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ABSTRACT 

A Mid-Tertiary igneous intrusion into the Upper Cretaceous Mancos Shale provides 

an excellent natural laboratory to study the thermal effects of an intrusion on the 

organic geochemistry and water-rock system across a contact metamorphic profile. 

The intrusion, is believed to have established a high temperature gradient across a two 

mile long sampling profile. This study investigated the isotopic and chemical evolution 

of both kerogen and extractable organic material. Kerogen displayed a net weight 

loss of 11% due to methane generation. Kerogen showed essentially no carbon isotopic 

change. Bitumen contents decreased dramatically across the profile with a measurable 

12 1.5 per mil depletion in C for the highest temperature samples. The relatively 

unique time-temperature history of the study area, and the difference in the kinetics 

of bitumen and kerogen degradation, is believed to be responsible for the difference 

in behaviour of kerogen and bitumen. Oxygen isotope ratios of matrix calcite suggest 

that the calcite exchanged with connate water or a very small volume of meteoric 

water. The final oxygen isotopic ratio of calcite is a function of temperature and 

the water/calcite volume ratio. Finally, a thermal model involving conductive heating 

due to a subjacent extension of the White Rock pluton beneath the study area is shown 

to be capable of generating a temperature of 300°C. 
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Chapter I 

Introduction 

Geologic Setting 

The area of this study is located in west-central Colorado, approximately five 

kilometers north of the town of Crested Butte. The study area is adjacent to the 

mid-Tertiary Ruby Range igneous complex which is characterized by granodiorite plutons 

intruding Paleozoic, Mesozoic, and Tertiary strata (Figure 1). This vrork is concerned 

with low-grade contact metamorphism of sedimentary organic matter within the Upper 

Cretaceous Mancos Shale. 

The Ruby Range complex of stocks and large dikes is late Larimide, or post 

Eocene. Potassium-argon dates for many of the intrusive rocks show them to be 29 

million years old or middle-upper Oligocène (Obradovich et al. 1969). Dapples (1939) 

states that all intrusions are emplaced at shallow levels, as evidenced by zoned feldspars 

and fine-grained groundmass. Dapples also feels the smaller laccolithic bodies are not 

significant sources of heat as the silicified contact zones are narrow. 

The heating effects of these shallow level intrusions were superimposed on tlu 

heating due to sediment burial (Capers, 1974). Since this thesis will investigate the 

thermal effects on sedimentary organic matter due to an igneous intrusion, the 

temperature attained due to sediment burial prior to the intrusions and the concomitant 

evolution of the organic matter must be considered. 

Gaskill et al. (1967) describe the Mancos Shale in the area to be about 4,000 

feet thick and consisting of three members. The lower member consists of about 200 

feet of gray siliceous shale, sandy shale and fine-grained quartzitic limestone lying 

conformably above the Dakota Sandstone. The middle member known as the Fort Hays 
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limestone is less than 100 feet thick and is composed of fossiliferous limestone and 

shaley limestone. The upper member comprises the remainder of the formation. It 

is a dark gray laminated marine shale containing beds of silty sandstone, sandy limestone, 

and carbonaceous shale. This member is conformably overlain by 1,700 feet of Mesaverde 

Formation. An additional 2,500 feet of conglomeratic Lower Tertiary sandstones un- 

conformably overlie the Cretaceous rocks. 

The Mancos is predominantly of marine origin although a few nonmarine beds 

are present (Gaskill, 1967). The organic matter within the study area is primarily 

land-derived and consists mainly of landplant debris; herbaceous and coaly fragments 

are the most common (Burgess unpublished analysis 1975). However, a small percentage 

of the organic matter is amorphous and may come from marine plankton whose tests 

are visible in some thin sections (Pearson, 1975). This type of organic matter is 

lignitic in character and prone to produce relatively large quantities of gas relative 

to oil (Tissot et al. 1978 p.144). 

Capers (1974) estimated a pre-intrusive temperature of at least 120°C on 

the basis of the least-metamorphosed shales exhibiting ordered layering of mixed layered 

illite-montmorillonite. Vitrinite reflectance values of 1.2% for samples far removed 

from igneous activity also suggest temperatures in excess of 100°C (Pearson, 1975). 

The important point to be made is that for a slowly subsiding basin which attains a 

temperature in excess of 90°C, lignitic organic sediments will have entered their 

principal phase of oil generation (Tissot et al. , 1978 p.186). 

Therefore, by the time of the intrusion,,-the Mancos Shale had generated 

significant amounts of bitumen. This bitumen is released into the rock network and 

is then subject to bitumen migration and cracking. 

Previous Work 

Capers (1974) studied the contact-metamorphic effects of the Ruby Range 



3 

Figure 1. Geologic map of Crested Butte area showing location 
of Mancos Shale samples in relation to the White Rock pluton 
and Ruby Range axis. Geology mapped by Gaskill (1967) and 
Tweto (1979) . 
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intrusions. He showed that conventional hornfels-facies metamorphism occured only 

within one mile of the Ruby Range axis. However, previous organic geochemical work 

by Hamilton (1971) defined an abrupt transition from metamorphosed to nonmeta- 

morphosed rocks along a fifteen mile traverse away from the Ruby Range axis down 

the East and Slate River valleys (Figure 1). The organic geochemistry, specifically 

hydrocarbon levels, of the host rock sediments demonstrated that low-grade thermal 

effects extend about six miles from the Ruby Range axis. This anomalously wide zone 

of low-temperature metamorphism led Ferreira (1973) to propose that an underlying 

igneous mass was responsible for extending the low-grade thermal aureole to the 

southeast. Ferreira used a series of samples at the boundary of Hamilton's meta¬ 

morphosed and non-metamorphosed zones to define his "critical transition zone" (Figure 

2). 

This two mile wide "critical transition zone" was best recorded by total extract- 

able bitumen and the ratio of hydrocarbons to organic carbon (Ferreira, 1973). Total 

organic carbon values remained at a constant level of 1-2% while extractable material, 

including hydrocarbons, decreased dramatically in the direction of the presumed heating 

source (Ferreira, 1973). Baker et al. (1981), using several geochemical parameters 

such as hydrocarbon levels, kerogen elemental composition, and vitrinite reflectance, 

postulated that the White Rock pluton projects subjacently in a southwest direction 

from its outcrop area five miles to the northeast of the profile (Figure 1). The 

trends of various geochemical contours suggest that the pluton has a steep (stock-like) 

southeast margin which trends in the subsurface to the southwest underneath the 

midpoint of the profile of samples numbered CB-301 through CB-310 (Figure 2). 

Much of this study utilizes the samples of Justo Ferreira's work in 1973. The 

data obtained in that work clearly defined the "critical zone" where changes in the 

organic matter took place. His sampling array of outcrops trending northwest to 

southeast along the East River will henceforth be referred to as "the profile" (Figure 
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Figure 2. Detail map of profile localities. Samples show two-orders of magnitude 
decrease in total extractable bitumen in a northwesterly direction across Ferreira's 
(1973) "critical zone". 
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2). Ferreira's data will be discussed in detail in the following chapter. Conclusions 

which are pertinent to the present study are : from the non-metamorphosed zone to 

the metamorphosed zone: a) total extractable bitumen decreased, b) ratio of hydro¬ 

carbons/organic carbon decreased, c) ratio of resins/organic carbon decreased, d) kerogen 

color changed from light brown to black, and e) the distribution of normal paraffins 

shifted to lower molecular weights. Ferreira's extract data delineates three zones 

within the profile; metamorphosed, transitional, and nonmetamorphosed. Subsequent 

vitrinite reflectance data has shown the transition to be much more gradual (Pearson, 

1975, Burgess unpublished analysis 1975). 

Purpose of Study 

The majority of samples in the study area were collected from the upper 

member of the RIancos. Ferreira's map shows they are confined to a 100 meter 

statigraphic interval (Figure 3). This sampling minimizes inherent variation in organic 

matter. 

Previous arguments have shown that with respect to the organic geochemistry 

of these rocks, the term "incipient metamorphism" should not be used when describing 

the igneous thermal event. The process of kerogen evolution to form soluble bitumen 

was initiated during regular sedimentary burial as evidenced by 800 ppm extractable 

bitumen in samples far removed from igneous activity (Hamilton, 1971, Ferreira, 1973). 

Therefore, by the time of the igneous event, these rocks had evolved into two separate 

reservoirs of organic matter: a soluble component (bitumen) and a residual insoluble 

component (kerogen). These two resevoirs of organic matter will be studied to see 

how each evolved during burial and the superimposed igneous event. 

The first part of the study will be to augment the existing extraction data with 

13 a) pyrolysis data, b) elemental (H,C,N) analysis of kerogen, c) isotopic C data on 

kerogen and all bitumen fractions and d) vitrinite reflectance. The goal is to re-interpret 
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Figure 3. Ferreira's (1973) reconstructed columnar section of profile samples within 
the .Mancos Shale. The isotopic composition of kerogen from the upper part of the 
section is about 1 per mil lighter than kerogen from the lower third of the section. 
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the organic geochemical data with respect to more specific mechanisms by which 

kerogen evolves to bitumen and gas, and then how bitumen later behaves in the system. 

The second part of this study will deal with the nature of the fluids present in 

the system. Specifically, the temperature, origin of the fluids present, and possible 

variation in the water/rock ratio across the profile will be investigated from the 

standpoint of variation of oxygen isotopic compositions of the carbonate minerals. The 

temperature and volume of water, along with the composition of the dissolved species 

in the water, all have bearing on the solubility of organic phases present in the rocks. 

Therefore, the distribution of organic compounds could be related to the nature of the 

water system. 

Finally, in the last part of this thesis a thermal model of the intrusion will be 

proposed in which constraints are satisfied by the organic geochemical data such as 

vitrinite reflectance which is known to be a function of both time and temperature. 

The model must also be qualitatively sound with respect to the data gathered concerning 

the fluids in the system. 



Chapter H 

Extractable Organic Matter 

Introduction 

The purpose of this chapter is to re-examine Hamilton’s (1971) and Ferreira’s 

(1973) data on the soluble organic matter from Mancos Shale samples in light of 

subsequent vitrinite reflectance data. The reflectance data was collected by Superior 

Oil Company in 1974 and 1975. Vitrinite is a coal macérai group that is the dominant 

organic constituent of humic coals and is found in about 80 percent of the clays and 

sands of sedimentary basins (Hunt, 1979 p.553). Macérais in the vitrinite group include 

telinite derived from plant cell walls and collinite from the cell filling. Vitrinite 

reflectance is the percentage of incident light that is reflected from a vitrinite particle. 

Reflectance increases with increasing degree of low-grade metamorphism and is a 

common method used by the oil industry for measuring maturity of sedimentary organic 

matter (See Figure 10). 

Vitrinite reflectance of Mancos Shale kerogen provides a quantitative measure 

of sample maturity which can be used to more accurately explain changes in chemical 

composition of bitumen. Previously, Hamilton (1971) measured the bitumen composition 

as a function of distance from the contact with the Ruby Range axis. Ferreira (1973) 

simply showed his extract data as a function of distance along his "300-profile" (Figure 

5). Both workers showed a decrease in concentration of all components in the direction 

of the presumed heating source. Vitrinite reflectance data will aid in interpreting the 

previous data by providing a more absolute measure of sample maturity. 

