposes the data of Wiebe & Graddy

(1935) is presented in Figure 13. Helium solubility shows

only the slightest solubility minimum between DoC and 75°C,

indicating that helium solubility is only weakly dependent

on temperature but strongly dependent on pressure.



T4412 49

6
Helium Solubility in Water ~

1013.25 bor

->< 810.60 bar

~

405.30 bar

202.65 bar

101.32 bar

50.66 bar

05
o
o

x 4
.::-
:0~
03
Ul

c
.2
g 2
L
L0-
W

°'"
o o 80 90 10010 20 30 40 50 60 70

Temperature, Celsius

Figure 13. Helium solubility in pure water. Experimental

data points from Wiebe and Graddy (1935). Straight line

connection of points added as a visual aid.
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Nitrogen
Reviewing fourteen papers on nitrogen solubility at

elevated pressures for the IUPAC, Young (1981) recommended

the data of Weibe et al.__f1933) and of Smith and coworkers

(Smith et al., 1962, O'Sullivan et al., 1970) for the tem-

perature range 298.15-398.15 K. Young (1981) noted that the

two sets of data agree within about 2%. The data of weibe et

al. (1933) are presented in Figure 14. Nitrogen solubility,

like helium, has only a slight solubility minimum and is

more strongly pressure dependent.

Argon
There have been few studies of argon solubility at

elevated pressures (Young, 1978). At atmospheric pressure,

the tentative solubility equation given by Clever (1979),

and graphically presented in Figure 15, is:

lnx1; -80.8022 + 105.678 +40.644ln(~)-3.2257(~)
(~) 100 100
100

At atmospheric pressure, a noticeable solubility minimum

exists in the 50-150°C range. Potter and Clynne (1978)

determined argon solubility only up to 30 bars pressure,

which is insufficient for the oil field environment. Siss-

kind and Kasarnowsky (1931) determined the solubility (plot-

ted in Figure 16) up to 126.7 bars but only at 273.35 K.
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Figure 15. Argon solubility in pure water at one atmosphere

60

pressure, calculated from smoothed equation of Clever

(1979). Calculated points connected by a straight line as

a visual aid.
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Figure 16. Solubility of argon in pure water at 273.35 K

40

(0.20 DC). Elevated pressure experimental data points from

Sisskind and Kasarnowsky (1931). Straight line connection

of points added as a visual aid. Extrapolated from 25.3

bars to 1 bar value of Clever (1979) and above 126.7 bars.
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Figure 16 includes extrapolated values to 177.3 bars and the

one atmosphere value. Assuming that a similar pressure

relation pertains at higher temperatures, the data from

Figures 15 and 16 may be used to estimate argon solubility

at elevated temperatures and pressures.

Natural Gas
The elevated pressure solubility of an actual natural

gas in water was measured by Dodson & Standing (1944) (Figure

17). The mole fraction composition of the gas was: methane,

0.8851; ethane, 0.0602; propane, 0.0318; butane, 0.0085;

2-methylpropane (isobutane), 0.0046; pentanes and heavier,

0.0098. A solubility minimum appears at 138 bars (2000 psia)

pressure and above. The total solubility is slightly below

that of methane because the gas is not 100% methane. Howev-

er, methane solubility dominates the total solubility be-

cause the natural gas is mostly methane and methane has a

higher solubility than any of the other constituents.
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Overview
Reviewing the above solubility data, the temperature

ranges for the solubility minimums may be estimated:

Species Large T Range Small T Range

Methane
Ethane
Helium
Nitrogen
Argon
Natural Gas

so-us
2S-100
O-SO
SO-100
SO-lS0
SO-100

7S-100
SO-80
20-30
60-90
80-110
60-90

As a generalization, so °c represents an average lower tem-

perature limit for the solubility minimum for all the gases

other than helium. Assuming an average geothermal gradient

of 2SoC/km and an average annual surface temperature of 13

°C, SOOC occurs at a depth of 1.48 km (48S0 ft.). It does

not appear to be a coincidence that the average depth of a

sample of 12,018 oil fields is 146S meters (4800 ft.) (Tissot

& Welte, 1978).
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Solubility of Gases Along Geothermal and Hydrostatic
Pressure Gradients

Using a fresh water hydrostatic pressure gradient of

0.433 psi/ft (Hunt, 1979), and three geothermal gradients

(15, 25, and 35°C/km) assuming a mean annual surface temper-

ature of 13°C, the £olubilities of methane, ethane, helium

and nitrogen in pure water along the geothermal and hydro-

static pressure gradients may be estimated (Figures 18-21)

Methane solubility is essentially independent of the geo-

thermal gradient above a depth of 3 km, below which the

solubility begins to rapidly increase along higher geother-

mal gradients. Over the 1-3 km range, methane solubility

shows only a moderate increase. Ethane solubility shows an

even smaller increase than methane over the 1-3 km range and

a similar independence from the geothermal gradient. Helium

and nitrogen display essentially a linear increase over the

range. For average (25°C/km, Tissot & Welte, 1978) and high

geothermal gradients, the solubilities of the light hydro-

carbons begin to rapidly increase in the 2-3 km (6500-9800

ft.) interval. Relatively low solubility may be maintained

to greater depths with a low geothermal gradient.
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Figure 18. Methane solubility versus depth along the pure

water hydrostatic pressure gradient for three geothermal

gradients. Curves based on Battino (1984) smoothing equa-

tion.
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Figure 20. Helium solubility versus depth along the pure

water hydrostatic pressure gradient for three geothermal

gradients. Points based on data from Weibe and Graddy

(1935). Straight line connenction of points added as a

visual aid. Note that 35°C/km and 25°C/km curves fall

nearly on each other.
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The presence of dissolved salts reduces the solubility

of gases by reducing the amount of water available, since

the salt ions are surrounded by a hydration sphere (Bockris

& Reddy, 1970). The net effect is to maintain lower solubil-

ities to a greater depth. Counteracting this effect is the

increase in pressure due to the increased density of salt

water, i.e., increased hydrostatic pressure gradient.

Figure 22 shows the solubility of methane along the 25°C/km

geothermal gradient for the fresh water pressure gradient

(0.433 psi/ft) and for a brine gradient (0.500 psi/ft,

approximately 220,000 ppm TDS). The increased pressure of

the brine gradient causes an increase in the solubility of

methane at all depths. Also plotted is the solubility of

methane in a 1.000 molar NaCl solution for both pressure

gradients, interpolated from the data of o'Sullivan and

Smith (1970). O'Sullivan and Smith's (1970) data shows

methane to be 23-25% less soluble in a 1.000 M NaCl solution

than in distilled water over the temperature range of 50-125

DC and pressure range of 100-600 bars.

Seventy-five percent of the water in the oceans has a

salinity of 34-35% (Drever, 1982). This equates to a range

of 3.42-3.52% by weight (34,200-35,200 ppm) total dissolved

solids. Hunt (1979) states that shale pore waters are compa-

rable to sea water in salinity and should be lower
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than sea water as burial increases due to expulsion of salt

during compaction. Typical sea water (3.5% by weight TDS)

has an osmosity of 0.549 g-mol/l and a condosity of 0.552 g-

mol/l(osmosity: molar concentration of NaCl solution having

same freezing point or osmotic pressure as the given solu-

tion; condosity: molar concentration of NaCl solution having

same specific conductance [electrical] at 20°C as given

solution). Average sea water and average shale pore water

may be compared to a 0.55 M NaCl solution. On this basis,

methane may be expected to be approximately 14% less soluble

in sea water or shale pore water than in distilled water.

The actual natural gas of Dodson and Standing (1944), con-

taining only hydrocarbons, showed an average 19.4% decrease

in solubility at 37.8°C, 17.0% at 65.6°C and 14.1% at 93.3 °c

in a 34,100 ppm brine over the pressure range of 500-5000

psia (34.48-344.8 bars) (Figures 23-24). Within experimental

error, these results are comparable to an approximation of

14% decrease for methane, but a more conservative approxima-

tion of 17% appears justified for hydrocarbons.

In 1.00 M NaCl solutions over the pressure range of 1-

600 bars, helium solubility averages 80.2% of its solubility

in distilled water at 50.0 °c and 79.5% at 100°C based on

the Gardner and Smith (1972) data (Figure 25). Using the

assumption that sea water is equivalent to a 0.55 M NaCl
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Figure 23. Solubility of a natural gas at 65.6°C in pure

water and two brines. Data from Dodson and Standing

(1944) .
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water and two brines. Data from Dodson and Standing
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solution, helium solubility in sea water and shale pore

fluid may be estimated at 88.7-89.1% of its solubility in

distilled water. A conservative approximation is 87%.

In the pressure range of 1-600 bars, in 1.00 M NaCl

solutions, nitrogen solubility averages 74.8% of its solu-

bility in distilled water at 51.50C and 76.7% at 102.50C

based on the data nf O'Sullivan and Smith (1966) (Figure 26).

Nitrogen solubility in sea water and shale pore fluid may be

estimated at 86.1-87.2% of its solubility in distilled

water. A conservative estimate is 85%.

Using the pure gas solubilities along the fresh water

hydrostatic pressure gradient and the fractional solubility

of the pure gases in a sea water equivalent shale pore fluid

(83% for hydrocarbons, 87% for helium and 85% for nitrogen) ,

the pure gas solubility of each of the natural gas compo-

nents in a shale cap rock pore fluid may be estimated. These

estimates should be conservative, because the fractional

solubilities are conservative and the fresh water hydrostat-

ic pressure gradient represents a minimum for a water satu-

rated rock column. The solubility represents the pure gas

concentration in the cap rock pore fluid at the cap

rock/reservoir interface. Using the mole fraction concentra-

tion of a species in the natural gas (from chemical analy-

sis) in the reservoir, the concentration of the gas
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component in the shale pore fluid at the cap rock/reservoir

interface is determined by multiplying its mole fraction in

the reservoir gas times its pure gas solubility.

With an assumed concentration for a natural gas compo-

nent on the upper surface or boundary of the cap rock (gen-

erally taken to be zero), an estimated concentration of the

component at the cap rock/reservoir interface (calculated

from solubilities and mole fraction concentration in the

natural gas), and the cap rock thickness determined from

wireline logs, the concentration gradient across the cap

rock may be calculated. Using this concentration gradient

and the effective diffusion coefficient of the gas component

in the cap rock, the flux of the gas component through the

cap rock may be estimated.
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Chapter 4.
DIFFUSION AT DEPTH

Pressure and Temperature Effects

As temperature and pressure increase along the geother-

mal and hydrostatic pressure gradients, the solubility of

light hydrocarbons generally, especially below 2 km. The

diffusion coefficient also increases with depth, primarily

from the temperature increase and the decrease in the vis-

cosity of water (Nelson & Simmons, 1992). The combined

effect is to greatly increase the rate of diffusion as depth

increases.
Consider a 100 meter (328 ft.) thick, 5% porosity shale

cap rock overlying a gas reservoir. Using a 100 meter thick

cap rock allows the temperature (1.5-3.5°C) and pressure

(142 psi) change across the cap rock itself to be ignored in

a first order approximation. For thicker cap rocks, the

temperature and pressure change across the cap rock can not

be ignored. A 5% porosity shale is chosen so that the calcu-

lated lower limit for diffusion may be compared to the

results utilizing the experimentally determined effective

diffusion coefficients of Leythaeuser et e i . (1982).
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Using the Stokes-Einstein Relation (Einstein, 1905),

the change in the diffusion coefficients through water along

the geothermal and hydrostatic pressure gradients may be

estimated (Figure 27) (Nelson & Simmons, 1992). From the

diffusion coefficient in water, the cap rock porosity, and

the solubility at a given depth, Fick's First Law may be

used to estimate the steady state flux of a pure gas through

the cap rock. Figures 28 and 29 show the methane and helium

fluxes for a 5% porosity, 100 meter thick cap rock along

three geothermal gradients. For thicker cap rocks, the flux

of the species will be reduced, but the form of the graph

will be similar.
The most obvious features of the flux graphs are the

low fluxes at depths less than 1.0-1.5 km (3300-4900 ft.)

and the large, rapidly increasing fluxes at depths greater

than 3.0-4.0 km (9800-13100 ft.), even with a low geothermal

gradient.
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Ratio of Dw/DwO Along Fresh Water Hydrostatic Pressure

Gradient and Geothermal Gradients

Figure 27. Ratio of Dw (T,P) over Dw(O) versus depth where

Dw(O) is the diffusion coefficient in water at 200C and

one atmosphere pressure, and Dw (T,P) is the diffusion

coefficient in water at the temperature and pressure of

the depth.
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Oil and Gas Fields and Diffusion

Tongish (1980) determined that the average depth for

1,104 Cenozoic natural gas fields in the United States was

6,690 feet (2.04 km); for 1,089 Mesozoic fields, 5,309 feet

(1.62 km); for 4,252 Paleozoic fields, 4937 feet (1.50 km);

and the average of all of the above 6,455 natural gas

fields, 5,301 feet (1.62 km). The average depth of a world-

wide sample of 12018 oil fields is 1465 meters (4804 feet,

Tissot & Welte, 1978). The richest depth interval for 546

oil fields containing over 500 million barrels each is 2130

meters (6,989 feet, Moody, 1975). The average depth of all

of the above 19,019 oil and gas fields is 5,035 feet (1.534

km). This average is approximate since some fields may have

been included more than once; but it does serve as a world-

wide approximation of the most productive depth.

The average depth of oil and gas fields is usually

attributed to temperature and pressure conditions necessary

for thermal maturation of organic material (Tissot & Welte,

1978, Hunt, 1979). Certainly this is necessary, or there

would be no fields. However, all of the average depth val-

ues, whether they are for oil or gas fields, coincide close-

ly with the depth at which the diffusive fluxes for methane

and ethane have all fallen off dramatically.



T4412 77

An oil or gas accumulation can only occur, or be main-

tained for any length of geologic time, if the rate of

influx into the reservoir equals or exceeds the rate of loss

from the reservoir. The loss mechanism present in all reser-

voir cap rocks is diffusion. Diffusive flux begins to rapid-

ly increase at depths below about 1.5 km (4900 ft) and

becomes orders of magnitude larger by 3.0 km (9800 ft) for a

given cap rock.
Catagenesis of organic material begins at a temperature

of about 50°C (eg. Hunt ,1979), coinciding with a depth of

approximately 1.5 km assuming a worldwide average geothermal

gradient of 25°C/km (Tissot & Welte, 1978). Maximum genera-

tion of methane from both sapropelic and humic sources

occurs at 150°C (equivalent of 5.5 km depth), while maximum

generation of ethane, propane, butane and heavier gas phase

species occurs at about 125°C (equivalent of 4.5 km) (Hunt,

1979). Based on the generation depth of the hydrocarbon

natural gas species, it might be expected that the average

depth of gas fields in the U.S. would be at or near the

maximum generation depth rather than coinciding with the

depth equivalent for the onset of catagenesis. The zone of

maximum oil generation occurs between 50-150°C (Tissot &

Welte, 1978, Hunt, 1979). But the zone of maximum accumu-

lation, i.e., average depth, occurs in the 50-65°C zone.
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Both the rates of catagenesis and diffusive flux begin

to rapidly increase as the temperature exceeds 50°C. In-

creased diffusive flux in the zone where catagenesis occurs

allows the products to migrate away rapidly, and to move to

an accumulation zone of reduced migration rate. Assuming an

average geothermal gradient, even a thick cap rock at 3.0 km

will allow diffusion to occur at several times the rate it

would occur in the same cap rock at 1.5 km. At 4.0 km the

diffusive flux is nearly an order of magnitude larger than

at 1.5 km.

As source rock, reservoir rock and cap rock undergo

deeper burial, all undergo physical and chemical changes.

The porosity, pore diameter, and permeability of the cap

rock are generally reduced, resulting in a reduction of the

effective diffusion coefficients. Shale porosities at ap-

proximately 6 km range from about 2-12% porosity (Hunt,

1979). At 2 km, the range is 5-20% (Hunt, 1979). Using the

effective diffusion coefficients for a 5% porosity shale

should result in generally conservative values for the

diffusive flux.
Diffusion cannot begin until catagenesis has started

and generated a concentration gradient. Diffusion will

continue as long as there is a concentration gradient (chem-

ical potential gradient).
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Losses of Reservoir Gas by Vertical Diffusion

Smith et al. (1971, p.20) state: "For the diffusing gas

component, the time lapses between leaving the accumulation

and reaching the surface are 140, 170, 230 and 270 million

years for methane, ethane, propane and the butanes, respec-

tively." The statement applies to steady state diffusion

from a reservoir at a depth of 1737 meters where the over-

burden has an assumed porosity of 15.7%. Because the above

quote appears in Smith et al. (1971) without further expla-

nation, it is uncertain how this calculation was made.

However, because these results are often quoted in the

literature (Hunt, 1979), they must be addressed.

To an extent, the conclusions of Smith et al. (1971)

appear to be a misinterpretation, and to be misinterpreted

in the literature to imply that diffusion is not a signifi-

cant factor in the loss of natural gases from reservoirs.

Diffusion remains the minimum rate at which gases may be

lost from a reservoir, but it is not an insignificant fac-

tor. Further, it may be a controlling factor for the depth

of a reservoir.
Reservoir cap rocks which are 1737 meters (5700 ft)

thick are rare. 305 meter (1000 ft) thick cap rocks are not

uncommon. In some areas (Morrow Fm. in SE Colorado), 30.5
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meter (100 ft) cap rocks often occur. Assuming that the

Smith et ai. (1971) calculation is correct for the condi-

tions stipulated, the time lapses to cross smaller distances

may be calculated from their results, because the rate of

diffusion is directly related to the thickness of the dif-

fusional barrier. For a 305 meter cap rock (17.6% of the

thickness of a 1737 meter caprock), methane would cross it

in 17.6% of the time or 24.6 million years; a 30.5 meter

caprock, 2.46 m.y. For the 100 meter cap rock considered

earlier, the time required by the calculation would be 8.1

million years. Once a gas molecule has crossed the cap rock,

it may be rapidly transported away by mechanisms other than

diffusion. The significant factor is that diffusion repre-

sents the maximum time required to cross the cap rock.

Consider a 100 meter thick, 5% porosity, salt water

saturated cap rock at a depth of 1600-1700 meters. Assuming

a normal hydrostatic pressure gradient and a geothermal

gradient of 250C/km the temperature at the top of the cap

rock will be 53°C. The mole fraction methane solubility in

the pore water is estimated at 1.46 x 10-3 and the methane

diffusion coefficient through the pore water, 3.12 x 10-9

m2/sec. The molarity of water under these conditions is

approximately 54.77 moles/liter (54770 moles/m3
). The value

of ~, calculated from the Archie Equation, is 0.0025. There-
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fore, the Fick's First Law flux through the cap rock is

6.237 x 10-u moles/m' sec or 1.968 x 10-4 moles/m' year. For

a cap rock surface area of one square kilometer and a 1000

year time period, the flux is 1.968 x 105 moles/km' ka,

which converts to approximately 165 Mcf (4,670 m3
) of gas

under standard oil and gas industry surface conditions (60

of or 15.6°C and one atmosphere). In one million years the

value would be 165 MMcf.
Under the steady state condition, the reservoir volume

remains constant. If the volume of gas in the reservoir is

divided by the annual gas flux through the areal extent of

the cap rock, the time required for a complete turnover of

the volume of gas in the reservoir may be calculated. For

the conditions specified, the turnover time of a one Bcf

field would be 6.06 million years, a 10 Bcf field, 60.6

million years.

Using the mole fraction solubility (1.29 x 10-3),

diffusion coefficient (2.7 x 10-9 m'/sec) and geometrical

factor (1/39.3) and cap rock thickness (1737 m) of Smith et

ai. (1971), the flux through the caprock would be 2.790 x

10-u moles/m' sec. This value represents only 45% of the

value calculated in this study. The differences between the

two values result from several choices for the values of

variables. Smith et ai. (1971) use solubility and diffusion
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coefficient values which are average values over a 1737

meter thickness while this study uses an average value over

only 100 meters. Because the temperature only changes 2.50C

over 100 meters along the average geothermal gradient

(250C/km), and the hydrostatic pressure, only 9.8 bars, the

values used for solubility and diffusion coefficient are

nearly constant over 100 meters. Conversely, over 1737

meters, the temperature change is 43.4 °c and the pressure

change is 170.2 bars, which results in a large, and non-

linear, difference in the solubility and diffusion coeffi-

cient. The choices of solubility and diffusion coefficient

used in this study appear to be more justifiable than those

of Smith et al. (1971).

The second major difference between this study and

Smith et al. (1972) is the choice of porosity or geometric

factor. Smith et al. (1971) used a porosity of 15.7% for the

entire 1737 meter thickness, gaving a geometrical factor of

0.0254, while this study used 5.0% porosity for a geomet-

rical factor of 0.0025. Had this study used the larger

geometrical factor, the results would have been over ten

times larger. The porosity used by Smith et al. (1971) is

not unreasonable, and may be a better choice than the 5.0%

porosity used in this study. However, 5.0% porosity is used

to give conservative results.
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The largest major difference between studies is the

choice of cap rock thickness. While acknowledging that 1700

meter cap rocks do exist, such large thicknesses are not

common. For such a thickness, the calculations of Smith et

al. (1971) are valid. However, cap rocks seldom extend from

the surface to the top of the reservoir. In both studies,

diffusion is the only allowed mechanism for transport across

the cap rock. Once a molecule has crossed the cap rock by

diffusion, any other form of mass transport may occur. While

100 meter cap rocks are relatively common and may be unde-

formed and fracture free, a 1700 meter caprock containing no

fractures or included highly porous zones would appear to be

extremely rare. The calculation of the flux from a reser-

voir, or its turnover time, by diffusion should only consid-

er the thickness of the cap rock over which diffusion is the

only allowed transport mechanism.
Smith et al. (1971) considered the diffusive loss from

two sizes of gas fields. They considered the most frequently

found size of gas field, which has approximately ten Bcf of

gas, and a larger sized field containing 100 Bcf, represent-

ing the size of a few percent of the discovered fields. They

assigned an areal extent of 1.5 km' (370.7 acres) to the 10

Bcf field and 11 km' (2,718.2 acres) to the 100 Bcf field.

