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ABSTRACT 

 
 

In the subsurface environment, the presence or absence of water, salinity of 

the water, reservoir rock, and oil composition may influence the yield and 

composition of natural gas generated from thermally degraded oil during burial.  

Closed-system, isothermal pyrolysis provides an experimental approach to 

analyze these geologic factors in a controlled environment.  Experiments were 

conducted using Smackover, Austin Chalk, and Green River oils at temperatures 

between 340 and 400°C for 720 or 288 hours. 

The total gas yield increases in the presence of water (hydrothermal), while   

less pyrobitumen (char) is produced during the thermal degradation of crude 

oils, relative to pyrolysis under anhydrous conditions.  Pyrolysis of crude oil 

under saline conditions produces a reduced gas yield similar to the anhydrous 

experiments.  Reduced gas yield from the saline experiment suggests that 

solvation shells surrounding Na+ and Cl- ions suppress the availability of 

exogenous hydrogen to be utilized in thermal cracking.  Elevated amounts of 

sulfur present in char generated from the saline experiment suggest that labile 

sulfur generated from oil cracking reactions during pyrolysis is being 

preferentially incorporated in the char, not in the generated gas.  More C1, CO2, 

and H2 are generated from the hydrothermal (including saline) experiments. 

Total gas yields generated from grain experiments (quartz, limestone, 

dolomite, and illitic shale) are similar to yields from experiments in which no 

grains were added to the reactor.  A significantly elevated gas yield was 

generated from the illitic shale experiment in which water was determined to be 



present in micropores.  A dehydrated illitic shale experiment generated a total 

gas yield similar to previous anhydrous experiments.  This suggests that the 

elevated yield from the illitic shale experiment is due to the presence of water 

and not due to geocatalysis.  Comparison of whole oil gas chromatograms from 

all experiments indicate that at 380°C, there is a relative enrichment of the n-

alkanes up to nC12 with a coincident depletion of nC13-nC21.   

A significantly elevated gas yield was generated from hydrothermal 

pyrolysis of Green River oil relative to the other two oil types.  Gas yields 

generated from the Austin Chalk oil were lower than the Smackover and Green 

River yields. 
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CHAPTER 1 

  

INTRODUCTION 

 
 
 
 

Overview of Research  

 

Mechanisms of gas formation in hydrocarbon producing provinces are 

complex and difficult to accurately predict.  Within most hydrocarbon provinces, 

microbial methane generation, primary cracking from kerogen, and thermal 

decomposition of oil to gas are all generation scenarios.  While some aspects of 

gas generation are fairly well understood, migrated oil cracking to gas is not.   

Crude oils from the Gulf of Mexico and Uinta basins provide an opportunity to 

test hypotheses regarding thermal oil decomposition. 

By the early 1800‟s, experiments were being conducted on the generation of 

gas from the thermal degradation of oil, in most cases, whale oil (Dalton, 1824).  

These experiments focused on the amount of gas generated during distillation 

and retort processes.  As petroleum became more common as the fuel of choice, 

increasing attention was spent on characterization and use of liquid petroleum 

and its distillate products, i.e. gasoline-range hydrocarbons.   The need to predict 

and explore for oil accumulations required an understanding of how oil is 

generated, migrated, accumulated, and eventually destroyed (oil cracking to 

light C1-C5 gaseous hydrocarbons leaving residual pyrobitumen). 

Initial experimental studies regarding oil generation focused primarily on 

primary cracking from kerogen within source rocks.  Kinetic models and theories 
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regarding sequential order and type of bond-breaking processes were primarily 

developed in the 1970‟s and 1980‟s using experimental simulations such as non-

isothermal/isothermal anhydrous pyrolysis (Lewan, 1992).   In contrast, it wasn‟t 

until the late 1980‟s to early 1990‟s that active research programs from various 

laboratories (IFP, U.S.G.S., Lawrence Livermore National Laboratory, etc.) 

published studies on the thermal decomposition of oil to gas.  As exploration 

strategies shift to developing natural gas resources, further research on 

mechanisms and geologic controls of gas formation from secondary cracking 

may provide insight into understanding gas generation and entrapment 

processes.       

 
Statement of Problem  
 

Specific questions will be addressed in analyzing gas generation from crude 

oils with respect to controls influencing oil cracking to gas. 

1. What products result from the thermal decomposition of oil to gas?   

2. What are the influences of water and brine on oil-cracking?   

3. How does mineral composition and grain size influence the thermal 

degradation of oil to gas?   

4. Does oil composition influence the amount and composition of the 

generated gas?   

5. Does the carbon isotopic signature of the generated gas vary as the above 

mentioned conditions change?   

6. How does the thermally-degraded oil change as gas is generated? 
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Experimental Rationale 

 

        To explore these questions, crude oils were thermally degraded using 

isothermal pyrolysis.  The experimental conditions were changed to simulate 

geologic factors that occur in natural subsurface environments.  These factors 

include: 

1) presence or absence of water 

2) water salinity 

3) grain mineralogy of “reservoir” rock 

4) mineral surface area as a function of grain size 

5) oil composition 

Generated gas and pyrobitumen (insoluble carbon residue) were collected for 

analysis as well as the degraded oil.  Caution must be used in extrapolating 

experimental conditions to geologic realities, but insight into the mechanisms 

and controls on the thermal decomposition of natural oils to gas and char can be 

derived from carefully designed experimental pyrolysis.  A temperature series 

from 340 to 400°C was designed to pyrolyze crude oil between 12 -30 days. 

 
 

Previous Experimental Work 

 

Pyrolysis of oils in the laboratory is a common methodology used to 

understand natural oil-cracking processes that occur in the subsurface.  Much of 

the previous experimental research has focused on establishing kinetics for oil-

cracking, hydrocarbon products of oil-cracking, and the thermal stability of oil in 

the subsurface.  Experimental research involving gas generation from 
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experimental pyrolysis of neat hydrocarbon compounds or natural oil mixtures 

requires background information regarding the thermal stability of oils, the 

influence of water on gas generation, the influence of grain composition and 

surface area on gas generation, and the affect of changes in oil composition on 

the generation of natural gas.  

 

     Thermal stability of crude oils 

 

 Much of the research on the decomposition of oil to gas addresses the 

question of thermal stability of oil in subsurface environments.  Significant 

accumulations of „dry‟ gas are common within the Gulf of Mexico, east Texas 

basins and the Anadarko basin.  While some are clearly microbial in origin, the 

origin of many gases remain problematic due to compositions and isotopic 

signatures more commonly associated with thermogenic origins.  The question is 

often asked:  How are „dry‟ gas accumulations - (< 0.1 gallons of condensible 

liquids per 1,000 ft.3 of gas) generated within a known prolific oil-generating 

province?  It has been suggested that the destruction of oil reservoirs beyond the 

thermal stability limit could account for these accumulations. 

Thermogenic generation of methane may be separated into the following two 

processes: 

1. methane generated by cracking of bitumen in a source rock, called 

either demethylation of kerogen (which can include C2+) or 

„primary cracking‟; 

 2. generation by the cracking of oil  during migration or in a reservoir 

  sometimes called „secondary cracking‟ 

   (Welte, et. al., 1988). 
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Figure 1.1 schematically portrays the general progression of gas generation 

under increasing thermal stress (increasing relative yield to the right).  It also  

illustrates one of the major assumptions regarding volume and timing of gas 

generation with depth.  While the diagram generally depicts the correct 

relationship between microbial and thermogenic gas generation, the thermogenic 

CH4 peak (catagenesis) is artifically enlarged by inclusion of gas from secondary 

cracking of migrated or reservoired oil.  It is assumed that the thermal stability of 

oil in the subsurface will be exceeded and thermogenic gas generated.  At what 

temperature threshold this occurs is a crucial question.  

Research has suggested that in-reservoir cracking of oil to gas may be a more 

complex, much less common phenomenon than previously assumed.  A case 

history based on deep petroleum pools of the UK Central North Sea 

demonstrated no positive evidence of significant in-reservoir cracking at 

temperatures as high as 174°C, and perhaps even as high as 195°C (Pepper and 

Dodd, 1995).     Price (1995) used both natural datasets and laboratory data to 

conclude that very distinctive compound assemblages are concentrated during 

thermal destruction of hydrocarbons.  The lack of such assemblages in high rank, 

> 2.5% Ro, (vitrinite reflectance) samples suggest that destruction of C15+ 

hydrocarbons is not complete. Isotopic signatures (13C) and methane 

percentages  from the Anadarko Basin suggest that co-generation with C15+ 

hydrocarbons was the origin of the methane rather than from in-reservoir 

thermal destruction (Price, 1995).   Mango (2002) also proposed increased 

thermal stability based on the dearth of stable cycloalkanes in natural datasets 

from mature oils (as measured from elevated gas-oil ratios (GOR).  After 

reviewing field evidence, laboratory simulations, and heat flow/burial history  
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Figure 1.1  Schematic illustration of the temperature ranges in which various 
gases are formed from source rocks containing sapropelic (oil-prone) and humic 
(gas-prone) organic matter.  The C2+ fraction represents hydrocarbon gases 
heavier than methane.  The N2 is generated initially as NH3; inorganic sources of 
CO2, H2S, and N2 are not shown.  Modified from Hunt, 1996. 
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models from varied sources, Hill et al. (2003) suggested that data supports oil 

thermal stability up to 200ºC.  

In addition, laboratory experiments provide results that also question the 

assumed stability floor for oil.  Behar and Vandenbroucke (1996) conducted an 

experiment using the anhydrous thermal cracking of n -C25 homolog to develop 

kinetic parameters which determined the rate at which the oil degraded. 

Extrapolation of the kinetic parameters to geological conditions suggests that n - 

C25 starts to degrade above 180°C for residence times higher than 10 million 

years.  This suggests that reservoired oil enriched in n -alkanes will be stable 

under high temperature conditions.  

Using information obtained from their experimental work, Behar et. al. 

(1996), demonstrated that only a small fraction of their product was light 

components, (i.e. methane (C1), ethane (C2), propane (C3), and butane (C4)).   

Table 1.1 shows selected mass balance estimates obtained during thermal 

cracking of n -C25 that indicate that at 60% conversion, only 2 wt.% will be C1- 

 C4.  Extrapolation to approximately 100% conversion predicts only about 20 

wt.% of the product will be C1-C4 gas, the rest remaining as C7-C14 liquid 

hydrocarbons and C14+ saturated hydrocarbons (Behar and Vandenbroucke, 

1996).  Results from an isothermal, closed-system hydrous pyrolysis experiment 

on a collected oil from Sarukawa Field in north-eastern Japan also suggest 

secondary cracking temperatures (under geologic conditions) between 190°C - 

230°C,  a relatively higher range than usually accepted under standard industry 

practice (Tsuzuki et al., 1999).   

Some workers theorize that sluggish reaction rates for the thermal cracking 

of low molecular weight hydrocarbons at temperatures typically associated with 

the generation of natural gas suggest that dry gas does not form by the thermal  
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Table 1.1.   Mass balances of hydrocarbon components from the anhydrous 
thermal cracking of n - C25 at various temperature conditions 

 
 

Temp 

(°C) 

time 

(h) 

 

C1-C4 

 

C7-C14 

 

C14+ (sat) 

 

C14+(aro) 

 

residue 

conv 

(wt.%) 

H2 

(wt.%) 

350 360 2.1 32.3 63.8 1.9 0.0 61.2 14.99 
         

375 24 1.1 29.8 66.4 2.8 0.0 37.3 14.89 
375 48 1.8 32.2 64.1 1.9 0.0 60.7 14.99 
375 72 3.7 36.4 56.5 3.4 0.0 75.3 15.00 
375 120 9.0 39.9 48.1 3.0 0.0 90.3 15.30 

         
400 1 0.7 27.8 69.7 1.8 0.0 14.4 14.91 
400 3 1.1 28.4 68.6 1.9 0.0 37.4 14.93 
400 6 1.8 36.0 60.8 1.5 0.0 60.8 15.05 
400 9 3.7 44.4 50.6 1.3 0.0 75.4 15.20 
400 15 8.8 41.7 46.6 2.9 0.0 90.4 15.31 
400 18 10.6 37.5 40.3 3.6 8.0 93.9 14.84 

         
425 1 3.0 30.7 63.7 2.6 0.0 62.0 14.98 
425 2 4.2 42.3 51.0 2.5 0.0 85.6 15.13 

 

Note: These are selected mass balances obtained during thermal cracking 
of n - C25 for various temperature/time conditions at 120 bar.  All values 
reported in weight percent (from Behar & Vandenbroucke, 1996). 
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decomposition of C2+ „wet‟ gas hydrocarbons (Mango, 1997).  Alternatively, 

research using data from natural petroleum systems suggest that „cracking‟ of 

C15+ hydrocarbons produces anywhere from 10-60% methane, with the C2-C6 

homolog fractions dominating the resultant oil composition based on analysis of 

cuttings gas concentrations (Snowdon, 2001). In addition, data suggests the 

persistence and dominance of C2-C4 compounds in geological systems in which 

the temperature exceeded 175ºC for more than 20Ma (Snowdon, 2001). 