The principal products of kerogen evolution are primarily a function of the 

thermal maturity (Tissot et al. 1978, p.148). The evolution products can be empirically 

calibrated to the vitrinite scale as Tissot et al. (1978) have done in their figure n.5.1 
(p.149) which can also be shown as in figure 10 of this thesis. The relative proportion 

of gaseous versus liquid products which are generated at a given maturation level is 

crucial in understanding the compositional changes due to thermal evolution. However, 

I will also investigate the possibility that these compositional changes are due to a 

migratory phenomenon involving movement of bitumen out of the rocks. 

12 
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Ferreira's and Hamilton's Data 

Analytical Procedure 

A great deal of the following discussion relates to Ferreira's (1973) data on 

the soluble organic material from the profile. Nine non-profile samples of Mancos 

Shale analyzed by Hamilton (1971) are also included. The non-profile samples are 

located southeast of the profile further away from of the White Rock pluton (Figure 

1). Both workers used essentially the same analytical procedure and the reader is 

referred to Ferreira for details. Their basic procedure is outlined in figure 4. 

Whole-rock samples were pulverized to particle sizes of 8 to 16 microns. A 

measured amount of powder was then loaded into a large soxhlet and re-fluxed with 

pure benzene at its boiling point for approximately 24 hours. The benzene extract 

was mildly heated to evaporate the benzene solvent. An aliquot of this extract 

(bitumen) was treated with n-pentane to precipitate the asphaltene fraction. The pentane 

soluble fraction was then subjected to alumina chromatography. Succesive elutions by 

n-pentane, pure benzene and a 90% benzene - 10% methanol solution yielded hydro¬ 

carbons, resin I and resin n fractions respectively. The hydrocarbon fraction was 

separated into alkanes and aromatics by silica-gel chromatography. The alkanes were 

eluted by iso-octane and the aromatics by benzene. Finally, the alkanes were separated 

into two classes of hydrocarbons; iso-cycloparaffins and n-paraffins by molecular sieves. 

Reproducibility of both Ferreira's and Hamilton's data are good and the reader is 

referred to their studies for details. 

Results 

Figure 5 shows the total extractable material, resins, and hydrocarbons for 

samples along the profile. Sample 301 is from the northwest part of the profile nearest 

the intrusion. It is clear that all three parameters decrease drastically in the direction 

of the presumed increasing temperature. Figure 6 shows percent vitrinite reflectance 
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Figure 4. Ferreira's (1973) flow chart for sample preparation, 
used essentially the same procedure. 

Hamilton (1971) 
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Figure 5. Ferreira's (1973) results of ppm extract,hydrocarbon, and resin for 
samples 301-7. Samples are plotted in order of increasing distance from the 
Ruby Range axis. See figure 1 for sample localities. Tabulation of data appears 
in Table I of appendix. 
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in oil, R %, across the profile. Note the excellent inverse correlation between R o o 
and extractable organic matter (Figures 5 and 6). 

Figures 7 through 9 show Hamilton's and Ferreira’s extract, resin, and asphaltene 

data as a function of RQ. Note that for these graphs, the ordinate values of ppm are 

normalized to percent organic carbon in the whole rock. This eliminates differences 

due to the amount of organic matter originally present at each locality. Each parameter 

displays greater than two orders of magnitude decrease across the profile. 

Discussion of Data 

The data can be interpreted as defining a broad "destruction envelope" with 

increasing maturity. The term "destruction envelope" needs further clarification. It 

is used here to denote that portion of the hydrocarbon-generation curve (Figure 10) 

known as the wet-gas zone and dry-gas zone. This is also the boundary between 

catagenesis and metagenesis where liquid hydrocarbons (oil) are cracked to gas. Cata¬ 

genesis is defined as the principal zone of oil formation. Late stage catagenesis 

includes the zone of gas formation where "wet-gas" is generated in large amounts 

through cracking. Vitrinite reflectance varies from 0.5 to approximately 2. Metagenesis 

is characterized by some additional generation of methane from kerogen; the bitumen 

previously generated is also cracked and converted to gas. However, Tissot and Welte 

(1978) state that most primary migration (defined as the movement of bitumen out 

of fine grained source rock) occurs at approximately the depth range for bitumen 

generation. But how much delay is there between generation and migration? When 

the total bitumen content of a shale begins to decrease, is it a destructive phenomenon 

or a migratory phenomenon?' 
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Figure 6. Histogram of vitrinite reflectance for samples 301 through 7. Reflectance 
values determined by Superior Oil Co. Data tabulated in Table I of appendix. 
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Figure 7. Ppm extract/% organic carbon versus vitrinite reflectance (R ) for 
Ferreira’s profile and Hamilton's non-profile samples. Extract data collected 
by Ferreira and Hamilton. Vitrinite reflectance determined by Superior Oil Co. 



E
X

T
R

A
C

T
 

P
P

M
/%

O
R

G
 

C
 

22 

FIGURE 7 ANON-PROFILE 

• PROF I LE 

1   
0.5 

   .- . ». 
2 3 4 

0 



Figure 8. Ppm resins/% organic carbon (Ferreira 1973) versus R 
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Figure 9. Ppm ashaltenes/%organic carbon (Ferreira 1973) versus RQ for profile 
samples. 
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Figure 10. Schematic plot showing total hydrocarbons generated as a function 
of increasing depth. Approximate vitrinite reflectance values are also shown. 

Modified from Tissot et al. 1978 pages 148 and 170. 
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Migration versus Cracking 

Waples (1981, p.53) believes that migration is somewhat delayed or begins 

somewhat after bitumen generation and continues into the gas generation and bitumen 

cracking zone (Figure 11). Therefore, both thermal cracking and primary migration 

could have acted simultaneously in those samples with vitrinite reflectances less than 

Rq=2 (late catagenesis). For those samples with RQ greater than 2 (metagenesis), 

cracking probably dominated. Figure 7 shows an order of magnitude decrease in the 

amount of extract per gram of whole rock organic carbon between RQ values of 2.0 

and 3.0. Bitumen expulsion is usually considered to be far too inefficient, less than 

10% according to Hunt (1977), to account for all of the observed decrease. 

For the least metamorphosed samples with RQ values from 1.3 to 2.0, an 

ambiguity arises from the fact that the measured phenomenon of loss of bitumen 

towards the intrusion, could be the result of two separate or combined processes; 

in-situ thermal cracking of bitumen and/or primary migration of bitumen. The products 

of each process have been removed from the system with only the residue remaining. 

A residue can only be interpreted if the composition of the previous material is known. 

The remainder of this chapter will examine the evidence for both migration and 

cracking. 

Primary Migration 

A detailed discussion of primary migration is beyond the scope of this paper. 

The overall process is not well understood. All of the proposed mechanisms explain 

some of the observed features while none are totally applicable. Most workers agree 

that there is no single mechanism for the migration of bitumen and that several 

different mechanisms may operate at different times and at various stages of generation. 
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Figure 11. (Taken from Waples 1981, p.53.) Total bitumen present as a function of 
increasing depth. The figure shows the concept of migration beginning somewhat after 
the main phase of bitumen generation and continuing into the bitumen cracking zone. 
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FIGURE 11 

TOTAL BITUMEN PRESENT 
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Barker (1979, p.63) has reviewed some of the more reasonable suggestions: 

True Solution 

Despite the very low solubility of hydrocarbons in water, a solution mechanism 

is possible if sufficient quantities of water are available. In general, aromatics are 

the most soluble, cyclic hydrocarbons are intermediate and normal alkanes the least 

soluble. If migration occurs in aqueous solution, the source rock should be enriched 

in the least soluble components. However, an enrichment can only be determined 

relative to the original composition which is normally not known. 

Despite the fact that hydrocarbon solubilities increase exponentially with temper¬ 

ature, extremely large volumes of water are required to accumulate hydrocarbons in 

resevoirs at 100°C (Price, 1976). Price suggested that migration might occur at 

temperatures as high as 200°C. However, aside from the volumetric considerations, 

the distribution of hydrocarbons in petroleum is very much different than what would 

be expected on the basis of water solubility. Specifically, light aromatics are depleted 

in petroleum relative to bitumen. 

Enhanced Solubiltv 

Enhanced solubility evokes movement of organic species more soluble than simple 

hydrocarbons. Moving water is still required but in smaller amounts. Enhanced solubility 

could arise from suspension of minute colloidal particles (0.1 to O.OOlmicrons in 

diameter). Polar organic molecules may form colloidal aggregates called "micelles" 

with hydrophilic polar perimeters and hydrophobic centers. However, the size of some 

micelles approach 5,000 angstroms and pore sizes for shales at depths of 2,000 meters 

are only 50 angstroms (Waples, 1981). 

Separate Oil Phase 

This mechanism involves the formation of dicrete droplets of crude oil forming 

in the pore spaces. As water is expelled, the oil droplets moves with it. This 

mechanism can only operate when pore diameters exceed droplet diameters. However, 
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an oil droplet can squeeze through a small pore if an isolated volume is overpressured 

by aquathermal expansion. Momper (1978) suggested that over pressuring could also 

be aided by the generation of methane from kerogen maturation. 

This discussion of migration mechanisms implies that the movement of hydro¬ 

carbons out of fine-grained rocks will involve interaction between bitumen, rock matrix, 

and water. The history of water movement in the profile is probably complex. Water 

was released continuously during compaction but at a decreasing rate with depth. By 

the maximum burial of 8,000 feet, compaction water was probably minimal. Burst 

(1969) argued that the water released from montmorillonite during conversion to illite 

occurred during the principal zone of oil generation in Gulf Coast wells. Capers (1974) 

showed the progressive dehydration of montmorillonite across the profile. Samples 

301, 302, and 303 showed complete dehydration. Burst (1969) argued that the water 

released caused overpressuring within the source rocks and with the water serving as 

a migrational medium, flushed bitumen out of the rock. Magara (1975) disputes the 

ability of montmorillonite to generate abnormal pressures since the bound water is of 

lower density than the free water. Furthermore, clay dehydration is gradual and occurs 

over a wide depth interval in wells (Tissot, 1978, p.289). However, clay dehydration 

could provide a source of water during the more rapid contact metamorphism due to 

the intrusion and should be considered. 

One final source of water that could have affected the movement of bitumen 

in the profile would be water associated with the igneous activity. It is possible that 

connate or meteoric water in a convective system driven by any of the igneous bodies, 

could interact with bitumen. Taylor (1974, 1978) has demonstrated that gigantic 

meteoric-hydrothermal convective circulation systems exist near batholithic bodies. 

Specifically, he demonstrated interaction between ground water and igneous bodies in 

the San Juan volcanic field in southwestern Colorado (1974). The hydrodynamics of 

these proposed convection cells are of course exceedingly complex. The temperature 
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and timing of cells will also be crucial to any effects on the organic geochemistry. 

The nature of fluids present in the profile during the igneous events will be discussed 

in greater detail in the chapter dealing with oxygen isotopic data. 

Evidence for Migrational Effects in Profile Samples 

The previous discussion of migration mechanisms and behavior of water in the 

profile was intended to help recognize if the extent or manner of migration varied 

across the 300-profile. Figure 12 shows Hamilton’s and Ferreira’s data of the bitumen 

composition of profile and less mature non-profile Mancos samples. The profile samples 

are generally uniform with respect to aromatic, alkane and NSO’s (nitrogen, oxygen, 

or sulfur bearing compounds). Figure 13 shows the generalized fields for both groups 

of samples along with typical crude oil compositions. The profile bitumen is clearly 

enriched in NSO compounds (resins and asphaltenes) relative to non-profile bitumen. 