The standard spacing order for gas wells in much of the
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mid-continent region is 640 acres. In eastern Colorado, the

spacing order for oil wells is usually 80 acres, such that

some predominately gas producing wells in oil fields are

spaced at 80 acres. Therefore, the field areal extent con-

sidered by Smith et ai. (1971) may represent as little as a

one well gas field having 10 Bcf of gas, or four gas produc-

ing wells in an oil field.
Based on cumulative gas production through December,

1981, the McClave Field of southeastern Colorado ranked as

the seventeenth largest gas producing field in the State of

Colorado with a cumulative production of 37.4 Bcf (Scanlon,

1982). By 1990, the field had produced 53 Bcf (Bowen et ai.,

1990) since its discovery in 1952. Assuming an ultimate

recovery of 60 Bcf, the field could be assumed to have an

areal extent six times the. size of the 10 Bcf field consid-

ered by Smith et ai. (1971) or 2,224 acres. However, the

actual proven production area is nearly fifteen times that

size: 33,250 acres (Miesse, 1982a). In the case of south-

eastern Colorado and adjacent areas, the areal extent for

gas fields used by Smith et ai. (1971) represents a substan-

tial underestimation. If the areal extent of a field is

doubled, then the total diffusive flux per year from the

field is also doubled, and the turnover time halved.

Consider again the 100 meter thick, 5% porosity cap



T4412 85

rock at a depth of 1.6 km, above two fields having the

reserves, composition, and areal extent of fields used by

Smith et al. (1971). The methane flux through the caprock

per million years for the 10 Bcf, 370.7 acre field, is 184

MMcf for a natural gas containing 74.51% methane. The amount

of methane in the field is 7.451 Bcf. Therefore, assuming a

steady state condktion, the turnover time for the methane is

40.5 million years. For the 100 Bcf, 2718.2 acre field, the

flux through the cap rock is 1.35 Bcf per million years and

the turnover time is 55.2 million years. Again these results

differ from those of Smith et al. (1971) for reasons stated

above. If the areal extent of the fields is actually ten

times as large then the turnover time drops to 4.05 million

years for the 10 Bcf field and 5.52 million years for the

100 Bcf field.
This study concludes that the choice of a large cap

rock thickness and minimal areal extent of the cap rock led

Smith et al. (1971) to substantially underestimate the

effect of diffusion through reservoir cap rocks for most gas

fields. They underestimated despite their choice of a cap

rock porosity, which yielded a "geometrical factor" over ten

times larger than this study used.
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Implications of Diffusion Across the Cap Rock

Diffusion represents the minimum rate of loss of natu-

ral gas from a reservoir. For a natural gas deposit to last

for tens of millions of years, there must be an influx of

gas into the reservoir to counteract loss through the cap

rock. If the influx is greater than the rate of loss, the

reserves will increase; .if it is less, the reserves will

decrease. Assuming that the fluxes balance, the reserves

will remain constant: a steady state condition. Assuming a

steady state condition exists, the turnover time may be

calculated.
The importance of the steady state turnover time and

the steady state flux lies in the fact that they indicate

the rate at which gas must be entering the reservoir. An un-

steady state Fick's Second Law calculation indicates only

the rate of depletion of an instantaneously emplaced reser-

voir of gas. The steady state Fick's First Law calculation

yields the flux from a constant reservoir volume of gas. To

maintain the constant reserves, there must also be a con-

stant influx of gas or, alternatively, generation in place.

A steady state assumption makes possible the estimation of

the generation and/or migration rate.

Given the 100 meter thick, 5% porosity cap rock over



T4412 87

the 10 and 100 Bcf fields, then 184 MMcf of gas must be

generated and enter the 371 acre field every million years,

and for the 2718 acre field, 1.35 Bcf every million years,

to maintain the steady state condition. If the actual areal

extent of the fields is ten times larger, then ten times

more gas must be generated per million years. Any proposed

generation or primary and secondary migration process must

be able to maintain the constant influx into the reservoir.

By implication, both generation and migration must be ongo-

ing processes in the vicinity of any gas field to maintain

them for geologically long time periods.

Effect of Lateral Migration

When considering lateral migration to a reservoir,

especially long distance lateral migration, there can be no

diffusion controlled barrier to migration along the pathway

more effective than the cap rock. If there were, diffusion

through the cap rock would equal or exceed that of diffusion

through the barrier, and the gas field would decrease in

size. Correlatively, the entire pathway must be capped with

a barrier that is much more effective than the cap rock to

prevent excessive diffusive loss along the migration path-
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way, or the volume of migrating gas must greatly exceed the

amount reaching the reservoir to account for losses along

the migration pathway.
Long distance migration of oil and gas is often pro-

posed as the mechanism for creating deposits in areas where

source rocks do not appear to be either sufficiently mature

or voluminous (Sonnenberg et al., 1990a). For long distance

migration to occur, the rate of migration must greatly

exceed the rate of upward diffusive loss or any other loss

mechanism occurring along the pathway. If the migration

distance was 100 km (62 miles), lateral migration must occur

1000 times faster (100,000 m/l00 m) than the diffusive loss

through a 100 meter cap rock, assuming no losses during

migration and a migration cross-sectional area equivalent to

the surface area of diffusion.

Lateral Migration Rate Compared to Diffusion

Dembicki and Anderson (1989) performed oil migration

experiments in a 2.5 cm diameter packed column of water-wet

sediments and determined that the rate of movement of crude

oil was 8-13 cm/hr for vertical to twenty degrees from

vertical migration. Oil migration occurred along 1-2 mm oil-

saturated pathways in the silt to medium grained sand. A
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total of 25 ml of 36.8° API gravity crude oil was used in

each experiment and the experiment was terminated when oil

first reached the end of the column. They noted that the

observed rates would make secondary migration appear almost

instantaneous, geologically speaking.

Using a migration rate of 8 cm/hr, oil migrating

through a 100 km column (2.5 cm diameter) in a near vertical

direction would take 142.6 years. Of course, a 100 km migra-

tion in the subsurface is predominately horizontal migration

rather than vertical buoyancy migration, and therefore,

would be expected to be much slower. Further, the migration

must be of a significant volume; namely, one barrel of oil

is 6,359 times as large as the 25 ml sample. Feeding one

barrel (petroleum, 42 gallon U.S) through the same area

(4.909 cm2) , vertical column would require over 900,000

years.
Consider a migration pathway or conduit with a diameter

of 1-2 meters, the diameter considered a maximum by Dembicki

and Anderson (1989). Specifically consider a conduit 6,359

times the area of Dembicki and Anderson's (1989) column so

that migration of one barrel may be considered. Such a

conduit would have a radius of 99.68 cm (39.24 in), near the

maximum considered by Dembicki and Anderson (1989), and over

twice the radius (4.75 times the cross-sectional area) of a
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36" pipeline. Under these conditions, one barrel of oil

would require 142.6 years to travel 100 km. To accumulate a

1,000,000 barrel field would require 142.6 million years,

assuming no losses during migration.

36.8° API gravity oil has a specific gravity of 0.84

g/ml. One barrel of oil equals 158,987.3 ml. The mass of one

barrel is therefore 133,549.33 g. If the barrel of oil was

composed of 100% decane (C,OH22, M.W. 142.28, density 0.7300

g/ml) , it would contain 938.64 moles of decane. Using the

ideal gas law and the standard conditions for the natural

gas industry (60°F, 14.7 psi), the decane, as a gas, would

occupy 785.3 ft3• Considering specific gravity differences

between decane and crude oil, the crude oil would actually

occupy a smaller volume. However, the above calculation

justifies the simplification of equating one barrel of oil

to about one Mcf of gas. On this basis, accumulating a one

Bcf gas field would require 142.6 million years.

A light gas molecule migrates more rapidly than a

heavier one. The cross-sectional area over which migration

occurs may be expected to greatly exceed that of five 36"

pipelines. The presence of fractures may greatly accelerate

the rate of migration. All of these factors may render the

accumulation calculation meaningless. Conversely, the calcu-

lation was carried out using a vertical migration rate



T4412 91

rather than horizontal migration rate. Horizontal migration

may be orders of magnitude slower. A homogeneous migration

medium without migration barriers was assumed. Any barrier

requiring a diffusive crossing would slow the migration rate

by several orders of magnitude. The analogy to a pipeline

implies a relatively direct pathway without excessive tortu-

osity; without this assumption, the migration rate will be

greatly reduced. The calculation also assumes no losses

during migration. If losses occur, then even larger volumes

of gas or oil must migrate initially in order to have the

appropriate final volume. The net effect is to render the

calculation an interesting exercise which may be correct

only to an order of magnitude.

What may be called into question is the validity of

long distance lateral migration. Apparent rapid migration

rates are not as rapid as they first appear, if the actual

distances and volumes required are considered. The calculat-

ed vertical diffusion rates and turnover times indicate the

minimum required rate of influx into a reservoir to maintain

the field size. If long distance migration can not reason-

ably supply a sufficient and continuing influx, another

explanation must be considered.
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Chapter 5.
DIFFUSION IN SOUTHEASTERN COLORADO - CASE STUDY

Introduction

To maintain the reserves in an oil and gas field for

geologic periods of time there must be a minimum influx of

gas to balance losses. For the reserves to increase, or just

to form a hydrocarbon deposit, the influx must exceed the

loss rate. An influx of natural gas requires a generation

mechanism for the natural gas. Diffusional loss through the

cap rock represents the minimum rate of loss of natural gas

from the reservoir ..The diffusional loss rate, therefore,

provides a minimum estimate of the rate that natural gas

must either be generated or migrate. This minimum rate of

generation and/or migration places constraints on any theory

of the origin of natural gas or on the timing of generation

and/or migration.
Natural gases are comprised of both an organic or

hydrocarbon gas fraction and an inorganic gas fraction. The

organic species in the hydrocarbon fraction are believed to

have a common origin as a result of catagenesis, or thermal

catalytic cracking, of organic material contained within the
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sedimentary column, followed by migration to the reservoir

(Tissot and Welte, 1978, Hunt, 1979). Conversely, each

individual gas species of the inorganic gas fraction may

have an origin unrelated and independent of the origins of

any other gas species, inorganic or organic; for example,

the generation of helium by radioactive decay. However, the

association of one gas species with another implies that the

conditions under which one was generated do not preclude the

generation of the other. Further, the association suggests

that some set of conditions may be common to the generation

of both species. One such association is that of helium and

nitrogen.
In 1904, a gas well drilled at Dexter, Kansas (50 miles

southeast of Wichita) discovered an unburnable natural gas,

which upon chemical analysis proved to be over 71~ nitrogen

gas (Haworth and McFarland, 1905). Further analysis first

discovered not only the presence of helium in natural gases

but also its relatively high abundance (Cady and McFarland,

1907) .

Due to the strategic importance of helium, the U.s.

Bureau of Mines began a world-wide search for helium-rich

natural gases in 1917. Rogers (1921) identified only two

areas in the world where natural gases contained over 0.5~

helium - north-central Texas, and southern Kansas and north-
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ern Oklahoma. All the high helium gases were characterized

by a high nitrogen content, just as the gas at Dexter,

Kansas; however, the converse was not always true (Rogers,

1921). Rogers (1921, p.37) concluded "...the general occur-

rence of helium in high-nitrogen gases also suggests that

the origin of the nitrogen is in some way related to that of

helium."
By 1980, natural gas reservoirs with over 1.0% helium

had been identified in fifteen states (AK, AZ, CO, IN, KS,

KY, MI, MT, NM, ND, OK, SD, TX, UT, WY, Tongish, 1980). Of

these, five states (AZ, CO, KS, NM, UTI have reservoirs

containing more than 5.0% helium (Tongish, 1980). In a

statistical study of 10,086 gas analyses from 6,455 reser-

voirs, Tongish (1980) noted the relationship between helium

and nitrogen contents and concluded: "The association of

argon and nitrogen in natural gas suggests that the occur-

rence of these two gases may, in some way, be related and

that this relationship may also be related to the occurrence

of helium found in natural gas"(p.60).
The association of helium and nitrogen in natural gases

suggests, as noted by Rogers (1921) and Tongish (1980), that

their origins are related. Unless separate and distinct

origins and migration pathways are invoked, this relation-

ship between some of the inorganic gas fraction may
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have bearing on the origin of the hydrocarbon fraction of

natural gas. In the same sense that diffusion places limits

on the origin of natural gas, so does the generation of the

inorganic gas fraction.
The natural gases from the Mississippian and Pennsylva-

nian rocks of southeastern Colorado contain anomalously high

nitrogen, helium and, occasionally, argon concentrations.

Since these concentrations may greatly exceed trace concen-

trations (for example, the Lookout Field averages over 67%

N2 and 3.7% He), discussion of the origin of natural gas in

the area must consider the inorganic gas fraction. Further-

more, the area is relatively undeformed (structural dips off

the Las Animas Arch are approximately 1°), potentially

minimizing structural and tectonic effects, which could

alter or disrupt the migration of oil and gas. The area may

provides a good test case to study the effects and implica-

tions of diffusion through cap rocks.
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Natural Gases of SE Colorado

Appendix A lists average chemical analyses of natural

gases from 36 oil and gas fields in eastern Colorado and two

fields near the state line in Kansas, along with other

available pertinent data on the fields. Of the fields list-

ed, 17 (listed in Table 1, p.117, and shown on location map,

Figure 30, p.98) produce from the Pennsylvanian Morrow

Formation, the formation of interest in this study. The data

from other fields are included for comparison purposes.

Gas production in SE Colorado is almost exclusively

from Paleozoic-age reservoirs, the most important being the

Pennsylvanian Morrow Formation and the Mississippian Spergen

and St. Louis Formations. These natural gases sometimes

contain such high concentrations of both helium and nitrogen

as to be anomalous even for helium rich gases. Figure 31 is

a graph of helium versus nitrogen content for the Paleozoic

reservoirs using 98 USBM chemical analyses (Moore & Sigler,

1987). For comparison, 143 USBM analyses (Moore & Sigler,

1987) of gases from Cretaceous reservoirs in eastern Colora-

do (Denver-Julesburg Basin) are plotted in Figure 32; 231

USBM analyses of gases from Cimarron County, Oklahoma (Fig-

ure 33), 252 USBM analyses from Texas County, Oklahoma

(Figure 34) (Texas and Cimarron Counties are both areas of
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Figure 30. Location map for southeastern Colorado oil and

gas fields considered.
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Figure 31. Mole % helium versus nitrogen in natural gas

from eastern Colorado Paleozoic reservoirs. Data from

Moore and Sigler (1987).
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Figure 32. Mole % helium versus nitrogen in natural gas

from eastern Colorado Cretaceous reservoirs. Data from

Moore and Sigler (1987).
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Sigler (1987).
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Figure 34. Mole % helium versus nitrogen in natural gases

from Texas County, Oklahoma. Data from Moore and Sigler

(1987) ,
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of Paleozoic production, and 415 USBM analyses from western

Kansas (Figure 35). Similar plots using 1,038 USBM analyses

from the Hugoton/Panhandle Field area of Kansas and the

Texas Panhandle may be found in Gold and Held (1987). The

Texas County, Oklahoma data was not used, for unknown rea-

sons, by Gold and Held (1987) despite being from the same

geographic area and between the Kansas and Texas data.

While clear linear trends are not visible in the data,

high helium content is always accompanied by a high nitrogen

content. Further, because of scale changes, Figures 32-35

would occupy only the lower half, and with the exception of

one analysis in Cimarron County and ten analyses in western

Kansas, only the left half of Figure 31, the Eastern Colora-

do Paleozoic gas analyses. While the Hugoton/Panhandle Field

is noted for its anomalously high helium content (the reason

the USBM Cliffside helium storage field is located in the

Texas Panhandle, and the USBM helium separation plant at

Amarillo, Texas), SE Colorado gases often contain much

higher concentrations of both helium and nitrogen.
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Data for Diffusion Calculations

In order to calculate the diffusional flux for a given

gas species through the cap rock of a hydrocarbon accumula-

tion, several types of data must be obtained or estimated:

1. Natural gas analyses, 2. estimated primary recovery of

natural gas, or estimated field reserves, 3. proven produc-

tive area of the field, 4. temperature,S. pressure, 6.

average cap rock thickness, 7. cap rock porosity and rock
•type, and 8. cap rock pore water salinity. Usually, items

1-3 may be obtained from papers written about the field.

Items 4-7 may be estimated from electric logs on wells

within the field. Item 8 is not well known.

Cap rock thickness is determined by electric logs and a

knowledge of the geology of the area. Initially, the unit

constituting the cap rock of the reservoir must be deter-

mined. In the case of the Morrow sandstone reservoirs, the

cap rock is the overlying marine to estuarine and floodplain

shale and mudstone of the Morrow Formation itself. The Atoka

Formation, which lies directly above the Morrow Formation,

consists of interbedded carbonates and shales which are

often fractured, and are, therefore, not part of the cap

rock. Evidence for this comes from the common failure of

packers set in the Atoka when drill stem tests (DST's) are
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run, and the necessity of running low mud weight drilling

mud containing lost circulation material (LCM, approximately

10 pounds per barrel, mud weight approximately 9 pounds per

gallon, Wiemann, 1991, personal communication, and personal

experience). Further, few hydrocarbon accumulations have

been discovered in the Atoka; although the Paleface Field in

Lincoln County, Colorado is a small Atoka field which has a

marine shale cap rock. The lack of fields in the Atoka,

which as a fractured carbonate qualifies as a potential

reservoir rock, implies that no adequate trapping mechanism

or cap rock exists within the unit. Therefore, the Morrow

Formation reservoir cap rock consists of the marine shale

which lies immediately above the reservoir and below the

Atoka contact.
The Morrow/Atoka contact may be identified by reference

to field papers or by comparison with regional cross-sec-

tions such as those by the Rocky Mountain Association of

Geologists (Irwin, 1976). Typical electric logs showing the

Morrow Formation correlations are shown in Figure 36

(p.10B). From the cap rock interval, an estimate of the

temperature and pressure may be determined using the region-

al geothermal and hydrostatic pressure gradients. The tem-

perature may also be estimated by determining a thermal

gradient based on the bottom hole temperature (BHT) listed
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Figure 36. Electric logs of the Morrow Formation. Phillips

Petroleum State "S" #1, T13S R49W Sec.36, Cheyenne

County, is located off the east end of the Sorrento Field

in the Rhoades Unit pressure maintenance unit of the

Sorrento - Mt. Pearl complex. Frankfort Oil State #1-16,

T20S R48W Sec.16, Kiowa County is located in the McClave

Field. The two wells are approximately 40 miles (65 km)

apart. GR = gamma ray log, SP = spontaneous potential log,

ILD = deep induction log (dashed line), SFL = spherically

focused log. Morrow Formation cap rock extends from sand-

stone top to Morrow top. Figure on page 108.



T4412 108

Phillips Petroleum State "s" #1
T13S R49W Sec.36
Cheyenne County

Frankfort Oil State #1-16
T20S R48W Sec.16

Kiowa Countyc:. __-----...
/

Morrow Top

{ Mississippian Top

GR ILD-SFL
I

4700

,
\
\
I
I
\
I
I
I
I,
I
I,
I
\,
I,

I,
I
I,
I,
I
I
I
I
I
I
\ - --
}

c-. ..-- - - ---------

ILD-SFLSP



T4412 109

on the log header. Field temperatures listed in field papers

are for the reservoir itself, but may be used to determine

the temperature of the lower side of the cap rock. Field

pressures from field papers are also for the reservoir

itself and may not provide a proper indication of the condi-

tions in the cap rock. If a temperature log has been run,

the temperature may be determined directly, but in many

areas temperature logs are not regularly run. Cap rock

lithology can ususally be identified from electric logs but

is generally known based on regional geology and core sam-

ples.
In the absence of core samples, porosity of the cap

rock must be estimated. Cap rock porosity potentially may be

estimated from porosity logs. Unfortunately, these estimates

may be no better than a guess. Density logs (LDT, FDC)

measure the electron density of the formation as an indica-

tion of porosity (Asquith and Gibson, 1982). However,

shales, unlike competent rocks such as sandstone and lime-

stone, continue to expel water with increasing over-burden

pressure, such that no one density may be assigned to shale

in order to determine a porosity (Brock, 1986). The net

effect is that the density log underestimates the porosity.