The importance of quantifying and constraining the kinetics, temperature 

threshold, and mechanics of thermal degradation of oil to gas is demonstrated by 

comparing the kinetic parameters determined from various studies.  Figure 1.2 

illustrates the wide variability of activation energies (Ea) and frequency factors 

(A) of kinetics derived for thermal degradation of oil to gas using 

experimentally-derived datasets. Activation energies (Ea) range between 50 – 85 

kcal/mol depending upon the experimental conditions and type of oil or neat 

compound used. 

Some of these same parameters were used in a comparative kinetic modeling 

study to determine the amount of gas generated from cracking in-situ oil versus 

gas derived from primary kerogen demethylation (Henry and Lewan, 1999). 

Using an identical burial history scenario for each range of kinetic parameters, 

the burial history models predicted that amounts of deep-gas generated from the 

cracking of in-situ oil are 4 -7 times greater at 1°C/m.y. and 6 - 20 times greater at 

10°C/m.y. than the most optimistic kinetic model predictions for deep-gas yields 

obtained from kerogen (Henry and Lewan, 1999).  Clearly, these results indicate 

the difficulty in modeling gas generation from thermally degraded oil and 

emphasize the need to quantify gas generation from thermally-degraded natural 

oil experiments. 
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Figure 1.2  Chart depicting variable distribution of kinetic parameters; Ea 
(activation energy) and A (frequency factor) from a compilation of experimental 
results.  This indicates that the rate at which oil thermally degrades to gas may be 
very dependent upon the type and composition of the precursor oil. 



 11 

Waples (2000) summarized experimental kinetic data, thermodynamic 

theory and empirical data to suggest that a narrow distribution of activation 

energies (Ea) may be more reasonable than a single activation energy to model 

oil cracking reactions.  According to his interpretation of various data and 

theoretical considerations, the maximum temperature at which oil can be 

preserved as a separate phase ranges between 170 - 200°C, depending upon the 

heating rate used in burial history models (Waples, 2000). 

 Despite some qualifications, there is emerging research in the field of gas 

generation mechanisms and conversion kinetics, which suggests that oils in the 

subsurface may be thermally stable at much higher temperatures than previously 

thought.   

 

     Influence of water in the cracking of oil to gas 

 

Early research in the 1970‟s and 1980‟s demonstrated the importance of water 

in understanding oil cracking mechanisms.    Hesp and Rigsby, (1973) 

documented that the thermal stability of oil increases in the presence of water.  

Hoering, (1984) and others documented deuterium exchange with hydrogen 

from hydrocarbons cleaved from decomposing kerogen. 

Bjoroy et al. (1988) conducted oil cracking experiments in the presence of 

water and determined that by increasing time and temperature of pyrolysis, the 

amount of C15+ cracking to C15- hydrocarbons also increased.  Additional results 

indicated that branched and cyclic compounds reacted faster than the n-alkanes 

with the residual oil becoming more aromatic. 

During the decomposition of source rock bitumen, hydrous pyrolysis 

produced significantly more H2 and CO2 gas when compared to „dry‟ 
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experiments as well as inhibiting the coking of aromatics within the oil (Lewan, 

1992).   The products from hydrous pyrolysis experiments are similar to those 

encountered in natural environments.  In the presence of liquid water, thermal 

cracking of carbon-carbon bonds results in the generation of saturate-enriched 

oil, which is similar in structure to natural crude oils (Lewan, 1997).  

Tsuzuki et al. (1997) derived activation energies (Ea) for cracking of light (C6-

C14 saturates) and heavy (C15+ saturates) components of a natural crude oil under 

hydrous conditions.  The Ea values are respectively 86 kcal/mol and 76 

kcal/mol.  These values are similar to the mean bond energies for secondary and 

tertiary position carbon-carbon bond cleavage, 88.6 kcal/mol and 81.5 

kcal/mole, respectively (Claxton, et al., 1993).  These kinetic parameters imply 

higher thresholds of stability when compared with activation energies published 

from anhydrous experimental research where the Ea values ranged from 50 

kcal/mol to 73 kcal/mol (Horsfield et al., 1992). 

Tsuzuki et al. (1997) used 1H-NMR spectroscopic measurements to estimate 

the amount of aliphatic, aromatic, and insoluble components from the thermal 

degradation of oil to gas.  To simplify the complex compound mixtures found in 

natural hydrocarbons to construct a cracking model, they divided the petroleum 

macromolecules into several groups.  C1 - C5 gases were produced from 

essentially two reactions:  1) the conversion of C15+ saturates into heavy 

condensed aromatics, C1- C5 gas, and light saturates and 2) the conversion of the 

generated light saturates (C6- C14) into C1- C5 gas and insoluble coke (Tsuzuki et 

al., 1999).  According to their results (mass fraction basis), 27% of the conversion 

of heavy saturates will be gas while cracking of the lighter saturate fraction (C6-

C14) should produce 60% C1- C5 gas.  However, the amount of gas generated was 

not directly measured. 
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Much of the research on the thermal degradation of oil has involved 

experiments in which the oil is cracked under anhydrous conditions.  Hill et al. 

(2003) determined that oil cracking results in considerable overlap of product 

generation and product cracking.  Pyrolysis of  a natural saturate-rich Devonian 

oil in confined, anhydrous conditions suggests that with increasing thermal 

stress the C15+ fraction cracked to form C6- C14 and C1- C5 hydrocarbons and 

pyrobitumen.  According to the data, oil cracking products accumulate either 

because the rate of generation of any product is greater than the rate of removal 

by cracking or because the product is a stable end member under the 

experimental conditions (Hill et al., 2003). 

Horsfield et al. (1992) and Schenk et al. ( 1997) pyrolysed oils under 

anhydrous conditions using non-isothermal conditions (ramped temperature 

increases).  Results indicated that the C15+ fraction began to crack first resulting in 

formation of C1-5 and C6-13 fractions.  The C6-13 cracked ultimately to methane and 

pyrobitumen.  An important result of their research was to document the 

increased paraffinicity of the residual oil before n-alkane cracking commenced.  

After n-alkane cracking was initiated, the residual oil became increasingly 

aromatic. 

Comparison between anhydrous-derived and hydrous-derived kinetic 

models results in significant differences of predicted gas generation from oil 

degradation (Henry and Lewan, 1999).  Figure 1.3 shows the disparity in gas 

yields using anhydrous or hydrous pyrolysis techniques.   Hydrous yields are as 

much as 140 mg/g oil less than those predicted from anhydrous cracking of oil 

under a heating rate of 1°C/m.y.  Approximately the same yield differential is 

also present using the 10°C/m.y. heating rate.  The stepped curve pattern of the  
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Figure 1.3  Amount of gas generated from the cracking of reservoir oil with 
increasing burial according to anhydrous pyrolysis (solid line; C1-C4 components; 
Horsfield, et al., 1992) and hydrous pyrolysis (dashed line; C1-C4 components, 
Tsuzuki et al., 1997).  From Henry and Lewan, 1999. 
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hydrous-derived yields reflect differing kinetic thresholds used in the model as 

heavier oil fractions crack to lighter components.   

Results from previous research indicate that the presence or absence of water 

in experimental simulations directly impacts the degree of oil degradation as 

well as the amount of gas generated.  Since water is ubiquitous in the subsurface 

environment and most hydrocarbon reservoirs are water-wet, hydrous pyrolysis 

experiments more reasonably approximate subsurface conditions.  The impact of 

the salinity of water on oil cracking and gas generation has not previously been 

tested using pyrolysis experiments. 

 

     Influence of grain mineralogy and surface area on cracking of oil to gas 

 

Some researchers suggest that gas generation is actually a result of complex 

geocatalytic reactions involving the decomposition of long-chain hydrocarbons 

or may be enhanced/retarded by the oxidation state of hydrocarbon species in 

aqueous solutions (Mango, 1994; Seewald, 2001). 

Few studies have been published regarding the addition of minerals in 

pyrolysis experiments designed to track the cracking of natural oils to gas. 

Seewald, (2001) published results of a hydrous, isothermal pyrolysis experiment 

using model organic compounds such as ethene, ethane, propene, 1-butene and 

heptane. These compounds were injected into reactor environments (along with 

water) containing commercially synthesized stoichiometric minerals.  Iron oxide 

and iron sulfide mineral assemblages were used to buffer the redox state and 

activity of H2S during the experiments (Seewald, 2001).  Unfortunately, typical 

minerals associated with oil/gas accumulations such as quartz, carbonate, 

feldspar, and phyllosilicates were not included in these experiments.    
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According to the results of this experiment, if mineral buffers are added to 

reactor environments, decomposition may proceed through a series of oxidation 

and hydration reactions that sequentially produce alkenes, alcohols, ketones and 

organic acids as reaction intermediaries (Seewald, 2001).  The organic acids 

subsequently undergo decarboxylation and/or oxidation reactions to form 

carbon dioxide and shorter-chain saturated hydrocarbons. The experimental 

design utilized by Seewald, (2001) required the removal of vapor-phase light 

hydrocarbons from the analyses.   

Huizinga, et al. (1987) conducted laboratory experiments on the role of 

minerals in the thermal alteration of organic matter.  Immature oil-prone 

kerogens were mixed with calcite, illite, and Na-montmorillinite and pyrolysed 

under hydrous and anhydrous conditions at 300°C.  It was determined that 

during the anhydrous experiments, small amounts of interstitial pore water from 

the illite and Na-montmorillinite were liberated (Huizinga, et al., 1987).  

According to their interpretation, the influence of clay minerals on the aliphatic 

hydrocarbons is critically dependent on the water concentration during 

laboratory thermal maturation.  Under low water concentrations (i.e., anhydrous 

pyrolysis), C12+ n-alkanes and acyclic isoprenoids are mostly destroyed in 

experiments with montmorillinite but undergo only minor alteration with illite 

(Huzinga, et al., 1987).  The addition of clay minerals in anhydrous pyrolysis 

experiments significantly reduced alkene formation.  Under hydrous conditions, 

the effects of clay minerals in the reactors were reduced, i.e. higher 

concentrations of n-alkanes and acyclic isoprenoids were recorded. Experiments 

with calcite indicated no significant influence on the thermal evolution of 

hydrocarbons from the immature oil-prone kerogens (Huzinga, et al., 1987).   
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Experiments designed to pyrolyze neat organic compounds or kerogen are 

not directly comparable to natural oil-cracking experiments.  However, data 

from these experiments suggest that clay minerals may impact the thermal 

degradation of oil by providing sites of electrochemical oxidation/reduction 

reactions, i.e. catalysis. Catalytic cracking proceeds via a carbonium ion 

mechanism requiring the presence of an acid catalyst. 

Results of pyrolysis experiments designed to address the effect of mineral 

surface area on oil cracking mechanisms and generation of natural gas have not 

been published.   

 

      Influence of oil composition on the cracking of oil to gas 

 

Previous research indicates that oils with different saturate/aromatic ratios, 

sulfur content, and source-rock origin thermally degrade to gas at different 

kinetic thresholds and generate different cracking products. 

Crude oils from the Tualang reservoir (lacustrine in origin), Mahakam 

reservoir (fluviodeltaic in origin), Tuscaloosa reservoir (marine-clastic in origin), 

and Smackover reservoir (marine-carbonate in origin) were compared using 

closed-system, programmed-temperature, anhydrous pyrolysis to determine 

kinetic parameters and onset of gas generation (Schenk, et al., 1997).  Under 

geologic heating conditions, the onset of gas generation and peak gas generation 

are extrapolated to occur at about 180°C and 225°C, respectively (Schenk et al., 

1997).  They determined that the marine oils reached peak gas generation at 

215°C, with the onset of decomposition reactions predicted to be at about 170°C.  

According to their dataset, gas generation is accompanied by the formation of 

aromatic compounds for the marine oils (Schenk, et al., 1997). 
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McKinney, et al. (1998) monitored the thermal degradation of 13C-labeled n-

C25 mixed with a typical marine oil from the Arabian peninsula and an oil 

derived from terrestrial source rocks in the Ardjuna basin. It was determined that 

the rate of 13C-labeled n-C25 decomposition was suppressed in the oil mixtures as  

compared to the pyrolysis of just the neat compound (Mckinney, et al., 1998).  

The kinetic parameters determined from the oil mixture experiments indicated 

that the frequency factor (A) varied by as much as a factor of five when 

compared to the decomposition of just the neat n-C25 compound.  Evaluation of 

the concentration of n-alkanes in the degraded oils indicated that the 

mechanisms may be similar between the labeled Ardjuna oil and degradation of 

the neat compound, but differ when compared to the Arabian light oil 

(McKinney, et al., 1998).  This may be due to the high olefin (alkene) content of 

the Ardjuna oil in which the 13C-labeled alkyl radicals could induce additional 

reactions to form higher molecular weight compounds and branched 

hydrocarbons.  The Arabian light crude has a higher concentration of aromatic 

compounds which would inhibit further n-alkane development. 

A low-sulfur North sea oil, a waxy paraffinic oil from Indonesia, and a high-

sulfur oil from Dubai were pyrolyzed in glass capillary glass tubes and Dickson 

autoclaves at temperatures ranging between 310-360°C (Burnham, et al., 1997).  