Deroo (1976) examined the distribution of aromatic, saturates and NSO compounds 

in Jurassic crude oils and source rock extracts from the Parentis basin, France. The 

oils showed greatest enrichment of saturates and an intermediate enrichment of 

aromatics. The oils were highly depleted in NSO's. This enrichment sequence is 

exactly the opposite of the aqueous solubilities. 

Tissot and Pelet (1971) believe the movement of petroleum compounds from 

source rock to reservoir rock is apparently controlled largely by adsorption and desorption 

phenomena along the migration path. Normal paraffins are adsorbed less strongly than 

aromatics or NSO’s by both organic matter and mineral surfaces and will therefore 

display preferential release from source rocks. The adsorbtive process involves inter¬ 

action of polar oxygen containing compounds with clay surfaces (Barker, p. 78, 1979). 

Figure 13 can be interpreted from the standpoint of adsorbtion of polar groups 

by source rocks during migration. If we assume profile bitumen had a similar composition 

to the less mature non-profile bitumen prior to migration, as saturates and aromatics 



Figure 12. Plot of bitumen composition of profile (Ferreira 1973) and non-profile 
(Hamilton 1971) samples. Data tabulates in Appendix Table I. 





Figure 13. Bitumen composition of profile and non-profile samples (Fig.12) 
with the addition of typical crude oil composition (Hunt 1979). 



F
IG

U
R

E
 

1
3

 

38 

S
A

T
U

R
A

T
E

S
 
N

S
O

'
S

 



39 

preferentially migrated, the residue would be enriched in NSO's (thereby driving those 

samples toward the NSO corner of figure 13). A closer look at figure 12 reveals that 

this effect is not clearly seen within the profile samples themselves. The least mature 

samples 307, 310, 7, and 308 are quite similar to samples 301, 303, and 304. 

Therefore, it seems that as a group, the profile samples may have experiencéd 

more migration than the less mature non-profile samples. However, it is possible that 

the thermal alteration encountered in the profile was severe enough to initiate 

destructive cracking reactions (Figure 11). This cracking process obliterated any 

migrational effects that may have previously been present across the entire profile. 

Evidence For Cracking Effects in Profile Samples 

Kerogen catagenesis involves cracking reactions where large kerogen molecules 

decompose thermally to yield smaller molecules of bitumen. As temperature increases, 

the bitumen will crack into progressively smaller molecules culminating in the formation 

of methane only during metagenesis (Figure 10). Thermal cracking of bitumen certainly 

seems to be a plausible explanation for the loss of bitumen in the profile (Figure 7). 

A similar effect was seen by Tissot et al. (1975) who investigated hydrocarbon and 

nonhydrocarbon occurrences in the Douala Basin (Cretaceous) to depths of 4,000 meters. 

The kerogen (type III) is gas prone and is therefore similar to the Mancos kerogen. 

Hydrocarbon values reached a maximum at 2,100 meters. At greater depths, both 

bitumen and hydrocarbon values decreased progressively to very low values. These 

workers attributed the disappearance of liquid hydrocarbons and other petroleum 

constituents to the cracking process which produces low molecular weight hydrocarbons 

(methane) and a carbon residue. 

Is there any direct evidence of thermal cracking in the profile? Ferreira (1973) 

used gas chromatography to separate and analyze the n-paraffins. Not only did the 

absolute amount of n-paraffins decrease toward the pluton, their distribution shifted 
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to lower molecular weights with increasing thermal maturation. When molecules become 

shorter than 15 carbon atoms long, they are not detected by C.^+ extraction methods. 

The four chromatographic fractions discussed in this paper, saturates, aromatics, 

resins, and asphaltenes are present in different proportions in different bitumen. Wap les 

(1981) claims some of these differences are the result of differing source materials 

while some are due to catagenesis. During catagenesis, the relative amounts of 

saturates and aromatics should increase with thermal maturity. Pearson (1981), 

studying experimental simulation of thermal maturation in sedimentary organic matter, 

found that with increasing maturity the relative amounts of polar fractions decreased. 

This decrease was first followed by an increase in the relative amounts of aromatics 

and then an increase in saturated hydrocarbons. He concluded that the more polar 

fractions break down into aromatics and then to saturates. 

This effect is not seen for profile samples. The profile samples of figure 12 

show no clear enrichment of saturates and aromatics with increasing maturity. However, 

when the alkanes are separated into their normal and iso-cyclic fractions, a small 

increase in isocyclics is seen for the high temperature samples 301, 302, and 303 

(Figure 14). Note that sample 306 is apparently anomalous, which may be due to a 

very low measured saturate to aromatic ratio. 

Figure 15 shows the simple ratio of iso-cycloparaffins to normal paraffins as a 

function of distance along the profile. Hamilton (1971) saw the same effect of 

increasing amounts of iso-cycloparaffins with increasing maturity. Snowdon (1979) 

attributes this phenomenon to two competitve reaction mechanisms. Catalysts can 

increase the rate of reaction by providing alternate pathways with lower activation 

energies. Many mineral surfaces seem to have some catalytic effect during catagenesis 

(Shimoyama and Johns, 1972). Catalytic, effects are probably not uniform in all 

sediments. Snowdon (1979) proposes that thermal cracking of bitumen is controlled by 
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Figure 14. Hydrocarbon composition of profile samples showing slight enrichment 
in iso-cyclic alkanes for the most mature samples 301, 302, and 303. See text 
for further explanation. 
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Figure 15. Ratio of iso-cycloparaffins to normal paraffins for profile samples. Samples 
are plotted in order of increasing distance from the Ruby Range axis. See text for 
explanation. 
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two competitive reaction mechanisms which dominate during different temperature 

regimes. Specifically, a free-radical mechanism which gives rise to straight chain 

products, would be rate controlling (i.e., faster) at lower temperatures. Carbonium 

ion reactions are acid catalyzed and tend to yield branched products. The increased 

ionization of water at increased temperatures, or interlayer clay cations may provide 

adequate catalysis for this mechanism to be operative at higher temperature (samples 

301, 302, and 303). 

Summary 

The loss of bitumen with increasing maturation has been considered from the 

standpoint of migration and in-situ destruction. Due to the low efficiency of primary 

migration it is felt that the organic geochemical composition of the profile samples 

is dominated by cracking. However, the profile samples as a group may have experienced 

a higher efficiency of primary migration than nonprofile Mancos samples. Very little 

can be said about the mechanism of cracking although methane is probably the major 

product and a possible catalytic effect can be proposed for high temperature samples. 

The following two sections on elemental analysis, of kerogen and carbon isotopic data 

on kerogen and bitumen will deal more directly with the degradation process. 



Chapter ni 

Pyrolysis 

Pyrolysis involves the programmed heating of kerogen or whole rock sample in 

the absence of oxygen to yield hydrocarbons. High-temperature pyrolysis cracks both 

the kerogen and the hydrocarbon products to yield gases and low-molecular weight 

hydrocarbons. Low-temperature pyrolysis combined with flame ionization detection 

enables characterization of the type of organic matter as well as maturity of the 

organic matter (Hunt, 1979 p.455). 

Analytical Procedure 

A total of 22 Mancos Shale samples were analyzed by Gulf Research and 

Development Company . A Geocom Rock-Eval II pyrolysis unit was used and results 

were calibrated versus the Institute Français Petroleum (IFP) standard. A typical 

pyrogram consists of three distinct peaks labeled S^Sg, and Sg. The entire first peak 

is generally considered to be directly proportional to the concentration of extractable 

(^15+ (Hunt, 1979 p.457). S2, the second hydrocarbon peak, is produced mainly from 

pyrolysis of the solid organic matter (kerogen) when the rock is heated from 250°C 

to 550°C at 25°C per minute. Two events actually happen during this temperature 

interval. The first is the thermal decomposition of kerogen. The second event is the 

Og present in the sample combining with carbon present to form C02. The C02 is 

trapped until the temperature reaches 390°C. Above 390°C, additinal CC>2 is formed 

from the decomposition of carbonate minerals. This C02 is not representative of 

additional organic carbon or 02 in the rock. During the continued temperature rise to 

550°C, kerogen decomposition continues. The peak evolution temperature (T^AX) of 

the S2 curve occurs at progressively higher temperatures as the maturity of samples 

increase (Hunt, 1979 p.459). As the kerogen in the rock matures, higher temperatures 

(higher activation energies) are required to yield hydrocarbons (See figure 17). By the 
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time temperature has reached 550°C, all hydrocarbons have been released from the 

kerogen leaving a relatively pure carbon residue (Hunt, 1979 p.455-464). 

Sj represents the total C02 collected during the pyrolysis of organic matter. 

It gives the 02 quantity of the sample with humic (type III) kerogen showing greater 

Og content than sapropelic (type Ü) kerogen. 

Rock-Eval pyrolysis results typically report genetic potential (S^ + S2), hydrogen 

index (S2 divided by organic carbon in milligrams of hydrocarbon per gram organic 

carbon), oxygen index (S^ divided by organic carbon), transformation ratio (S^/S^ +S2) 

and Tjyj^in °C. However, the technique was developed for use on source rocks in 

the vicinity of their oil generation stage. We have already seen that the Mancos 

Shale samples are within the oil destructive/gas generation phase. Therefore, for highly 

mature samples the Sj ,S2 ,and Sg peaks are too small to be interpreted in the 

customary quantitative manner. Qualitatively, however, various trends are discernable 

and will be discussed. 

Before discussing results, a mention of analytical problems is in order. Oxidation 

prior to deposition is particularly common in type III organic matter. The corresponding 

kerogen displays particularly low S2 values. This effect has also been noted in 

outcropping rocks (Geocom correspondence, 1981). Heavy oil and bitumen may confuse 

the distinction between and S2 hydrocarbons. 

Mineral matrix has been shown by Espitalie et al. (1980) to have a dramatic 

effect on pyrolysis products. Specifically it was shown that hydrocarbon retention 

pyrolysis was directly related to clay content. There was a preferential retention of 

heavy hydrocarbons on mineral surfaces with argillaceous minerals being highly active 

and carbonate minerals displaying weak activity. The Mancos Shale samples are 

generally uniform with respect to clay content. There is a progressive dehydration of 

montmorillonite towards the intrusion (Capers, 1974). Carbonate contents also increase 

from about 1.5% mineral carbon to 6% mineral carbon (Ferreira, 1973). 
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TMAX fluctuations can be due to the matrix retention phenomena just mentioned. 

Also, heavy bitumen fractions such as asphaltenes will often appear as a shoulder on 

the S2 peak lowering the TMAX (Clementz, 1979). The reproducibility of TMAX of 

any given sample is usually 1-3°C (Geocom Correspondence, 1981). 

Results 

Representative pyrograms for profile samples and some of the less mature 

non-profile samples appear in Figure 16. In general, the non-profile and least mature 

profile samples show all three peaks. Samples 305, 306, and 309 display only Sj and 

Sg. The most mature samples, 301 through 304 show no peaks whatsoever. On this 

basis four zones can be defined: 

Zone I Sj and S2 absent 

Zone n present, S2 absent 

Zone III Sj and S2 present S2 minor 

Zone IV S: and S2 present S2 major 

Figure 16 shows representative pyrograms for each of these zones. The specific 

samples shown are 301, 309, 205, and 20 respectively for zones I through IV. The 

following table summarizes the four zones with respect to total extract, Rq, and E/C 

atomic ratio of kerogen. 