The neutron log measures the hydrogen ion concentration as a

measure of porosity (Asquith and Gibson, 1982). However,
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because of bound and structural water in shales, the indict-

ed porosity is increased (Brock, 1986). Sonic logs (BHC)

measure the interval transit time of a sound wave as a

measure of porosity (Asquith And Gibson, 1982). Because of

bound water and the polyminerallic composition of shales

there is an increase in attenuation of the sonic wave,

causing an over estimation of shale porosity (Brock, 1986)

Individually, the three porosity logs provide a poor esti-

mate of shale porosity. Given that both sonic and neutron

logs overestimate while density logs underestimate porosity,

crossplots of sonic versus density and neutron versus densi-

ty, as is done for reservoir porosity, may yield a more

nearly correct value.
Porosity from the neutron and density logs may also be

calculated using the formula:

where <PN_D is the neutron-density porosity; <PN, neutron

porosity (limestone units); and <PD, density porosity (lime-

stone units) (Asquith and Gibson, 1982). The use of this

formula is restricted to gas-bearing formations by some log

analysts who prefer, for water- or oil-bearing formations,

the equation (Asquith and Gibson, 1982):
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Using ~N = 40% and ~D = 10%, the first equation yields 29%

while the second gives 25% for ~N-D. Because caprocks are

expected to be water-saturated and the more conservative

estimation is desirable for this study, the second equation

is chosen for use. Morrow shales average approximately ~N =

30% and ~D = 10% from an average of six Schlumberger LDT-CNL

and FDC-CNL logs in Lincoln County at 8000-8500 foot depth

(2.4-2.6 km). These values give a ~N-D = 20% using the second

formula. The deeper wells are used to yield a lower average

porosity than would be expected in the shallower fields

(4200-5600 feet, 1.3-1.7 km) that constitute most of the

Morrow production in SE Colorado. The relatively high

porosities result from the presence of silt and mudstone

interbeds within the caprock unit.
Alternatively, shale porosities may be estimated from

data such as that of Hedberg (1926, 1936), Athy (1930),

Teslenko and Korotkov (1966) or Durmish'yan (1973). At 8000

feet (2.4 km), shale porosities range from 5-23% while at

4000 feet (1.2 km) the values are 9-30% (Hunt, 1979, Figures

6-6 & 6-7, compilation of above references). The range in

porosities results from the occurrence of compaction dis-

equilibrium during burial. Assuming compaction equilibrium
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for pure shales less than 50 meters thick in the depth

interval of 4200-5600 feet (1.2-1.7 km), the minimum porosi-

ties are expected to range from 6-9%. Silt and sand within

the shale may be expected to increase porosity. For the

purposes of this study, to cover the range of valid porosity

values, 5%, 10%, and 20% will be used. These values gives

values of ~ of 0.0025, 0.010, and 0.040, respectively.

Measured shale pore water salinities are approximately

equivalent to sea water salinity, but are expected to be

generally lower than sea water (Hunt,1979).

Table 1 (p.117) lists the pertinent information from

Appendix A for diffusion calculations on SE Colorado Morrow

Formation production. Assuming a 250C/km gradient (0.025

°C/m) the temperature at the top of the cap rock may be

estimated. This temperature will give conservative values

for the effective diffusion coefficient and solubility. It

is further assumed that the pore water salinity is approxi-

mately that of sea water, yielding a conservative estimate

for the effective diffusion coefficient and solubility.

Pressure is assumed to be the normal hydrostatic pressure at

the upper surface of the cap rock, which gives a conserva-

tive estimate of solubility.
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Calculation Tables For Southeastern Colorado Fields

The following tables list the calculated values for the

seventeen fields. Tables 1-2 (p.117) contain the physical

and chemical data for the fields. Table 3 (p.11S) lists the

physical parameters at the upper surface of the caprock

which are used to calculate the diffusion coefficients and

flux.
Table 4 (p.119) lists the calculated diffusion coeffi-

cients through water, based on the Stokes-Einstein Relation,

and properties of water necessary for the calculation and

for solubility determinations. Table 5 (p.120) lists the

solubility determinations for fresh or pure water made by

using solubility equations given in the solubility chapter

or by linear interpolation of the experimental data where no

best fit equation is available. The salt water values are

for a 3.5% anhydrous solute weight, i.e., average sea water.

The percentage reduction in solubility for salt water rela-

tive to fresh water is listed at the bottom of each salt

water column.
Table 6 (p.121) lists the calculated flux through a 5%

porosity caprock (~ = 0.0025), based on Fick's First Law

using the diffusion coefficients for water (Table 4), the

solubility of the species (Table 5), and the field caprock
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thickness (Table 1). Table 7 (p.122) gives the calculated

flux for the areal extent of the field on a yearly basis.

Table 8 (p.123) lists the turnover time for the gas species

in a field assuming that a steady state condition exists in

the field, i.e., the flux into the field balances the diffu-

sive flux through the caprock. Since no estimated primary

recovery could be determined for the Smoky Hill field, no

turnover times can be determined for the field.

Table 9 (p.124) lists the calculated turnover times for

a 10% porosity cap rock (~ = 0.010). Caprock porosity af-

fects only the value of ~, not the solubility or diffusion

coefficient through water. Assuming the formulation for the

value of ~ given in this paper, ~ for a 10% porosity cap

rock is four times that of a 5% porosity cap rock. There-

fore, the flux through a 10% porosity cap rock is four times

that of a 5% porosity cap rock, and the turnover time is one

fourth of the time for a 5% porosity cap rock. A 20% porosi-

ty cap rock (~ = 0.04) will have a flux sixteen times that

of a 5% porosity cap rock, and a turnover time one-sixteenth

as long. Figure 37 shows the relationship of the cap rock

porosity to the flux assuming that a 5% porosity cap rock

has a value of one. Figure 38 gives the relationship between

cap rock porosity and turnover time relative to a 5% porosi-

ty cap rock. Given the relationships of flux and turnover
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time to porosity, the flux and turnover times for a given

porosity may be readily calculated from the 5% porosity

values. Therefore, the 10% porosity values are given only

for comparison purposes.

Flux, Relative to 5% Porosity Cap Rock Flux,

As a Function of Cap Rock Porosity
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Figure 37. Flux, relative to the 5% porosity flux, versus

porosity. 5% porosity flux = 1.00.
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Relative Change in Turnover Time
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Figure 38. Turnover time, relative to 5% porosity turnover

8
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Table 1. Morrow Production Fields

117

Field Location Area CRT
acres m

EPR
Bcf

T,OC depth
km

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate (KS)
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trail

T25S
T22-23S
T18-19S
T18S
T21-22S
T34S
T15S
T18-19S
T34S
T18S
TllS
T19-21S
T19S
T19S
TllS
T13-14S
T22-23S

R45W
R47-48W
R45W
R47W
R46W
R42W
R41-42W
R50-51W
R43W
R47W
R44-45W
R48-49W
R47W
R50W
R46W
R49W
R48-49W

2,500
5,120

80
640

1,924
1,580
1,200
3,000
3,800
1,040
1,280

33,250
1,440

720
40

3,200
61000

9.1
42.7
6.1
3.0

30.5
32.6
25.9
42.7
21.0
79.2
30.5
39.6
30.5
41. 3
4.5

30.5
8.5

9.0
5.2
1.7
7.5
6.4
7.8
3.7
1.0
17*

3.0
5.0
54*

4.9
0.8

4*
8.5

50.5#
47.8#
46.3#
.48.1#
53.3
48.9
52.3#
53.5#
45.0#
50.8#
54.0#
50.0#
60.0
52.0#
54.8#
55.5#
53.3

1.50
1.39
1.33
1.40
1.42
1.43
1.57
1.62
1.28
1.51
1.64
1.48
1.48
1.56
1.67
1.70
1.41

CRT = cap rock thickness
* = cumulative production
# ~ estimated from 250C/km
Depth = Reservoir top

EPR _ estimated primary recovery
T = reservoir temperature

geothermal gradient, 13°C = surface T
- = not determined

Average Chemical Analyses of Morrow Formation
Natural Gas (USBM, Moore and Sigler, 1985, used
where possible)

Table 2.

He N, Ar CH,

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trial

0.91
0.22
1.02
0.92
0.33
0.75
2.05
0.54
0.72
0.78
3.79
0.35
0.37
1.60
4.28
1.64
0.3

30.6
12.2
12.1
13 .3
9.5
17.0
59.6
6.4

13.8
12.4
67.2
8.5

10.9
20.6
70.6
36.5
17.6

0.1
tr.

0.05

tr.
0.2
tr.
tr.
tr.
0.3
tr.

0.1
0.3
0.2

52.2
71.7
65.5
68.9
73.5
68.2
31. 3
69.1
72.6
68.7
22.6
71.5
72.8
60.7
19.6
39.1
66.0

7.5
9.9

12.1
12.3
10.4
7.0
2.7
13.3
6.0
9.7
1.8

11.6
9.3
9.3
1.9
8.6
9.2

5.5
3.7
5.6
5.6
3.7
4.5
1.8
6.8
4.7
4.3
1.4
5.1
3.7
4.4
1.1
7.2
4.3

0.4
0.7
1.7
2.6
0.7
1.2
0.6
1.8
1.1
1.3
0.8
1.1
0.6
1.3
0.6
3.4
1.1

- = not determined
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Table 3 . Conditions at Top of Cap Rock

Top of Cap Rock Vapor Pressure
Depth T Hydrostatic P of Water

Feet Km 'c psi bar psi bar

Barrel Springs 4882 1.49 50.2 2114 145.8 93.50 0.1247
Beta 4418 1.35 46.7 1913 131.9 78.40 0.1046
Brandon 4351 1.32 46.1 1884 129.9 76.04 0.1014
Cavalry 4704 1.43 48.8 2037 140.5 87.14 0.1162
Channing 4554 1.39 52.4 1972 136.0 104.1 0.1388
Flank 4584 1.40 48.1 1985 136.9 84.14 0.1122
Frontera 5111 1.56 52.0 2213 152.7 102.1 0.1361
Haswell 5176 1.58 52.4 2241 154.6 104.1 0.1388
Interstate 4122 1.26 44.4 1785 123.1 69.69 0.0929
Left Hand 4704 1.43 48.8 2037 140.5 87.14 0.1162
Lookout 5277 1.61 53.2 2285 157.6 108.2 0.1443
McClave 4723 1.44 49.0 2045 141. 0 88.02 0.1174
Nee Noshe 4741 1.45 59.0 2053 141. 6 142.6 0.1902
Salt Lake 4995 1.52 51.1 2163 149.2 97.70 0.1303
Smoky Hill 5462 1.67 54.6 2365 163.1 115.8 0.1544
Sorrento 5471 1.67 54.7 2369 163.4 116.4 0.1552
Wagon Trail 4471 1.36 52.0 1936 133.5 102.1 0.1361
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Calculated Water Viscosity at Cap Rock Top and
Diffusion Coefficients Calculated from Stokes-
Einstein Relation in Cap Rock Top Water

Table 4.

Water viscosity
(micropoise)
Fresh 3.5% Salt

water type

Diffusion Coefficients In Water
(Dw) x 109 m2/sec

Helium Nitrogen
fresh salt fresh salt

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trial
Water 25.0 °c

5803
6160
6225
5941
5593
6013
5632
5595
6416
5941
5523
5921
5038
5716
5400
5392
5630
9501

5438
5774
5835
5568
5242
5635
5278
5244
6013
5568
5176
5549
4722
5357
5061
5053
5276
8904 at

H.2 10.5
10.4 9.74
10.3 9.62
10.8 10.2
11.6 10.9
10.7 10.0
11.6 10.8
11.6 10.9
9.90 9.28
10.8 10.2
H.8 H.1
10.9 10.2
13.2 12.4
11.4 10.6
12.1 11.4
12.2 11.4
11.6 10.8

one atmosphere

3.13
2.92
2.88
3.04
3.27
3.00
3.24
3.27
2.78
3.04
3.32
3.05
3.70
3.18
3.41
3.41
3.24

3.34
3.11
3.07
3.25
3.49
3.20
3.46
3.49
2.97
3.25
3.54
3.26
3.95
3.40
3.64
3.64
3.46

pressure

Dw Helium at 25 °c = 6.28 X 10-9 ro:;:/sec (Lide, 1990)
Dw Nitrogen at 25 DC 1.88 X 10'9m'/sec (Lide, 1990)

Diffusion Coefficients In Water
(Dw) x 109 m2/sec

Argon Methane Ethane
water type fresh salt fresh salt fresh salt

Barrel Springs 3.55 3.33 2.95 2.76 2.41 2.25
Beta 3.31 3.10 2.75 2.58 2.24 2.10
Brandon 3.27 3.06 2.71 2.54 2.21 2.07
Cavalry 3.45 3.24 2.87 2.69 2.34 2.19
Channing 3.71 3.48 3.08 2.89 2.51 2.35
Flank 3.41 3.19 2.83 2.65 2.31 2.16
Frontera 3.68 3.45 3.06 2.86 2.49 2.34
Haswell 3.71 3.48 3.08 2.89 2.51 2.35
Interstate 3.15 2.96 2.62 2.46 2.14 2.00
Left Hand 3.45 3.24 2.87 2.69 2.34 2.19
Lookout 3.77 3.53 3.13 2.93 2.55 2.39
McClave 3.47 3.25 2.88 2.70 2.35 2.20
Nee Noshe 4.20 3.94 3.49 3.27 2.85 2.67
Salt Lake 3.62 3.39 3.00 2.81 2.45 2.29
Smoky Hill 3.87 3.63 3.21 3.01 2.62 2.45
Sorrento 3.88 3.63 3.22 3.02 2.62 2.46
Wagon Trial 3.68 3.45 3.06 2.87 2.49 2.34

Dw Argon at 2SDC _ 2.00 X 10-9 m1/sec (Lide, 1990)
Dw Methane at 40DC = 2.38 X 10'9m'/sec (Bonoli & Witherspoon, 1968)
Dw Ethane at 40°C = 1.94 X 10-9 m2Jsec (Bonoli & Witherspoon,1968)
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Table 5 . Solubility at Cap Rock Top

Water Molarity Mole Fraction Solubility x 10'
Density of Water Helium Nitrogen
kg/l mole/l fresh salt fresh salt

Barrel Springs 0.98798 54.841 9.85 8.57 9.78 8.31
Beta 0.98950 54.926 8.95 7.79 9.27 7.88
Brandon 0.98976 54.940 8.82 7.67 9.20 7.82
Cavalry 0.98859 54.875 9.51 8.27 9.59 8.15
Channing 0.98695 54.784 9.22 8.02 9.17 7.79
Flank 0.98890 54.892 9.28 8.07 9.44 8.02
Frontera 0.98713 54.794 10.3 8.95 10.1 8.62
Haswell 0.98695 54.784 10.4 9.06 10.2 8.70
Interstate 0.99048 54.980 8.38 7.29 8.94 7.60
Left Hand 0.98859 54.875 9.51 8.27 9.59 8.15
Lookout 0.98657 54.763 10.6 9.23 10.4 8.83
McClave 0.98850 54.870 9.54 8.30 9.60 8.16
Nee Noshe 0.98374 54.606 9.58 8.33 9.34 7.94
Salt Lake 0.98756 54.818 10.1 8.76 9.96 8.47
Smoky Hill 0.98592 54.727 11.0 9.53 10.7 9.07
Sorrento 0.98587 54.724 11.0 9.55 10.7 9.09
Wagon Trial 0.98713 54.794 9.06 7.88 9.03 7.68

Salt reduction 87% 85%

Mole Fraction Solubility x 1.04

".Argon Methane Ethane
water type fresh salt fresh salt fresh salt

Barrel Springs 43.7 37.1 16.7 14.2 8.58 7.12
Beta 41.2 35.0 15.9 13.5 8.54 7.09
Brandon 40.8 34.7 15.8 13 .5 8.53 7.08
Cavalry 42.7 36.3 16.4 14.0 8.57 7.11
Channing 41.9 35.6 15.6 13.3 8.42 6.99
Flank 42.1 35.8 16.2 13.8 8.56 7.10
Frontera 44.9 38.2 17.1 14.5 8.60 7.14
Haswell 45.3 38.5 17.2 14.6 8.61 7.15
Interstate 39.5 33.6 15.4 13.1 8.50 7.06
Left Hand 42.7 36.3 16.4 14.0 8.57 7.11
Lookout 45.8 38.9 17.3 14.7 8.61 7.15
McClave 42.8 36.4 16.4 14.0 8.57 7.11
Nee Noshe 42.9 36.5 15.4 13 .1 8.28 6.87
Salt Lake 44.3 37.7 16.9 14.4 8.59 7.13
Smoky Hill 46.8 39.8 17.6 15.0 8.63 7.16
Sorrento 46.9 39.9 17.6 15.0 8.63 7.16
Wagon Trial 41.5 35.3 15.4 13 .1 8.39 6.96

Salt Reduction 85% 85% 83%
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Table 6. Diffusive Flux Through the Cap Rock, 5% porosity
Shale, moles/m2sec

water type
Helium
x 1013

fresh salt

•Nitrogen
x 1012

fresh salt
Argon
x 1013

fresh salt

1.86Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trial

15.1
0.659
20.9
43.2
1.58
3.13
12.9
2.09
3.91
1.39
21.3
1.26
2.09
6.09
173
9.85
5.08

12.3
0.537
16.9
35.5
1.30
2.55
10.5
1.71
3.19
1.14
17.4
1.03
1.71
4.93
141
8.01
4.11

15.1
1.13
7.70
19.0
1.37
2.16
11.1
0.734
2.40
0.669
11.1
0.921
1.80
2.31
83.4
6.37
8.86

12.0
0.903
6.14
15.1
1.09
1.72
8.80
0.584
1.91
0.532
8.84
0.733
1.43
1.84
66.4
5.07
7.06

2.34

3.37 2.69

1.75 1.39

2.33 1.85

0.532
16.5
1.63

0.424
13 .2
1.30

Methane Ethane
x lOll X 1013

water type fresh salt fresh salt

Barrel Springs 3.87 3.08 23.4 18.1
Beta 1.01 0.805 6.09 4.74
Brandon 6.32 5.04 51.4 39.9
Cavalry 14.8 11.8 113 87.6
Channing 1.58 1.26 9.87 7.67
Flank 1.32 1.05 5.83 4.52
Frontera 0.864 0.687 3.06 2.39
Haswell 1.17 0.935 9.22 7.17
Interstate 1.92 1.53 7.14 5.55
Left Hand 0.561 0.447 3.37 2.62
Lookout 0.550 0.438 1.77 1.38
McClave 1.17 0.934 8.09 6.29
Nee Noshe 1.75 1.40 9.82 7.64
Salt Lake 1.02 0.812 6.49 5.04
Smoky Hill 3.37 2.69 13 .1 10.1
Sorrento 0.996 0.794 8.72 6.79
Wagon Trial 5.02 4.00 31. 0 24.1
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Table 7. Diffusive Flux Through Cap Rock Over Areal Extent
of Field per Year, 5% Porosity Shale, Volume
Measurement at Industry Standard Conditions of
14.7 psia (1.0138 bar) and 60 of (15.56 DC)

Ccf = 100 ft3, Mcf = 1000 ft3

Helium Nitrogen
Ccf/yr Ccf/yr

water type fresh salt fresh salt

Barrel Springs 4.04 3.30 40.2 32.0
Beta 0.360 0.294 6.19 4.94
Brandon 0.178 0.145 0.658 0.525
Cavalry 2.96 2.43 13.0 10.3
Channing 0.326 0.266 2.81 2.23
Flank 0.529 0.430 3.65 2.91
Frontera 1.66 1.34· 14.2 11.3
Haswell 0.671 0.549 2.35 1.87
Interstate 1.58 1.29 9.74 7.75
Left Hand 0.154 0.127 0.744 0.592
Lookout 2.91 2.38 15.2 12.1
McClave 4.48 3.65 32.8 26.0
Nee Noshe 0.322 0.263 2.77 2.21
Salt Lake 0.469 0.379 1.78 1.42
Smoky Hill 0.738 0.604 3.56 2.84
Sorrento 3.37 2.74 21.8 17.4
Wagon Trial 3.26 2.64 56.8 45.3

Argon
ft'/yr

fresh salt

62.5 49.7

23.0 18.4

22.4 17.9

31.8 25.3

4.10
7.06
55.8

3.26
5.63
44.4

Methane Ethane
Mcf/yr Ccf/yr

water type fresh salt fresh salt

Barrel Springs 10.4 8.24 6.24 4.84
Beta 5.52 4.40 3.33 2.59
Brandon 0.541 0.431 0.439 0.341
Cavalry 10.2 8.09 7.71 5.99
Channing 3.26 2.60 2.03 1.58
Flank 2.22 1.77 0.984 0.763
Frontera 1.11 0.B81 0.392 0.306
Haswell 3.76 3·.00 2.96 2.30
Interstate 7.80 6.23 2.90 2.25
Left Hand 0.623 0.497 0.375 0.291
Lookout 0.753 0.599 0.243 0.189
McClave 41.7 33.2 28.8 22.3
Nee Noshe 2.70 2.15 1.51 1.18
Salt Lake 0.785 0.625 0.500 0.388
Smoky Hill 0.144 0.115 0.056 0.043
Sorrento 3.41 2.72 2.98 2.32
Wagon Trail 32.2 25.7 19.9 15.5
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Turnover Time for Estimated Primary Recovery of
Field, 5% Porosity Shale Cap Rock, in millions of
years

Table 8.

water type

Helium
rna

fresh salt
Nitrogen

rna
fresh salt

Argon
rna

fresh salt

0.144 0.181Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trial

0.203 0.248
0.317 0.389
0.972 1.20
0.233 0.284
0".6480.793
1.10 1.36
0.457 0.564
0.081 0.098
0.771 0.945
1.52 1.85
0.650 0.795
0.422 0.518
0.562 0.689
0.273 0.337

No Estimated
0.195 0.239
0.078 0.097

0.684 0.859
1.02 1.28
3.13 3.92
0.769 0.968
2.17 2.72
3.63 4.56
1.55 1.95
0.272 0.342
2.41 3.03
5.00 6.29
2.21 2.78
1.40 1.76
1.93 2.42
0.925 1.16
Primary Recovery
0.670 0.841
0.263 0.330

0.163 0.204

0.330 0.414

0.471 0.593

0.195 0.245

0.143 0.180

water type
Methane

rna
fresh salt

Ethane
rna

fresh salt

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trial

0.454 0.570
0.675 0.846
2.06 2.58
0.509 0.638
1.44 1.81
2.39 3.01
1.04 1.32
0.184 0.231
1.58 1.98
3.31 4.15
1.50 1.89
0.927 1.16
1.32 1.66
0.619 0.777
No Estimated
0.459 0.576
0.174 0.219

1.08 1.40
1.54 1.98
4.68 6.02
1.20 1.54
3.28 4.22
5.55 7.15
2.55 3.26
0.450 0.579
3.52 4.53
7.77 10.0
3.71 4.76
2.18 2.80
3.01 3.88
1.49 1.92

Primary Recovery
1.15 1.48
0.394 0.505
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Turnover Time For Estimated Primary
Field, 10% Porosity Shale Cap Rock,
of years

Table 9.