These oils were doped using isotopically labeled n-hexadecane to trace the 

decomposition of n-alkanes and determine the kinetics of the reactions.  At 

temperatures around 310°C, the decomposition rate of neat hexadecane is 

roughly equal to the decomposition rate of the high paraffin oil and substantially 

slower than in the typical marine and high sulfur oils (Burnham, et al., 1997).  

Alkenes were formed as intermediary products in two of the three oils but 

rapidly converted to corresponding alkanes.  One experiment involved the 
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addition of water in the capillary tube with the result showing a significant 

increase in production of H2 and CO2 gas, indicating that water is chemically 

reactive under these conditions.  In addition, coking of the aromatic fraction was 

inhibited in the experiment involving water (Burnham, et al., 1997). 

Utilizing sixteen different source rocks of varying composition , sealed 

platinum pyrolysis experiments were conducted to investigate oil cracking in the 

presence of source rocks (Pepper and Dodd, 1995).  Interpretation of bulk 

concentrations and derived kinetic parameters suggest that oil cracking is highly 

dependent upon oil composition, with the saturate to aromatic hydrocarbon ratio 

being of primary importance (Pepper and Dodd, 1995).   

Most research involving the thermal decomposition of oil to gas has involved 

tracking the concentration of saturated hydrocarbon homologs through the 

pyrolysis experiment.  Compositional comparisons between the generated gas 

and degraded oil would be a more direct measurement of the decomposition 

reactions.  Therefore, gas from hydrothermal and anhydrous pyrolysis of natural 

oils will be collected and analyzed to assess the effect of geologic controls on the 

generation of natural gas. 

  

Geochemical description and origin of oils used in pyrolysis experiments 

 

Oils from the Jurassic Smackover, Cretaceous Austin Chalk, and Tertiary 

Green River petroleum systems were collected from producing fields for use in 

the experiments. Oils were either gathered from tank separators to minimize 

water content and dissolved volatile gas components or collected from drillstem 

tests (DST).  The oils were not modified in any way before use in the pyrolysis 

experiments.  Table 1.2 summarizes the location, producing reservoir,  
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Table 1.2.    Geochemical characteristics of the oils used in this study 

 
 

Geochemical 

Characteristics 

Morris 28-2 Unit 
API#   01-023-20128 
Choctaw County 
Alabama 
Sugar Ridge Field 
11563’ - 11618’ 
Smackover 
Formation 

Mines Unit #1 
API#   42-041-31511 
Brazos County 
Texas 
Giddings Field 
TVD - 7388’ 
Horizontal: 7303’-10,201’ 
Austin Chalk 

Texaco D-1 Ute Tribal 
API#  43-013-30056 
Duchesne County 
Utah 
Altamont Field 
TD 11048.5’ 
9251’ – 9251’ 
Wasatch Formation 

API Gravity 34.0 33.4 38.3 

Sulfur wt. % 1.7% 0.68% 0.55% 

C 15+ % recovered 68.7% 81.7% 92.3% 

wt.% saturates* 50.9% 59.5% 89.5% 

wt.% aromatics* 38.3% 21.8% 3.5% 

wt.% resins* 8.7% 17.6% 2.6% 

 wt.% asphaltenes* 2.1% 1.1% 4.4% 

saturate/aromatic 
          ratio 

1.3 2.7 25.7 

pristane/phytane 0.59 1.60 2.36 

CPI (n -C23 to n -C29)^ 0.92 1.15 1.01 

Note: Analyses run by Sara Rudzik and Augusta Warden, U.S.G.S. 

*  normalized wt.% of C15+ fraction 

^ CPI carbon preferential index, Bray and Evans, 1961 
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API gravity, and geochemical characteristics of the oils.  Pyrolysis of these oils 

allows for direct comparison between a high-sulfur oil, a low-sulfur oil with an 

elevated saturate/aromatic ratio, and a paraffinic, waxy oil with a 

saturate/aromatic ratio of 25.7 (Table 1.2). 

Two of the three oils were selected from Gulf of Mexico (GOM) petroleum 

system for use in the pyrolysis experiments:  oils from Smackover and Austin 

Chalk formations.  Figure 1.4 depicts a generalized hydrocarbon system map, 

modified from Wenger et al. (1994), for the GOM based upon integration of both 

onshore and offshore data.  Three main families of oils are depicted:  1) high 

sulfur oils from Jurassic carbonate source rocks (i.e. Smackover), 2) calcareous, 

moderate-low sulfur oils from Cretaceous source intervals (i.e. Austin 

Chalk/Eagleford) and 3) mixed terrestrial/marine oils from lower Tertiary-age 

sources (i.e. Wilcox).   Facies variation within the source intervals account for 8 -9 

sub-family oil groupings (Wenger et al., 1994).  The areal extent of the Jurassic  

Smackover system covers a large portion of the offshore Gulf of Mexico and also 

includes vast onshore areas in Mississippi, Arkansas, Alabama, and Texas 

(Figure 1.4).   In contrast, the Cretaceous Austin Chalk/Eagleford system 

comprises a relatively narrow swath across Texas, Louisiana, and Mississippi, 

primarily onshore.   

 

     Smackover oil  

 

Oil from the Sugar Ridge field in Alabama was selected as a representative 

sample from the Smackover petroleum system (Figure 1.5).  These oils typically  
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Figure 1.4.  Hydrocarbon system map for the Gulf of Mexico depicting a 
generalized grouping of major source horizons.  Note that facies gradations and 
zones of mixing have been simplified (after Wenger et al., 1994). 
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Figure 1.5.  Mesozoic oil and gas fields in southwestern Alabama showing 
position of Sugar Ridge field.  Oil from this field was used in pyrolysis 
experiments.  Modified from Claypool and Mancini, 1989. 
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contain high sulfur, usually in excess of 1.5% (Claypool and Mancini, 1989).  In 

addition, most oils typed to Smackover source intervals have low  

saturate/aromatic ratios.  This oil which contains 1.7wt.% sulfur and a 

saturate/aromatic ratio of 1.3 is no exception (Table 1.2) .  The oils usually have 

very low pristane/phytane ratios. With a ratio of 0.59, this oil is typical of genesis 

from organic matter deposited in anoxic, commonly hypersaline environments 

(Schwark and Püttmann, 1990).   CPI (carbon preference index) or OEP 

(odd/even preference) values significantly above (odd preference) or below 

(even preference) 1.0 may indicate that the oil is thermally immature (Hunt, 

1996).  In this case, the ratio is near unity so no inference on maturity can be 

made.  However, CPI or OEP values less than 1.0 are unusual and may typify oils 

from carbonate or hypersaline environments.  Given the low CPI in conjunction 

with a low pristane/phytane ratio and high sulfur content, the oil sample from 

Sugar Ridge Field seems to be representative of oils from the Jurassic Smackover 

petroleum system located in the Gulf of Mexico.  

 The northern Gulf of Mexico (GOM) is the southern passive margin of North 

America, characterized since Triassic time by extensional and gravitational  

tectonics (Weimer et al., 1998).  An early rifting stage took place in Late Triassic 

to mid-Jurassic time along the trend of the Ouachita fold belt , which in time 

became the landward margin of the subsiding basin (Figure 1.6). A second 

episode of rifting in the middle Jurassic resulted in half-graben development in 

the deep Gulf of Mexico.  Associated with this rifting event was the deposition of 

thick Callovian (Louann) salt across the basin.  This salt, when later remobilized, 

played a critical role in maturation, migration, and entrapment of petroleum in 

the northern Gulf of Mexico basin.  The high thermal conductivity of salt retards  
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Figure 1.6  Schematic cross-section illustrating the early evolution of the Gulf of 
Mexico basin.  Crustal deformation and resultant stratigraphy are shown from 
Triassic through Middle Cretaceous (after Weimer, et al., 1998). 
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the thermal maturation of subsalt source rock horizons and retards generation 

and migration from these organic-rich intervals (McBride, et al., 1998). 

Middle Jurassic to early Cretaceous post-rift sedimentation generally 

consisted of shallow-marine carbonates and periodic influx of siliciclastic 

sediments (Figure 1.6).  This broad platform adjacent to the northern Gulf basin 

would eventually contain most of the important onshore reservoirs.  Attenuated 

continental and oceanic crust caused the region to subside more rapidly than the 

shelf areas to the north (Weimer, et al., 1998).   By the Middle Cretaceous, 

estimated water depth in the deep Gulf was more than 1 kilometer. 

A generalized schematic diagram of basic GOM stratigraphy illustrates the 

dramatic shift in Late Cretaceous time to clastic loading and progradation of the 

shelf (Figure 1.7).  This figure also illustrates the general distribution of 

production within Mesozoic and Tertiary sedimentary rocks of the GOM.  The 

bulk of current production and discovered reserves come from turbidites and 

deep-water clastics of Paleocene through Pliocene/Pleistocene age.  Oil, 

condensate, gas (both thermogenic and microbial) are common throughout the    

Tertiary section with undiscovered resource estimates ranging between 4 -28 

BBO and 10 - 63 TCF gas (Weimer et al., 1998).  Future deep-gas potential from 

onshore Cretaceous reservoirs is possible in this otherwise maturely explored 

play horizon.   Over 80 BBO have been discovered in Cretaceous intervals. 

Limited volumes of hydrocarbon, mainly gas, have been discovered in 

Jurassic-aged reservoirs.  Deep-gas discoveries have been made in the Jurassic 

section within south Texas, coastal Alabama, and on the eastern continental shelf. 

Denudation of Laramide uplifts in the western Rocky Mountain area 

provided the bulk of the huge volumes of clastic sediment present in the GOM  
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Figure 1.7.  Gulf of Mexico schematic stratigraphic section depicting major 
source intervals, production horizons, and generalized stratigraphy (after Curtis, 
1991). 
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area (Curtis, 1991).    During early Cenozoic time, regionally extensive shallow-

water to continental-shelf siliciclastic depocenters became established in the 

northern Gulf, primarily entering along the present-day western edge of the Gulf  

of Mexico.  However, by Miocene time these depocenters switched to the east.  

Figure 1.8 shows the result of this shift which meant that sediments from the 

entire central portion of North America were draining into the Lousiana area 

in the north-central Gulf basin (Weimer, et al., 1998).  The weight of these 

sediments on the Jurassic salt/anhydrite intervals created the complex 

gravitational salt tectonics characteristic of the northern Gulf of Mexico.   

 

     Austin Chalk Oil 

 

Upper Cretaceous oils correlated to Austin Chalk/Eagleford source intervals 

typically contain low sulfur, high pristane/phytane ratios, and high 

saturate/aromatic ratios.  Representative oil samples were identified by low 

sulfur content coupled with moderate-low API gravity oil from trends within the 

Upper Cretaceous petroleum system (Figure 1.4).  Oil from the Giddings Field in 

Brazos County, Texas is a representative sample of this system (Figure 1.9).   Oil 

was collected directly from the Mines Unit #1 well in the Giddings Field. The 

Austin Chalk/Eagleford play is common throughout the onshore Gulf of Mexico.  

Grabowski (1981) indicated that a high saturate/aromatic ratio of 2.7, a fairly 

high pristane/phytane ratio of 1.6, and low sulfur percentage is common from 

organic matter deposited in Upper Cretaceous marginal/deep marine 

environments (Table 1.2). 

Source rocks within the Upper Cretaceous Austin Chalk/Eagleford system 

contain both siliciclastic and carbonate facies trends.  In Early to Middle  
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Figure 1.8  A generalized map of the northern Gulf of Mexico showing the 
regional distribution of marginal marine depocenters during the Tertiary.  
Modified from Weimer et al., 1998. 



 30 

 

 

 

 

 

 

 
Figure 1.9.  Location map for Mines Unit #1.  Oil collected from well 
representative of Austin Chalk petroleum system.  Field  and Austin Chalk play 
outline shaded in gray. 
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Cretaceous time, a stable carbonate margin developed along the subsiding 

southern margin of the North American craton (Figure 1.6).  Initial transgression 

of the northern margin of the Gulf of Mexico produced restricted suboxic to 

anoxic conditions that resulted in preservation of amorphous, Type I and Type II 

organic matter in the Austin Chalk/Eagleford formations.  TOC ranges between 

0.5% to localized horizons greater than 10% TOC (Grabowski, 1981). 

Sea level transgression resulted in highstand carbonate deposition in a large 

epeiric seaway across the western interior of the North American craton during 

the Late Cretaceous.  Culmination of punctuated transgressions across the craton 

(300 meters above present-day sea level) resulted in chalk depostion along the 

axis of the seaway from the Gulf Coast (Austin Chalk) northward through 

Colorado and Wyoming (Vail, et al., 1977).  Organic matter in the overlying 

chalk, while more finely disseminated, is nearly identical in character to the 

Eagleford (Grabowski, 1981).  Distinction between Eagleford and Austin Chalk 

oils and extracts remains problematic and is based primarily on maturity effects 

(Weimer et al., 1998).  Low sedimentation rates coupled with restricted, anoxic 

conditions created ideal conditions for preservation of organic matter within the 

Austin Chalk/Eagleford formations.  However, geochemical data clearly indicate 

that the Eagleford shale is consistently the most organic rich and the 

predominant source of oil. 