Zone Peaks Extract ppm Rn H/C at. 
Temp. 
Inc. IV S^+S2 present 1000 3.6-0.7 1 

III Sl+S2 (m^-nor) 300-800 1.3-1.8 0.6-1.0 

II pres., S2 abs. 30-800 2-3 0.4-0.6 

I S1,S2 absent 5-30 3+ 0.2-0.4 
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Figure 16. Representative pyrograms for each of the four pyrolysis zones. 

Samples 301, 309, 205, and 20 (From NW to SE) are shown. All peaks diminish 
in size toward the northwest as maturity increases. 
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It can be seen that the threshold for detection of Sj seems to be 30 ppm extract 

and RQ values less than 3. At those levels, the hydrogen content of bitumen is still 

high enough to generate pyrolytic hydrocarbons during pyrolysis. S2 is onl'’ present 

in those samples with RQ less than 1.8 and H/C atomic ratios of kerogen greater than 

0.6. The fact that RQ and the H/C atomic ratio continue to change from zone n to 

zone I suggests that kerogen continued to degrade and was not completely exhausted 

of producing hydrocarbons. Note that the pyrolysis results would suggest that by the 

time zone II was reached, S2 was absent and therefore unable to yield further products 

with increasing maturation. 

Figures 17 and 18 show T^AX as a function of RQ and H/C atomic ratio of 

kerogen. Recall the TMAX is the temperature at which the maximum amount of 

hydrocarbons are released during kerogen pyrolysis. This shift to higher temperature 

for the maximum generation as maturation increases is a well documented effect (Hunt, 

1979 p.456, 462). As kerogen in a rock matures, higher temperatures are required to 

generate new hydrocarbons. 

Discussion 

According to Hunt (1979, p455), when a suite of samples ranging in maturity 

from pre-oil generation to post-oil generation are pyrolyzed, the following occurs. The 

shallow samples which have not yet entered the oil generating phase will show a small 

Sj and a large S2 due to the high potential for generation of that kerogen. The Sj 

increases with depth when the oil window is reached. Since the kerogen will have 

generated these hydrocarbons, it will have decreased generative capability when 

pyrolyzed and therefore the S2 peaks will become smaller. In other words, Sj grows 

at the expense of S2 with increasing depth. This behaviour occurs in samples that 

were subjected to slow sedimentary burial through time. 

As such, this discussion is probably applicable to the pre-intrusive history of the 



Figure 17. Temperature of the maximum of S2 peak (T_ ) is plotted versus 
Rq. With increasing maturity (as measured by RQ) the T^^valiie increases. 
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Figure 18. Tmax vs. kerogen H/C Tmax is shown to increase as H/C decreases. 
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Mancos Shale. During the intrusive phase, geothermal gradients and rates of heating 

were most certainly greater. In the previous section of this thesis it was shown that 

bitumen cracking was probably initiated by the igneous event. What are the effects 

of this "flash fry" on the pyrolysis results? As the kerogen continues to degrade Sg 

will decrease in size. As bitumen cracking takes place the Sj peaks will also diminish. 

The question now becomes, which process is faster? The pyrolysis data indicate that 

the S2 peak is eliminated (zone n) before the peak is eliminated (zone I). This 

can possibly be explained by the fact that the bitumen is more enriched in hydrogen 

relative to kerogen. Therefore, a given weight of bitumen is able to yield more 

pyrolyzable hydrocarbons than the same weight of kerogen. 

It appears that for samples less mature than sample #304, bitumen cracking 

proceeded at a slower rate than kerogen cracking. (It will be shown later that this 

effect may be reversed at higher temperatures). Not only did bitumen fail to crack, 

it also failed to migrate. At least two conditions can be thought of to explain 

retarded migration. The first one was proposed by Barker (1974). It involved the 

formation of isolated microreservoirs during compaction and rearrangement of clay 

particles. Bitumen could conceivably be trapped within these microresevoirs and fail 

to migrate with other bitumen during the main phase of migration. Another viable 

means of decreasing migration rate deals with Espitalie’s (1980) idea of retention of 

heavy bitumen by matrix. Clays, especially illite, were shown to be the most retentive. 

Either of these two methods provides a possible (yet difficult to prove) explanation 

why bitumen (S^) is more stable within the rock framework than kerogen at least for 

the lower temperature samples in the profile. Alternatively, an entirely different 

situation could also account for peaks in rocks where the kerogen generative 

capability is exhausted. Re-distribution of bitumen in source beds can obliterate 

oil-source rock correlation when based only on source rock bitumen while neglecting 

the kerogen (Tissot et al. 1979 p.474). Isotopic type curve studies of bitumen and 
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kerogen (Chapter V) suggest that at least for samples 301 and 304, the bitumen may 

be non-indigenous to the kerogen in those rocks. This bitumen would have had to 

move into the present site after all the previous indigenous bitumen was either destroyed 

or migrated. This method suffers from the standpoint of envisioning how such a 

later-stage migration would have been driven. However, convective waters provide at 

least an ad hoc explanation. It should also be noted that samples 306 and 309 which 

are characterized by an without an S2 display an isotopic type curve whereby 

bitumen and kerogen are compatable. 

Summary 

On the basis of pyrolysis, four zones with respect to distance from the intrusion 

can be defined. A progressive decrease of both and Sg peaks occurs with increasing 

maturity. Zone II is characterized by Sj peaks persisting at higher temperatures than 

S2 (kerogen) peaks. A kinetic model involving more rapid release of hydrocarbons 

from kerogen than destruction of bitumen is favored to explain the phenomenon. 

However, the possibility of non-indigenous bitumen can not be ruled out. 



Chapter IV 

Elemental Composition of Kerogen 

Introduction 

This section will deal with the structural and chemical changes in kerogen that 

take place during catagenesis and metagenesis. Kerogen samples from the 300-profile 

were analyzed for hydrogen, carbon, and nitrogen. The kerogen from samples 19, 20, 

41, and the 200 series southeast of the profile were analyzed by Geochem Laboratories. 

Figure 19 shows the generalized evolution paths of the three major types of 

organic matter with respect to elemental ratios of hydrogen, oxygen and carbon. The 

kerogen from the study area is generally derived from woody plants from terrestrial 

sources (type Hi) (Jack Burgess personal correspondence). The lignin of woody plants 

decomposes to form phenols. Large amounts of phenolic groups combine during the 

condensation stage of kerogen formation. As temperature increases, stacking of these 

groups leads to ever increasing aromatization of the kerogen (Barker, 1979). It should 

be mentioned that vitrinite consists largely of woody and cellulosic debris and will 

also follow a type III evolution path. 

The principal products of kerogen evolution during catagenesis and metagenesis 

are oil and gas respectively (Figure 19). The hydrogen to carbon ratio is mainly 

controlled by CH4 generation (Sackett, 1978). During the early stages of catagenesis, 

nitrogen is released from kerogen in large heteroatomic molecules like asphaltenes and 

resins. Later in the catagenetie and metagenetic processes, nitrogen is probably 

released in the form of NH^ which is subsequently converted to Nj (Hunt, 1979 p.164). 

Results 

H, C, and N data appear in table I of the appendix. The atomic ratio of H/C 
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Figure 19. Evolution paths and products of the principal types of kerogen. 
The evolution of kerogen composition with increasing temperature is marked 
by an arrow along each path. Type I includes algal kerogen, type II includes 
typical marine autocthonous organic matter. Type III corresponds to gas source 
rocks usually derived from terrestrial sources. Principal products of kerogen 
evolution are C09-H„0, oil, and gas. (Taken from Tissot and Welte, 1978 p. 
149). L L 
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is plotted for the profile samples in figure 20. This same ratio versus RQ is shown 

in figure 21. The weight percent nitrogen in kerogen is plotted versus RQ in figure 

22. Once again an excellent correlation exists between the data. The atomic 

ratio of nitrogen to carbon is plotted versus RQ in figure 23. Nitrogen is seen to be 

a very minor constituent in kerogen. Atomic N/C ratios decrease from 0.0170 to 

0.0108 across the profile. This corresponds to a 36% decrease in the ratio. The H/C 

ratio decreased by 45% over the same interval. Figure 24 shows the atomic H/C 
3 

plotted against atomic N/C x 10 . This corresponds to an average loss of 70 hydrogen 

atoms per loss of 1 nitrogen atom across the profile. However, more data are needed 

to determine if this average relative rate loss is constant throughout metamorphism. 

Discussion 

If H/C and N/C are thought of as two separate first-order kinetic systems, 

the relative rate loss of each ratio is a function of the activation energy for hydrogen 

and nitrogen release. If activation enegies and rate constants are similar, the relative 

rate loss will be uniform. However, if activation energies are different, large differences 

in the relative rates of elemental loss would be expected. 

As far as carbon is concerned, Pearson (1975) noted that for Mancos samples 

in the area, the total abundance of organic carbon increased with maturity. This 

general effect is not clearly seen in the profile samples (Appendix table I) probably 

due to inherent differences in total carbon. Pearson suggested that increased clay 

dehydration and devolatization of oxygen and hydrogen from organic matter resulted 

in the increased whole rock organic carbon with maturity. 

The kerogen structure consists of polycondensed nuclei bearing alkyl chains and 

functions with the nuclei linked by heteroatomic bonds (Tissot et al. 1974). As burial 

and temperature increase, the heteroatomic bonds are broken successively starting with 

labile carbonyl and carboxyl groups. Their release from kerogen is roughly in order 



Figure 20. M/C kerogen for profile samples. Sample 7 is furthest from the 
intrusion. 
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Figure 21. H/C kerogen vs. R . This figure shows the loss of hydrogen relative to 
carbon as maturity (R ) increases. 
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Figure 22. Weight percent nitrogen in kcrogen as a function of vitrinite reflectance. 
Nitrogen weight loss is very smooth over the reflectance range 0.7% to 4.3%. 
This suggests that the initial kerogen was similar with respect to nitrogen content. 
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Kerogen N/C x 10 vs. Rq. 
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3 
Figure 24. H/C vs. N/C x 10 . Both ratios decrease with increasing maturity. 
The N/C ratio decreased by 36% across the profile while the H/C ratio decreased 
by 45% over the same interval. 
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of ascending rupture energy. During this early phase of kerogen degradation, the 

heteroatoms are removed as COj and F^O (Figure 19). Infrared analysis has shown 

that this first step involves loss of C=0 (Tissot et al., 1974). The loss of these small 

molecules leads to cyclization and aromatization of the residual kerogen structure. 

As temperature continues to increase, hydrocarbon structures and particularly 

aliphatic groups are freed during the principal phase of oil formation. In figure 19, 

this stage of evolution corresponds to a greater decrease of the H/C ratio relative to 

the decrease in the O/C ratio. Infrared analysis shows that this step of hydrocarbon 

generation is accompanied by the loss of aliphatic functions (Tissot et al. 1974). 

The extract data from profile samples has already shown that those samples 

experienced bitumen cracking due to the thermal effects of the White Rock pluton. 

The reflectances of the kerogen are at least 1.3% or more, which suggests that the 

samples were entering the gas-generation stage (Figure 10). This is the beginning of 

metagenesis as Rc exceeds 2.0. During metagenesis a major re-arrangement of the 

aromatic nuclei occurs. The stacks of aromatic layers begin to cluster with a preferred 

orientation which gives rise to the vitrinite beginning to become anisotropic. These 

data point to a progressive development of a higher degree of ordering by increasing 

polycondensation and a more regular spacing (Tissot and Welte, 1978 p.154). 