124

Recovery of
in millions

Helium Nitrogen
rna rna

water type fresh salt fresh salt

Barrel Springs 0.051 0.062 0.171 0.215
Beta 0.079 0.097 0.256 0.321
Brandon 0.243 0.299 0.781 0.980
Cavalry 0.058 0.071 0.192 0.242
Channing 0.162 0.198 0.541 0.680
Flank 0.276 0.340 0.908 1.14
Frontera 0.114 0.141 0.389 0.488
Haswell 0.020 0.025 0.068 0.085
Interstate 0.193 0.236 0.602 0.757
Left Hand 0.379 0.462 1.25 1.57
Lookout 0.163 0.199 0.553 0.694
McClave 0.105 0.130 0.350 0.441
Nee Noshe 0.141 0.172 0.482 0.605
Salt Lake 0.068 0.084 0.231 0.291
Smoky Hill No Estimated Primary Recovery
Sorrento 0.049 0.060 0.167 0.210
Wagon Trial 0.020 0.024 0.066 0.083

Argon
rna

fresh salt

0.036 0.045

0.041 0.051

0.083 0.103

0.118 0.148

0.049 0.061

0.036 0.045

water type
Methane

rna
fresh salt

Ethane
rna

fresh salt

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trial

0.113 0.143
0.169 0.212
0.515 0.646
0.127 0.160
0.361 0.452
0.599 0.752
0.261 0.329
0.046 0.058
0.395 0.495
0.826 1.04
0.375 0.472
0.232 0.291
0.330 0.415
0.155 0.194
No Estimated
0.115 0.144
0.044 0.055

0.270 0.349
0.386 0.496
1.17 1.51
0.299 0.385
0.820 1.05
1.39 1.79
0.637 0.816
0.112 0.145
0.879 1.13
1.94 2.50
0.927 1.19
0.544 0.701
0.753 0.969
0.372 0.490

Primary Recovery
0.288 0.370
0.098 0.126
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Chapter 6.
IMPLICATIONS OF DIFFUSIVE FLUX

Introduction

If a steady state condition exists for the reserves of

a field, then the influx of gas from all sources to the

field equals the loss from the field, regardless of loss

mechanism. The one loss mechanism which is always in opera-

tion is the diffusive flux through the reservoir cap rock.

Because diffusion represents the minimum rate of loss from a

reservoir, the influx that balances the diffusional loss

must represent the minimum influx into a reservoir required

to maintain its reserves. A smaller influx will allow the

reserves to be depleted by diffusion alone over time. A

larger influx will cause the reserves to increase if no

other loss mechanism exists other than diffusion.

If it is assumed that the reservoir is in a steady

state condition, or that a steady state condition has exist-

ed within a relatively recent period of geologic time, then

the flux may also be used to determine the time required for

a complete turnover of the reserves. As defined earlier,

turnover time is the estimated reserves divided by the
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annual steady state flux through the cap rock of a field.

The turnover time provides an estimate of how long it would

take to refill the reservoir with gas to the equivalent of

the estimated primary reserves. By implication, this time is

the maximum time allowed to either generate or migrate the

volume of the primary reserves to maintain the steady state.

Large turnover times (100+ m.y.) indicate that the flux

through the caprock is small enough that the size of the

reserves of a particular gas species will not change greatly

over long time periods, even if there is no continuing

influx to the reservoir. In this situation, the reserves may

be emplaced (generated or migrated) in the reservoir over a

short time period, and the volume of reserves may not have

changed significantly since emplacement. This occurrence may

be expected for the hydrocarbons larger than hexane, that

would normally be considered "oil". This is also the usually

accepted concept for hydrocarbons in general.
For SE Colorado, hydrocarbon migration into the fields

from either the Denver-Julesburg Basin or the Anadarko Basin

has been suggested as predating the Laramide Orogeny, based

on irregular oil-water contacts which may be associated with

movement along faults during the Laramide Orogeny (Rader,

1990). Sonnenberg et al. (1990a) proposed that oils on the

west side of the Las Animas Arch migrated from the Denver-
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Julesburg Basin starting as early as the Late Cretaceous

while oils on the eastern side of the arch migrated from the

Anadarko, starting as early as the Late Pennsylvanian or

Permian. The generally accepted viewpoint is that hydrocar-

bon migration occurred sometime around Laramide time and

that the hydrocarbons have remained essentially in place

since then. Calculated long turnover times do not dispute

this.
Moderate turnover times (10-100 m.y.) may be indicative

of either recent emplacement or continuing migration and

generation to maintain reserve size. However, because moder-

ate turnover times do not represent extreme cases, conclu-

sions based on them will not be as clear cut.
Short turnover times of less than 10 m.y. require that

a dynamic system must be in operation. If there is no ongo-

ing migration or generation of a gas species with a short

turnover time, then the reserves must have been recently em-

placed and the reserves are declining at a rapid pace. If

the reserves have not been recently emplaced or the reserves

are not declining, then there must be active generation or

migration of the species into the reservoir to balance the

ongoing diffusive loss. Diffusive loss represents the mini-

mum rate of loss, and, therefore, the minimum rate at which

the gas species must either be generated in situ or migrate
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to the reservoir.
The fluxes used to calculate the turnover times are

conservative estimates; therefore, the turnover times are

also conservative. To review the nature of the conservative

estimate, the Stokes-Einstein Relation, used to determine

the diffusion coefficient in water, predicts a lower esti-

mate than the Wilke-Chang equation (Sahores and Witherspoon,

1966). Further, the Stokes-Einstein Relation predictes lower

values than the experimental determinations of Sahores and

Witherspoon (1966). Therefore, the calculated diffusion

coefficient through water used is a conservative estimate.

The Archie equation was used to determine ~, the coef-

ficient containing the properties of the porous medium

influencing diffusion as a result of the porous medium

itself. Effective diffusion coefficients determined using

the Archie equation represent minimum values. The majority

of the experimentally determined effective diffusion coeffi-

cients of Krooss and Leythaeuser (1988) lie above the theo-

retical maximums calculated from the Maxwell equation. The

calculated effective diffusion coefficients used in this

paper are one to two orders of magnitude smaller than exper-

imentally determined values.
The pore water salinity used in calculations was 3.5%

by weight, the salinity of average sea water. Shale pore
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water is generally expected to have a salinity lower than

sea water (Hunt, 1979). Sea water salinity was used in both

viscosity and solubility determinations to give conservative

estimates of the effective diffusion coefficient and the

solubility of gas species. Conversely, the fresh water

hydrostatic pressure gradient was used to provide a conser-

vative estimate of pressure in solubility determinations. A

salt water pressure gradient would have resulted in higher

pressures at depth and, therefore, higher solubilities. Salt

water solubilities were estimated several percent below

experimental salt water solubilities.

Electric log analysis indicates that the shale cap rock

porosity of the Morrow shales may be as high as 20%. At the

depths of the SE Colorado fields, the minimum shale porosi-

ties expected are 6-9%. Selecting shale porosities of 5% and

10% provides for two conservative estimates.

Conservative estimates of the effective diffusion coef-

ficient and solubility yield diffusive fluxes, and turnover

times, at least one order of magnitude lower than would have

been determined using higher experimental values. Conserva-

tive estimates were used to determine the minimum rates at

which diffusion is expected to occur.
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Turnover Times in SE Colorado

Calculated turnover times for sixteen of the seventeen

SE Colorado fields producing from the Morrow Formation are

listed in Tables 8 and 9 (p.123-124). No estimated primary

recovery was available for the uneconomic Smoky Hill field;

therefore, no turnover times could be calculated. Table 8

values are calculated using the fluxes through a 5% porosity

shale caprock, while Table 9 values use the 10% porosity

fluxes.

Turnover Times in SE Colorado - Hydrocarbons

Methane and ethane have turnover times ranging from 0.2

to 4.2 m.y. and 0.5 to 10 m.y., respectively, for a 5%

porosity, salt water (sea water equivalent) saturated cap

rocks. 10% porosity values are one quarter as large. These

turnover times require that some fields have had either

multiple turnovers during the Quaternary, have had a precip-

itous decline in reserves, or have been emplaced during the

Quaternary. In each case, the system must be in an active,

dynamic mode.
Oil migration into the area from the Denver-Julesburg
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Basin is generally believed to have begun no later than the

Laramide Orogeny (eg. Rader, 1990). That migration occurred

is based on the belief that the Morrow Formation is an

inadequate source rock for the hydrocarbons present. This

belief has some basis. Burruss et al. (1990) state that

while the Morrow Formation has a sufficient organic matter

content, it is of too poor quality to produce oil. They also

concluded that the thermal maturity of the formation made it

only marginally mature to generate oil. The underlying

Spergen and Osage Formations contain lower average total

organic carbon than the Morrow (Burruss et al., 1990), indi-

cating that these formations are also not likely oil

sources.
Regardless of the oil source or timing of emplacement,

diffusion of the larger hydrocarbons is slow enough that

there may have been little loss by diffusion since emplace-

ment. This is not true of the light hydrocarbons.

Light hydrocarbons are generated from organic material

along with the heavier hydrocarbons during catagenesis

(Tissot and Welte, 1978, Hunt, 1979). When the heavier

hydrocarbons or oil migrate, the lighter hydrocarbons will
migrate with them or precede them. Continuing catagenesis

and metagenesis will produce light hydrocarbons or natural

gas even after the cessation of oil production (Tissot and
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Welte, 1978, Hunt, 1979). Migration of natural gas will then

continue after the migration of oil.
Following the migration of oil to a reservoir, in situ

degradation of the larger hydrocarbons to form the smaller

constituents of natural gas may continue by thermal catalyt-

ic cracking or bacterial activity (Tissot and Welte, 1978,

Hunt, 1979). Therefore, the formation of light hydrocarbons,

in particular, methane and ethane, may occur along with and

after oil formation at the site of catagenesis or in the

reservoir itself.
The large fluxes and short turnover times of methane

and ethane require that large volumes of these gases be

continually generated to maintain the reserve volume. If

cracking is occurring within the reservoir, the temperature

of the reservoir must be at least high enough for catagene-

sis to occur. However, the Morrow Formation is considered to

be only marginally mature (Burruss et al., 1990). Therefore,

the temperature does not appear adequate unless the vitrin-

ite reflectance values do not represent the actual tempera-

ture. If vitrinite reflectance has not reached an equilibri-

um value for the temperature, it may be the result of a

relatively recent increase in temperature.

Burruss et al. (1990) note that their values of T=x

based on vitrinite reflectance measurements show a wide
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range within a narrow depth range in both the Morrow and

Spergen Formations. These measurements ranged from immature

to gas and condensate formation. potentially, the Morrow

Formation is now in the -gas generation zone, and the re-

flectance values have not reached equilibrium, because the

temperature rise is a relatively recent event.

Generation of methane and ethane may be occurring by

bacterial activity; however, such production is probably not

significant within the Morrow fields, if it is occurring at

all. Biogenic production of methane is generally accepted to

occur at shallower depths than the Morrow fields (Tissot and

Welte, 1978, Hunt, 1979). Cretaceous Niobrara Formation

production of biogenic gas, primarily in Yuma County, Colo-

rado (north of the Morrow production), ranges in depth from

900-2800 feet (275-850 m) (Lockridge and Scholle, 1978).

Furthermore, the Morrow fields contain propane, butanes,

pentanes, and hexanes, indicative of a petrogenic rather

than biogenic origin (Hunt, 1979). It may be concluded that

the origin of the Morrow natural gases is not from the

direct biodegradation of organic material in the source

rock.
The potential for biodegradation of oil within the

reservoir to generate some of the natural gas may need to be

considered. Such biodegradation is often associated with
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invasion by meteoric waters (Tissot and Welte, 1979). Inva-

sion by meteoric water is not expected in the Morrow reser-

voirs because the sandstones are generally encased in shale.

Further, the evaporite beds of the Lower Permian Leonardian

Series Blaine Gypsum and Stone Corral Formation ("anhyd-

rite") may serve as a barrier to the influx of meteoric

water.
Biodegradation of oil results in an increase in the

specific gravity of oil (decrease in the API gravity value)

as the lighter fraction of the hydrocarbons is consumed by

microbial activity (Tissot and Welte, 1978, Hunt, 1979).

Several of the fields considered in eastern Colorado are

only gas and condensate fields (e.g. Beta, Brandon, Lookout,

McClave, Nee Noshe) without known associated oil. API gravi-

ties for Morrow oil in southeastern Colorado have a range of

360-42° and average about 38°-39°. oils above 35° are consid-

ered light oils. Documented biodegraded oils generally have

API gravities below 25° (Tissot and Welte, 1978, Hunt,

1979). Unless biodegradation of oil has recently begun in

the Morrow reservoirs of southeastern Colorado, there is

little evidence for its occurrence.
Contemporay generation of methane and ethane may be

occurring in the Denver-Julesburg Basin with the gas migrat-

ing to the reservoirs. What are the source rocks? In SE
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Colorado and the Denver-Julesburg Basin there are virtually

no Cambrian through Devonian units except in Baca County and

a small area near Colorado Springs and Pueblo (Ross and

Tweto, 1980). The Mississippian rocks thin from over 400

feet thick on the Las Animas Arch to zero thickness in

easternmost Arapahoe County in the Denver-Julesburg Basin

proper (De Voto, 1980a). North and west of the Las Animas

Arch, the Morrow Formation undergoes a facies change to

become the Fountain Formation, the arkosic, redbed, alluvial

fan and fan delta sediments shed from the Ancestral Rockies

(De Voto, 1980b). A similar facies change occurs in all

overlying Pennsylvanian units (De Voto, 1980b). There are,

therefore, no adequate or potential source rocks of Pennsyl-

vanian or older age in the Denver-Julesburg Basin.

The absence of source beds of Pennsylvanian or older

age necessitates that the source rock be of younger age.

Potential source rocks exist in the Permian Ingleside Forma-

tion carbonates (MacMillan, 1980) and in the Cretaceous

marine shales of the Dakota Group (MacMillan,1980). However,

thermally mature Cretaceous aged rocks occur only in the

deeper areas of the Denver-Julesburg Basin (Tainter, 1984),

approximately 70 miles (110 km) northeast of the Sorrento

Field, the closest field considered.
The structural dip on the Pre-Cambrian basement in the



T4412 136

Denver-Julesburg Basin gives a difference in depth between

the Sorrento Field and the edge of the thermally mature

Cretaceous rocks of approximately 1000 meters (3280 ft.)

(Baars et al., 1988). Therefore, the dip on the Precambrian

surface is approximately 0.50• To consider the dip between

the bottom of the Cretaceous at the edge of the thermally

mature area and the Sorrento Field, it is necessary to

estimate the interval thickness of rocks separating them. At

the edge of the thermally mature area, the lower Cretaceous

lies approximately 3300 feet (1005 meters) above the Morrow

equivalent based on the interval thicknesses mapped by

Mallory (1972) for the Pennsylvanian, Rascoe and Baars

(1972), the Permian, MacLachlin (1972), the Triassic, and

Peterson (1972), the Jurassic. There is little or no dip

between the Cretaceous source rocks and Morrow fields along

the Las Animas Arch for upward migration of oil and gas.

Furthermore, migration from the Cretaceous down to the

Pennsylvanian requires crossing formations such as the

Permian Blaine Gypsum and migrating against the local pres-

sure gradient.
Migration of oil and gas out of the Denver Basin to the

SE Colorado fields does not appear to be a viable alterna-

tive for explaining either the initial origin of the oil and

gas or for explaining how the required influx of methane and
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ethane to balance diffusional loss is maintained. Biogenic

generation does not appear likely based on the depth of the

fields and the lack of evidence for biodegradation of the

light oils contained in the fields. Thermal catalytic crack-

ing of oil already in place or generation within the Morrow

Formation appears to be the only source of the necessary

methane and ethane flux. The source requires that vitrinite

reflectance is not in equilibrium as a result of a relative-

ly recent increase in temperature.

Turnover Times in SE Colorado - Inorganic Gas Fraction

Nitrogen
Nitrogen turnover times for a 5% porosity, salt water

saturated cap rock range from a maximum of 6.3 m.y. to a

minimum of 0.34 m.y. Rapid turnover times indicate either a

continuing generation and influx of nitrogen to maintain

reserves or a recent emplacement if reserves are not being

replenished. Furthermore, the exceptionally high concentra-

tions of nitrogen, over 70% at Smoky Hill, require an expla-

nation.
Lutz et al. (1975) determined that, on cuttings of

Westphalian coal measures from a well near the huge Gronin-



T4412 138

gen gas field (Netherlands), the nitrogen content of the gas

produced increases markedly during metagenesis, reaching 60%

of the gas generated. Metagenesis, or incipient metamor-

phism, is the last stage of evolution of organic matter

prior to the onset of metamorphism (Tissot and Welte, 1978)

At this stage, clay minerals lose their interlayer water,

iron hydroxides lose structural water, and coals become

anthracites (Tissot and Welte, 1978). Experimental work on

other coals indicates that nitrogen present in organic

matter is little affected until an advanced stage of thermal

evolution is reached (Klein and Juntgen, 1972).

It was noted previously that the Morrow Formation is

believed to be of marginal thermal maturity, based primarily

on the vitrinite reflectance of coal samples from the Morrow

(Burruss et al., 1990). Even with disequilibrium in the

vitrinite reflectance values, there is no evidence that the

temperatures and pressures in the BE Colorado fields ap-

proach late stage catagenesis.
Temperatures and pressures in the bottom of the Denver-

Julesburg Basin do not approach late stage catagenesis. The

maximum depth in the Denver-Julesburg Basin is approximately

13,500 feet (4100 m). Assuming an average geothermal gradi-

ent (2SoC/km) and the fresh water hydrostatic pressure

gradient (9.8 kpa/m), the temperature and pressure at the
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crystalline basement in the deepest portion of the basin is

approximately 116°C and 400 bars. The upper temperature and

pressure limits on catagenesis are considered to be about

150°C and 1000-1500 bars (Tissot and Welte, 1978). Even if

migration of hydrocarbons occurred out of the basin, the

temperatures and pressures are not adequate for the genera-

tion of nitrogen. Further, the Cretaceous "D" and "J" sand

reservoirs directly overlying the area where catagenesis is

occurring should contain higher concentrations of nitrogen.

Instead, the average concentration in the "D" and "J" reser-

voirs listed in Appendix A is less than 3% and the highest

value is 5.1%, 1.3% less than the lowest Morrow concentra-

tion (Haswell Field).

The temperatures and pressures in both the Las Animas

Arch area and in the Denver-Julesburg Basin are not suffi-

cient to generate the large volumes of nitrogen necessary to

counterbalance the diffusive loss of nitrogen from reser-

voirs. Temperatures and pressures in the bottom of the

Anadarko Basin may be sufficient tp produce nitrogen, but

the area lies over two hundred miles (320 km) from SE Colo-

rado. Gas traveling out of the deep Anadarko Basin would

have had to traverse the giant Hugoton-Panhandle gas field

and deeper pays present. Once in Colorado, the gentle dip on

the east side of the Las Animas Arch (less than the 0.5° dip
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on the west side) would not be conducive to rapid migration.

Furthermore, nitrogen would have to cross the Las Animas

Arch to get to the Haswell, Salt Lake, Sorrento, and Smoky

Hill fields. The Anadarko Basin is not a likely source of

the nitrogen in SE Colorado.
Atmospheric nitrogen has been suggested to explain

nitrogen in shallow gas fields (Tissot and Welte, 1978). The

SE Colorado fields are not shallow. Furthermore, transport

of nitrogen through solution in groundwater is governed by

solubility. Nitrogen is less soluble in water at the surface

than in the subsurface. Nitrogen transported by water would

stay in solution as depth increases. Generating natural

gases containing 70% nitrogen, or even 5%, by ground water

transport does not seem credible. As noted earlier, meteoric

waters would have to cross the Permian evaporite beds of the

Blaine Gypsum and Stone Corral Formation. The evaporite beds

would increase the salinity of water moving through, and,

therefore, decrease the solubility of nitrogen. Finally, the

meteoric water must enter the shale-encased reservoir to

release its dissolved nitrogen. However, because the reser-

voir gas contains a higher concentration of nitrogen than is

soluble in the water, the water will not be able to release

additional nitrogen.
Ammoniated feldspars, where the ammonium ion (NH4+)
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substitutes for potassium (K+) because of similar sizes and

charges, have been suggested as a possible source of the

nitrogen (M. Slaughter, 1990, personal communication) .

Release of the ammonium ion to form nitrogen gas appears to

be most likely during metagenesis when clays are losing

interlayer water.
Amino and nitro functional groups on organic compounds

are believed to be removed by bacterial activity within the

first few hundred meters of burial during the early stages

of diagenesis (Tissot and Welte, 1978, Hunt, 1979). Nitrogen

generated at this time would have readily migrated to the

surface, and would not have been retained by the sediments

for millions of years prior to the onset of catagenesis.

In the absence of other potential sources of nitrogen,

the source of the nitrogen is suggested to underlie the

sediments in SE Colorado. The youngest Pre-Cambrian basement

rocks underlying eastern Colorado are part of the one bil-

lion year old Pikes Peak batholith (Tweto, 1980). However,

there are extensive recent volcanics along the Colorado -

New Mexico border. The Clayton-Raton Volcanic Field, the

northeastern end of the Jemez lineament or magmatic zone,

has been dated at 0.1 - 7.0 m.y. (Lipman and Mehnert, 1975)

Recent or ongoing magmatic activity under SE Colorado might

yield the nitrogen necessary to maintain the reserves and
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provide the necessary increase in temperature to generate

methane and ethane.
Nitrogen gas has been discovered emanating from rocks

having no apparent sedimentary organic matter. Gas seeps at

a depth of 600 meters in a borehole through a platinum-

bearing dunite at Nashina Tagil'sk, Russia, were 20.7%

nitrogen gas, and gases bubbling from springs in ophiolites

at Hawqayn, Oman, were 43.0% N2 (Angino et al., 1984).