 

    Green River oil 

 

Oil from the Texaco D-1 Ute Tribal in the Altamont Field was selected as 

representative of a highly paraffinic, waxy oil (Figure 1.10).  This oil is from 

source rocks located within the Tertiary Green River petroleum system located 
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Figure 1.10.  Location map of Texaco D-1 Ute Tribal.  Oil collected from this well 
was used in pyrolysis experiments for comparison with Smackover and Austin 
Chalk oil experiments. 
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in Wyoming and Utah, considered a classic model for lacustrine source rock 

deposition (Cole, 1984).  The oil was collected in the Uinta basin, south of the 

Green River basin and just west of the Piceance Creek basin located in western 

Colorado (Figure 1.10).  This oil is a solid wax at room temperature with a 

pourpoint of 100°F.  Green River oils are dominated by n-alkanes, have no odd-

even predominance, and contain high pristine/phytane ratios.  Table 1.2 

indicates that the selected oil has a saturate concentration of almost 90%, a 

saturate/aromatic ratio of 25.7, and a pristine/phytane ratio of 2.36.  These 

characteristics are typical of oils derived from lacustrine black shales  of the 

Green River petroleum system (Fouch et al., 1994). 

Coalescence of several small, freshwater lakes in the western part of the 

Uinta basin ushered in a major period of Tertiary lacustrine deposition in the 

region (Ruble, et al., 2001).  This period was characterized by many fluctuations 

in lake size, resulting in a complex intertonguing of lacustrine and fluvial 

sediments.  The lake became progressively more saline until by the late 

Paleocene it developed a stratified anoxic bottom layer conducive to the 

preservation of organic-rich shales (Ruble et al., 2001).  Within the lacustrine 

system, there is facies variation in the organic matter and total organic carbon 

(TOC) of potential source rocks (Cole, 1984). 

Oils from the Altamont field can be correlated to different source facies 

depending upon the depth of the reservoir.  The oils selected for use in the 

pyrolysis experiments are intermediate in reservoir depth (~9200‟) and are 

generated from the basal black shale facies of the Green River formation (Ruble, 

et al., 2001).     
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CHAPTER 2 

 

EXPERIMENTAL METHODOLOGY AND CONDITIONS 

 

 

 

Overview of Experimental Design 

 

The three main techniques for pyrolysis experiments are:  1) open-system 

anhydrous pyrolysis  (e.g. Rock-Eval™) where source rocks, kerogen, oils, and/or 

neat compounds are thermally destroyed and generated in the absence of water 

and swept out of the system using an inert gas; 2)  closed-system anhydrous 

pyrolysis  (e.g. microscale sealed (MSSV) pyrolysis) where materials are thermally 

generated and degraded in the absence of water and resultant products captured 

in the experimental vessel; and 3) closed-system hydrous pyrolysis  where source 

rocks, kerogen, and oils are pyrolyzed in the presence of water with resultant 

products captured in the reactor vessel. 

These experiments can be conducted using non-isothermal (ramped 

temperature increases) or isothermal (constant temperature versus time) heating 

conditions.   If the experiments were designed to generate kinetic values 

regarding the rate of decomposition, then differing computational techniques are 

required depending whether the experiments were conducted under isothermal 

or non-isothermal conditions.  The non-isothermal technique uses a Gaussian 

distribution or a discrete distribution of activation energies that represent a series 

of parallel reactions with a single frequency factor (Schenk et al., 1997). Care 

must be taken in reducing the data to get reasonable results.  Isothermal 
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experiments result in activation energies and frequency factors directly 

determined from the data (McKinney et al., 1998).   

Much of the research on secondary-cracking kinetics and gas generation 

mechanisms has been conducted using non-isothermal, open-system anhydrous 

pyrolysis or isothermal, closed-vessel anhydrous pyrolysis experiments (Behar et 

al., 1996; Burnham et al., 1997).   Open-system experiments require rapid 

vaporization of pyrolysis products which are then immediately swept out of the 

system, unlike the processes operative in a subsiding sedimentary basin (Lewan, 

1992).  The use of isothermal, closed-system pyrolysis provides a better 

opportunity to more closely simulate nature.   

Published laboratory assessments typically involve monitoring the 

disappearance of model hydrocarbon compounds such as n -hexadecane, n - 

heptane, n -C25 and isotopic tracers (Burnham et al., 1997 and Behar et al., 1996).   

Focus on the presence or absence of a liquid hydrocarbon component, while 

helpful in constraining kinetic parameters, does not directly link gas generation 

to secondary cracking of the model hydrocarbon component. In addition, the use 

of a model compound instead of natural oil mixtures limits the utility of the 

derived kinetics and insight into cracking mechanisms when compared to 

natural systems. Gas generation from thermally degraded oil mixtures results in 

compositional and isotopic information, which can provide crucial insight into 

the mechanisms of oil degradation.   

Closed-system pyrolysis was used to thermally degrade oil to evaluate gas 

generation. The experiments were designed so that a crude oil (Smackover, 

Austin Chalk, or Green River) was isothermally heated at specific temperatures 

for a given time in sealed reactor vessels.  Figure 2.1 is a schematic diagram of 

the experimental design proposed for the thermal degradation of oil to gas. 
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Oils were cracked under anhydrous (no added H2O) and hydrous (with liquid 

H2O) conditions.  In addition, reactor environments were modified to include the 

addition of saline water, quartz, limestone, dolomite, and illitic shale grains.  

These modifications are an attempt to understand the role of natural conditions 

on oil decomposition.  It is important to differentiate carbonate reservoir 

conditions from clastic because 43% of the giant fields produce from carbonate 

horizons with 57% producing from dominantly clastic stratigraphic intervals 

(Horn, 2005).   

Once the experiment went to completion, the generated gas was collected 

along with the degraded oil, water if present, and generated char (pyrobitumen).     

 

Experimental Conditions 

 

The extent of secondary cracking reactions that should occur during the 

experiments was investigated to determine optimum time and temperature 

conditions.   To obtain measurable amounts of gas, the temperature in the reactor 

must be elevated enough and for sufficient duration to generate significant 

amounts of gas and char.  A study using kinetics derived from the hydrous 

cracking of a low-sulfur, Sarukawa oil (Japan) was used to estimate the extent of 

secondary cracking reactions at various temperature and time conditions 

(Tsuzuki et al., 1997). 

Table 2.1 lists the results of using these kinetic parameters for the cracking of 

the C15+ saturate fraction at various times and temperatures.  The activation 

energy (Ea) of 76 kcal/mol and frequency factor (Ao) of 3.90 x 1023  h-1 were 

incorporated into a rearranged Arrhenius equation to determine extent of 

reaction for various times and temperatures.   
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Table 2.1     Estimated extent of cracking reactions determined from the C15+  
           saturate component cracking of low-sulfur Sarukawa oil 
 
  

Reactor 
Temperature 

(°C) 

Reactor 
Temperature 

(°K) 

time  
(hours) 

X 
(fraction of 
reaction) 

time  
(hours) 

X 
(fraction 

of 
reaction) 

      

      
355 628 144 0.180 288 0.328 
360 633 144 0.275 288 0.475 
365 638 144 0.403 288 0.644 
370 643 144 0.561 288 0.807 
375 648 144 0.728 288 0.926 
380 653 144 0.871 288 0.983 
385 658 144 0.959 288 0.998 
390 663 144 0.993 288 1.000 

      

 

 
Note:  Heavy component cracking (C15+ saturate) - Arrhenius equation solved for  
X  (fraction of reaction gone to completion).   
Arrhenius equation:  X=1 - exp{-tAoexp[-Ea/RT]} 
Ea = activation energy   Ao = frequency factor  R = gas constant   T = temperature in °K 
Ea = 76,000 (cal/mol)  Ao = 3.90E+23 (h-1)  
(from Tsuzuki et al., 1997) 
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According to the kinetic parameters determined by Tsuzuki’s experiments, 

temperatures between 355 C and 370 C required 288 hours to cause 33% to 81% 

of cracking reactions associated with the decomposition of the C15+ saturate 

fraction to occur.  C1 - C5 gas, C6 - C14 saturates, and C15+ aromatics are all 

products of the decomposition.  Table 2.1 also indicates that higher temperatures 

between 375 C and 390 C would cause 73% to 99% of the decomposition 

reactions to occur after 144 hours.   After 288 hours at temperatures between 375 

C and 390 C, 93 to 100% of all possible cracking reactions should occur. 

Based on the oil decomposition calculations, it was determined that 

temperature ranges between 360 C and 400 C for 288 hours should generate the 

significant amounts of gas needed to measure compositional and isotopic 

changes in the recovered gas and oil.  To compare changes in geologic controls 

(changes within the reactor environment), a comparison temperature of 380°C 

was selected based on the theoretically complete extent of oil cracking as well as 

the functionality of the temperature monitoring system. Temperatures in excess 

of 390°C may induce excessive degradation of thermocouples and monitoring 

equipment. 

Because this temperature range straddles the supercritical temperature of 

water (374 C) and because the addition of gas can cause variations in the 

supercritical temperature, experiments with added water (hydrous) will be 

collectively referred to as hydrothermal.  The experiments at 340 °C and 360 °C 

may be hydrous (below supercritical water temperature) but uncertainty in 

phase behavior of water in the presence of hydrocarbons requires that all 

experiments including water are referred to as hydrothermal. 
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It is important to note that the bulk properties of the residual Sarukawa oil 

(0.4% sulfur, 33.4% saturates, 25.6% aromatics, 38.1 asphaltenes) are much 

different than the Smackover, Austin Chalk, and Green River oils used in these 

simulations (Tsuzuki, et al., 1999).  Therefore, prediction of the extent of 

secondary cracking of Smackover oil is only an approximation.  

Table 2.2 lists the reactor and designated temperature conditions for each 

experiment using Smackover, Austin Chalk, or Green River oils. Variations in 

experimental conditions are also listed. The desired duration for most 

experiments was 288 hours or 12 days.   

 

Phase Behavior During Experiment and Collection 

      

Data regarding temperature, pressure, and composition of the liquids 

involved can be modeled to provide insight into the phase relationships present 

within the reactor vessel during pyrolysis.  However, because natural oil 

mixtures are complex, models can only indicate approximations of actual 

conditions and phase relationships at high temperatures.  Detailed inspection of 

the reactors after the experiments can also provide useful information regarding 

the phase behavior of the liquids involved at temperature.  

 

Phase relationships within the reactor 

 

Cracking of oil to gas under laboratory conditions requires elevated 

temperatures to accelerate the cracking process within an observable time frame. 

Temperatures which ranged between 340°C to 400°C result in phase changes of 
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Table 2.2     Designed experimental conditions 
 
 

Experiment 
# 

Experimental 
Conditions 

desired 

Temperature C 

desired duration 
(hours/days) 

HP 2769 * hydrothermal - Smackover 360 288h/12 

HP 2770 * anhydrous - Smackover 360 288h/12 

HP 2771 anhydrous - Smackover 340 720h/30 

HP 2772 anhydrous - Smackover 400 288h/12 

HP 2774 anhydrous - Smackover 360 288h/12 

HP 2775 hydrothermal - Smackover 340 720h/30 

HP 2776 hydrothermal - Smackover 360 288h/12 

HP 2777 hydrothermal - Smackover 400 288h/12 

HP 2778 hydrothermal - Smackover 380 288h/12 

HP 2780 anhydrous - Smackover 380 288h/12 

HP 2824 hydrothermal - Smackover 360 288h/12 

HP 2876 anhydrous - Smackover 380 288h/12 

HP 2877 hydrothermal - Smackover 380 288h/12 

HP 2878 hydrothermal – Smackover 
7% NaCl brine 

380 288h/12 

HP 2887 anhydrous - Smackover 
2mm quartz sand 

380 288h/12 

HP 2988 hydrothermal – Austin Chalk 380 288h/12 

HP 3179 anhydrous – Smackover 
2mm limestone 

380 288h/12 

HP 3180 anhydrous – Smackover 
2mm illitic shale 

380 288h/12 

HP 3181 anhydrous – Smackover 
2mm dolomite 

380 288h/12 

HP 3182 anhydrous – Smackover 
0.75mm quartz sand 

380 288h/12 

HP 3183 hydrothermal – Smackover 
2mm quartz sand 

380 288h/12 

HP 3186 anhydrous – Austin Chalk 380 288h/12 

HP 3223 anhydrous – Smackover 
dehydrated 2mm illitic shale 

380 288h/12 

HP 3224 anhydrous – Green River 380 288h/12 

HP 3225 hydrothermal – Green River 380 288h/12 

* First experimental series designed to develop protocols for recovery of generated gas and      
degraded oil. 
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both the water and oil used in the pyrolysis experiments.  In an attempt to 

replicate natural subsurface conditions, it would be beneficial to have liquid oil 

present in the reactor under elevated temperatures. 

Figure 2.2 is a phase diagram developed by Dr. Robert Burruss, U.S.G.S. 