Philippi (1975) found that only small amounts of C^-C^ hydrocarbons are generated 

during the early stages of catagenesis because their formation requires the cleavage 

of high energy C-C bonds. But temperatures attained in late stage catagenesis and 

metagenesis permit generous amounts of gas to be generated from both kerogen and 

bitumen. This phenomonon can be explained by consideration of bond dissociation 

energies. Barker (1978) states that it is more difficult to split off a Cj, C2, or Cj 

group than a longer one. 

The decrease in the H/C ratio (Figure 21) is most likely due to methane 

generation. During metagenesis (RQ> 2) Waples (1981) feels that cleavage of methyl 
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groups from kerogen is nearly the only possible reaction remaining. This cleavage will 

generate two very reactive carbon free radicals. The kerogen's free radical can be 

stabilized by delocalization over an extended aromatic system. The methyl free radical, 

CHg\ quickly reacts with a hydrogen which most likely comes from the kerogen 

network. Possible mechanisms include ring closure and aromatization of cyclic groups 

(Barker, 1978). The process can be looked at as on going aromatization of kerogen 

while the bitumen becomes richer in hydrogen. The aromatization of cyclic portions 

of kerogen promotes déméthylation and allows for relatively easy generation of CH^. 

But as the system becomes fully aromatic, it can not be further stabilized by losing 

another CH^* and H* (Waples, 1981). Therefore, the loss of methyl groups and methane 

generation will become more difficult and require higher activation energies as the 

catagenetic sequence proceeds. In fact, Hunt (1979, p.143) claims the endpoint of any 

hydrocarbon generation occurs when H/C ratio reaches 0.3. 

Kinetics of Catagenesis and Metagenesis 

Connan (1974) and Waples (1980) showed the rate of kerogen catagenesis doubles 

for each 10°C increase in temperature. These observations are consistent with the 

prediction that kerogen decomposition is a first-order process. A detailed kinetic study 

was originally proposed for the Mancos profile samples. However, temperature and 

time constraints are not well enough known to apply kinetic considerations. A very 

rough estimate of 150°C to 300°C for the profile will be shown to be consistent with 

the proposed conductive model of the igneous body. The excellent correlation between 

H/C and percent nitrogen with Rc (Figures 21 and 22) suggest that the organic matter 

is uniform in all samples. The correlation also suggests that reactions which govern 

the H/C ratio (aromatization), the loss of nitrogen from kerogen (generation of NHj 

and N2), and the increase in vitrinite reflectance (rearrangement of aromatic sheets), 
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although not the same processes, seem to occur at the same relative rates througout 

the duration of metamorphism. 



Chapter V 

Thé Isotopic Effects During Thermal Evolution of Kerogen and Bitumen 

The purpose of this chapter is to examine the carbon isotopic changes in both 

kerogen and bitumen across a contact metamorphic profile. The isotopic behavior of 

reactants and products can be explained by the binding energy difference of bonds 

12 13 13 involving C and C. The basic premise is that bonds involving C are more 

difficult to cleave, resulting in enrichment of that species in the reactants (Stevenson 

et al., 1948). Another important consideration is the extent that a given reaction 

proceeds. A Rayleigh distillation model is proposed that integrates the above two 

effects; 1) the isotopic difference between reactants (kerogen) and products (methane) 

and 2) the extent that kerogen degradation takes place. 

Briefly then, my model of kerogen evolution is intended to explain the isotopic 

effects seen as temperature is increased. The model must be consistent with the 

results of chapters n and IV regarding the bitumen content and the change in elemental 

composition of kerogen. Details of the model are presented in a later section of this 

chapter. 

Analytical Procedure 

Kerogen from the 11 profile samples were isolated in the following manner. 

Whole-rock samples were pulverized and their extractable organic material was removed 

by soxhlet-refluxing in chloroform. The residue was first treated for 24 hours with 

20% hydrochloric acid to remove all carbonate material. The samples were then 

treated with 50% hydrofluoric acid to remove the silicate minerals. The residue was 

then placed in small test tubes with a zinc bromide solution (specific gravity of 2.1). 

This enabled separation of the light kerogen from pyrite and any unreacted mineral 

matter. The kerogen was then washed in water and dried. Ferreira’s chromatographic 
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fractions were used for isotopic determinations. 

Combustion Process For Isotopic Analysis 

Samples were combusted utilizing the Craig apparatus and procedure (1953). 

Samples were combusted at 800°C with tank oxygen being the main oxidizing agent 

and heated CuO serving to help oxidize CO toCC^. Sulfur species were removed by 

reaction with silver wool and heated MnOg. A 30 minute combustion cycle was followed 

with a 20 minute water collection cycle and finally a 30 minute COg collection cycle. 

yields of COg were measured with a manometer. 

Table II in the appendix gives the percent recovery of each combustion. Ideally, 

100% recovery is hoped for in order to eliminate isotopic fractionation during the 

combustion process. Recoveries for combustion of extractable material averaged more 

than 90% with a range of 73% to 102%. Kerogen was found to be more difficult to 

combust with a recovery range from 60% to 90%. It should be mentioned that the 

13 reproducibility of four separate C determinations of kerogen sample 307 were within 

0.5%o while the percent recovery varied from 60% to 83%. Therefore, the possible 

13 error in C due to incomplete combustion was small. The combustion process was 

further tested by combusting a Cgg gas chromatographic standard. A 102% recovery 

was achieved. It should be mentioned that the weight percent carbon of each sample 

was often estimated from its calculated composition. 

Results 

13 The actual C determinations of the COg gas were made by Coastal Science 

Laboratories in Port Aransas, Texas. Their results include instrumental and oxygen 17 

corrections. Their stated accuracy is within 0.2%«. Several COg samples of each 

fraction of sample 307 were run as a check on the reproducibility of the data. 

Generally, the data were reproducible to within 0.3%©. The data are tabulated in 

table n in the appendix and are plotted in figures 25 and 26. 



13 Figure 25. C Isotopic type curves for relatively immature samples within 
the profile. Replicate analyses are connected by dashed lines. See text for 
further discussion. 
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13 Figure 26. C Isotopic type curves for the relatively more mature samples. 
See text for further discussion. 
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Methane Generation Efficiency and Expected Isotopic Effect 

It is generally accepted that methane is by far the most abundant material 

produced from aromatic (type HI) kerogen at maturity levels of the (Tissot et al., 1978 

p.149). RQ values suggest the profile is in the late stages of catagenesis through 

metagenesis (Figure 10). By assuming the release of methane controls the variation 

of the atomic H/C ratio of the .-«sidual kerogen, the percent weight loss of kerogen 

for all samples can be calculated. 

Atomic H/C values change from 0.67 to 0.23. This change can be accounted 

for by an eleven percent methane generation efficiency based on carbon atoms in the 

kerogen. In other words, by releasing 11 methane molecules per 100 carbon atoms, a 

kerogen with an initial H/C ratio of 0.67 will have its ratio reduced to 0.23. Figures 

21 and 27 showed that the decrease in H/C values were uniform with respect to 

increasing maturation. Therefore, the methane generation process can be divided into 

five increments of equal weight loss across the profile of 2.2% weight loss in each. 

The work of Stahl (1975), Schoell (1980), Frank et al. (1974) and Sackett (1978) 

suggest that the fractionation between methane and kerogen decreases with increasing 

13 maturity. North German coal gases (probably similar to type III kerogen gas) had C 

values of -28%©(PDB) at R =1 and -22%© at R =3.0% (Stahl, 1976). Typical coals 
o O * 

have ranges from -20%© to -30%«. 

From Stahl's 1976 work (Figure 28) it can be seen that naturally occuring methane 

derived from source rocks undergoing oil breakdown and wet gas generation (correspond- 

13 ing to RQ values greater than 1.5%) has a C =-35%o.As a first approximation, this 

seems to be a likely value of methane that would be generated from CB7 at RQ =1.3%. 

Stahl's data show that progressively heavier methane is generated as maturity levels 

approach the dry-gas zqne (CJ/£CN=1). Note that methanes as heavy as -25% were 

observed from extremely mature source rocks. It should be emphasized that most 

naturally occuring methane was generated under different time-temperature conditions 
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Figure 27. (Same data as figure 21) H/0 kerogen vs. RQ. Pue to the excellent 
fit of the data, the decrease in ll/C is considered to be uniform over five equal 
inçrements (I-V). Assuming the decrease in Il/C is due to release of CH4, the 
&i,JC of the released methane for each increment can be estimated from Figure 
28. 
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Figure 28. (From Stahl, 1976) Left. The type and relative amount of hydrocarbons 
generated as a function of increasing vitrinite reflectance. The corresponding chemical 
and isotopic composition of the gas at the given reflectance value is shown on the 
right. For the present study, samples witb,vitrinite reflectances of 1.396—4.396 are 
believed to have generated methane with 1,>C from approximately -35%o to -25%o. 
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than those experienced in contact metamorphism. Despite the fact that vitrinite 

reflectances for Stahl's deeper source and this study's profile samples are equivalent, 

the kinetics of methane generation are likely to differ. The profile samples experienced 

"typical" thermal histories prior to igneous activity. Background vitrinite reflectances 

are probably about 1% . A much more rapid heating rate followed the igneous event 

and competing methanogenesis reactions with higher activation energies may have 

become rate determining. 

A laboratory simulation of methanogenesis involving temperatures of 400-500°C 

and times on the order of days resulted in an initial fractionation between starting 

material and methane of 30%o(Sackett, 1978). Sackett did report a small decrease 

in the fractionation at higher maturities. However, the results of my study suggest 

that such a large fractionation between kerogen and methane did not exist. My results 

suggest that fractionations were more similar to the naturally occurring situation. 

Let us designate the per mil difference between S13C kerogen and the $ 13C of 

the instantaneously generated methane asAjç.jyj. Employing the previous idea of five 

discrete intervals of weight loss across the profile, we can assign decreasing values 

of A K-M ^or eac*1 interval temperature increases. Somewhat arbitrarily we can set 

^K-M ec*ua^ t0 *9%» ,796* ,596*, and 396* for each interval. The net effect is to 

integrate the expected isotopic change in kerogen over the total 11% weight loss. The 

following Rayleigh fractional distillation model for methane generation will predict the 

change in$13C of kerogen as isotopically light (relative to kerogen) methane is released. 

Rayleigh Fractional Distillation Model 

If it is assumed that isotope fraction occurs where products (methane) are 

removed from reactants (kerogen) as they are formed, the Rayleigh process can be 
S13 

C in thermally altered kerogens. Peters et al. (1981) 

write the Rayleigh formula as follows: 

R/Vf«lM-l>, (1) 
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13 12 where R=atomic ratio of C/ C . .. . . . - . .. m the kerogen at any stage of heating. 

R = initial value of R prior to heating 

f= fraction of kerogen remaining 

c^=fractionation factor for thermal methane generation. 

Since by definition; 

% %o =((R/Rg^,p) -1) xlOOO where the standard is PDB 

Thus R=RSTD(1+ 5/1000) 

and Ro=RSTD(l+Vl000). 

Substituting these into equation 1 gives: 

$=(1000+$*)f((1MH) -1000. 

This formula can be applied to each increment of methane generation. Each 

13 12 succeeding interval will inherit the kerogen C/ C ratio of the previous interval. 

The alpha values will decrease from 10, 9, 7, 5, to 3 for the five intervals as temperature 

increases. Peters et al. (1981) discuss the inherent assumptions in the application of 

this model. 

1) All changes in H/C and carbon isotope ratios in kerogen are kinetically 

controlled by thermal cleavage of methane. 