Gases collected in sample bottles from the East Pacific Rise

(210 N) contained 41.45 % nitrogen (Angino et al., 1984)

All the gases also had high concentrations of hydrogen gas

(66.5%, 45.0%, and 52.46%, respectively). Angino et al.

(1984, p.142) suggested that "...mantle outgassing and

serpentization are likely sources for the unusual combina-

tion of hydrogen and nitrogen gases ..." The absence of high

concentrations of hydrogen gas in hydrocarbon bearing natu-

ral gas may often be the result of the uptake of hydrogen by

hydrocarbons during the cracking process. The breakage of

each carbon-carbon bond in a saturated hydrocarbon (alkane)

requires the addition of two hydrogen atoms to maintain

saturation.
Gases collected at eight different hot springs in low

temperature fields in Iceland contained over 85% nitrogen

(Arnorsson, 1986). If the nitrogen was solely of atmospheric
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origin, the concentrations of nitrogen would be near the

solubility of nitrogen in surface meteoric waters rather

than nearly 100 times larger (Arnorsson, 1986). The ratio of

N2/Ar in the gases was also lower than the expected ratio

based on the solubilities of both gases in meteoric waters.

Based on this evidence, Arnorsson (1986) suggested a non-

atmospheric, possibly magmatic, source for at least some of

the nitrogen and argon.
Within continental areas, Angino et al. (1984) noted

the presence of high nitrogen/hydrogen gases in two eastern

Kansas wells. One well contained 61.0% N2 and 34.7% H2,

while the other had 67.7% and 29.6%. Angino et al. (1984)

suggested that these gases are related to the Mid-Continent

Rift system.
The examples of nitrogen produced in association with

ultramafic rocks, mid-ocean basaltic terrain, and a conti-

nental rift system demonstrate that the nitrogen may origi-

nate from below the sedimentary column in the crust or

possibly upper mantle.
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Argon - General
For a 5% porosity, salt water saturated shale cap rock,

argon turnover times ranged from a high of 0.6 my to a low

of 0.18 my. Unfortunately, only seven fields had argon

analyses and the precision of the analyses is limited to the

nearest 0.1%. The rapid turnover times require an influx of

argon to the reservoirs to maintain the concentration of

argon.

The argon concentrations in six of the seven fields

which had higher than trace amounts of argon, are considered

anomalously high. 648 of the 5004 reservoirs, or 12.9%,

studied by Tongish (1980), were found to have 0.1%, or

above, argon. Only 100 out of the 5004 reservoirs, or 2.0%,

had 0.3% or above. The Mississippian gas at the Brandon

Field contains 0.4% argon while the Mississippian gas from

the Ladder Creek, west of the Frontera Field contains 0.5%

argon (Moore and Sigler, 1987). Argon analyses on natural

gases in the Las Animas Arch area usually show anomalously

high concentrations.

As noted for the light hydrocarbons and for nitrogen,

there is no evidence for meteoric water invasion in the

Morrow Formation reservoirs. At 15 DC and one atmosphere

pressure (approximately surface conditions), the solubility

of nitrogen and argon in meteoric water gives a N2/Ar ratio
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of 38.3, while the atmospheric ratio is 83.6. If a gas with

the composition of the atmosphere was in contact with fresh

water at the top of the Sorrento Field cap rock, the nitro-

gen/argon ratio in the water would be 19.1. A gas the compo-

sition of the Sorrento Field gas would have a solubility

ratio for nitrogen and argon of 41.6. However, at 182,

Sorrento has the lowest N2/Ar ratio in the Morrow reservoirs

studied. All the other fields have ratios exceeding 200. The

N2/Ar ratios of the natural gases in the reservoirs are not

indicative of an atmospheric or meteoric water source.

The atmospheric, naturally occurring, isotopic composi-

tion of argon as measured by Nier (1950) is : ,oAr = 99.60%,

38Ar = 0.063%, 36Ar = 0.337%. 38Ar and 36Ar are of primordial

origin (Faure, 1986). Some ,oAr is of primordial origin but

most 40Ar is the a result of the branched radioactive decay

of 40K (Faure, 1986). 4OK, isotopic abundance of

0.01167%, undergoes branched decay to 40Ca (88.8%) and 40Ar

(11.2%) (Faure, 1986).

The radioactive decay equation for the generation of

40Ar from 40K is written as:

40Ar*
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or alternatively:

where T is the age of the rock or mineral, 4OAr<, the radio-

genic argon produced, 4°K, the amount of potassium present

in the rock or mineral, and the A'S are decay constants

(Faure, 1986). Because 4°K undergoes branched decay, the

fraction of the 40K atoms which decay to 40Ar must be incor-

porated into the equation.
4°K decays by electron capture to 40Ar and by beta, or

negatron, emission to 40Ca, leading to two separate decay

constants, Ae for electron capture and A~ for beta decay

(Faure, 1986). The total decay constant for 40K is then:

where:

A~ = 4.962 X 10-10 y-1

A = 5.543 X 10-10 v'

The fraction of atoms of 40K which decays to 4°Ar is given by

(Ae/A)4°K (Faure, 1986).

The amount of argon in a reservoir may be estimated

from its mole fraction in the natural gas and the gas re-
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serves. Because the isotopic composition of the argon in the

natural gas is not known, it is necessary to assume a compo-

sition. Atmospheric argon is 99.60% 40Ar and the 4oAr/36Ar

ratio is 295.5. The 4°Ar/36Ar ratio in gases from vesicles in

a mid-ocean ridge basalt (MORB) glass was determined to be

approximately 22,600, while the isotope ratio of argon dis-

solved in the glass had a range of 1000-3000 (Jambon et al.,

1985). In either case, 4°Ar in MORB approaches 100%. Average

continental crust is estimated to have a ratio of 385 (Zhang

and Zindler, 1989). This ratio is still larger than the

atmospheric ratio, and, therefore, argon from the continen-

tal crust will be more than 99.6% 4°Ar. The estimated aver-

age value of the 4oAr/36Arratio in the upper mantle is 475

(Zhang and Zindler, 1989), exceeding both the atmospheric

and continental crust values.

Zhang and Zindler (1989) estimate that the mean time of

degassing of 3'Ar from the Earth's mantle, measured from the

time of formation of the Earth, is 56±19 rna and the degree

of degassing is 99.7%. For 4°Ar, the degassing time is 1.5

Ga and the degree of degassing is 82%. The oldest rocks

underlying eastern Colorado are metasedimentary and metavol-

canic gneisses, micaschists and quartzites, dated at approx-

imately 1.8 Ga (Tweto, 1980), 1.2 Ga after the mantle degas-

sing of 4°Ar. Other units are granitic rocks, including the
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Pikes Peak batholith, which range in age from 1.0-1.7 Ga.

All these rocks should have lost essentially all of their

primordial argon during their formation and recrystalliza-

tion. Argon now present in them or emanating from them is

expected to be predominately radiogenic <OAr.

Given that the <OAr/36Ar ratio for continental crust

exceeds the atmospheric ratio and that the basement rocks

either crystallized or recrystallized long before the depo-

sition of the Morrow Formation cap rock, it is assumed that

all the argon in the reservoir is ,oAr, and all the argon is

radiogenic. Further, given that the argon analyses are

reported only to the nearest tenth of a percent, this as-

sumption is well within the precision of the analyses.

Assuming that all the argon in the gas reservoir is radio-

genic <OAr, the value of <OAr'in the radioactive decay equa-

tions is known. Values for T or ,oK may then be estimated to

solve for the other.

Argon, T = Turnover Time
The turnover time based on diffusive flux through the

caprock is the time period in which the volume of argon eq-

uivalent to the argon reserves must be generated in order to

maintain the reserves at a constant value. If the turnover

time is used as the value for "T" in the radioactive decay
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equation, then the amount of <oK necessary to produce the

observed argon within one turnover time may be calculated.

Assuming that the isotopic composition of potassium under a

field matches the average naturally occurring isotopic

composition of potassium, the total amount of potassium

under the field may be calculated. For a given rock density

and potassium content of the rock, the thickness of rock

under the field from which argon must be generated and

migrated into the reservoir may be determined.

A rock density of 3.30 g/cm' was chosen for calcula-

tions. This density is between the average densities of

dunite (3.277 g/cm') and eclogite (3.392 g/cm') given by

Daly et al. (1966) and was chosen to give a conservative

estimate of the thickness of rock needed to produce the

necessary argon. This density approximates the densities

assumed in models of the Earth's upper mantle (eg. Wyllie,

1971) .
A potassium concentration of 2.80% by weight K (3.37%

K20) was chosen for calculations. This value lies above the

average for all common sediments including shale (2.70

g/cm', Clark et al., 1966). This value also exceeds the

average potassium concentration in granodiorites and rhyoda-

cites (Clark et al., 1966). Using a high potassium concen-

tration results in a conservative estimate of the volume of
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rock necessary to generate the observed argon concentra-

tions.
Using the density and concentration by weight percent,

the mass of potassium per cm' may be determined. The values

represent a dunite (average value below 0.3% K, Clark, 1966)

with 2.7% K. However, this is equivalent to an average

granite (2.667 g/cm', Daly et al., 1966) with 3.46% K (4.17%

K20), 0.06% K20 above the average value for 546 granites

compiled by R. A. Daly (Clark, 1966). Therefore, the chosen

values of density and potassium content approximate a shale

sedimentary column, a granitic crust, or a high potassium

mantle. Using these values, the thickness of the rock column

under a reservoir from which the argon must come is calcu-

lated. Table 10 presents the amount of 4°K and the total

amount of potassium necessary to produce the observed

amounts of argon within the calculated turnover times,

assuming the cap rock is salt water saturated and has a

porosity of either 5% or 10%. Table 11 presents the calcu-

lated thickness of rock required to contain the amount of

potassium from Table 10, assuming 2.8% and 5% potassium

contents.
The minimum thickness required to generate the observed

volume of argon at any field is 47 km (Salt Lake Field) .

Eastern Colorado lies on the thickest crust in the mid-
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Table 10. Potassium-Argon Decay Equation, Saltwater Flux

1011 Moles <OK 1015 Moles K Total
porosity 5% 10% 5% 10%

Barrel Springs 10.2 40.9 8.76 35.1
Beta
Brandon
Cavalry 3.78 15.1 3.24 13.0
Channing
Flank
Frontera 3.68 14.8 3.15 12.7
Haswell
Interstate
Left Hand
Lookout 5.20 20.8 4.46 17.9
McClave
Nee Noshe
Salt Lake 0.671 2.68 0.575 2.30
Smoky Hill
Sorrento 9.14 36.6 7.83 31.3
Wagon Trial

Table 11. Thickness (kilometers) of Rock Under Field
Required to Generate Argon

potassium content 2.7% 5%
porosity 5% 10% 5% 10%

Barrel Springs 379 1520 205 820
Beta
Brandon
Cavalry 548 2190 296 1180
Channing
Flank
Frontera 284 1140 154 618
Haswell
Interstate
Left Hand
Lookout 378 1510 204 817
McClave
Nee Noshe
Salt Lake 87 346 47 187
Smoky Hill
Sorrento 266 1060 144 574
·WagonTrial

Rock density = 3.3 gm/cm' (perodotite-dunite-eclogite)
crustal thickness = 40 km upper mantle 40-410 km
transition = 410-1000 km lower mantle = 1000-2900 km
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continent, 48 km thick (Hinze and Braille, 1988). The thick-

ness of 47 km was obtained assuming a potassium content of

5%, a value near the average value for alkali syenites (4.91

%K, Clark, 1966).
The next lowest value of required thickness (87 km,

also Salt Lake Field) is 1.74 times the thickness of the

crust. Assuming that argon is focussed on the field in its

upward migration, and the thickness under the field is 48

km, then the required radius at the bottom of the crust of

the frustrum of a cone (a truncated cone) whose upper sur-

face is that of the Salt Lake Field is 1.62 times the radius

of the field and the bottom surface area is 2.61 times as

large as the field.
The third lowest value is 144 km for the Sorrento

Field. This value is three times the thickness of the crust.

Assuming focussed migration, the required volume occupies a

frustrum of a cone whose upper surface area is that of the

Sorrento Field (radius ; 2030 m) and whose height is 48 km.

The radius of the lower surface (4816 m) will be 2.37 times

the radius of the upper surface and cover 5.63 times the

area. This radius overlaps the adjoining Mt. Pearl-Sienna

Field, which has a nearly identical gas composition (Bowen

et ai., 1990). Focussed migration may not be used to explain

the thicknesses obtained for the other fields, because one
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field would require the volume under adjoining fields.

Furthermore, focused migration requires extensive lateral

migration to focus on the area of a field, in effect, radial

flow toward the field. Radial flow would require some sort

of pressure well extending through the thickness of the

continental crust for each field, a physical phenomenon

which does not seem plausible.

Alternate explanations of the calculated thicknesses

are that they are real, or the crust has stored supplies of

argon. If the calculated thicknesses are real, then some

portion of the argon must be coming from the upper mantle

and perhaps even the lower mantle. Part of this argon may be

of primordial origin.

If the calculated thicknesses are not real, because the

crust has additional stored supplies of argon, the question

becomes why is the crust now releasing the additional argon.

The release of argon stored in the crystal structure of

minerals occurs when the closure temperature (the tempera-

ture below which the mineral becomes a closed system with

respect to argon) of the mineral is exceeded (Faure, 1986)

The release of these stored supplies of argon in the crust

implies that some heating event may be occurring under the

Las Animas Arch specifically, and under the entire western

mid-continent in general.
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Argon, Generation From Assumed Potassium Concentration
Given the volume of argon in a field, and assuming a

rock density (3.3 g/cm3) and potassium concentration (2.8%

by weight) for the entire 48 km thickness of the crust under

the fields, the radioactive decay equation may be used to

determine how long it would take to generate the observed

argon. These results are listed in Table 12.

Table 12. Time Required To Generate Observed Volumes Of

Argon In Fields From 48 km Thick Crust

Rock Density = 3.3 g/cm2

Potassium Concentration = 2.8% By Weight K

Field Time Required, rna

Barrel Springs
Cavalry
Frontera
Lookout
Salt Lake
Sorrento

1.381
2.248
2.365
4.493
0.426
0.959
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The longest required time to generate the observed

volume of argon at a field is 4.5 rna for the Lookout Field.

Assuming no diffusion through the cap rock occurs, this is

the minimum time required to accumulate the argon in the

reservoir. If the crust only releases a fraction of the

generated argon, then the field could have been collecting

argon since the field trap was formed.

Berger and York (1981) determined the closure tempera-

tures for argon of hornblende (685°C), biotite (373°C),

K-feldspar (230°C) and plagioclase (176°C). Harrison and

McDougall (1982) determined the temperature for microcline

(132°C). Using an average geothermal gradient of 250C/km and

a mean annual surface temperature of 13°C, the depths of

closure in the crust may be calculated. The closure depth of

hornblende is 26.7 km; biotite, 14.4 km; K-feldspar, 8.7 km;

plagioclase, 6.5 km; and microcline, 4.8 km. This puts the

closure depth of microcline only about 10,000 feet (3050 m)

below the reservoirs. For hornblende, the lower 44% of the

crustal thickness of 48 km is above the closure temperature.

If only the lower half of the crust is releasing argon,

then the times required to produce the argon will be twice

those listed in Table 12, if no diffusion through the cap

rock occurs. Further, it may be conservatively assumed that

the lower crust has an average potassium content similar to
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tholeiitic basalt (0.28% K, Clark et al., 1966). The time

required to produce the argon would, accordingly, be ten

times longer, and the time for the Lookout Field becomes 90

rna. If no diffusion through the cap rock at the Lookout has

occurred, then argon could have been accumulating at the

field since the Late Cretaceous (Turonian Age) .

If no diffusion occurs through the cap rock, then no

diffusion should occur through similar material under essen-

tially identical conditions. The Morrow sandstone reservoirs

are encased in marine and estuarine shales. The cap rock

shales are nearly indistinguishable from the shales underly-

ing the reservoirs. Since they are only separated from each

other by the sandstone reservoirs, they are at nearly iden-

tical temperatures and pressures. If no diffusion occurs

through the cap rock, then that no diffusion should occur

through the underlying shales. Therefore, argon can not

diffuse into the reservoir. The potassium content of the

encasing shales is insufficient to have produced the ob-

served argon since the deposition of the beds. The Salt Lake

Field has the shortest required time in Table 12. The Morrow

Formation at Salt Lake Field is approximately 50 meters
thick. Assuming a potassium content of 2.8% K, the Morrow

shales would require over 409 rna (Silurian-Devonian bound-

ary) to produce the observed argon if no diffusion into the
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field occurred. Fields with longer times in Table 12 require

even longer times to produce argon from the Morrow alone.

Some diffusion of argon into the fields must occur; there-

fore, some must also occur through the cap rock.

Underlying the Morrow Formation, the sedimentary column

is primarily Mississippian carbonates. Based on natural

gamma ray spectroscopy logs, these carbonates average about

1% K because of shale content. Natural gamma ray spectrosco-

py logs (NGT or NGS of Schlumberger, Spectrolog of Dresser)

employ "five window spectroscopy to resolve total gamma ray

spectra into the three most common components of naturally

occurring radiation - potassium, thorium and uranium"

(Schlumberger, 1983, p.13).

If it is assumed that these underlying rocks generated

the argon, and the argon was allowed to migrate into the

Morrow reservoir but not out, then, given 320 rna (Mississip-

pian-Pennsylvanian boundary), it would require that the

carbonates be 192 meters (630 ft.) thick at the Salt Lake

Field, which is comparable to the sedimentary column present

under the Morrow at the field. If no diffusion through the

caprock has occurred, and if all the argon generated in the

underlying rocks has accumulated in the reservoir since the

deposition of the reservoir, then the observed volumes of

argon are derived solely from the underlying sediments. If
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any diffusion through the caprock occurs, or if the caprock

was not sealed immediately upon deposition, or if any argon

generated in the underlying sediments was not released to

the reservoir, or if any argon, upon release did not reach

the reservoir, then there must be an additional source of

argon. This source must be basement derived argon.

Helium
Helium is the smallest molecule (radius 50 pm, McQuar-

rie and Rock, 1985, 1 pm = 10-12 m = 10-3 nm) and has the

highest diffusion coefficient through water. Helium's solu-

bility in water is less than that of argon, presumably

because the large diffuse electron cloud around argon allows

for induced dipole formation, which enhances argon's solu-

bility in a polar solvent like water (Bockris and Reddy,

1970). As a result, helium turnover times are larger than

those of argon. Helium turnover times range from a high of

1.85 rna to a low of 98 ka. Rapid turnover times imply that a

steady influx of helium into the fields must be occurring to

balance the diffusional loss through the caprock.

Assuming an effective diameter of 200 pm (Tissot and

Welte, 1978) and an average pseudo-pore diameter of 5,000-

10,000 pm in shale at 2000 m (6500 ft.) (Tissot and Welte,

1978), the pore diameter is still 50-100 times the size of
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the helium atom. A water molecule has an effective diameter

of 320 pm (Tissot and Welte, 1978), giving it a cross sec-

tional area 2.56 times that of helium. Water fits into

interlayer positions in clays. Presumably the smaller helium

atom, which is also non-polar and has no charge, can diffuse

directly through the structure of clays.

The helium concentration in the atmosphere is 5.24 ppm

by volume. Assuming the Ideal Gas Law, volume % is equal to

mole %. In terms of mole %, the helium concentration in the

atmosphere is 0.000524%. The lowest mole fraction concentra-

tion of helium in the reservoirs studied is 0.30%, 570 times

the concentration in the atmosphere. The highest concentra-

tion of helium is at the Smoky Hill Field (4.28%) and is

over 8100 times the atmospheric concentration. No atmospher-

ic or ground water mechanism could cause such a massive

concentration of helium. Helium in natural gases cannot be

of atmospheric origin.

Alvarez and Cornog (1939) discovered that the ratio of

the two stable isotopes of helium, 4He/3He, in natural gases

was approximately ten times the atmospheric value. Aldrich

and Nier (1946) confirmed this, but arrived at a value

closer to eight. The large difference in ratios precludes an

atmospheric origin for natural gas helium.

Zhang and Zindler (1989) estimated that the mean time
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of mantle degassing of 'He occurred 310±120 Ma after the

formation of Earth and the degree of degassing was 97.5%,

while for 4He the mean time is 0.8 Ga, and the degree of

degassing was 88%. Using_Luclear decay processes alone,

Morrison and Beard (1948) concluded that all helium now

present on Earth is radiogenic. While acknowledging the

potential that all helium is radiogenic, Aldrich and Nier

(1948) could not rule out primordial helium, especially for

'He. Hill (1940) proposed that 'He could be formed by the

thermal neutron capture (neutrons produced by cosmic rays)

with 'Li and subsequent decay to 'He and 4He. Libby (1946)

proposed that neutron capture by 14N led to not only the

formation of I4e in the upper atmosphere but also a less

common decay to 12e and 'He. Both sources of radiogenic 'He

require thermal neutrons, mostly derived from cosmic radia-

tion, but also from other radioactive decay reactions. The

source of a sufficient quantity of thermal neutrons in

lithium bearing minerals to generate the observed 'He in

them was questioned by Aldrich and Nier (1948). They sug-

gested the presence of primordial helium.