(United States Geological Survey), for the anhydrous Smackover oil used in  

the pyrolysis experiments.  Dr. Burruss used a U.S.G.S. in-house modification of 

the PVT-Simulation and Flow Assurance modeling software 

(version 10) to predict theoretical hydrocarbon phase relationships at various 

temperatures (person. comm., Burruss, 2003).  An initial oil density of 0.85g/cc at 

STP was determined by PENCOR Reservoir Fluid Specialists, Inc. for the 

Smackover oil and used in the model.  The anhydrous experiments are clearly 

within the 2-phase region where both liquid and vapor are present (Figure 2.2).  

Further modeling by Dr. Burruss for the anhydrous system indicated that from 

360° to 380°C, the density of the liquid oil was 0.615g/cc with approximately 25-

40% of the oil remaining in the liquid phase, respectively.  These are theoretical 

relationships based on analyses of Smackover oil data.  Natural oil mixtures are 

complex and slight variations in composition will affect the temperature and 

pressure at which bubblepoint is reached.  In addition, the various equation-of-

state models used for this analysis were based on several equilibrium equations 

using model hydrocarbon compounds as the standard and not a complex 

hydrocarbon mixture (person. comm., Burruss, 2003).    

The addition of water increases the complexity of the oil system within the 

reactor (Figure 2.3). The critical point of pure water (in excess of this point, only 

one phase is present) is at 373.97°C and 3198.8 psia (217.6 atm) (McCain Jr., 1990).     
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Figure 2.2  Theoretical phase relationships for the anhydrous pyrolysis 
experiments at temperatures between 340 and 400°C.  The experiments at 
temperature contain oil in liquid and vapor phases (Burruss, 2003, person. 
comm.) 
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Figure 2.3  Theoretical phase relationships for the hydrothermal pyrolysis 
experiments at temperatures between 340 and 400°C.  The experiments bracket 
the transition from a 3-phase region consisting of an oil-rich vapor, water-rich 
vapor, and a water-rich liquid to a 2-phase region consisting of only water-rich 
and oil-rich vapor (Burruss, 2003, person. comm.). 
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However, the addition of liquid and vapor hydrocarbon mixtures alters the 

timing and extent of phase transformations.  Based upon the modeling by Dr. 

Burruss, experimental temperatures between 340°C and 380°C bracket a 2-phase 

to 3-phase region of transformation (Figure 2.3).  According to the model, a 

water-rich and oil-rich vapor along with a water-rich liquid (mixture of liquid oil 

and water) transform into a phase region where only a 2-phase vapor is present 

(oil-rich and water-rich vapor).  Subtle variations in oil composition will affect 

phase thresholds, limiting the utility of the modeling.  This will affect the precise 

position of the phase boundaries and the relationship of the experimental 

conditions and phase boundaries portrayed in Figure 2.3.  Experiments 

(temperature and pressure) were plotted on the modeling phase diagram.  It 

appears that the hydrothermal experiment conducted at 400°C is clearly within 

the vapor-phase region.  Experiments between 340°C and 380°C may contain 

both liquid and vapor at the desired experimental temperature.  Therefore, 

experimental conditions within the reactor may still possess some aspects of 

natural systems (i.e. liquid oil and a water-rich liquid), even at these elevated 

temperatures.  It should be noted that no prior experimental studies on oil 

cracking to gas have considered phases within the reactor. 

Visual investigations of the reactors after cool-down substantiate aspects of 

the modeling.  Internal inspection of the reactors used in the 340°C, 360°C, and 

380°C experiments (both anhydrous and hydrothermal) indicate a clear 

demarcation between char (pyrobitumen)-coated reactor walls and uncoated 

upper reactor surfaces.   

In most cases, there exists a sharp interface between wall char which may or 

may not include small beads of oil or water, and an upper reactor wall surface 

which is coated with a powdery carbon residue or is completely uncoated.  This 
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demarcation may mark the extent of the expanded oil (oil/water) interface in 

which cross-linking reactions are depositing char along the liquid/reactor wall 

interface.  In the upper portion of the reactor (vapor-phase region), no significant 

char development is observed.  However, not all experiments show a clear 

demarcation of char along the reactor walls.  In some instances, there exists a 

gradational change between the type and coverage of char along the reactor 

walls.  Interpretation of char/no-char region on reactor walls remains 

problematic.  However, there is enough physical evidence from within the 

reactor vessels to suggest that at temperatures between 360°C and 380°C, liquid 

oil (albeit at a lower density) is still present during the experiment. 

 For both anhydrous and hydrothermal experiments conducted at 400°C, a 

very thin char coating is present along the reactor walls from top to bottom.  No 

demarcation is present.  For the anhydrous experiment, either the expanded 

liquid oil/vapor interface includes the entire reactor or all of the liquid oil has 

vaporized.  Modeling by Dr. Burruss for the anhydrous experiments at 400 °C 

suggest that at a minimum, 60 - 70% of the oil exists in vapor phase.  For the 

hydrothermal experiment, the presence of a thin char coating from top to bottom 

also suggests a single vapor phase condition, i.e.an oil-rich water vapor. 

With the exception of the 400°C pyrolysis experiments, phase relationships 

within the reactors include a low-density liquid oil or water-rich liquid, oil 

vapor, and water vapor (if hydrothermal) at experimental temperature.  As 

experiments progressed, generated gas (both vapor and dissolved) and char (a 

solid) were generated from the Smackover pyrolysis experiments.  The thermal 

degradation of oil to gas along with char development in experiments conducted 

at temperatures under 380°C (and possibly even at 380°C) indicate that liquid oil 

may be present even during pyrolysis at elevated temperatures.  
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     Phase relationships during gas collection 

 

To insure that phase relationships of each gas component were tracked 

during the collection procedure, the collection conditions (temperature °C, and 

pressure, psia) were plotted on a vapor pressure chart.  Figure 2.4 shows the 

vapor pressures for propane (C3), butane (C4), pentane (C5), hexane (C6), and  

heptane (C7) neat hydrocarbons (Lide and Frederikse, 1994).  Each curve 

represents the phase transition from liquid to vapor phase for a given set of 

pressure and temperature conditions.  The vapor phase transition of water is also 

plotted.   

As will be discussed in the next sections, multiple gas collections were 

needed from a single experiment to reduce the final collection pressure to a 

common value near atmospheric.  These final collection pressures are plotted on 

Figure 2.4.  The final collection pressures group within 10 to 24 psia and indicate 

that with the exception of heptane, hexane, n-pentane, and i-pentane, short-chain 

alkanes were collected in vapor phase (Figure 2.4).  It is important to recognize 

that these curves were developed using neat alkanes, not complex hydrocarbon 

mixtures.  Therefore, the actual transition from liquid to vapor phase for these 

experiments in which a natural oil mixture is used can only be approximated by 

data utilizing neat compounds.  

In natural gases with up to 10 to 15% (volume percent) propane (C3), the 

vapor pressure of each C3 - C7 component may increase by 3 - 10 psia (Ahmed, 

1989).   If this correction is applied to the gas recovered from the pyrolysis 

experiments, n-pentane and i-pentane may also be in vapor phase during the gas 

collection (Figure 2.4).  This would suggest that representative gas samples were 

collected for the C3 - C5 hydrocarbon components from the experiments.   
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Figure 2.4  The sequential increase of vapor pressure with increasing 
temperature for neat hydrocarbon gases.  Collection gas pressures and 
temperatures from pyrolysis experiments are superimposed on diagram (data 
compiled from CRC Handbook of Chemistry and Physics, 1994, Lide and 
Frederikse, eds.) 
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Methane (C1) and ethane (C2) exist in vapor phase for all the gas collections.  The 

conditions under which hexane and heptane were collected indicate that these 

components may also exist in liquid phase (Figure 2.4).   

Therefore, methane, ethane, propane, n - butane, i - butane, n - pentane, and i 

- pentane will be treated as gas for analytical purposes.  It is understood that only 

a fraction of the generated hexane and heptane may exist in vapor phase and that 

generated hexane and heptane may be present in the recovered oil fraction. 

The possible development of a solid phase (gas hydrate) during the 

collection process was investigated to insure system integrity.  To generate a gas 

hydrate from a natural gas mixture of methane, ethane, and smaller amounts of 

propane and butane require pressures between 70 psia to 100 psia and 

temperatures between 0 °C and 5 °C, assuming the presence of water molecules 

(Rojey and Jaffret, 1997).  The gas collection temperatures ranged between 11°C 

to 21°C.  At those temperatures, collection pressures in excess of 300 psia would 

be required before hydrate formation could be theoretically possible (Rojey and 

Jaffret, 1997).  Final collection pressures ranged between 12 and 24 psia (Figure 

2.4).  Therefore, a solid phase (gas hydrate) was not likely to develop during the 

collection process. 

 
Pyrolysis Equipment 

 

Figure 2.5 is a schematic overview of the pyrolysis equipment.  There are 

four main components: 1) reactor, 2) heater, 3) temperature monitoring, and 4) 

temperature controller.  The diagram is simplified for clarity. 

All of the experiments were conducted in Hastelloy C-276 reactors.  Reactors 

(model number 4653) were made by Parr Instrument Company, Moline, Illinois.   
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Figure 2.5  Illustration of pyrolysis equipment, setup, and temperature meter and 
controller.  Electric heater housed in stainless steel sheel and thermocouples 
covered near reactor housing with Marinite-I liners (modified from Lewan, 2001; 
person. comm.). 



51 

 

Hastelloy C-276 is a nickel-based alloy with subordinate amounts of 

molybdenum, chromium, iron, and tungsten (Lewan and Fisher, 1994).  Fresh 

metal surfaces of the reactor walls dull with successive experimental use.  

Seasoning of the reactor is referred to as carburization and is the result of carbon 

from hydrocarbon and CO2 degradation at the metal interface diffusing up to 

several m into the alloy (Lewan and Fisher, 1994).   All experiments were 

conducted with seasoned reactors. The internal volume of all reactors is  1,025.0 

ml.  Reactors are equipped with rupture safety disks that allow internal pressure 

up to 8200 psia.  Figure 2.5 also details major design components of the total 

reactor assembly. The thermal well (hollow tube) is part of the reactor head 

platform and allows for direct positioning of thermocouples within the reactor.  

The reactor is sealed using head bolts in a split-ring closure apparatus. Once the 

reactor is sealed, a gauge block assembly is threaded onto the reactor head.  A 

pressure gauge allows direct monitoring of internal reactor pressure. A stainless 

steel 316 gasket (not shown) provides the seal between the reactor body and the 

reactor head.    

The reactor heating system is comprised of wrap-around electric heaters 

sheathed in stainless steel shells (Figure 2.5).  A Calrod-type sheathed element 

heater manufactured by the Parr Instrument Company, model number 4926EE is 

used as the heat source.  This is a standard electric heater used for non-stirred 

pressure vessels.  A PID (proportional-integral-derivative) type temperature 

controller is used to measure the rate of approach to the temperature set point 

and adjust the proportional action to minimize temperature overshoot (Figure 

2.5).   An integral function in the controller compensates for any offset produced 

by proportional control to ensure that the temperature will always match the set 

point.   The tops of the reactor vessels are insulated with Marinite-I (a refractory 
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product formed from calcium silicates, inert fillers, and reinforcing agents) 

covers and woven insulating blankets. 

The temperature monitoring system consists of two type-J thermocouples 

sheathed in stainless steel probes and a J-couple meter.  Both probes are inserted 

into the thermal well with one thermocouple attached to the controller and one 

attached to the meter for temperature monitoring purposes (Figure 2.5).  For 

experiments in which rock grains were placed in the reactor, the controller 

thermocouple was wired outside the reactor before being placed in the wrap-

around heater.  This was done to prevent temperature overshoot and improve 

temperature control when water was not used in the experiments.  Rock grains 

placed within the reactor are inefficient heat conductors and induce a large 

temperature lag time between exterior heat source and the (interior) thermal well 

during temperature ramp-up (Figure 2.5).  Therefore, by the time the 

thermocouples located in the thermal well would record the desired 

temperature, the heater would be supplying too much power, and a temperature 

over-shoot would occur. External placement of the controller thermocouple 

adjacent to heat source minimizes overshoot due to temperature differential 

between exterior and interior portions of the reactor. 

 The temperature meters are calibrated to National Bureau of Standards 

(NBS) within 0.1 C.  Readings are collected every 30 seconds and stored 

digitally.   All meters are linked to a central computer to facilitate data 

compilation and determination of corrected mean temperature and standard 

deviation for each experiment.  Standard deviations in temperature for the 

anhydrous experiments ranged from 0.2 to 3.0°C.  Better temperature control was 

established in the hydrothermal experiments with standard deviations ranging 

between 0.2 to 1.1°C. 
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Experimental Methods 

 

Each empty reactor is weighed and recorded in grams (to 0.1g) on a Mettler 

PM-30000-K balance prior to each experiment.  Reactors are then filled with 

known amounts of Smackover, Austin Chalk, or Green River oil with or without 

deionized ASTM type-I water, saline water, quartz, or other mineral grains.  