2) The isotopic distribution of carbon in kerogen is homogenous. 

Assuming an initial value of -25%o for the least mature kerogen, the following 

13 table shows the incremental change in C of residual kerogen. 

Interval £o Kerogen f alpha & Kerogen %, 

I -25.00 .978 1.010 -24.78 

II -24.78 .978 1.009 -24.58 

in -24.58 .978 1.007 -24.43 

IV -24.43 .978 1.005 -24.36 

V -24.36 .978 1.003 -24.30 
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13 13 Kerogen with an initial ^ C of -25%0will be enriched in C by 0.7%©due to 

an 11% weight loss during methane generation. Therefore, the total isotopic effect 

expected from this process is less than the total scatter of 1%» for kerogen in the 

profile (Figure 29). The scatter in kerogen values is probably due to inherent variation 

of the organic matter. 

It should be mentioned that if a fractionation factor of 1.01 is maintained for 

the entire 11% weight loss, a total fractionation of l.l%ois expected. 

Discussion 

The highest temperature samples, CB 301 and CB 304 show an anomalous isotopic type 

curve (Figure 26). In those samples the asphaltenes are an average 1.4%oheavier than 

13 c 13 kerogen. In the low temperature samples C of kerogen is equal to d C of asphaltenes 

(Figure 30). The resins are 0.8%®and 0.6%o heavier than kerogen. However, they are 

about 0.5%o lighter than kerogen in the least mature samples giving a net change of 

1.2%©. This situation could arise from greater amounts of methane being released 

from the asphaltene and resin fractions than the kerogen. No elemental analyses are 

available for these fractions. If the alpha values for methane generation during bitumen 

cracking are similar to those experienced during kerogen cracking, the fractional weight 

loss of asphaltenes and resins must exceed the fractional weight loss of kerogen. 

The previous chapter on extractable matter showed a two orders of magnitude 

decrease in the amount of extractable Cj5+ asphaltenes, resins and aromatics across 

the profile. However, the isotopic effect on the residual bitumen is not clear. Recall 

that the weight loss is only measured in molecules of 15 carbons or more. Possible 

products that could account for the weight loss include wet and dry-gas as well as 

one and two ringed compounds. Elemental analyses are needed on the asphaltene, 

resin and aromatic fractions in order to estimate their methane generating efficiency. 

However, the possibility certainly exists that, on a relative weight basis, they are more 

efficient than kerogen at generating methane. 
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Figure 29. The cnrbon isotopic composition of kerogen (PDB) for seven profile samples 
of widely differing maturity. The isotopic composition is not a simple function of 
maturity. The 1.1 permil variation is thought to be due to variation in the inherent 
organic matter and does not reflect fractionation due to thermal effects. 



F
IG

. 
29

 
90 

' ^ 

- CO 

- <N 

» —% »   » ■ ■■■ 

^ 10) CO 
<N <N <N 

i i i 

aad°% N3oou3>i otS 

R
0 

%
 



91 

13 Figure 30. The C permil difference between kerogen and the polar groups (asphaltenes, 
resins, and aromatics) as a function of Rc. In each case the polar groups become 
isotopically heavier with respect to kerogen as maturity increases. 



FIGURE 30 

o- 
/^KER-ASPH?., 

-1 

1 
JL. 

2 3 4 

1 r 

A KER—RES%. 0 ■ 

-1 

1 2 
_L. 
3 4 

2 r 

1 • 

A K E R — A R 0 M L. « 

0 

l   . I- 
2 

J 

R o 

1 3 4 



93 

But, the asphaltene structure is very similar to the kerogen stucture (Tissot 

1978, p.361) so the isotope fractionation factors are likely to be similar. 

Therefore, in order to account for asphaltenes and resins becoming 1.4%0and 

0.7%oheavier than kerogen, mass balance considerations for bitumen cracking are likely 

to be different than mass balance considerations for kerogen cracking. A simple 

Rayleigh model for bitumen cracking would necessitate a fractional weight loss of 

about 30 % for both resins and asphaltenes. 

A uniform decrease in the per mil difference between kerogen and the aromatic 

fraction is evident across the profile (Figure 30). By the same reasoning used in the 

previous example, the aromatics may also be experiencing greater fractional weight 

loss than kerogen. The other possibility is that the aromatics are releasing isotopically 

lighter products than kerogen. However, this is unlikely since it is generally accepted 

that the higher aromaticity of any species will result in less carbon fractionation during 

cracking (Tissot et al. 1978 p.176). 

Summary of Organic Geochemical Evolution 

This chapter has discussed the isotopic behavior of both kerogen and extractable 

organic matter across a contact metamorphic profile. Kerogen showed little (if any) 

isotopic change with increasing temperature. The extractable organic matter was seen 

to display a pronounced enrichment in carbon 13 with increasing maturity. This was 

best seen in the larger more polar fractions like asphaltenes, resins and aromatics. 

These results are expected when fractional weight loss of both kerogen and bitumen 

are considered. Chapter IV suggested that only 11% weight loss took place in the 

insoluble organic fraction. Chapter II gives evidence that a much higher weight loss 

occured in the soluble organic fraction. 

The relatively small weight loss for kerogen and the apparently large weight 

loss for bitumen are likely due to the relative activation energies of their degradation. 
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Barker (1979) mentions that the apparent activation energy of kerogen breakdown 

during oil generation has been measured by various workers to vary from 12-20 kcal/mole. 

This corresponds to an approximate doubling of reaction rate for each 10°C increase 

in temperature. The soluble and much smaller molecules of bitumen require high 

activation energies to cleave C-C bonds. These energies may approach 80 kcals/mole, 

or the energy required to cleave C-C bonds in simple compounds. Chemical kinetics 

dictates the higher the activation energy of a given reaction, the greater increase in 

rate will occur for a given temperature increase. Therefore, in this study’s profile, 

the increase in reaction rate for kerogen is likely to be less than the increase in 

reaction rate for bitumen breakdown. Assuming the isotopic fractionation factors are 

nearly the same for methanogenesis from either kerogen or bitumen, the net effect 

of a more rapid reaction rate for asphaltene, resin, and aromatic degradation would 

result in the observed trend of larger isotopic shift in those fractions. 



Chapter VI 

The Hydrothermal Water-Rock System 

The purpose of this chapter is to investigate the water-rock system from the 

standpoint of oxygen isotopic variation in carbonate minerals. The specific problems 

to be addressed include the origin, temperature and amount of water in the system. 

The oxygen isotopic composition of the fine-grained carbonate matrix and hydrothermal 

calcite veins are a function of three parameters: the oxygen-18 content of waters with 

which they exchange oxygen, the temperature of the system, and the volume ratio of 

carbonate minerals to water. The temperature and volume of water will also be 

important with respect to the behaviour of organic material as discussed in Chapter 

n. 
18 16 Taylor (1974) used 0/ O analyses of hydrothermal minerals to provide data 

on the temperature and the attainment of equilibrium. He states that the extent of 
* 18 16 

isotopic exchange is not- always uniform but 0/ 0 ratios are useful as isotopic 

tracers in determining the origin of the H20 involved in ore deposition. Deuterium 
18 contents of hydrogen bearing minerals are also very useful. The O content of the 

water can be measured directly by means of fluid inclusions in hydrothermal minerals. 

However, when fluid inclusions are not found, the water composition can be computed 

indirectly by analysis of carbonate minerals and knowledge of the volume ratio of 

water in equilibrium with those minerals at their temperature of formation. This 

mejpd will be discussed in greater detail later in this chapter. 

Natural waters of various origins exhibit systematic differences in their 

18 O contents. Three possible origins for the profile include: 1) meteoric water, 2) 

connate or "fossil" water, and 3) magmatic water. An èstimate of the oxygen isotopic 

composition of meteoric water in the Crested Butte vicinity during Tertiary time may 

be made from Taylor's (1974) work on the Silverton caldera in the San Juan volcanic 
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field in southwestern Colorado. He estimated an initial value of ^0=-16%afor meteoric 

water involved in large scale convective circulation of water from country rocks 

surrounding the igneous body. This value would also agree fairly well with present 

day values for west-central Colorado of ^ C=-15%o (Friedman et al., 1964, and Craig, 

1961). White (1974) defines connate water as initially oceanwater in the pores of 

young marine sediments. Since the initial composition is known to be approximately 

SMOW, any significant chemical and isotopic change is therefore obvious. In order to 

emphasize the expected changes, the term "evolved connate" is used. Since % 0=+5&» 

for the White Rock pluton (Baker personal communication) the magmatic water can 

be estimated to be about +5%,. 

A model for oxygen exchange between carbonate minerals and the water system 

18 
will now be discussed. The model involves O constraints from the matrix and vein 

data. Implicit in this model is an estimation of temperature across the profile. With 

the above two limitations, water to calcite volume ratios may be estimated. 

Analytical Procedure 

Pulverized whole-rock samples from Ferreira's study were used for matrix calcite 

determinations. Hydrothermal calcite vein samples from the same sample localities 

were collected by this author during the summer of 1979. The samples were subjected 

to pure phosphoric acid evolution for 24 hours at room temperature. NBS-20 Solenhofen 

limestone was used as the laboratory standard. The samples were analyzed for 
AlO 

and j O on the Rice University Nuclide mass spectrometer. Carbon results are reported 

relative to PDB while oxygen results are relative to SMOW. Instrumental corrections 

total 1.7 for carbon and 1.02 for oxygen. The results and conversion factors to the 

appropriate standards are shown in table III of the appendix. Reproducibility for carbon 

analyses are = 0.4%• and 0.3%o for oxygen. 
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Results 
ç 18 

The * O values of matrix calcites are plotted against vitrinite reflectance in 

figure 31. The numbers beside the data points correspond to weight percent mineral 

1 s carbon in the sample. The* O values of vein calcites are plotted versus RQof kerogen 

in figure 32. The oxygen ratios are tabulated in table ni of the appendix. 

18 Both figures shows the calcites to be depleted inS O relative to typical marine 

calcites (+30%o relative to SMOW) by about 9%© to 16%o. The calcites become 

isotopically lighter with increasing maturity as measured by vitrinite reflectance. The 

£ 18 vein calcites show a somewhat smaller deviation in * O of only 5.5%ocompared to 

the 6.5%o range in matrix calcites. 

Discussion 

In general it appears that both matrix and vein calcite have exchanged oxygen 

isotopes with a similar reservoir of water. The amount of this exchange is a function 

of temperature (Figure 33) and the volume ratio of water to calcite in the system 

(Figure 34). The final composition of the water, which will be different from the 

original composition if water volumes are small, must be measured indirectly by 

assuming temperatures of equilibration between calcite and water. Based on vitrinite 

reflectances and estimated times of metamorphism of about 80,000 to 100,000 years 

due to heating of the 12 km. thick White Rock pluton, temperatures of the profile 

are estimated to range from 150°C to 300°C ±50°C (Jaeger, 1959; Hood, 1975). These 

figures are in reasonable agreement with Capers' (1974) estimates. 