Analyses of the 3He/4He ratios from gases escaping from

the crust along ocean ridges and on the continents, from

gas-rich meteorites, and from the atmosphere, have led to

the determination that the gases have distinct, different
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ratios. For normal crustal and mantle lithologies, the

production ratio of 'He/4He for radiogenic helium has been

calculated to be 1±0.5 x 10-8, a value that is approximately

the value found in old continental areas (O'Nions and Ox-

burgh, 1983). The value of the 'He/4He ratio in the atmo-

sphere is 1.4 x 10-6 (O'Nions and Oxburgh, 1983). The pre-

sumed primordial ratio is _10-4, the value measured in gas-

rich meteorites. Helium degassing from the mantle today has

a value of approximately 10-5, reflecting its dilution by

radiogenic helium since the initial degassing event shortly

after the formation of the Earth (O'Nions and Oxburgh,

1983). O'Nions and Oxburgh (1983) believe that 75% of the

atmospheric helium originates from the continental crust and

is almost entirely radiogenic. The remainder of the helium

comes from a mantle source, of which 2-3% is primordial and

the rest is radiogenic (O'Nions and Oxburgh, 1983).

Natural gas in the Hugoton-Panhandle Field, abutting

southeastern Colorado in Kansas and Oklahoma, is more than

98% radiogenic (Jenden et al., 1988). Assuming that all the

helium in southeastern Colorado is radiogenic 4He allows the

use of the combined radioactive decay equation derived in

Appendix B. Calculations using this equation are in error if

primordial helium is present in the reservoirs. If the

helium is similar to the helium in the Hugoton-Panhandle
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Field, then the error is only about 2-3%. Using the equation

allows the calculation of either the thickness of rock

required to generate the helium within the turnover time, or

the length of time required to generate the helium from a

given thickness of rock.
The rock density used is 3.3 g/cm2, the same density

used for the argon calculations. The ratios of thorium to

uranium used are 4.0, which is the ratio found in igneous

rocks and is close to the ratio in shales, and 1.0, the

ratio in carbonates (Table 13). The assumed uranium concen-

tration is 10 ppm. This concentration exceeds the average

and median values of all rock types listed in Table 13, but

falls in the middle of the range for "silicic igneous"

rocks. Additionally, the thickness calculation was performed

using a uranium ore grade cutoff of 0.05% (500 ppm) .

Table 13. Uranium and Thorium Concentrations in Rocks

Data From Clark et al., 1966

Rock Type Th/u Thorium (ppm) Uranium (ppm)
Ratio Mean Median Range Mean Median Range

mafic igneous 4.0 2.7 1.6 0.1-10 0.9 0.5 0.1-3.4
diorite/qtz diorite 4.0 8.5 7.0 0.1-26 2.0 1.7 0.1-12.5
granodiorite 4.0 9.3 9.0 2-26 2.6 2.3 0.1-9
silicic igneous 4.0 20 16 0.1-45 4.7 3.9 0.1-21
"common" shales 3.8 12 2-47 3.8 1-12
carbonate rocks 1.0 1.7 0.1-7 1.0 0.1-6.5
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Helium, T = Turnover Time
The masses of uranium and thorium necessary to produce

the helium in the gas fields may be calculated from a com-

bined radioactive decay equation (derived in Appendix B,

p. 207-211) :

He = 8 (0. 992743X) (e).mT-1)

"He" is moles of helium; "X", proportionality constant; "A",

the respective decay constants for 23aU,235U,and 232Th; "T",

the turnover time; and Th/U, the thorium-uranium ratio. The

proportionality constant "X" is related to the number of

moles of the uranium and thorium isotopes by the relations:

23'U 0.992743 X, 235U= 0.0072 X, and 232Th = X Th/U.

The turnover times used are those for a salt water

saturated caprock with either 5% or 10% porosity. The calcu-

lations use Th/U ratios of 4.0 and 1.0. Given values for

"T", the Th/U ratio, and the moles of helium in a gas field,

the combined radioactive decay equation may be solved for

"X", a concentration proportionality constant. Calculated

values for "X" are given in Table 14. Converting the moles

of uranium into grams gives the masses of uranium required,

listed in Table 15.
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Table 14. Calculated Values For the Proportionality
Constant ·X· in Radioactive Decay Equation,
Values in 10'0 moles, Saltwater Flux

5% Porosity 10% Porosity
Th/U Ratio 4.0 1.0 4.0 1.0

Barrel Springs 19.5 30.5 78.2 122
Beta 1.75 2.73 6.97 10.9
Brandon 0.863 1.35 3.45 5.40
Cavalry 14.3 22.4 57.2 89.4
Channing 1.58 2.47 6.31 9.87
Flank 2.57 4.02 10.3 16.0
Frontera 8.03 12.6 32.2 50.4
Haswell 3.25 5.08 13.0 20.3
Interstate 7.68 12.0 30.7 48.0
Left Hand 0.745 1.17 2.99 4.67
Lookout 14.1 22.1 56.3 88.0
McClave 21.7 33.9 87.1 136
Nee Noshe 1.56 2.44 6.22 9.73
Salt Lake 2.27 3.55 9.08 14.2
Smoky Hill
sorrento 16.3 25.5 65.2 102
Wagon Trial 15.8 24.7 63.0 98.5

Table 15. Mass of Uranium (238U+ 235U)Calculated from
the Combined Radioactive Decay Equation

Values in 1012 grams

5% Porosity 10% Porosity
Th/U Ratio 4.0 1.0 4.0 1.0

Barrel Springs 46.5 72.7 186 291
Beta 4.16 6.50 16.6 26.0
Brandon 2.05 3.21 8.22 12.9
Cavalry 34.1 53.3 136 213
Channing 3.75 5.87 15.0 23.5
Flank 6.12 9.58 24.4 38.2
Frontera 19.1 29.9 76.6 120
Haswell 7.72 12.1 30.9 48.4
Interstate 18.3 28.6 73.0 114
Left Hand 1.77 2.77 7.11 11.1
Lookout 33.6 52.5 134 209
McClave 51.6 80.7 207 324
Nee Noshe 3.71 5.81 14.8 23.2
Salt Lake 5.40 8.44 21.6 33.8
Smoky Hill
Sorrento 38.7 60.6 155 243
Wagon Trial 37.5 58.7 150 234
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If 0.05% by weight ore grade uranium underlies the gas

fields and the rocks have a density of 3.3 g/cm3, the thick-

ness of ore grade material necessary to generate the ob-

served volumes of helium may be estimated (Table 16). The

thinnest required thickness is 122 meters at the Beta Field.

Only six of the sixteen fields have required thicknesses of

less than 500 meters. The Rossing uranium deposit near

Swakopmund, Namibia, "the greatest single deposit of uranin-

ite now known in the Earth's crust" (Guilbert and Park,

1986, p.513), has reserves of several million tons of 500

ppm (0.05%) uranium to a depth of 500 meters (Gilbert and

Park, 1986). The Beta Field would have to overlie an ore

deposit with 8.3 billion metric tons of 0.05% ore.

The thickness calculation was also done assuming that

the average uranium concentration of the underlying rocks

was 10 ppm uranium. These results are presented in Table 17.

As was found with argon, the results often indicate a re-

quired thickness in excess of the thickness of the crust.

Such thicknesses indicate the potential presence of mantle

derived helium and even primordial helium.

The average continental crust flux of helium is 2.8 x

10'0 atoms m-2 aec" (O'Nions and Oxburgh, 1988). The field

fluxes for helium presented in Table 6 (p.115) in terms of

moles m-2 aec ? are recalculated to atoms m-2 aec " for
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Table 16. Thickness (meters) of 0.05% Uranium Ore Required
to Generate the Volume of Helium in a Field

5% Porosity 10% Porosity
Th/U ratio 4.0 1.0 4.0 1.0

Barrel Springs 2,780 4,350 11,100 17,400
Beta 122 190 485 759
Brandon 3,850 6,020 15,400 24,100
Cavalry 7,980 12,500 31,800 49,800
Channing 292 457 1,170 1,830
Flank 580 908 2,310 3,620
Frontera 2,390 3,730 9,560 15,000
Haswell 386 603 1,540 2,420
Interstate 720 1,130 2,880 4,500
Left Hand 255 399 1,020 1,600
Lookout 3,930 6,140 15,700 24,500
McClave 232 363 934 1,460
Nee Noshe 386 604 1,540 2,410
Salt Lake 1,120 1,760 4,500 7,030
Smoky Hill
Sorrento 1,810 2,840 7,260 11,400
Wagon Trial 937 1,470 3,740 5,850

Rock density = 3.3 gm/cm, (peridotite-dunite-ec1ogite)

Table 17. Thickness (kilometers) Under Field of 10 ppm
Uranium Bearing Rock Required to Generate the
Volume of Helium in a Field

5% Porosity 10% Porosity
Th/U ratio 4.0 1.0 4.0 1.0

Barrel Springs 139 218 557 871
Beta 6.1 9.5 24.3 38.0
Brandon 192 301 769 1,200
Cavalry 399 624 1,590 2,490
Channing 14.6 22.8 58.4 91.4
Flank 29.0 45.4 116 181
Frontera 119 187 478 748
Haswell 19.3 30.2 77.2 121
Interstate 36.0 56.3 144 225
Left Hand 12.7 20.0 51.2 80.1
Lookout 196 307 783 1,220
McClave 11.6 18.2 46.7 73.0
Nee Noshe 19.3 30.2 77.0 120
Salt Lake 56.1 87.8 225 352
Smoky Hill
Sorrento 90.6 142 363 568
Wagon Trial 46.9 73.3 187 292
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comparison in Table 18. The lowest helium flux through a

caprock in southeastern Colorado (at the Beta Field) is 15%

larger than the average continental crust flux. The next

lowest flux occurs at the McClave Field and is 2.2 times the

average continental crust flux. With a regional variability

of 2-4 times the average continental crustal value (O'Nions

and Oxburgh, 1988), eleven out of the seventeen fields

listed still exceed the average continental crust value.

In stable continental areas and in continental areas

undergoing depositional loading, O'Nions and Oxburgh (1988)

estimate that the flux of helium from the mantle is less

than 10' atoms m-2 sec-1• Areas of crustal extension and

asthenospheric melting have mantle fluxes of 10' - 10"0 atoms

m-2 sec-1 (O'Nions and Oxburgh, 1988)

Fluxes through the caprocks of the fields in SE Colora-

do require influxes greater than the average continental

crustal flux. The addition of mantle derived helium is only

sufficient to help balance the fluxes if the mantle derived

flux is characteristic of extensional areas and astheno-

spheric melting. The fluxes calculated for the gas fields

are based on conservative calculations that may have under-

estimated fluxes by as much as two orders of magnitude. If

the fluxes have been underestimated, then there must be a

larger mantle contribution than previously believed.
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Table 18. Helium Flux Through the Caprock, 5% Porosity

Shale, Water Saturated

water type
1010 atoms m? sec "

fresh salt

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trail

90.9
3.97
125.9.
260.2
9.51
18.8
77.7
12.6
23.5
8.37

128.3
7.59
12.6
36.7
1042
59.3
30.6

74.1
3.23

101.8
213.8
7.83
15.4
63.2
10.3
19.2
6.87
104.8
6.20
10.3
29.7
849.1
48.2
24.8

Average Continental Crust 2.8

Helium, Generation From Assumed U and Th Concentration
An alternate way of explaining the observed volumes of

helium in the gas fields is to calculate how long it would

take to generate the helium, assuming a crustal thickness

and chemical composition. If the continental crust is 48 km

thick and has a composition of either 10 ppm uranium and 40

ppm thorium, or 1.0 ppm U and 4.0 ppm Th, the time required
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to generate the helium may be determined. These results are

listed in Table 19. The shortest time required is only

32,000 years at Haswell, and the longest time is 3.8 million

years using 10 ppm U, 40 ppm Th. For 1.0 ppm U and 4.0 ppm

Th, the times are increased by an order of magnitude.

Radiogenic helium is believed to be rapidly lost from

the crust and is estimated to have a flux of 2.8 x 10"0

atoms m-2 sec-1 from average continental crust (O'Nions and

Oxburgh, 1988). This flux is the equivalent of 3.58 x 1021

atoms acre"" yr-1 or nearly 0.6 mole per acre per 100 years.

The flux is equivalent to 3.18 MMcf in one million years for

the standard spacing order for gas wells of 640 acres. For

an area the size of the McClave Field (33,250 acres), the

flux is 165 MMcf of He gas in one million years. This volume

of helium, if none was lost during the one million years,

would give the McClave Field a gas containing approximately

0.31% He using reserves of 54 Bcf. This value is close to

the observed value of 0.35% He. If all the other components

were present in the field one million years ago, the ob-

served concentration of helium could be explained solely by

the entrapment of the average continental crustal flux of

helium.
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Table 19. Time required (millions of years) to generate

observed volumes of helium, assuming a 48 km

crustal thickness and average compositions of

10 ppm D, 40 ppm Th and 1.0 ppm D, 4.0 ppm Th.

Field
10 ppm U, 40 ppm Th
Time Required, Ma

1.0 ppm U, 4.0 ppm Th
Time Required, Ma

Barrel Springs
Beta
Brandon
Cavalry
Channing
Flank
Frontera
Haswell
Interstate
Left Hand
Lookout
McClave
Nee Noshe
Salt Lake
Smoky Hill
Sorrento
Wagon Trail

0.581
0.040
3.847
1.913
0.195
0.657
1.122
0.032
0.572
0.399
2.627
0.101
0.223
0.315

5.81
0.40
38.5
19.1
1.95
6.57
11.2
0.32
5.72
3.99
26.3
1.01
2.23
3.15

0.364
0.075

3.64
0.75

If no diffusion of gases through cap rocks occurs, or

it is as slow as suggested by some (eg. Krooss et al.,

1992), all reservoirs more than a few million years old

should have high concentrations of helium. BE Colorado gas

fields have anomalously high concentrations of helium, which

may be explained by the total entrapment of the continental

flux of helium over several million years. However, 55.6% of
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the reservoirs studied by Tongish (1980) contained less than

0.1% He, and many of these reservoirs would be expected to

have cap rocks thicker than those in the Morrow Formation.

Unless the majority of gas fields are less than a few hun-

dred thousand years old, diffusion of helium through reser-

voir cap rocks must be occurring, even for cap rocks that

are orders of magnitude thicker than the Morrow cap rock.

For helium, the flux through cap rocks must be at least as

high as the calculated flux.
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Chapter 7.
SUMMARY

Diffusion calculations are based on either Fick's First

Law of Steady State Diffusion or Fick's Second Law of Un-

steady State Diffusion. Flux across a diffusional barrier is

defined by Fick's First Law. Fick's Second Law applies for

an instantaneous emplacement of a concentration difference

across a diffusional barrier, and is used to determine how

the concentration gradient changes with time. Fick's Second

Law has been used to determine the half life of an emplaced

gas field (Krooss et al., 1992); however, it is not useful

in determining the. flux across a barrier.

Diffusion across the cap rocks of oil and gas fields

represents the slowest loss mechanism for the depletion of

natural gas from the reservoirs. If reserves of natural gas

are to remain constant or increase in volume over geologic

time, the influx of gas into the reservoir must equal or

exceed the diffusive loss through the cap rock. For an

influx to occur, there must be some generation or migration

mechanism to supply the natural gas. The study of the diffu-

sive loss flux provides an indication of the rate at which

the gas generation and/or migration mechanism must operate.
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To apply Fick's First Law, both the diffusion coeffi-

cient and the concentration gradient must be defined for the

physical conditions under which diffusion occurs. Diffusion

through a porous medium-requires an effective diffusion

coefficient, defined as the fractional reduction of the

diffusion coefficient of a chemical species through the pore

filling medium as a result of the porous medium itself.

Experimental determinations of the effective diffusion

coefficients for light hydrocarbons through cap rock materi-

al (Leythaeuser et al., 1982) exceed the theoretical maxi-

mums determined by Maxwell (1873). Therefore, it is assumed

that diffusion is analogous to electrical conductivity (mass

flux versus charge flux), and that the Archie Equation

(Archie, 1941) for electrical resistivity in rocks could be

used. It was shown that the Archie Equation provides a

practical, if not theoretical, minimum for the fractional

reduction in the diffusion coefficient through the pore

filling medium: water in shale cap rocks.

The diffusion coefficient for a chemical species in

the pore filling medium is a function of both the tempera-

ture and viscosity of the pore fluid (Einstein, 1905). The

viscosity of water, the pore fluid, is also a function of

temperature and the presence of dissolved chemical species.

As a result of the decrease in the viscosity of water with
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increasing temperature, the diffusion coefficient approxi-

mately doubles for a 30°C increase. The diffusion coeffi-

cient decreases by approximately 10% in saltwater with 5 wt%

salt.
The use of the Archie Equation and the Stokes-Einstein

Relation allowed the estimation of the effective diffusion

coefficient for a cap rock based on the diffusion coeffi-

cient through pure water at room temperature. This estima-

tion yielded a value below that of experimental determina-

tions, and, therefore, gave a conservative estimation.

The second requirement for the determination of flux is

the concentration gradient. The concentration gradient is in

the pore fluid itself, not the rock as a whole. The frac-

tional reduction in the flux as a result of the porous

medium is already accounted for in the effective diffusion

coefficient. The mole fraction concentration of a chemical

species within the natural gas of a reservoir was determined

through published reports of chemical analyses. The mole

fraction solubility of a gas species in water was estimated

from experimental solubility determinations because they

cannot be determine theoretically. Published solubility data

proved to be less extensive than might be expected from the

importance of the subject.
The solubility of helium in water is nearly independent
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of temperature but depends on pressure. Nitrogen solubility

is also depends on pressure, and shows a slight dependence

on temperature with a solubility minimum in the 50-l00GC

range. Conversely, argon shows less dependence on pressure,

but a strong dependence on temperature' showing a solubility

minimum in the 60-l20GC range. Methane and ethane show a

temperature dependence with a solubility minimum in the 40-

100GC range and an increasing dependence on pressure at

temperatures above 100GC. with the exception of helium, the

coincidence of the temperature of all the solubility mini-

mums with the temperature at the world wide average depth of

oil and gas fields (using the average geothermal gradient)

is not believed to be fortuitous. Solubility is also affect-

ed by water salinity. The reduction in solubility at sea

water salinity is 15-18% depending on the gas.

From published data on seventeen Morrow Formation

reservoirs in southeastern Colorado, the minimum flux of

methane, ethane, helium, nitrogen, and argon through the

reservoir cap rocks was estimated. These reservoirs were

chosen because of their anomalously high concentrations of

helium, nitrogen, and argon. Also, the area of the Las

Animas Arch, where the fields are found, is not considered

to be a tectonically active area, and there has been compar-

atively little deformation in the area. Diffusion is ex-



T4412 176

pected to be a more significant factor in reservoir deple-

tion in the absence of major faulting and fracturing which

could allow a more rapid loss.
The estimated f Luxe sc.t hr'ouqh the cap rock give the

minimum rate at which there must be an influx to the reser-

voir to maintain the reserves. From the reserves estimates,

the turnover times of the gas species in the reservoir were

determined, assuming the reservoirs to be in a steady state

condition, i.e., diffusional loss is balanced by influx.

Short methane and ethane turnover times require an

active gas generation and migration to exist unless the

reserves were emplaced recently, or are undergoing a precip-

itous decline. Migration of light hydrocarbons out of the

thermally mature areas of the Denver-Julesburg Basin or the

Anadarko Basin was shown to be unlikely. Rather, local

generation of gas may be occurring, as evidenced by some

high vitrinite reflectance values. The lack of agreement

between vitrinite samples may be the result of disequilibri-

um caused by a recent increase in temperature.

Rapid nitrogen turnover times and high nitrogen concen-

trations suggest an active generation and migration system

to balance diffusional losses. High nitrogen production is

believed to occur only during the last stages of catagene-

sis, and be more representative of metagenesis or incipient
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metamorphism. Temperatures in the Denver-Julesburg Basin are

insufficient for the highest stages of catagenesis or meta-

genesis, again precluding migration from the basin. Tempera-

tures within the Anadarko Basin are sufficient, but migra-

tion of nitrogen over the top of Las Animas Arch would not

be possible. Again local generation of nitrogen from under

the reservoirs is suggested, requiring metagenesis or meta-

morphism in the underlying crust.

Argon turnover times require a rapid generation and

migration mechanism. Assuming that all the argon is radio-

genic, the required concentrations of potassium were calcu-

lated. These calculations showed that argon generation in

the crust is insufficient to supply the argon flux unless

argon has been previously stored and is now being released

as a result of a temperature increase, possibly because of

partial melting in the crust or mantle.
Helium turnover times require the active generation and

migration of helium to the reservoirs to offset diffusional

losses. The helium fluxes exceed the average flux from

continental crust, sometimes by several orders of magnitude.

Mass balance requires the flux of helium from the underlying

crust to include some mantle input. The required fluxes are

characteristic of areas of crustal extension and astheno-

spheric melting rather than stable continental areas.
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Chapter 8.
CONCLUSIONS

Five natural gas components, methane, ethane, helium,

nitrogen, and argon, constitute over 90% of the composition

of natural gases from the Morrow Formation of southeast

Colorado. The association of these natural gas components in

a single natural gas implies some sort of relationship

between their origins, or at least that the conditions for

the generation of one component do not preclude the genera-

tion of another.

A limiting (or at least conservative) steady state

model for diffusion of natural gas through the reservoir cap

rock was used to determine maximum turnover times of the

natural components. These turnover times are for diffusion

alone and represent conservative estimates. The presence of

other migration mechanisms will shorten these times. The

longest turnover time calculated (10.0 million years, Left

Hand Field, ethane, 5% porosity, salt water) requires a

replacement of the natural gas component since the Late

Miocene. Many of the calculated turnover times require gas

replacement within the Pleistocene.
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Because migration of the natural gas components from

the Denver-Julesburg and Anadarko Basins does not appear

plausible, generation of the five studied gases must be

presently occurring under SE Colorado. The occurrence of

recent or ongoing partial melting in the underlying crust or

asthenosphere is suggested as a generation mechanism which

could explain the association of the five gas species.