After each reactor is sealed using a non-reactive gasket and split-ring assembly, 

the pressure gauge block is then attached.  

The reactor is then filled with 1000 psia of helium and leak-checked using a 

thermal-conductivity leak detector.  A turbo vacuum pump is used to evacuate 

the headspace and purge the system.  Evacuation of headspace and pressure 

stabilization in the reactor may take up to 5 minutes. In some experiments, the 

reactors were subsequently filled with 30 psia of He to provide an additional 

check for experimental integrity.  In other experiments, no additional He was 

added.  Total reactor mass is recorded prior to insertion of the reactor into the 

heating jacket, directly after establishing a vacuum in the reactor headspace.  

Comparison of reactor weights before and after leak-check provides information 

on the mass of vapor-phase hydrocarbons lost during the loading procedure.  

Typically, between 0.5 and 6.0 grams of vapor-phase hydrocarbons were swept 

out of the reactor headspace during loading. The original oil mass is adjusted 

accordingly on the datasheet.   

Starting time of experiments is noted once temperature controllers are 

activated and reactors in position.  The time at which the reactors reached the 

pre-determined temperature is also recorded. The elapsed time between 

controller activation and designated run temperature determines the reactor 

warm-up period.  Actual experimental run time is calculated from the time the 
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reactor reached designated temperature to the time when the heater is turned off. 

Reactor warm-up time usually ranged between 0.9 and 1.4 hours.  Gauge 

pressure readings were manually recorded at various intervals. Tracking the 

incremental pressure increase helps monitor the progression of gas generation 

occurring within the reactor vessel.  Once the elapsed time was reached, the 

controllers were switched off.  A cool-down period of 18 to 24 hours was needed 

before a reactor could be handled at room temperature.  

 Once the cool-down period has elapsed, the reactor is once again weighed to 

insure that leakage did not occur over the experiment run time.  Table 2.3 lists 

the before and after pyrolysis reactor weights.  The differences in reactor weight  

ranges between +0.4 g to -1.0 g.  Excess anti-seize lubricant applied to the split-

ring closure bolts vaporizes during pyrolysis and accounts for the slight 

reduction in weight once the experiment runs to completion.  The minimal 

decrease in reactor weight indicates that no leakage occurred during the 

experiment.  The minimal increase in weight after pyrolysis (0.1 g-0.4 g) may be a 

combination of placement of reactor on scale and balance sensitivity ( 0.1 g).  

After recording the weight, the gas collection process was initiated.     

 

Gas Collection and Analytical Procedures  

 

To collect a representative generated gas sample at the end of the pyrolysis 

experiments requires procedures that insure collection cylinder integrity.  In 

addition, the generated gas needs to be collected at a standard pressure so that 

comparisons between pyrolysis experiments are valid.  Collection protocols were 

developed to meet these requirements.  Standard analytical methods were used 

to measure characteristics of the generated gas.  
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Table 2.3      Weight of reactors before and after pyrolysis experiment 

 
 

Experiment 
# 

weight loaded reactor 
before pyrolysis (g) 

weight reactor after 
pyrolysis (g) 

*difference (g) 

HP 2769 23420.7 23420.5 -0.2 
HP 2770 23419.0 23419.1 0.1 
HP 2771 23568.8 23568.9 0.1 
HP 2772 23637.2 23637.4 0.2 
HP 2774 23546.9 23546.5 -0.4 
HP 2775 23431.6 23431.4 -0.2 
HP 2776 23602.7 23603.3 -0.6 
HP 2777 23331.3 23331.7 0.4 
HP 2778 23313.8 23314.1 0.3 
HP 2780 23525.4 23524.8 -0.6 
HP 2824 23422.8 23422.7 -0.1 
HP 2876 23516.2 23516.0 -0.2 
HP 2877 23513.2 23512.8 -0.4 
HP 2878 23454.3 23453.9 -0.4 
HP 2887 24346.3 24346.2 -0.1 
HP 2988 23313.9 23313.4 -0.5 
HP 3179 24204.7 24204.7 0.0 
HP 3180 24128.3 24127.6 -0.7 
HP 3181 24119.6 24118.6 -1.0 
HP 3182 24279.3 24278.9 -0.4 
HP 3183 24311.6 24311.4 -0.2 
HP 3186 23539.6 23539.3 -0.3 
HP 3223 24102.9 24102.5 -0.4 
HP 3224 23530.4 23529.4 -1.0 
HP 3225 23479.2 23478.5 -0.7 

*  Excess anti-seize lubricant applied to split-ring closure bolts vaporizes during 

pyrolysis.This accounts for 1 gram or less difference in reactor weight before and after 
pyrolysis. 
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     Gas collection 

 

The initial experimental runs were HP 2769 (hydrothermal) and HP 2770 

(anhydrous) at 360 C/288 hours (Table 2.2).  Procedures for collection and 

recovery were refined using these two experiments, and their results applied to 

subsequent experiments.  The gas sample was collected from the reactor 

headspace using two 30 cc sample cylinders connected to the sample port on the 

gauge block assembly (Figure 2.5).  After collecting gas samples for 

chromatographic analyses, the reactors were weighed.  The reactors were then 

vented under the hood and re-weighed after venting.  

Table 2.4 summarizes the results from HP 2769 and HP 2770.  Based on the 

difference between the measured mass of gas lost after venting and the 

calculated amount of headspace gas, over 1/2 of the total mass of gas was 

dissolved in the oil after cooldown of reactors.  The molecular composition of the  

dissolved gas is likely different (containing higher percentages of C3+ 

components) than the gas sample collected from the headspace.  Therefore, 

samples from the reactor headspace are not representative of the total gas 

generated from the pyrolysis experiments. 

To collect a representative gas sample, a collection apparatus was designed 

and constructed that allowed for the composition and quantity of generated gas 

from the pyrolysis experiments to be determined at a standard pressure.   The 

general objective of the collection apparatus was to reduce the gas pressure from 

all the experiments to a standard pressure (either  atmospheric or 24 psia.) 

without losing (venting) most of the gas generated from the experiment.  This 

required the construction of a large 12 liter collection system. Even with this 

volume, several collections were needed for some experiments, as headspace gas  
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Table 2.4     Measured and calculated gas mass from initial experiments 

 
 

Experiment # mass of gas lost 
after venting (g) 

calculated mass 
of headspace 

gas (g)* 

difference 
dissolved gas (g) 

HP 2769 (H)  
 

12.10 5.13 6.97 

HP 2770 (A) 
 

20.30 7.87 12.43 

 
*  mass of headspace gas calculated from: 
 

 1)  volume of headspace determined from formula V = (30.4 x h) - 0.716   where:   
 h=height of reactor down to liquid level 
 Formula derived from the difference between total reactor volume and volume  

occupied by liquid and thermal well.    

volume of a cylinder:  v =  r2 h. 
 
 2)  mass determined by rearranged Ideal Gas Law  equation:   

n = PV/RT  where n=number of moles, P=cooldown pressure in atm., R= molar gas 
constant (82.06), and T=temperature in degrees Kelvin 
 
3)  minor recovery of pentane, heptane and hexane in vapor phase, significant mass of 
these constituents dissolved in oil and vented under the hood 
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pressures could exceed 400 psia at cooldown.  For the initial suite (HP 2771-2780) 

of experiments a standard pressure of 11.5  .5 psia was used.  For subsequent 

experiments, a standard pressure of 24.0  1.5 psia was used.  The switch to 

collection pressures of 24.0  1.5 psia for subsequent experiments was required 

after determining that the gas collection cylinders leaked from experiments HP 

2771-2780.  Because collection pressures were below or at atmospheric 

(approximately 12.1 psia at the Denver Federal Center, Colorado), any flaw in 

cylinder integrity created an opportunity for air to be sucked into the collection 

cylinder.  Total gas yield information, along with oil and char data can be used 

from these experiments.  However, gas composition and isotopic information 

from the HP 2771 – 2780 experiments cannot be determined due to the air 

contamination.    

Figure 2.6 illustrates the gas collection apparatus that was constructed to 

collect gas samples from the experiments.  Stainless steel cylinders and tubing 

were used.  Swagelok fittings, SS-316 tubing, valves (1/4 Swagelok 14DKM4 - 

S4), and SS 304 cylinders of various sizes were used to construct the gas 

collection apparatus.  The specific types of cylinders included a Swagelok 304L 

HDF4 -1Gal, 304L HDF4 - 2250cc, 304L HDF4 - 1000cc, 316L HDF4 - 500cc, 304L 

HDF4 - 300cc, and a 304L HDF4 - 150cc.   The actual volumes of cylinders and 

tubing were determined by filling with known volumes of helium and 

measuring pressure drops.  Table 2.5 lists the actual volumes of pressure-

reduction cylinders and overall volume of gas collection apparatus.   

Taking a representative gas sample requires reducing reactor headspace 

pressure by increasing collection volume using a series of cylinders until a 

standard pressure is reached.  Gas samples are taken at the end of each collection  
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Table 2.5     Volume of gas collection apparatus 
 
 

Collection Domain 
(cc) 

Actual Volume 
(cc) 

Cylinders 
(cc) 

Reactor Inlet  8.8  

Connection cylinder 294.1 304L HDF4 - A300 

Collection cylinders* 60.0 2/316L HDF4 - A30 

Cylinder inlets 22.6  

Pressure Reduction 
cylinders 

  

 3716.0 304L HDF4 - A1Gal 
 990.5 304L HDF4 - B 1000 

 2220.5 304L HDF4 - B 2250 

 2206.0 304L HDF4 - A 2250 

 992.3 304L HDF4 - A 1000 

 491.8 316L HDF4 - B 500 
 486.5 316L HDF4 - A 500 
 293.4 304L HDF4 - B 300 
 149.1 304L HDF4 - A 150 

Cylinder connections   
x 2.3  
y 1.2  
z 1.2  

Manometer system  
(x’& y’) 

11.8  

Flex Hose 49.5  

Total volume 11937.6  

 * collection cylinders not included in total volume of gas collection apparatus 

    because cylinders are opened after drawdown to standard pressure to collect sample. 
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step until the desired standard pressure is reached.  The system is connected to a 

vacuum pump so the entire system can be evacuated.  Helium is the carrier gas 

used to purge the system between collections  The general collection procedure is 

as follows with valve numbers given in Figure 2.6 for reference.  Please note that 

the sequence of valve openings may vary according to which cylinders (specific 

volumes) need to be opened to reach a desired final pressure.  The gas collection 

procedure is as follows: 

 
Step 1  Connect and evacuate system 
 
Weigh and record mass of cooled reactor. With valve 1 closed, connect 
reactor to the reactor inlet domain.  Making sure valve 1 remains closed, 
evacuate entire system (this exludes the reactor headspace) with valves 9, 
11, 13, 17, 21, 23, 25, and 29 closed (Figure 2.6). 

 
Step 2  Initial step for opening reactor headspace 
 

After system is evacuated ( to  0.2 - 0.3 psia), close valves 2, 4, 5, 6, 10, 12, 
14, 15, 18, 19, 22, 24, 26, and 27.  This closes off the headspace reactor 
domain from the inlet domain and pressure reduction cylinders domain.  
Slowly open valve 1 and record pressure once it stabilizes.  Reactor 
temperature is also recorded (Figure 2.6). 
 
Step 3  Estimate collection steps 
 
Slowly open valve 4 to fill the fixed-volume cylinder (A-300).  Record 
pressure and temperature when pressure stabilizes.  The pressure drop 
corresponds to the combined volumes of the reactor headspace, reactor 
inlet system, and the fixed-volume cylinder.  At this juncture, a rough 
calculation can be made to determine the number of collection steps 
needed to bleed system to standard pressure.  Valve 3 is open to the 1500 
psia manometer.  
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Step 4  Filling pressure reduction cylinders 
 
Slowly open valve 5 so the volume of the cylinder inlet domain is added 
to the system.  Record pressure and temperature.  Slowly open valve 12, 
record pressure drop and temperature.  Open each entry valve (14-28) in 
series and record each corresponding pressure drop and temperature until 
desired cylinders are open.  Valve 30 and 31 may be opened to the 500 
psia and 100 psia manometers at any time during this sequence (if 
pressures less than 500 psia).  Keep valve 10 and ll closed. 
 
Step 5  Gas sample taken  
 
When entire pressure reduction cylinder domain is full or desired 
standard pressure is reached, close valve 1 to head-space reactor domain.  
Prepare to take gas sample by opening valves 6, 7, and 8.  Close valves 6, 
7, and 8 and remove sample cylinders for analyses.  Disconnect reactor 
from gas collection apparatus.  Weigh reactor to record mass of gas lost in 
collection step.  Purge total system with helium, evacuate, and close 
valves in preparation for subsequent gas collection. 
 
Step 6  Collection steps 
 
Repeat collection steps until system reaches a standard pressure.  During 
each collection step, data sheets are filled out with pressure, temperature, 
and reactor mass data. 
 