When this temperature window is applied to the calcite-HgO equilibration curve 

of figure 33, a 12%o fractionation between calcite and water is expected at 150°C 

and a 5%o fractionation is expected at 300°C. Recalling that j Oof matrix calcites 

from the low temperature end of the profile were approximately +20.5%»-1296» = +896o 

(SMOW). The matrix calcites from the more mature samples (Ro's greater than 4) 
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Figure 31. S18o matrix calcite versus R of sample. Caleite from the high temperature 
samples are isotopically 6-7% lighter than the lower temperature samples. This 
suggests that the calcite is exchanging oxygen with an isotopically lighter reservoir of 
water. As shown in figure 33, the equilibrium fractionation between H^O and calcite 
decreases with increasing temperature. The numbers beside the points are weight 
percent mineral carbon in the sample. See text for explanation. 
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18 Figure 32. °0 vein ealeite versus vitrinite reflectance of the same sample. 
Veins from the higher temperature samples are isotopically lighter than veins 
further from the pluton. 
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Figure 33. Equilibrium calcite-water fractionation curve for oxygen as a function 
of temperature (O’neil et al., 1969). 1000 lnx for most purposes is approximately 
equal to ^calcite-Sl^O. 
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18 16 Figure 34. The change in O /O ratio of calcite as a function of the water/calcite 
volume ratio at 100 , 200°, and 300°C. 

The initial water is 0%o (SIWOW) 

^18°calcite= altered calcite 

C* 18 
o ®caicite

= initial or unaltered calcite (=30%o) 

(Taken from K.G. Cox et al. The Interpretation of Igneous Rocks 1979 p.389.) 
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^ 18 have d O =+14%0 . The expected fractionation between calcite and water at this 

temperature is 596©suggesting a final water composition of +996©(SMOW). As will be 

discussed later, the final wrater composition depends on the initial water and the 

water/calcite ratio. It should be mentioned that the measured oxygen ratios for the 

samples assume equilibrium with water at their highest temperature and no retrograde 

exchange has occurred. 

Closer examination of figures 31 and 32 show a scatter in the measured calcite 
^18 
V O ratios of about 396© to 496o for samples of equivalent maturity. The scatter is 

smaller than the overall change of about 796© due to temperature. Figure 31 show's 

that for the sample pair w’ith RQ=1.3 and 1.4, the sample (#310) with only 1.2% mineral 

carbon has a % O value about 3.3%o less than the sample with 2.5% mineral carbon. 

The same effect is seen for the sample pair of Rc =3.5 and 3.6. It is evident that 

the relative shift in calcite oxygen ratios may be a function of the abundance of 

calcite. 

If the calcite abundances change throughout the profile, the water/calcite volume 

ratio probably changed. Figure 34 shows the per mil change in calcite (altered 

calcite-unaltered calcite) as a function of the water/calcite ratio at three different 

temperatures. In making this graph, the initial calcite w'as assumed to be +3096o and 

the initial water was assumed to have a value of SMOW. 

For the low temperature end of the profile (estimated at 150°C) most calcites 

18 were found to have a $ O of approximately 20%o which corresponds to about a 9%o 

negative shift from the assumed initial value of typical marine calcite. From figure 

34 it can be seen that this isotopic shift at 150°C will correspond to a water/calcite 

ratio of approximately 1. The high temperature end of the profile (300°C) have calcites 

with à O equal to 1496© to 15%o or about a 15-1696© negative shift from marine 

calcite. These values suggest water/calcite ratios of about 1 to 2. 

At these relatively low water/calcite values, a given isothermal line shows that 
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the isotopic shift in calcite is quite sensitive to the water/calcite ratio due to the 

steepness of the curves. 

We have seen that a model involving a 1 to 1 oxygen exchange between calcite 

and a water reservoir of =SMOW at 150°C to 300°C is a reasonable fit to the 

data. The water adjusted upwards through the course of metamorphism and finished 

at 1096o SMOW. However, it is possible that the source of water is not connate. 

Other possibilities include meteoric and magmatic waters. 

Assuming equilibrium was attained, the final ^**0 of the water was shown to 

18 
be about 996®. This would mean that if magmatic waters, with initial V 0= +5-796o 

circulated through the shale, the water would have had to remain nearly constant (or 

increase slightly). In order for the water to remain constant, the water/calcite ratios 

must remain greater than 5. At such a high ratio, corresponding to the flat portion 

of the curves in figure 34, no scatter in oxygen ratios at equivalent temperatures are 

expected. This is the strongest argument against the case of magmatic water being 

expelled from the magma and interacting with the profile samples. 

If the exchanging water had been meteoric with very light isotopic values 

(-1596o), water/calcite values less than 0.5 would have been sufficient. For a typical 

sample composed of approximately 10 weight percent calcite, this corresponds to an 

approximate water/rock ratio of 1/20. 

The w/r value of a convective cell only reflects the amount of water that 

equilibrates once, ie. it is always a minimum value (Taylor, 1979). Thus a w/r =1/20 

could reflect a small volume convection cell. Therefore, the case for influx of meteoric 

water through the profile samples can not be ruled out with the available data. 

H/D ratios of fluid inclusions in veins or OH bearing clays will be affected by 

the influx of external waters. Since D values of connate and meteoric water may 

differ by 10096a ,H/D data would provide a means of resolving the meteroic versus 

connate controversy. Data of this sort can be used to determine the mixing proportions 
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of waters from different sources which seems to be a characteristi^feature of ore 

deposition and hydrothermal alteration in a number of localities (Taylor, 1979). 

Although H/D data is not available, there are other means of detecting meteoric 
1 ft 

circulation within the igneous rock itself. The $ O of the White Rock pluton is +5%» 

(Baker, personal communication) which may be slightly lighter than normal. The 

feldspars are also turbid (Baker, p.c.) which is typical of hydrothermal alteration. Also, 

jointing may have provided a pathway for circulation of water in the pluton and country 

rocks. 

All of this data suggests the possibility of some degree of meteoric contamination 

of the Whito Pock pluton. However, the pathway of meteroic water may not have 

involved the Mancos Shale within the profile preferring more permeable routes. Also., 

it is possible that any meteoric water exchange was confined to within a few inches 

of the fractures. 

Forester et aL (1977) studied a contact metamorphic profile on the Isle of Skye, 

18 Scotland, and showed a 20%© depletion inv°0 contents of whole-rock shale samples. 

Essentially the entire 2096® depletion occurred within 0.5 km. of the intrusive contact. 

Interestingly enough, this is nearly the distance that the profile is thought to be from 

the White Rock pluton. No whole-rock samples were analyzed in the present study 

but Alan James analyzed the less than 2 micron fraction of several Mancos samples 
18 16 for 0/ O. This size fraction was assumed to represent illite but there is a possibility 

that quartz exists in that fraction. If so, this fraction may be representative of the 

whole-rock value. The data is shown in figure 35. Except for a single sample, the 

18 16 O/ O ratio shows very little change with temperature suggesting that illite oxygen 

did not exchange with any source of water. 
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18 Figure 35. & O for the less than 2 micron fraction of Mancos shale samples 
(Data of James 1974) as a function of R . James (1974) considered this fraction 
to represent illite. Unlike calcite there is no systematic indication of exchange 
as a function of temperature. 
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Figure 36. à1 C matrix calcite as a function of R . Most samples fall within 
*1 permil of PDB and are considered to represent typical marine calcite which 
remains unaltered during metamorphism. See text for further explanation. 
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FIGURE 36 
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d JC values of matrix calcites are plotted in figure 36. It can be seen that the 

ratio changes about 3%o but does not seem to be correlated with temperature. Nine 

of the eleven samples fall in the category of typical marine-like calcites. However, 

two isotopically light calcites (vC = -1.4%®and -1.8%o) are from samples with the 

least amount of mineral carbon. It is possible that isotopically very light CO^ derived 

from oxidation of organic matter could have resulted in localized precipitation of 

isotopically lighter calcite. 

Summary of the Water-Rock System 

18 16 
The use of O/ O ratios in carbonate veins and matrix allows for constraints 

to be placed on a model of the water-rock system. The two most crucial parameters 

in understanding the interaction between the rock and co-existing fluids is the origin 

of the fluids and the volume of those fluids. Unfortunately, the model was unable to 

predict the temperature of the system; but by assuming a reasonable temperature 

18 16 
profile, the 0/ 0 ratios suggested two possible cases that can not be resolved with 

the available data. The first case involves the rock system exchanging with connate 

water (0%oSMOW) at water/calcite volume ratios between 1 and 2. This is a reasonable 

figure for complete exchange with a shale with porosity of 10-20% and mineral carbon 

weights of l-3%* Water/calcite volume ratios may have varied somewhat but temp- 

18 16 erature is thought to be the more important factor in controlling O/O ratios in 

calcite matrix and veins. 

However, an equally possible case could involve a small volume convective cell 

of very light meteoric water. Water of $*®0 = -15%* (SMOW) requires only a 

water/calcite volume ratio of 0.5. It is also possible that the actual water system is 

composed of a mixture of connate and meteoric water at water/calcite ratios inter¬ 

mediate between the values of 0.5 and 2. 
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Chapter VH 

A Thermal Model For Temperatures Outside A Cooling Intrusive Sheet 

This chapter will discuss the thermal effects of the White Rock pluton. Spe¬ 

cifically, contact temperatures and temperatures in the surrounding Mancos Shale will 

be estimated from a conductive model proposed by Jaeger (1959). No detailed 

temperature and times of metamorphism will be attempted by this model. The purpose 

will be to determine if the White Rock pluton is capable of generating the estimated 

temperatures of the profile. It should be stated that the model involves only conductive 

heat flow and does not take into account convection of fluids. 

Jaeger’s model involves the following parameters: the latent heat of solidification 

of the magma, the melting point of the magma, and the thermal conductivity, density, 

specific heat and diffusivity of both the solidified magma and country rock. The 

effects of phenocrysts are shown to be small.. The values given by Lovering (1935) 

for typical shale and a quartz diorite porphyry are used for the Mancos Shale and the 

White Rock pluton: The units are c.g.s., calorie and °C. 

Mancos Shale: 

Thermal conductivity KQ= 0.0019 

Diffusivity kQ=0.004 

White Rock pluton: 

Conductivity K^= 0.0057 

Diffusivity kj = 0.009 

Latent heat of fusion L^= 100cal/gm 

Melting temperature 800°C 

Jaeger (From his Table 1 1959) gives the contact temperature of 660°c for this 
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case. Figure 37 shows tha ratio of the maximum temperature (T^), attained at a 

distance X from the margin of a sheet of thickness D, to the initial contact temperature. 

I have previously assumed a temperature of 300°C as a reasonable temperature for 

the most mature profile samples, and 150°C for the minimum temperature. From 

figure 37, it can be seen that this model will predict a temperature of 300°C at an 

X/D value of 0.5. 

From figure 1, it is evident that all the profile samples are within this distance 

of the outcrop area of the White Rock pluton. Since the East River is generally 

parallel to the southwest margin of the pluton, a large temperature gradient would 

not be expected. Also, Baker and others (1981) noted that isograds of various organic 

geochemical parameters trend perpendicularly to the pluton margin across the Slate 

and East Rivers. Therefore, it is felt that the metamorphism seen along the profile 

is more likely to be due to a southwestward subjacent extension of the White Rock 

pluton. Field relations show a steep stock-like contact along the southeast margin 

and a more concordant contact along the southwest margin. 

Therefore, if the pluton does dip beneath the profile, this model would predict 

it to be at a depth of i the sheet thickness (X/D=0.5). Possible sheet thicknesses of 

1-2 kilometers would necessitate a 500 meter to 1,000 meter depth below the present 

surface. (It should be noted that if convective circulation were to be considered, the 

thermal aureole would be expanded). 