The five states which have the highest helium concen-

trations in natural gas are Arizona (9.74%), New Mexico

(9.01%), Colorado (8.80%), Kansas (6.50%), and Utah (6.32%),

in order of highest recorded helium concentration (Tongish,

1980). Gases from the Texas-Oklahoma Panhandles (2.50% and

2.60%) and western Nebraska (2.50%) are the next highest.

All these areas are contiguous, suggesting some relationship

between them.
In Arizona, the highest helium concentrations are found

in Apache and Navajo Counties in northeast Arizona. These

gases also have high nitrogen and argon concentrations. In

one extreme case, the gas from the Spurlock No. 1 well in

Apache County is 99.2% nitrogen (Moore and Sigler, 1987). In

New Mexico, the highest helium concentrations are found in

San Juan County in the northwest corner of New Mexico. In

Utah the highest helium concentrations are found in Emory,

Grand and San Juan Counties, in the southeastern corner of
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the state. In southwestern Colorado, there are anomalous

helium concentrations, but these are not as high as in

southeastern Colorado.
The anomalous helium concentrations in natural gases

for three of the five states with the highest helium concen-

trations are centered on the Four Corners area of the Colo-

rado Plateau. The Colorado Plateau has been epeirogenically

uplifted approximately 2 kilometers during the last five

million years (Trimble, 1980) and has anomalously thick (45

km) crust (Hinze and Braille, 1988). In and adjacent to the

area, there is abundant evidence of Miocene to Holocene

volcanic activity. The San Francisco volcanic field in

Arizona with over 550 basaltic vents (Holm and Moore, 1987)

lies south and west of the anomalous helium area of Arizona.

South and East of the anomalous helium concentrations in New

Mexico are the Mount Taylor and Jemez volcanic fields (Lip-

man and Mehnert, 1975). Northeast of the area, in Colorado,

is the San Juan volcanic Field (Lipman and Mehnert, 1975).

Volcanism in the area is predominately basaltic with associ-

ated silicic rocks (Lipman and Mehnert, 1975).

The second area of anomalous helium concentration

occurs across the Rio Grande Rift on the Western Great

Plains. This area has undergone an epeirogenic uplift of

more than 1500 meters in the last five million years
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(Timble, 1908). The continental crust underlying this area

is greater than 40 kilometers thick, with the thickest crust

of the Mid-Continent (48 km) in eastern Colorado (Hinze and

Braille, 1988). The Clayton-Raton volcanic field lies in

northeastern New Mexico astride the Colorado-New Mexico

state line and nearly reaches the Oklahoma and Texas state

lines. The oldest of the three basaltic eruptive phases

occur between 7.2 and 3.2 m.y. (Stormer, 1972). The youngest

eruptive phase has been dated as recently as 4,500 years

(Baldwin and Muehlberger, 1959) with the Capulin Mountain

volcano being dated at <8000 years (Stormer, 1987). Despite

sparse heat flow data, Swanberg and Morgan (1981) identified

a major heat flow high (the "Ogallala High") which extends

from the Texas panhandle to the Canadian border along the

Great Plains.
Both areas of high helium concentrations are in areas

of recent epeirogenic uplift and nearby recent basaltic

volcanism adjacent to the Rio Grande Rift. Lipman and Meh-

nert (1975) inferred that lithospheric melting at a depth of

approximately 70 kilometers had generated the alkali-olivine

basalts adjacent to the Rio Grande Rift on both the Colorado

Plateau and High Plains.
Partial melting in the lower lithosphere appears to be

required to generate the anomalous helium and argon con-
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centrations in the natural gases of the Western Great

Plains. Furthermore, the resulting higher heat flow in the

area provides the additional heat required to accelerate

thermal catalytic cracking of hydrocarbons to generate the

methane and ethane. The origin of anomalous nitrogen concen-

trations remains more problematic.

The association of high nitrogen and high helium sug-

gests a relationship. The high nitrogen gases found in

dunites and ophiolites (Angino et ai., 1984), along the East

Pacific Rise (Angino et ai., 1984), and in the Iceland hot

springs (Arnorsson, 1986) suggest that sufficient nitrogen

is present in the lithosphere, and that partial melting

would release it. In this case then, partial melting does

explain the association of helium, nitrogen and argon along

with the lighter hydrocarbons.

An alternate explanation of the nitrogen is generation

by metamorphism of subducted sediments (Jenden et ai., 1988)

underlying the Pre-Cambrian basement. During the Missis-

sippian to Pennsylvanian collision of Laurasia and Gondwana,

the intervening oceanic crust is believed to have been

subducted under Gondwana (Wickman et ai., 1976, Krugar and

Kellar, 1986). If, instead, some portion of the subduction

occurred under Laurasia, then organic material contained

within subducted sediments could be a source of nitrogen. If
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there are subducted sediments under the Great Plains, it

would be expected that they are also present under the

Colorado Plateau. Volcanism around the Colorado Plateau and

in the Southern Rockies has been interpreted as the inner-

most expression of the interaction of the North American and

Farralon plates with the North American plate overriding the

East Pacific Rise (Lipman and Mehnert, 1975).

The problem with metamorphism of subducted sediments to

produce nitrogen is the question of why they were not meta-

morphosed until recently. Sediments from the Laurasia-Gond-

wana collision would have had to retain their nitrogen for

approximately 300 million years. Sediments from the Farralon

Plate would have had to retain their nitrogen during a 500

km and 30 million year journey under the North American

Plate, only to release them under the Colorado Plateau.

Furthermore, there is no evidence of subducted sediments,

and the Colorado Plateau has a crust typical of craton of

North America (Hinze and Braille, 1988). Nitrogen production

from subducted sediments does not appear to be the source of

the anomalous nitrogen concentrations in the natural gases

of the Great Plains and Colorado Plateau.

Because the calculated diffusive turnover times for

helium, argon, nitrogen, methane, and ethane, are conserva-

tive estimates, there must be recent and possibly ongoing



T4412 184

mechanisms or processes of generation. These mechanisms or

processes must be of a sufficient areal extent and magnitude

to account for the anomalous natural gases across a seven

state region. Furthermore, the mechanisms must account for

the association of the different gas species.

Partial melting in the upper mantle and lower crust

satisfies the above requirements. The epeirogenic uplift of

both the Western Great Plains and the Colorado Plateau occur

within the same time and space frame as basaltic volcanism.

Volcanism and epeirogenic uplift also occur within the time

and space frame necessary to generate the observed anomalous

natural gases. It is possible that they are related.

Are anomalous helium and nitrogen gases indicators of

present and future volcanism and epeirogenic uplift? If the

calculated turnover times for the gas components are within

an order of magnitude of being correct, then gas migration

out of the crust must be an ongoing, large volume event.

Helium and nitrogen could then be considered indicators of

ongoing lower crustal and pub-crustal melting events.

The absence of anomalous helium in natural gases from

California, Idaho, Nevada, and Washington (maximum helium

content <0.30%, no data for Oregon, Tongish, 1980) must be

considered. This absence may be the result of insufficient

data and/or insufficient petroleum exploration drilling.
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Certainly there is evidence of recent and continuing volca-

nism (Mt. St. Helens, 1980). However, the Cascade volcanoes

are generally of an andesite to basaltic andesite composi-

tion (Fiske et al., 1963) and result from the subduction of

the Juan de Fuca Plate under North America (Windley, 1986)

Natural gases from the Great Valley of California

(Sacramento and San Joaquin Basins) may have high nitrogen

concentrations, which Jenden et al. (1988) concluded came

from the metamorphism of subducted sediments. Jenden et al.

(1988) further concluded that nitrogen rich gases were

unrelated to the hydrocarbon rich gases in the area. Among

the natural gases considered by Jenden et al. (1988), the

range of helium concentrations was 10.6-129 ppm. The highest

helium concentration is approximately 6% of the lowest field

concentration (Beta Field, 0.22% or 2200 ppm) considered in

SE Colorado.
The magmatism and tectonism along the Casacade, Sierra

Nevada, and Coast Ranges have not produced anomalous helium-

nitrogen natural gases. The absence appears to be the result

of subduction and compressive tectonism. Subduction includes

the partial melting of a descending oceanic plate, which was

presummably degassed (or at least lost most of its helium

and argon) at the time of its formation along a mid-ocean

ridge. Compressional tectonics at the subduction zone or at
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the collision of continental masses generates the metamor-

phism, which releases the nitrogen from the sediments.

In the Colorado Plateau-Rio Grande Rift-Western Great

Plains, there is epeirogenic uplift and extensional tecton-

ics that appears to be ongoing. This results in the melting

of upper mantle material, which may contain primordial gas,

and in the melting of lower crustal material, which may hold

radioactive decay daughter products such as helium and

argon. It is suggested that anomalous helium-nitrogen natu-

ral gases are an indicator of recent and ongoing partial

melting within the lower crust and upper mantle in continen-

tal cratonic areas.
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Appendix A.
EASTERN COLORADO OIL AND GAS FIELDS

PPA Proven Productive Area CRT = Cap Rock Thickness
IFP Initial Field Pressure T = Reservoir Temperature
EHP Expected Hydrostatic Pressure
NG ~ Normal T Gradient (25 Cjkm) assuming surface T ~ 13 C (55.4F)
EPR = Estimated Primary Recovery DWP = Discovery Well Perforations

Field

Barrel Springs
Beacon
Beta
Brandon
Cavalry
Channing
Chieftain
Deer Trail
DeNova
Flank
Frontera
Goodland
Greenwood
Haswell
Hombre
Interstate
Ladder Creek
Left Hand
Longbranch
Lookout
Lowry
McClave
Nee Noshe
North Peoria
Peace Pipe
Playa
Pollen
Roundup
Salt Lake
Sidewinder
Smoky Hill
Sooner
Sorrento
Totem
Trapper
Vilas
Wagon Trail
Walsh

County

Prowers
Adams
Bent, Prowers
Kiowa
Kiowa
Prowers
Adams
Adams
Washington
Baca
Cheyenne
Sherman, Kansas
Baca
Kiowa
Adams I . Arapahoe
Morton, Kansas
Cheyenne
Kiowa
Adams
Kit Carson
Arapahoe
Kiowa, Bent
Kiowa
Arapahoe
Arapahoe
Baca
Arapahoe
Morgan
Kiowa
Arapahoe
Kit Carson
Weld
Cheyenne
Adams
Adams
Baca
Bent
Baca

Page

191
201
192
195
194
191
208
201
200
190
208
207
197
199
202
190
199
194
202
196
203
193
193
204
204
197
205
205
200
203
196
206
195
206
207
198
192
198

Formation
Morrow
"0"
Morrow
Morrow
Morrow
Morrow
IlJ"
"J"
Niobrara
Morrow
Morrow
Niobrara
Topeka
MorrowIIJII
Morrow
Spergen
Morrow
"JII
Morrow
I1J"
Morrow
Morrow
'IJII
IIJII
Topeka
IIJ"
"JII
MorrowIIJIl
Morrow
"011
Morrow
"JII
"011

Topeka
Morrow
Topeka

He

0.91
0.05
0.22
1.02
0.92
0.33
0.04
0.04
0.05
0.82
2.05
0.07
0.67
0.54
0.05
0.72
4.23
0.78
0.04
3.79
0.05
0.35
0.37
0.06
0.05
0.71
0.01
0.08
1.60
0.05
4.28
0.06
1.64
0.05
0.01
0.95
0.3
0.74

N2

30.6
3.6

12.2
12.1
13.3
9.5
2.1
3.4
3.2

15.5
59.6
2.1

22.7
6.4
5.1
13.8
50.8
12.4
2.0

67.2
0.8
8.4

10.9
4.8
2.5

26.6
1.7
5.0

20.6
2.4

70.6
4.1

36.5
3.2
1.1

34.9
17.6
26.3

187
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Flank Fieldl Baca County, T34S R42W, Morrow "B", Bayard, 1990
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

70.23
6.53
4.66
1.04
0.48
0.25
0.21

0.12

0.82

15.49
0.17

o
999

0.745

68.2
7.0
4.5
1.2
0.4
0.3
0.4
0.1
0.3

0.75
tr.
17.0
0.2

o
o

0.1
1028
0.747

PPA 1580 acres
CRT 107 feet, 32.6 meters
T = 120 F, 48.9 C NG = 48.8
IFP 1341 psi, 92.483 bars
EHP 2031 psi IFP/EHP = 0.660
EPR 7.8 MCFG, 1.7 m BO
DWP 4691-94 ft, 1.43 km

* average 2 analyses, Moore &
Sigler, 1987

BHT 117 F @ 5134'
T @ 4691 = 111.7 F, 44.3
Cap rock top @ 4584

Interstate Field, Morton County, KS, T34S R43W, Morrow trPurdy",
Sonnenberg, 1990
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

72.6
6.0
4.7
1.1
0.5
0.4
0.1
0.1
0.2

0.72
tr.

13.8
0.1

o
0.1
tr.
1050
0.725

* PPA = 3,800 acres
CRT = 50-70 feet, 15.2-21.3 meters
T = F, C NG = 45 C
IFP 1,320 psi, 91.0 bars
EHP 1,815 ps~ IFP/EHP = 0.727
EPR MCFG, 12,600,000 BO
DWP 4192-4205 feet, 1.28 km

* average 2 analyses, Moore &
Sigler, 1987

Cumulative production to 9/89
24,854,000 BO, 16,291,000 MCFG
using water-flood. Est. ultimate
recovery 25,000,000 BO.

Cap rock top @ 4122

188
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Barrel Springs Field, Prowers County, T25S R45W, Morrow "Bn, von Drehle,
1990

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

52.2
7.5
5.5
1.4
0.7
0.4
0.3
0.1
0.2

0.91
0.1

30.6
0.1

o
o
o

921
0.823

PPA = 2500 acres
CRT = 30 feet, 9.14 meters
T = F, C NG = 50.5 C
IFP 1135 psi, 78.28 bars
EHP 2127 psi IFPjEHP =
EPR 9.0 BCFG, 35,000 BO
DWP 4912-22 ft., 1.50 km
BHT 125 F @ 5523

T @ 4912 = 117.3 F, 47.4

0.534

Cap rock top @ 4882

Channing Field, Prowers County, T21,22S R46W, Morrow/ Wallace et aI,
1990a

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

73.50
10.42
3.72
0.72
0.47
0.20
0.25

0.45

0.33

9.54
0.04

1105
0.721

PPA = 1924 acres
CRT = 100 feet, 30.5 meters
T = 128 F, 53.3 C NG = 48.5 C
IFP 1029 psi, 70.97 bars
EHP 2015 psi IFPjEHP = 0.511
EPR 6.4 BCFG, 9892 BC
DWP 4654-62 ft. / 1.42 km
BHT 124 @ 5040

T @ 4654 = 118.7 F, 48.2

Est. Original Gas in Place
Cap rock top @ 4554

7.1 BCFG
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Beta Field, Prowers County, T22-23S R47-48W, Morrow, Miesse, 1982c
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

69.1
10.5
4.9
1.3
0.6
0.4
0.6

0.9

11.4
0.4

1130
0.77

71.7
9.9
3.7
0.7
0.6
0.1
0.2
tr.
0.1

0.22
tr.

12.2
0.6

o
tr.
tr.

1060
0.723

PPA = 5120 acres
CRT = 140 feet, 42.7 meters
T= F, C NG=47.8C
IFP 1100 psi, 75.9 bars
EHP 1974 psi IFP/EHP = 0.557
EPR 5.2 BCFG, BO
DWP 4558-68 ft., 1.39 km

* average 2 analyuses, Moore &
Sigler, 1987

BHT = 117 F @ 4680
T @ 4558 = 115.4 F, 46.3 C
Cap rock top @ 4418

Wagon Trail Field, Bent County, T22-238 R48-49W, Morrow, Miesse, 1982b
66.0 PPA 6000 acres
9.2 CRT 150 feet, 45.7 meters
4.3 T = F, 53.33 C NG = 48.2 C
1.1 IFP 1160 psi, 80.0 bars
0.6 EHP = 2001 psi IFP/EHP = 0.580
0.2 EPR 8.5 BCFG, BO
0.3 DWP 4621-31 ft. I 1.41 km

BHT 112 F @ 4710
0.1 T @ 4621 = 110.9 F, 43.9 C

Cap rock top @ 4471
0.3

17.6
0.2

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU 1005
Specific Gravity 0.76
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McClave Field, Kiowa County, T19-21S R48-49S, Morrow "McClave II I Miesse.
1982a

*Methane 70.3 71.45 PPA ~ 33,250 acres
Ethane 12.4 11.62 CRT ~ 130 feet, 39.6 meters
Propane 5.6 5.1 T = F, C NG = 50.0 C
N-butane 1.4 1.1 IFP 1110 psi, 76.6 bars
Isobutane 0.6 0.7 EHP = 2101 psi IFP/EHP = 0.528
N-pentane 0.4 0.2 EPR ~ 53 BCFG produced by 1990,
Isopentane 0.4 0.3 Bowen, 1990
Cyclopentane 0.1 DWP ~ 4853 ft. I 1.48 km
Hexanes (+) 0.8 0.2
Heptanes (+) * average 11 analyses, Moore &
Octanes (+) Sigler, 1987
Helium 0.348
Argon tr. BHT = 128 F @ 5911
Nitrogen 7.7 8.46 T @ 4853 = 115.0, 46.1 C
Carbon Dioxide 0.6 0.3
H,S 0 Cap rock top @ 4723
Hydrogen tr.
Oxygen tr.
BTU 1188 1161
Specific Gravity 0.77 0.743

Nee Noshe Field, Kiowa County, T19S R47W, Morrow, Wallace et aI, 199Gb
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU 1103
Specific Gravity 0.742

72.79
9.26
3.71
0.62
0.40
0.13
0.16

PPA = 1440 acres
CRT = 100 feet, 30.5 meters
T = 140 F, 60 C NG ~ 50.0 C
IFP 1059 psi, 73.0 bars
EHP = 2097 psi IFP/EHP = 0.505
EPR = 4.9 BCFG, 9245 BC
Est. Orig. Gas in Place = 5.4 BCFG
DWP ~ 4842-61 ft., 1.48 km

1.60
Cap rock top @ 4742

0.37

10.87
0.09
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Left Hand Field, Kiowa County, TIBS R47W, Morrow "Keyes", Avis, 1982
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specofic Gravity

68.7
9.7
4.3
1.3
1.0
0.6
0.2
0.1
0.4

0.78
tr.

12.4
0.6
o
tr.

o
1117

0.762

* PPA 1040 acres
CRT 260 feet, 79.2 meters
T = F, C NG = 50.8 C
IFP = 1007 psi, 64.4 bars
EHP'-=-2149 psi IFP/EHP 0.469
EPR 3.0 BCFG, BO
DWP = 4964-72 ft., 1.51 km

* analysis Moore & Sigler, 1987
Cap rock top @ 4704

Cavalry Field, Kiowa County, T18S R45W, top Morrow, Brogan, 1982
*Methane

Ethane
Propane
N-butane (+)
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

68.85
12.34
5.56
2.59

0.921
0.049
13 .26
0.428

1107
0.773

28.7
3.9
3.8
1.8
1.0
0.7
0.5
0.2
0.5

2.30
0.2

54.7
1.8

o
tr.
0.3
629

0.929

PPA = 640 acres
CRT = 10 feet, 3.0 meters
T = F, C NG = 48.1 C
IFP 986 psi, 68 bars
EHP 1995 psi IFP/EHP 0.494
EPR 7.5 BCFG, BO
DWP 4608-16 ft., 1.40 km

* Mississippian gas, average
2 analyses, Moore & Sigler,
1987

Cap rock top @ 4598
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Brandon Field, Kiowa County, TIS-19B R45W, top Morrow, Stoddard, 1982
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

65.487
12.102
5.573
1.712
0.538
0.438
0.330

0.230
0.118
0.018
1.020

12.130
0.304

1125
0.774

20.3
3.1
4.3
2.2
1.0
1.4
0.8
0.2
1.4

3.81
0.4

55.1
6.15

o
0.05

o
646

1.013

PPA = 80 acres, 1 well
CRT = 20 feet, 6.1 meters
T = F, C NG = 46.3 C
IFP est. 950 psi, 65.5 bars
EHP 1892 psi IFP/EHP = 0.502
EPR 1.7 BCFG, BO
DWP 4370 ft. est., 1.33 km

* Mississippian gas, average 4
analyses, Moore & Sigler, 1987

Cap rock top @ 4350

Sorrento Field, Cheyenne County, T13-14S R49W, Morrow, Sonnenberg et aI,
1990

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

39.·1
8.6
7.2
3.4
1.2
0.9
1.3
0.2
0.4

1.64
0.2

36.5
0.7

o
0.1
tr.
962

0.923

* PPA = 3200 acres
CRT = 100 feet, 30.5 meters
T = F, C NG = 55.5 C
IFP 1006 psi, 69.4 bars
EHP 2413 psi IFP/EHP = 0.417
EPR MCFG, BO
DWP 5572-75 ft., 1.70 km
Produced to 9/89 3.7BCFG, 7.6 mBO

* average 7 analyses, Moore &
Sigler, 1987

Cap rock top @ 5472
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Lookout Field, Kit Carson County, Tl1S R44-4SW, Morrow, Hundley-Goff,
1982

*Methane 23.40 22.6 PPA = 1280 acres
Ethane 1.67 1.8 CRT = 100 feet, 30.5 meters
Propane 1.44 1.4 T = F, C NG = 54.0
N-butane 0.89 0.8 IFP 1012 psi, 69.8 bars
Isobutane 0.39 0.3 EHP 2328 psi IFPjEHP 0.435
N-pentane 0.54 0.3 EPR 5.0 BCFG, BO
Isopentane 0.42 0.4 DWP 5376-94 ft. , 1.64 km
Cyclopentane 0.1
Hexanes (+) 1.23 0.2 * average 4 analyses, Moore &

Heptanes (+) Sigler, 1987
Octanes (+)
Helium 3.79 Cap rock top @ 5276
Argon 0.3
Nitrogen 69.37 67.2
Carbon Dioxide 0.65 0.9
H,S 0 0
Hydrogen 0.1
Oxygen tr.
BTU 444 375
Specific Gravity 0.939 0.884