It is important to note that at the end of each gas collection step, the reactor is 

once again weighed and resultant gas mass difference recorded on the gas 

collection data sheets.  The pressure, temperature, and volumes recorded on the 

data sheets were used to composite the gas data as well as check for experiment 

integrity. While the gas collection procedure was in progress, leak checks with a 

thermal conductivity meter were used to check for fitting, valve or cylinder 

leaks.  
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The appendix contains the gas collection data for all experiments.  Each 

collection step is designated A, B, C, and D (if needed) for each experiment.  As 

expected, experiments with lower initial pressures (pressure of reactor after 

cooldown) required fewer collection steps.  Gas sample cylinders were then 

submitted for compositional and isotopic analyses. 

Once the gas collection process was completed, measurements were taken 

from the top of the open reactor to the liquid surface.  The position of the 

expanded oil/vapor interface in the reactor (when the experiment is at 

temperature) is apparent due to lack of wall char (pyrobitumen) in the headspace 

gas volume and the presence of char where liquid phase hydrocarbons were in 

contact with reactor walls and thermal well.  Position of char within the reactor 

and its physical description were also recorded.  This information provided some 

insights into phases present during the experiments, as previously mentioned.   

    

     Gas analytical procedures 

 

The molecular composition of gas collected from the experiments was 

determined with a light-natural gas chromatograph (GC).  The instruments used 

were a Wasson ECE custom-configured HP 6890 (U.S.G.S.) or custom-configured 

Carle AGC 400 and AGC 100 (Isotech). Analyses were either performed by 

Augusta Warden with the United States Geological Survey, at the Denver 

Federal Center or conducted at Isotech Labs in Champaign, Illinois . 

Gas samples were collected in 30-cm3 stainless steel (316) cylinders and then 

injected into the light-natural gas GC.  The U.S.G.S. Wasson GC contains one 

flame ionization (FID) detector and two thermal conductivity detectors (TCD).  

The FID analyzes hydrocarbons in the C1 - C7 compound classes.  The first TCD 
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analyzes carbon dioxide (CO2), ethane, ethylene, acetylene, hydrogen sulfide 

(H2S), collectively argon (Ar) and oxygen (O2) (these two gases coelute), nitrogen 

(N2), methane (CH4), and carbon monoxide (CO).  The second TCD analyzes 

hydrogen (H2) and helium (He).  There are nine columns and precolumns used in 

the analysis; six columns are packed (proprietary information), the other three 

are capillary.  The carrier gas for the FID is helium.  One TCD also uses helium as 

the carrier gas while the other uses nitrogen. For the first series of experiments 

(HP 2769 - 2780), gas samples were manually injected into the Wasson ECE light 

natural gas GC for analysis.  Subsequent experiments were analyzed using an 

auto-sampler.  Manual injection may introduce air contamination into the gas 

sample. 

The Carle AGC 400 and 100 gas chromatographs used by Isotech are both 

dual detection systems, introduce the sample through a sample loop and operate 

isothermally using valves and multiple columns instead of temperature ramping.  

The AGC 400 has a FID and TCD detection system while the AGC 100 is a dual 

TCD instrument.  All of the multiple columns are packed (proprietary material), 

there are no capillary columns. The dual TCD system on the AGC 100 analyzes 

H2 and He on one and O2/Ar on the other and they use an external column 

cooled to -78°C for O2/Ar separation.  The FID on the AGC 400 instrument 

analyzes C1-C6+ hydrocarbons while the TCD system measures CO2, O2/Ar, N2, 

CH4, H2S, and CO concentrations.  The O2/Ar measured from both instruments 

is used as a cross-check between systems.  In addition, methane values are also 

cross-checked between the FID and TCD detectors on the AGC 400 with higher 

concentrations taken from the TCD and extremely low concentrations from the 

FID. 
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For the U.S.G.S. analyses, a specially-blended refinery hydrocarbon-gas 

standard supplied by Air Liquide was used to calibrate the instrument.  All 

molecular gas data were reported in mole volume percent and calibrated to the 

standard in mole percent.  

On the other hand, Isotech uses multiple point calibrations for every 

component (except for H2S where only one standard is used).  Standards 

incrementally span the range of the detection limits on the Carle instruments.  C1 

through C4 hydrocarbons use standards at 15ppm, 100ppm, 1000ppm, 1%, 10%, 

and 100% volume percent.  For the heavier components, 10% volume percent is 

the highest concentration standard used. 

The following components were analyzed using the U.S.G.S instrument:  

nitrogen, argon/oxygen, helium, hydrogen, hydrogen sulfide, carbon dioxide, 

carbon monoxide, methane, ethane, ethene, propane, propene, n - butane, i - 

butane, butene, trans-2-butene, cis-2-butene, i - butene, n - pentane, i - pentane, 

neo-pentane, cyclo-pentane, undifferentiated C5, n - hexane, cyclo-hexane, 

undifferentiated C6, n - heptane, undifferentiated C7, and benzene .  Analyses 

conducted at Isotech Labs reported the following components: nitrogen, 

argon/oxygen, helium, hydrogen, hydrogen sulfide, carbon dioxide, carbon 

monoxide, methane, ethane, ethene, propane, n - butane, i - butane, n - pentane, i 

- pentane, hexane+ heavier components. 

Once the gas data (for each collection) were imported in mole percent into an 

Excel spreadsheet, the gas mass in grams was calculated for each gas component 

using the Ideal Gas Law and molecular weight of each component (see Appendix 

I). For each experiment, collections noted as A, B, C, and D (if needed) were 

added together and a total mass (in grams) for the measured gas components 

was determined.    
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When the reactors were opened after gas collection, a calculation of reactor 

headspace (at cooldown) was done.  A millimeter scale was used to measure 

from top of the reactor to the oil interface. The internal radius of reactor was also 

measured.   At that point, the volume of the reactor was calculated using the 

standard formula: 

    

     V =  r2h   

where r = radius in cm.   h = height in cm. 

 

The volume of the the thermal well (inserted into reactor) was also calculated 

in this manner and its volume was subtracted from the total reactor headspace 

volume. 

Once the volume was calculated, the Ideal Gas Law:  

PV = n RT  

P= final pressure at end of collection (atm)   

V= volume of apparatus used to collect the gas (cc) 

n = number moles of gas  

R= gas constant 

T= temperature in K 

 

was used to calculate the total moles of gas collected from each collection step (A, 

B, C etc.) After the total number of moles was determined, the mass in grams of 

each compositional gas component was calculated from the molecular gas 

analyses.  The total mass was determined from the moles of gas. The total gas 

mass was added to the total mass of char and mass of recovered oil to determine 

material balance from the experiments.  
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Once this was accomplished, the Ideal Gas Law was used to determine the 

number of moles of gas in the reactor headspace from the GC analyses. The 

initial cooldown pressure and temperature prior to gas collection was used.  

These calculations were used as an additional verification of compositional gas 

data integrity. 

Carbon isotopic analyses were also run on collected gases.  The stable 

isotopes of carbon (12C and 13C) are determined by an isotope ratio mass-

spectrometer.  The following equation is used to calculate the ratio difference () 

in per mil units, relative to a standard: 

 

13C = 
13C / 12C  sample

13C /12C standard








- 1 x 1000       

standard = Vienna-PeeDee belemnite (VPDB) 

 

A MicroMass Optima mass spectrometer equipped with a HP 6890 gas 

chromatograph and Carlo Erba elemental analyzer were used to determine 

carbon isotopic ratios. All analyses were run by Augusta Warden, at the U.S.G.S. 

Energy Resource Lab in the Denver Federal Center. 

Isotopic data were composited for each experiment in which multiple steps 

were needed for gas collection.  This was done to obtain a representative 13C 

value.  Table 2.6 is an example of how the ratios were obtained.  The fraction of 

total mass from each collection step for the particular gas component was 

multiplied by the isotopic ratio determined from the analyses.  The adjusted 13C 

ratios were then summed to provide the total, composited isotopic ratio used for 

data analysis.  Carbon isotopic ratios were obtained for methane, ethane,  
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propane, i - butane, n - butane, i - pentane, and n - pentane fractions as well as for 

the whole oil in some instances. 

 

Degraded Oil Collection and Analytical Procedures  

 

Procedures were developed to recover the degraded oil after the pyrolysis 

experiments. The difficulty in oil recovery was increased when water or grains 

were added to the reactor.  Oil film present on char or grain surfaces had to be 

recovered using solvents.  Minor amounts of oil may be present in the recovered 

water.  Specific recovery procedures were developed to address these issues so 

that total oil recovery could be determined from the experiments. 

 

     Degraded oil collection 

 

Following removal of the split-ring closure and reactor head, the entire 

liquid (oil or oil+water) contents of the reactor were poured into a separatory 

funnel with a 2.5 cm long capillary tube between the funnel and stopcock.  If the 

liquid contained water and oil, the two components immediately started to 

separate into two distinct liquid phases with only a minor amount of emulsion 

forming.  During decanting of liquid from the reactor, pieces of char can break 

loose and concentrate in the bottom of the funnel.  Water is removed, if present, 

from the base of the separatory funnel by opening the stopcock and visually 

closing the valve when all the water had filtered through into the collection 

vessel.  If mineral grains are present, a wire mesh is inserted into reactor body to 

contain the grains within the reactor and prevent spillage into the separatory 

funnel. 
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Experiments HP 2769 (hydrothermal) and HP 2770 (anhydrous) were used as 

case studies to determine the protocols for recovering the degraded oil (after 

separation from water for the hydrous experiments). The oil in the separatory 

funnel was discharged into an all-glass, 1-liter Millipore filtering system 

comprised of a funnel and vacuum flask.  Any pieces of char present in the oil 

were collected above the capillary tube section of the separatory funnel.  The oil 

was collected in a 250ml funnel of the filtering apparatus and filtered through a 

0.45 m hydrophobic Teflon filter into a 1-liter vacuum flask.  The filtered oil was 

then poured into a 250 cc tared bottle and weighed.   

Initially, an attempt was made to collect the oil and separated water using 

equipment rinses as a way to concentrate all of the degraded oil.  Equipment 

rinses (using benzene) of separatory funnels and filter apparatus (collection 

funnel, fritted filter base, two teflon filters, vacuum flask and pipette) were used 

to collect all oil droplets adhering to the sides of the filtering apparatus.  The 

benzene rinses were then combined and allowed to evaporate under a fume 

hood.   

The evaporative process was time consuming with the added problem of 

light-end hydrocarbon evaporation along with the benzene.   Initial time allotted 

for evaporative process ranged from 24 to 36 hours.  During that time an 

unknown amount of hydrocarbon evaporated.  In an attempt to quantify the 

amount of hydrocarbons lost during evaporation, a known quantity of degraded 

oil was mixed with benzene and allowed to evaporate under the hood and the 

residual oil measured.  Table 2.7 indicates that for oils degraded at 380°C almost 

44% of the light fraction evaporates along with the benzene.  The result can be 

applied as a correction factor, however, it is only an approximation.  

Improvement was needed in the total product recovery, including degraded oil  
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Table 2.7     Quantification of hydrocarbon evaporation with benzene rinse 
 

 

Experiment #   

   

 % oil remaining from rinse^  

   

HP 2776* (360°C)                     74.40  

HP 2778* (380°C)                          56.06  

HP 2772* (400°C)                     53.24  

   

 % oil lost during evaporation^  

   

HP 2776* (360°C)                     25.60  

HP 2778* (380°C)                          43.94  

HP 2772* (400°C)                     46.76  

   

   

   

* known amount of Smackover degraded oil mixed with a fixed amount of 
benzene.  It was assumed after evaporation under fume hood that remaining oil 
is free of benzene. 
 
^ evaporation under the fume hood took between 26 – 38 hours before a 
consistent remaining oil value was attained 
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recovery.  The total mass of generated products (char + gas) plus recovered oil 

for the first two experiments (HP 2769, HP 2770) ranged from 90.0% to 97.09% for 

the hydrothermal and anhydrous runs, respectively (Table 2.8). 

In an effort to reduce the time needed in collecting the liquid phases and 

improve generated product and recovered oil mass balance, a different recovery 

technique was developed for the subsequent experiments.  For the anhydrous 

experiments, the cooled reactor body (with only oil) was weighed.  After 

decanting the oil into a glass funnel, the reactor body was weighed again.  The 

mass of recovered oil is the reactor body mass difference.   To insure that all of 

the oil droplets were dislodged from the reactor body, a benzene rinse was used 

to recover any liquid oil and then the reactor was put in a vacuum oven at 30C 

for 45 minutes.   For experiments in which mineral grains were used, the grains 

remained in the reactor while multiple benzene rinses were used to collect the oil 

film that may be coating the grains.  After drying, the reactor body was weighed 

again.  The mass difference before and after drying is a portion of the recovered 

oil and this amount was included in the total recovered oil for each experiment.   

Using the revised recovery protocol, the procedures are similar for the 

hydrothermal experiments as well.  The contents of the reactor body (oil and 

water) are decanted into a separatory funnel.  The separated water is then 

weighed in a tared filter flask.  The mass of recovered water is determined by the 

mass difference before and after separation.  The remaining oil is then decanted.  

After the reactor body is rinsed and dried, the reactor is once again weighed.  