This type of modelling would also be useful if an independent means of attaining 

a temperature were available. In that way, better constraints on the subjacent geometry 

of the igneous bodies could be made. 
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Figure 37. (From Jaeger 1959) Ratio of maximum temperature (T) attained 
at a distance X away from an intrusive sheet of thickness D to the initial contact 
temperature (T t). See text for explanation. 
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Vm Conclusions of This Study 

L Roek-Eval pyrolysis showed the hydrocarbon generating potential of kerogen (Sg) 

was exhausted at lower grades of metamorphism than the distillate hydrocarbons (Sj). 

This suggests that at low temperatures kerogen degradation was kinetically favored 

over bitumen degradation. 

H. Elemental changes in kerogen suggest an 11% weight loss due to methane 

generation. For the same samples bitumen was seen to suffer a 98% weight loss, 

most of which occured over the middle part of the profile. Therefore, the rate of 

bitumen cracking is more sensitive to the temperature increase than kerogen cracking. 

This may be the result of a higher activation energy for bitumen cracking. 

12 13 ID. The C /C ratio of kerogen showed a variation of 1 per mil which is probably 

facies related. Kerogen showed essentially no isotopic change with increasing temp¬ 

erature. The resin, asphaltene, and aromatic fractions showed a 1.5 per mil enrichment 

13 in C relative to kerogen. This is probably the result of greater fractional weight 

loss of bitumen during methanogenesis. 

IV. Oxygen isotope data on calcite suggest low water/rock volume ratios. The 

water that the ealcites exchanged with was either connate or meteoric. There is little 

evidence for an influx of magmatic water despite the proximity to the igneous bodies. 

V. A conductive thermal model suggests that a subjacent extension of the White 

Rock pluton is certainly capable of generating the estimated temperature of 300°C in 

the area. 
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APPENDIX Table I 

Extractable organic matter, Total organic carbon, RQ 

The extract data and T.OC. were collected by Ferreira and 

Hamilton. Vitrinite Reflectances done by Superior Oil Co. 

and Gulf Oil Co. 

Total Extract ppm 
Sample Org.C. %Org C 

Hydre. ppm 
%0rg C 

Resin ppm 
%Org C 

Asph ppm 
%Qrg C Ro 

7 1.29 660 400 230 39 1.39 
310 1.29 740 400 260 26 1.55 
308 1.25 700 310 170 28 1 85 
307 1.19 270 140 68 26 1.29 
309 1.28 190 91 45 14 2.04 

306 1.46 20 6.5 8.7 218 1 71 
305 2.04 5.8 2.0 2.5 0.2 2.91 
304 1.63 4.9 2.5 3.6 0.06 3.66 
303 2.02 2.6 1.4 0.74 0.05 4.39 
302 1.25 9.4 2.5 1.6 1.04 3.57 

301 1.53 6.9 3.8 1.8 0.59 3.00 
205 1.47 870 693 — — 1.56 
206 1.03 165 145 — — 1.55 
207 2.91 347 260 — -- 1.46 
20 4.41 402 273 —— — 0.65 

19 0.71 639 375 __ __ ___ - 

202 1.17 380 230 — — 0.73 
212 1.04 902 441 — — 0.64 
41 0.77 892 627 — — — 

210 0.58 301 128 — ' — — 
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APPENDIX 

Table IA Kerogen Elemental Analysis 

Wt% Nitrogen Wt% carbon H/C atom. N/C at. 

1.40 74 0.67 0.0160 

1.34 68 0.62 0.0168 

1.38 71 0.61 0.0160 

1.38 69 0.60 0.0170 

1.27 68 0.59 0.0161 

1.24 69 0.52 0.0154 

0.91 72 0.42 0.0110 

0.85 57 0.26 0.0127 

0.69 57 0.23 0.0104 

0.79 60 0.33 0.0111 

0.86 68 0.37 0.0108 

Superior Oil Co 
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APPENDIX 

Table II 

13c Determinations 

Sample 
Weight 
Combusted 

(mg) 

Estimated 
Wt % 
Carbon 

CO 2 
collected 
(umoles) 

% 
Recovery ^■3C%o (PDB) 

7 Asph 2.3 90 170 100 -26.0 
7 Bit —- — — — -27.6 
7 Resin 5 90 400 93 -26.3 
7 Ker 7 74 210 -25.9 
7 Arom 6 92 490 89 -27.3 
309 Asp 6.1 90 544 94 -24.8 
7 Sats NWA 85 700 — -28 6 
309 Res 6 90 335 75 -24.8 
309 Aro 2.0 92 153 100 -25.3 
309 Sat NWA 85 161 — -26.5 
309 Bit — — 200 — -26 4 
309 Ker 5.0 68 190 67 -24.8 
308 Asp 4.7 90 257 73 -25.3 
308 Res 6 90 700 — -26.2 
308 Arom 8 92 5i7 84 -26.8 
308 Sat NWA 85 551 — -25.3 
308 Ker 5 71 240 81 -25.8 
308 Bit — — 300 —- -26 9 
307AKer 2.5 69 119 83 -25.1 
307BKer 4.0 69 170 70 -25 5 
307CKer 5.1 69 160 60 -25.2 
307 Asp NWA 90 100 — -25.3 
307 Sat NWA 85 166 — -26.6 
307 Bit 2.4 — 170 — -25.1 
307 Res 3.2 90 220 92 -25.7 
307IIiso 8.0 85 700 100 -27 0 
307Iiso NWA 85 296 — -27.7 
307IInor 4.3 85 364 100 -27 2 
307Inor 3 7 85 230 88 -27.2 
307IIaro 5.0 92 277 73 -26.4 
307Iaro 3 92 225 100 -26.6 
306 Asp NWA 90 140 — -25.0 
306 Res 5 90 328 100 -25.1 
306 Aro 1.9 92 122 84 -25.0 
306 Sat NWA 85 73 — -24.3 
306 nor NWA 85 125 —— -27.6 
306 Iso NWA 85 314 — -28.2 
306 Bit NWA — 430 — -25.7 
306 Ker 5 2 70 250 82 -24.9 
304 Asp 1.2 90 70 85 -24.5 
304 Res 5.4 90 295 74 -25.2 
304 Aro 2.5 92 155 81 -26 0 
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Sample 
Weight 
Combusted 

(mg) 

Estimated 
Wt % 
Carbon 

co2 

collected 
(umoles) 

% 
Recovery 13C% (PDB) 

304 Sat NWA 85 170 -25.6 
304 Bit — — 500 — -27.2 
304 Ker 9.1 57 323 75 -25.8 
301 Asp 2.5 90 175 93 -24.2 
301 Res 5.2 90 420 100 -25.2 
301 Aro 2.5 92 155 81 -26.1 
301 Sat NWA 85 500 — -28.0 
301 Bit 3.3 — 500 — -27.3 
301 Ker 6.2 68 280 80 -26.0 
NBS-22a 4.3 90 262 81 -28.9(PDB) 
NBS-22bI 6.0 90 460 102 -0.03(NBS-22a) 
NBS—22c 5.0 90 425 100 -0.29(NBS-22a) 
NBS-22bII 3.8 90 270 95 +0.28(NBS-22a) 

Ten blanks were run with nothing in the combustion boat. Yields varied 
from 2-15 micromoles with the average about 10 umoles CO2. 

*The following estimates of carbon weight percentages were used 
for recovery determinations : 

NBS-22 
Saturates 
Aromatics 
Iso-cyclic 
Normal alk 
Resins 
Asphaltene 

90% carbon 
85% 
92% 
85% 
85% 
90% 
90% 

Kerogen estimates based on determinations made by Dan Pearson 
on different kerogen separates 

Combustion of a 2.1 mg sample of a chromatographic standard 
yielded 102% recovery. 
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APPENDIX 

Table III 

& ^3C and ^380 For Carbonate Veins And Matrix 

All carbonate samples were subjected to phosphoric-acid 
evolution with the derived CC>2 analyzed for c and a0 at 
Rice University. Samples were acid evolved at room temperature 
for 24 hours with pure phosphoric acid. The laboratory stan¬ 
dard was NBS-20. All oxygen determinations are reported rela¬ 
tive to SMOW while carbon determinations are relative to PDB. 

Instrumental corrections included tailing effects of 
the mass 44 beam on the mass 45 beam and also the effective 
instrumental background voltages. Corrections were deter¬ 
mined at 100 uamp emmision and an accelerating voltage of 
2950 volts. 

Carbon 

Intensity^ =890mv 

Intensity45background =5mv =0.5% 

lntensity45ta^^ =llmv =1.2% 

Oxygen 

Intensity^ =310mv 

lntensity46 backgd.
=1-8mv=0.58% 

Intensity^ tan =1.7mv=0.54% 

2* 1.7% 2 s 1.02 

Assuming no valve mixing corrections, the instrumental 
corrections are: 

% ccorrected- $ Sneasured (1*017) 

1 q TO 

^ ®corrected ^ ^measured 

These corrections can then be modified for oxygen 17 corrections 
when measurements are made against PDB: 

S13C = m(l.ol7) (1.0676) - (O.O338)S180 

S180 = m(l.010) (1.0014) + (0.009) S13C 
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Table III continued 

When the working standard is not PDB (NBS20 used in this 
study) the following conversion is necessary: 

x-PDB X-NBS20 (1+ 
NBS20-PDB. C 
1000 * +^NBS20-PDB 

For carbon this becomes, 

^ X—PDB = Sxtl-U-06)) + (-1.06) 

= <x(0.99894) -1.06 

For oxygen this becomes, 

S x-PDB = Jx^'IoOO 4*14 

= £x (0.9. 586) -4.14 

To convert this to SHOW : 

V8°(SM0«) - ^O3086 Sx-PDB +30-86 

S13 
C values relative to PDB 

C18 and $ O values relative to SM0W. Several replicate analyses 

were run and reproducibility is *0.2%*. Not all samples 

reported are within the study area. 
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Table 

Sample 13C vs 

301 vein +1.08 

303 vein -2 67 

304 vein -0.12 

305 vein +0.02 

307 vein +0.05 

308 vein -1.29 

309 vein +0.74 

310 vein +0.12 

662 vein -1.52 

301 matrix +0.75 

302 -0.79 

303 -0.26 

304-1 " -0.13 

304-11 " +0.17 

305-1 " +0.29 

305-11 " +0.31 

306-1 " -0.10 

308 " -0.27 

309 -0.09 

310 -1 41 

7 -2.27 

7 -2 21 

Woods Run Travertine -9.75 

Woods Run Travertine -9.71 

III continued 

18 PDB   0 vs SMOW 

+16.63 

+14 51 

+16.41 

+20.24 

+19.24 

+17.87 

+19.20 

+17.48 

+19.00 

+18 35 

+15.98 

+14.48 

+17.777 

+18.12J 

+19.491 

+19.65J 

+21.14 

+18.91 

+19.07 

+19.95 

+21.207 

+20.97] 

-6.32 

-6.52 
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APPENDIX 

Table IV 

S18 
0 2 micron fraction of Mancos Shale. The following data 

were collected by Alan James 1974 

Sample 180 % SMOW 

* 

* 

* 

* 

* 

* 

* 

* 

* 

3 

402 

4 

405 

406 

407 

408 

301 

303 

304 

305 

306 

310 

212 

206 

20 

+6.8 

+10.4 

+13.6 

+14.2 

+18.2 

+18.4 

+14.8 

+14.6 

+16.0 

+18.1 

+16.9 

+17.2 

+15.3 

+15.8 

+15.5 

+15.5 

* 
Denotes samples plotted in figure 36. 