Smoky Hill Field, Kit Carson County, T11S R46W, Morrow, Lange, 1982
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

19.6
1.9
1.1
0.6
0.2
0.2
0.2
tr.
0.2

PPA = 40 acres
CRT = 15 feet, 4.5 meters
T = F, C
IFP 826 psi, 57.0 bars
EHP 2372 psi IFPjEHP
EPR MCFG IPF = 6639
DWP 5477-85 ft., 1.67 km

0.348
MCFGPD

* analysis, Moore & Sigler, 1987

Cap rock top @ 5462
4.28
0.3

70.6
0.8

o
o

tr.
315

0.883
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Greenwood Topeka Trend, Baca County, T30-32S R41-45W, Topeka, Beams,
1982 Topeka Fro,Virgilian Stage, U. Penn.
Greenwood Field, T31-32S R41-41W

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

*64.7
6.2
3.4
1.0
0.5
0.3
0.2
tr.
0.1

0.67
tr.
22.7
0.2

o
tr.
tr.
934

0.748

80,000 acres total in trend
PPA = 14,080 acres est.
CRT = feet, meters
T--;;-F, C NG = 36.7 C
IFP 490 psi, 33.8 bars
EHP 1345 psi IFP/EHP = 0.364
EPR 100 BCFG in trend
DWP 3106-17 ft., 0.947 km

* average 7 analyses, Moore &
Sigler, 1987

Playa Field, T31-32S R43-44W, Greenwood Trend
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

60;4
5.4
3.8
1.1
0.5
0.2
0.2
tr.
0.2

0.71
0.1

26.6
1.0

o
o

0.1
881

0.770

PPA 9600 acres est.
CRT feet, meters
T = F, C NG = 38.3 C
IFP 427 psi, 29.4 bars
EHP 1439 psi IFP/EHP 0.297
EPR MCFG, BO
DWP 3324-3332 ft., 1.01 km

* average 2 analyses, Moore & Sigler,
1987
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Vilas Field, T30-32S R44-45W, Greenwood Trend
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

52.3
5.5
3.6
1.1
0.6
0.2
0.3
tr.
0.2

0.95
0.1

34.9
0.3

o
tr.
tr.
806

0.803

PPA = 19,200 acres est.
CRT feet, meters
T = F, C
IFP 428 psi, 29.5 bars
EHP 1406 psi IFP/EHP = 0.304
EPR MCFG, BO
DWP 3246-3312 ft., 0.989 km

* average 3 analyses, Moore & Sigler,
1987

Walsh Field, T31-32S R43-44W, Greenwood Trend
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

60.3
5.9
3.9
1.-2
0.6
0.2
0.2
0.1
0.2

0.74
0.1

26.3
0.2

o
o

tr.
907

0.772

PPA = 19,200 acres est.
CRT feet, meters
T = F, C
IFP 428 psi, 29.5 bars
EHP 1405 psi IFP/EHP = 0.304
EPR MCFG, BO
DWP 3245-3258 ft., 0.989 km

* average 5 analyses, Moore &
Sigler, 1987

196
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Ladder Creek Field, Cheyenne County, T1SS R44-45W, St. Louis, Spergen, &
Osage, Wicker & Olgaard, 1982

*Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

12.4
2.6
6.3
6.8
3.0
3.4
5.0
0.8
2.5

4.23
0.5

50.8
1.6

a
tr.
0.1

1181
1.229

PPA = 1040 acres
CRT = 30 feet, 9.1 meters
T = F, C NG = 53.3 C
IFP 884 psi, 61.0 bars
EHP 2282 psi IFP/EHP = 0.387
EPR 150,000 MCFG, 1.5 mBO
DWP 5270-5303 ft., 1.61 km

Spergen

* average 4 analyses, Spergen Fro.,
Moore & Sigler, 1987

Haswell Field, Kiowa County, T18-19S RSO-SIW, Morrow, Daniels, 1982a
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

69.1
13.3
6.-8
1.8
0.8
0.2
0.3
0.1
0.2

0.54
tr.
6.4
0.7

a
a

tr.
1229
0.771

PPA
CRT
T =
IFP
EHP
EPR
DWP

= 3000 acres est.
= 140 feet, 42.7 meters
F, C NG = 53.5 C
925 psi, 63.8 bars
2302 psi IFP/EHP =
1.0 BCFG, 400.000 BO
5316-28 ft., 1.62 km

0.402

* average 2 analysis, Moore & Sigler,
1987

EPR = 3.3 BCFG, 380,000 BO
Atoka Gas - Wiemann, 1992,

personal comm.
Cap rock top @ 5176
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Salt Lake Field, Kiowa County, T19S R5QW, Morrow, Daniels, 1982b
*Methane 60.7 PPA 720 acres

Ethane 9.3 CRT 135 feet, 41. 3 meters
Propane 4.4 T = F, C NG ~ 52.0 C
N-butane 1.3 IFP 989 psil 68.2 bars
Isobutane 0.3 EHP 2222 psi IFP/EHP = 0.445
N-pentane 0.4 EPR 0.78 BCFG, 685,000 BO **
Isopentane 0.2 DWP 5131-42 ft. I 1.56 km
Cyclopentane tr.
Hexanes (+) 0.1 * analysis, Moore & Sigler, 1987
Heptanes (+) ** Wiemann, 1992, personal carom.
Octanes (+)
Helium 1.60 Cap rock top @ 4996
Argon 0.1
Nitrogen 20.6
Carbon Dioxide 0.7
H,S 0
Hydrogen 0
Oxygen 0.1
BTU 980
Specific Gravity 0.768

DeNov& Field, Washington County, T2S R49W, Niobrara, Davis, 1982
*

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

94.5
0.8
0.4
0.2
0.1
0.1
0.1
0.1
tr.

PPA 2360 acres
CRT feet, meters
T = F, C
IFP 740 psi, bars
EHP 1225 psi IFP/EHP 0.604
EPR MCFG, BO
DWP 2830-40 ft., 0.862 km

* average 3 analyses, Moore & Sigler,
1987

0.05
tr.
3.2
0.4

o
0.2

o
1000

0.587

198
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Beacon Field, Adams County, T1.S RS7-58W, liD", GarYI 1982
*69.75 69.3 PPA = 920 acres

8.55 7.4 CRT feet, meters
8.97 9.2 T ~ F, C NG ~ 55.5 C
3.68 4.1 IFP 1492 psi, 102.9 bars
1.02 1.6 EHP 2415 psi IFP/EHP ~ 0.618
1.15 1.0 EPR 4.5 BCFG, 1.4 m BO
0.81 1.4 DWP 5578-5586 ft. I 1.70 km

0.4
1.96 0.8 * analysis, Moore & Sigler,

1987

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+ )
Octanes (+)
Helium
Argon
Nitrogen 2.57
Carbon Dioxide 1.54
H,S
Hydrogen
Oxygen
BTD 1294
Specific Gravity 0.8680

0.05
a

3.6
1.1

a
tr.
tr.

1424
0.868

Deer Trail Field, Adams County,"T2S R59-6QW, "DI1 & "Jll
, Allison, 1982a

*Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

74.7
11. 3
6.0
1.6
1.0
0.4
0.3
0.1
0.1

0.04
a

3.4
1.1

a
a

0.1
1237

0.750

PPA
CRT
T =
IFP
EHP
EPR
DWP

= 1920 acres
feet, meters

F, C NG = C
1793 psi, 123.7bars
2742 psi IFP/EHP
9.8 BCFG, 430,000 BO
6332-33 ft., km

0.654

* average 2 analyses, lIJl1 SS, Moore
& Sigler, 1987
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Hombre Field, Adams & Arapahoe Counties, T3-4S, R61-62S, IIJII S8, Dolson,
1982

Methane
Ethane
Propane
N-butane
Isohutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

*73.5
7.8
8.4
2.1
0.9
0.3
0.4
tr.
0.1

PPA = 1620 acres
CRT = feet, meters
T = F, C NG = C
IFP 1550 psi, 106.9 bars
EHP 3007 psi IFP/EHP =
EPR 3.5 BCFG, 1.17 mBO
DWP 6945-50 ft., 2.12 km

0.516

* analysis, Moore & Sigler, 1987

0.05
tr.
5.1
1.0

o
tr.
tr.
1238
0.767

Longbranch Field, Adams County, T2S R62W, I1J" SS, McIntyre, 1982a
*Methane 72.0 76.1 PPA = 3640 acres

Ethane 10.31 11.2 CRT feet, meters
Propane 9.07 6.1 T = F, C NG = 67.3 C

N-butane 2.60 1.5 IFP 2523 psi, bars
Isobutane 0.83 0.7 EHP 3076 psi IFP/EHP = 0.820
N-pentane 0.52 0.3 EPR 21.6 BCFG, 700,000 BO
Isopentane 0.33 0.3 DWP 7105-10 ft., 2.17 km
Cyclopentane 0.1
Hexanes (+) 0.17 0.2 * analysis, Moore & Sigler, 1987
Heptanes (+)
Octanes (+)
Helium 0.0317 0.04
Argon 0
Nitrogen 1.99 2.0
Carbon Dioxide 1.75 1.5
H,S 0
Hydrogen 0.0041 0
Oxygen 0
BTU 1300 1244
Specific Gravity 0.178? 0.746
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Lowry Field, Arapahoe County, T5S R64-65W, IIJI1 S8, Oberhansley, 1982
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyc10pentane
Hexanes r-:
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

60.27
18.82
10.46
2.85
1.12
0.66
0.65

0.73

0.01

0.82
3.58

1397
0.89

PPA
CRT
T =
IFP
EHP
EPR
DWP

= 880 acres
feet, meters

F, C NG = 78.5 C
2525 psi, 174.1bars
3716 psi IFP!EHP =

_ 3.3 BCFG, 1.23 mBO
8582-90 ft., 2.62 km

0.680

Sidewinder IIJII Field, Arapahoe County, T4S R62W, "J" 58 I Armstrong f 1982

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyc10pentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

75.60
12.24
4.96
1.29
0.46
0.25

0.44
0.13

0.05

2.38
2.2

1197
0.73

PPA
CRT
T =
IFP
EHP
EPR
DWP

= 640 acres
feet, meters

F, C NG = 68.3 C
2021 psi, 139.4 bars
3135 psi IFP!EHP 0.645
2.5 BCFG, 40,000 BO
7240-7251 ft., 2.21 km
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Peace Pipe "J" Field, Arapahoe County, TSS R62W, "J" 58, Armstrong, 1982
*

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+ )
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
ETU
Specific Gravity

75.4
11.4
5.6
1.6
0.7
0.4
0.4
0.1
0.3

0.05
o

2.5
1.6

o
o
o

1244
0.752

PPA = 1280 acres
CRT feet, meters
T = F, C NG = 69.1 C
IFP 1951 psi, 134.6 bars
EHP 3190 psi IFP/EHP =
EPR 2.75 ECFG, 160,000 EO
DWP 7368-78 ft., 2.24 km

* analysis, Moore & Sigler,

0.612

1987

North Peoria Field, Arapahoe County, T4S R6QW, IlJII S8, Wolff & Workman,
1982

Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+ )
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

*
71.3
10.9
6.6
1.7
1.0
0.7
0.4
0.6
1.4

0.06
o

4.8
0.6

o
o
o

1321
0.808

PPA = 1200 acres
CRT feet, meters
T = F, C NG = 61.3 C
IFP 1761 psi, 121.4 bars
EHP 2743 psi IFP/EHP =
EPR 7.0 ECFG, 850,000 EO
DWP 6335-47 ft., 1.93 km

* analysis, Moore & Sigler,

0.642

1987



T4412

Pollen Field, Arapahoe County, T4S R62W, "J" S8, Ziegler, 1982
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

57.9
15.7
13.9
4.2
1.6
0.8
1.0
0.2
0.4

0.01
tr.
1.7
2.5

o
tr.
tr.

1529
0.939

PPA = 600 acres
CRT feet, meters
T = F, C NG = C
IFP 2312 psi, 159.4 bars
EHP 3195 psi IFP/EHP = 0.724
EPR 2.2 BCFG, 337,000 BO
DWP 7379-7402 ft., 2.25 km

* analysis, Moore & Sigler, 1987

Roundup Field, Morgan County, Tl-2N R60W, "J" S8, Slecta, 1982
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

79.9
7.1
4.3
1.2
0.5
0.3
0.4
0.1
0.2

0.08
o

5.0
0.6

o
0.1
0.2

1150
0.705

PPA = 2375 acres
CRT feet, meters
T = F, C NG = 62.0 C
IFP 1800 psi, 124.1 bars
EHP 2781 psi IFP/EHP =
EPR 6.7 BCFG, 183,000 BO
DWP 6423 ft., 1.96 km

0.647

* analysis, Moore & Sigler, 1987
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Sooner Field, Weld County, T8N R58W, "D" SS, Allison, 1982b
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

74.4
9.6
7.5
1.6
0.6
0.2
0.5
0.1
0.2

0.06
o

4.1
1.1

o
0.1

o
1239
0.758

PPA = 920 acres
CRT feet, meters
T = F, C NG = C
IFP 1755 psi, 121.0 bars
EHP 2723 psi IFP/EHP =
EPR 3.1 BCFG, 250,000 BO
DWP 6288-96 ft., 1.92 km

0.644

* analysis, Moore & Sigler, 1987

Totem Field, Adams County, T2S R62W, IIJI1 58, McIntyre, 1982b
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
(+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

75.24
10.9-3
6.32
1.7

0.58
0.37
0.35

2.1
1.73

1255
0.76

74.3
11.7
6.5
1.5
0.8
0.3
0.2
0.1

1987

0.05
o

3.2
1.2
o

tr.
o

1244
0.754

PPA = 1550 acres
CRT feet, meters
T = F, C NG = 68.5 C
IFP 2288 psi, 157.8 bars
EHP 3151 psi IFP/EHP = 0.723
EPR 9.2 BCFG, 285,000 BO
DWP 7278-84 ft., 2.22 km

* analysis, Moore & Sigler, Heptanes
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Trapper Fieldl Adams County, Tl-28 R64-65W, liD It SSt Rhode, 1982
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

61.66
14 .56
12.11
4.46
1.34
0.94
0.85

PPA 1920 acres
CRT feet, meters
T = F, C NG = 73.8 C
IFP 2819 psi, 194.4bars
EHP 3448 psi IFP!EHP =
EPR BCFG, BO
DWP 7962-78 ft., 2.43 km

0.818

* analysis, Moore & Sigler, 19870.75

0.01

1.09
2.23

tr.

1475
0.9139

Goodland Field, Sherman County, Kansas, T7-8S R39-40W, Niobrara,
Jameson, 1982

*Methane 96.3 95.2 PPA = 3200 acres
Ethane 0.03 0.5 CRT feet, meters
Propane 0.28 0.1 T = F, C NG = 20.1 C
N-butane 0.01 0.1 IFP 65 psi, 4.5bars
Isobutane 0.04 0 EHP 405 psi IFP!EHP 0.161
N-pentane tr. EPR 6.0 BCFG, BO
Isopentane tr. DWP 936-50 ft. I 0.29 km
Cyclopentane 0.1
Hexanes (+) 0.1 * average 2 analyses, Moore &
Heptanes (+ ) Sigler, 1987
Octanes (+)
Helium 0.06 0.07
Argon tr.
Nitrogen 2.1 2.5
Carbon Dioxide 1.07 1.3
H,S 0
Hydrogen 0.2
Oxygen 0
BTU 985 982
Specific Gravity 0.66 0.583
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Frontera Field, Cheyenne County, T15S R41-42W, Morrow, Kozarek, 1990
Methane
Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon/Oxygen
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

31. 32
2.65
1.78
0.58
0.30
0.08
0.09

0.01

2.05
0.22

59.58
1.34

401
0.855

PPA
CRT
T =
IFP

-~HP
EPR
DWP

= 1200 acres
= 85 feet, 25.9 meters
F, C NG = 52.3 C
905 psi, 62.4bars
2233 psi IFP/EHP = 0.405
BCFG, 3.0 m BO
5156-64 ft., 1.57 km

* analysis, Moore & Sigler, 1987
3.7 BCFG? Wiemann, 1992,

personal camm.
Cap rock top @ 5112

Chieftain Field, Adams County, T28 R63W, "J" S8, Wray, 1982
*Methane

Ethane
Propane
N-butane
Isobutane
N-pentane
Isopentane
Cyclopentane
Hexanes (+)
Heptanes (+)
Octanes (+)
Helium
Argon
Nitrogen
Carbon Dioxide
H,S
Hydrogen
Oxygen
BTU
Specific Gravity

73.9
14.2
6.0
1.7
0.7
0.5
0.5
0.1
0.3

0.04
tr.
2.1
1.8

o
o

tr.
1269

0.767

PPA 6240 acres
CRT feet, meters
T = F, C NG = 70.3 C
IFP psi, bars
EHP psi IFP/EHP =
EPR 10.0 BCFG, 200,000 BO
DWP 7506-59 ft., 2.29 km

* analysis, Moore & Sigler, 1987
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Appendix B.
DETERMINATION OF URANIUM AND THORIUM CONCENTRATIONS FROM A

COMBINED RADIOACTIVE DECAY EQUATION

Radioactive decay follows the first order kinetics rate

law, which may be written as:

-dN/dt = AN (1)

where dNldt is the rate of change in concentration of N, A

is the decay constant and N is the concentration of species

N (Faure, 1986 or almost any physical chemistry text) .

Rearrangement of the equation to:

-dN/N = Adt

and integration leads to the indefinite integral:

-In N = At + C

(2 )

(3 )

where C is the constant of integration. If N

then the definite integral becomes:

-In N + ln No = At

ln (NINo) = -Xt;

NINo = e-At

N = Noe-At

No = NeAt

No at t 0,

(4)

(5 )

(6 )

(7 )

(8 )

Assuming that no product, D·, is initially present (D * = 0

at t = 0), then the amount of D* present at time t is given
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by:
No - N = D' (9 )

(10 )

(11)

which gives the amount of product at time t with respect to

the initial concentration of N. The equation may be rear-

ranged as:

No - N = D' (12)

(13 )

(14 )

NeAt - N = D *

N(eAt-l) D'

which gives the concentration of both Nand D' at time t.

Time t, used generally in kinetics, refers to a time in

the future with the present being t = o. In geological

applications, where the present is time t and t = 0 is some

time in the past, the age, T, is usually substituted for t.

Under these conditions, the present is T = 0 and N = No,

while the age is T with N NT. This change results in a

change in the integration limits and changes the solution of

the definite integral (equation (4)) to:

-lnNT + lnN 0 = -AT (15)

and equations (7) and (8) to:
(16)

(17)N N -ATo = T e
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Equations (9) or (12) become:
NT - N 0 = D 0 (18)

Substitution for NT gives:
No (e AT_1) = DO (19)

for use with the present day values of No and DO. Substitu-

tion for No in equation (18) gives:
NT(l-e -AT) = DO (20)

which can be used to determine the original amount of NT

present based on the present day value of DO.

The alpha particle (or helium nucleus) is a decay prod-

uct, and therefore a daughter product, of many radioactive

parents. However, most of these parents are parts of one of

the three large radioactive decay series which start with
232Th, 238U,or 235U.A few other parents, such as 14?Sm, exist,

but their abundances and/or decay constants are small enough

as to render them insignificant in comparison to the decay

series of Th and U.
The decay constants of 232Th,235U,and 238Uare signifi-

cantly smaller than those of any other isotope within their

respective series (Conversely, their half-lives, T1/2, where

T1/2 = (In 2) /k, are significantly longer). Under this condi-

tion, secular equilibrium may exist, a condition where the

decay constant of the initial parent effectively represents

the decay constant for the entire series (Faure, 1986). Each
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of the complete series produces several alpha particles. The

decay constants, half-lives, abundances, and number of alpha

particles produced in the decay series are listed in Table

20 (Faure, 1986).

Table 20. Decay constants and isoptope abundances

Isotope Abundance (%) A (limy) T,!2 (Ga) Alpha Particles

99.2743
0.7200

100.00

1.55125 X 10-4

9.8485 X 10-4

4.9475 X 10-5

4.468
0.7038
14.010

8
7
6

Since uranium and thorium are the primary producers of

alpha particles, the production of helium by radioactive

decay can be determined by combining the isotopes' respec-

tive decay equations into one equation when the proportion-

ate alpha production is included. Using equation (19) and

present day values for the isotopes, the equation is:
He ; 8 e38U(eAT-1)) + 7 ( 235U(eAT_1)) + 6 e32Th(e AT_1)) (21)

where k is the respective decay constants, and T is the same

age. If the age and amount of helium produced is known, and
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a Th/U ratio is either known or assumed, then the concentra-

tions of the isotopes which should be present in the rock

unit in question can be determined by the solving the equa-

tion for X:
He ; 8 (.992743X) (e'(238IT_1)+ 7 (.0072X) (e '(235IT_1)

+ 6 (X Th/U) (e'(232IT_1) (22)

where 238U; .992743X, 235U; .0072X, and 232Th ; X Th/U.

To calculate the amount of Th and U necessary to gener-

ate the helium in the natural gases of BE Colorado, the

amount of helium actually produced by the field or the

amount of helium in the total estimated potential recovery

can be used. For T, the time required for a total turnover

in the gas content of the field based on the calculated

steady state flux is used. Assuming a Th/U ratio, the

amounts of Th and U required to maintain the flux of helium

from the reservoir are calculated (see Table 13, p.162, for

Th/U ratios in rocks) .

The above calculation yields the amounts of Th and U

required in moles. To convert from moles to concentration,

the volume of rock and the density of the rock are required

to obtain the mass of rock involved. With the masses of the

Th and U, and the mass of rock containing them, the standard

concentration unit of ppm by weight can be calculated.
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