The mass difference between the initial reactor body (with contents) and the 

rinsed reactor is the total mass of oil and water recovered.  Since the mass of the 

water is known, the oil mass is determined by difference.   During the 

rinsing and drying step, it is likely that minute droplets of water are swept 
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Table 2.8     Total hydrocarbon mass balance from pyrolysis experiments 
 

 

HP 

number 

mass of 

original oil ( g) 

mass of water(g) 

distilled or saline 

 

mass of 

mineral grains 

(g) 

 

total recovered oil and 

generated products (g) 

 

% total 

recovered 

HP-2769 
^
 192.5 280.0 _ 173.1 90.0% 

HP-2770 
^
 389.0 _ _ 377.7 97.1% 

HP-2771* 397.8 _ _ 397.6 100.0% 

HP-2772* 392.4 _ _ 393.0 100.2% 

HP-2774* 394.0 _ _ 395.7 100.4% 

HP-2775* 193.1 290.0 _ 191.6 99.2% 

HP-2776*  184.9 280.0 _ 186.4 100.8% 

HP-2777* 105.6 130.0 _ 106.4 100.8% 

HP-2778* 146.3 185.0 _ 146.8 100.4% 

HP-2780* 395.8 _ _ 395.6 100.0% 

HP 2824 195.6 280.0 _ 196.0 100.2% 

HP 2876 393.8 _ _ 391.3 99.4% 

HP 2877 145.9 185.0 _ 144.6 99.1% 

HP 2878 138.9 185.2 _ 138.2 99.5% 

HP 2887 266.0 _ 875.2 265.7 99.9% 

HP 2988 145.7 185.0 _ 143.4 98.4% 

HP 3179 239.7 _ 778.3 239.2 99.8% 

HP 3180 263.3 _ 699.6 261.1 99.2% 

HP 3181 252.8 _ 699.7 251.6 99.5% 

HP 3182 260.7 _ 874.7 258.1 99.0% 

HP 3183 95.3 121.3 874.9 94.8 99.5% 

HP 3186 394.8 _ _ 392.0 99.3% 

HP 3223 262.8 _ 699.9 261.6 99.5% 

HP 3224 399.0 _ _ 396.8 99.5% 

HP 3225 149.2 185.0 _ 148.9 98.8% 

^headspace gas sample with gas vented after sample collection    

* gas cylinders leaked, no compositional analyses  
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away along with the oil.  Therefore, the total recovered oil mass may incorporate 

minor amounts of water.  This may result in minor sources of error in the mass 

balance calculations.  

With the change in oil (and water) recovery protocol, the recovered mass 

balance of hydrocarbons after completion of experiment improved to between 

98.4% and 100.8% (Table 2.8).  The total recovery percentages in excess of 100% 

may be the result of two sources of experimental methodology error.  In some of 

the early experiments, the reactor was not weighed after pulling a vacuum in the 

headspace prior to loading in heaters.  Hence, the actual amount of light-end 

hydrocarbons pulled off during this process was not measured and a precise 

mass of original oil remaining in the reactor was not recorded.  It was possible to 

back-calculate this amount noting the mass of all reactor components used in the 

experiment compared against the generated amount of gas and char.  However, 

this methodology may produce a measurement error (± 0.1g) as reactor 

components are weighed.  The second source of error occurs in the early 

experiments with water prior to improving the collection procedure as 

previously discussed.  During the oil recovery process, small amounts of 

incorporated water may be included in the recovered oil mass.  This may be part 

of the reason for HP 2776 and HP 2777 having total recovery percentages of 

100.8% (Table 2.8).  Despite these small discrepencies, the total hydrocarbon 

recovery percentages support the conclusion that hydrocarbon mass balance was 

conserved and results from these experiments can be used. 

The presence of dissolved nonhydrocarbon and hydrocarbon gases in the 

recovered water was investigated using measured pH values from selected 

experiments.  Solubilities of gases in water were calculated from published 

Henry's Law constants.   The solubility calculations for CO2 and H2S required 
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using pH values of the recovered water.  The pH values are listed in Table 2.9.  

The mass (in grams) of carbon dioxide, hydrogen sulfide, methane, and ethane in 

aqueous and vapor phase are listed as well.  Dissolved amounts of methane and 

ethane range between 0.001 g and 0.006 g.  These amounts are negligible and 

were not incorporated in the total hydrocarbon recovery listed in Table 2.8.   

The amount of CO2 and H2S in aqueous phase is somewhat higher.  Values 

for H2S range between 0.001 g and 0.019 g (Table 2.9).  While the contribution of 

H2S in aqueous phase increases in HP 2775 to 10.56% relative to the total amount 

of H2S recovered from the experiment, its overall contribution to total gas mass is 

less than 0.5 wt.%.  The amount of CO2 in aqueous phase consistently ranges 

between 0.007 g and 0.009 g.  As in the case of hydrogen sulfide, its overall 

contribution to total gas mass is negligible (less than 0.2wt.)%.  Therefore, the 

incorporation of dissolved nonhydrocarbon gas into recovered vapor phase 

amounts is not necessary.  For the purposes of this study, the contribution of 

dissolved hydrocarbon and nonhydrocarbon gas will not be incorporated into 

mass balance amounts unless anomalous results in compositional analyses 

require incorporation of the dissolved gas.   

 
     Oil analytical procedures 

 

Original oil in conjunction with recovered, degraded oils (collected after 

pyrolysis) were separated into saturate, aromatic and resin fractions by column 

chromatography after asphaltenes were removed by precipitation with iso-

octane.  The column substrates include a silica (923 grade) base, followed by 

additional silica (62 grade) and topped with alumina.  Solvents with increasing 

polarity were sequentially eluted to fractionate the maltene  into oil constituents.    
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Table 2.9     Dissolved hydrocarbon and nonhydrocarbon gas in hydrothermal 
           experiments at room temperature 

 
HP 2775 340oC/720h 
                        

     

 CO2* H2S* methane^ ethane^  

ph = 4.67      
aqueous (g) 0.009 0.019 0.002 0.003  

gas(g) 0.244 0.161 1.210 1.350  
% aqueous 3.56 10.56 0.17 0.22  

HP 2776 360oC/288h 

 
     

 CO2* H2S* methane^ ethane^  

ph = 4.85      
aqueous (g) 0.009 0.001 0.001 0.004  

gas(g) 0.337 0.055 0.935 2.840  
% aqueous 2.60 1.79 0.11 0.14  

HP 2778 380oC/288h 

 
     

 CO2* H2S* methane^ ethane^  

ph = 5.05      
aqueous (g) 0.007 0.016 0.001 0.006  

gas(g) 0.404 0.284 0.893 6.001  
% aqueous 1.70 5.33 0.11 0.09  

HP 2777 400oC/288h 
 

     

 CO2* H2S* methane^ ethane^  
ph = 5.05      

aqueous (g) 0.009 0.002 0.002 0.006  
gas(g) 0.612 0.091 3.530 9.285  

% aqueous 1.45 2.15 0.06 0.06  

* source for solubility calculations from Drummond, S.E., 1981. 
^ source for solubility calculations from Rettich, et al., 1981.S 
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Iso-octane was used to elute the saturate fraction, benzene for the aromatics, and 

a 70/30 benzene-methanol mixture for the resin/NSO fraction.   

An HP 6890 gas chromatograph with FID detector and liquid auto-sampler 

was used to analyze the saturate and aromatic fractions and generate 

chromatograms.  Whole oil analyses were run on the U.S.G.S. custom-configured 

Perkin Elmer GC-FID.  Bulk oil analyses (API gravity, % sulfur) were also 

determined on original oils as well as the degraded oils.  The API gravity was 

determined using an Anton Paar – DMA 4500 density meter. Analyses were 

performed by Donna Willette and Mike Pribil, with the U.S.G.S. at the Denver 

Federal Center.  Sulfur analyses were performed on a Carlo Erba elemental 

analyzer. 

A JEOL GCmate gas chromatograph/mass spectrometer (GC/MS) was used 

to generate fragmentograms of terpanes (m/z 191), steranes (m/z 217), 

triaromatic steranes (m/z 231) and monoaromatic steranes (m/z 253) by selected 

ion monitoring.   The mass spectrometer is a magnetic sector instrument of 

reverse geometry design with a maximum of 5000 mass resolution.  In addition, 

analysis of diamondoids in selected oils using the JEOL GCmate GC/MS was 

completed.  A relative response factor was obtained from measuring the m/z 136 

intensity of a weighed amount of adamantine relative to the m/z 55 intensity of a 

weighed amount of cyclopentane.  This response factor could be used in 

measuring an estimated gram-equivalent concentration of other diamondoids 

from their base peak intensities.  Analyses were run by David King with the 

U.S.G.S. at the Denver Federal Center. 

 Degraded and original oils were sent to PENCOR Reservoir Fluid Specialists 

for PVT (pressure, volume, temperature) analysis.  Liquid analysis through C35+ 

by distillation methods and internal standards generate data on average 
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molecular weight and density of liquid, component breakdown of mole weight 

percent versus carbon number, specific gravity versus carbon number, kinematic 

viscosity, and other descriptors.  These analyses were used to characterize oil 

component transformation during thermal degradation and help quantify phase 

relationships in the reactor during pyrolysis, as presented in Figure 2.3. 

 

Char Collection and Analytical Procedures 

 

Procedures were developed to collect the generated char at the conclusion of 

the pyrolysis experiments.  Typically, the char would coat the bottom and walls 

of the reactor.  The difference in reactor weight before and after char collection 

and reactor cleaning would provide the value for total char generated during the 

experiment.  Collection of the char could be compromised by pieces of dislodged 

char during degraded oil recovery.  In addition, calculation of the amount of 

generated char from the grain experiments was difficult due to the propensity of 

the char to coat the grains within the reactor.  Various collection protocols were 

developed to address these concerns and to insure product mass balance. 

 
     Char collection 

 

After liquid contents were removed, the reactor was weighed and total mass 

recorded.  A benzene-insoluble char coated reactor walls, bottom of reactor, and 

thermal well.  It was typically black and glassy in appearance.  Position and 

physical description of char were noted on data sheets prior to removal.  

Different temperature and experimental conditions produced differing amounts 

of char in the reactor.   
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In the hydrothermal experiments, minute beads of water could be seen on 

char near the bottom of the reactor.  To remove the water, acetone was used to 

rinse any water off char and reactor.  The azeotrope mixture of minute beads of 

water and acetone was then evaporated with a light stream of air from a Tygon 

hose that was directed near the bottom of the reactor.  Usually within 2 hours the 

water and acetone were evaporated.   

The reactor was then weighed again and scraped to remove char from the 

bottom and walls of reactor with long spatulas and files.  Considerable care was 

taken when removing the oil and water to avoid dislodging the char from the 

reactor walls.  Char also coated portions of the thermal well in some 

experiments.  In some cases, char on the thermal well may have broken off and 

collected on the bottom during the opening of the reactor.  The scraped char was 

placed in a tared Petri dish along with char collected from the reactor body and 

reactor head.  In addition, any char that accumulated on top of the capillary tube 

of the separatory funnel was added to the recovered char in the Petri dish.  

The reactor was then thoroughly cleaned (including head and thermal well) with 

wire brushes attached to an electric drill.   

The weight of the cleaned reactor was recorded and compared to weight of 

reactor with char.  This allowed a direct measurement of char mass. However, in 

the case of the hydrothermal experiments, the char could still contain moisture.   

This moisture was removed by vacuum drying the collected char at 80 C for 6 

hours.  The total amount of char includes pieces scraped from the reactor head, 

wall, bottom, thermal well, and any pieces collected from filters and the 

separatory funnel.  The weight before and after drying was recorded.  The mass 

of incorporated water was calculated by the mass difference.  After drying, the 

total mass of char was recorded.   
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In experiments where mineral grains were present in the reactor, char 

developed as a pervasive coating on grains, in addition to the reactor walls.  To 

determine the mass of char on the mineral grains, the weight of the reactor (after 

oil and/or water decanted) was noted.  The reactor was placed in a vacuum oven 

for a period between 12-24 hours to drive off any moisture, residual oil, and 

residual benzene.  The reactor was weighed again after drying and mass noted.  

The difference in weight is the sum of the grain and char mass.  The mass of 

mineral grains is known, and subtracted from the total mass.  The resultant mass 

is the total amount of char coating mineral grains.  This amount was added to the 

reactor char, so that a total char mass could be recorded.  As shown by Table 2.8, 

the overall mass balance, which included the char, was between 98.4 and 100.8%. 

 

      Char analytical procedures 

 

C (carbon), H (hydrogen), N (nitrogen), O (oxygen), and S  (sulfur) of chars 

recovered from pyrolysis experiments was determined by elemental analysis.  

The analyses were run on a Carlo Erba 2500 series Elemental Analyzer (EA) 

using helium as the carrier gas in the GC column.  A pre-column packed with 

specified chemicals retarded the formation of ancilliary -O3  compounds which 

can overprint primary elemental traces on chromatographs.  For the carbon, 

hydrogen, nitrogen, and sulfur analyses, a BBOT (2,5-Bis-5-tert-butyl-

benzoxazol-2-gl-thiophen) standard was run every 5 to 7 samples to ensure 

calibration.  For the oxygen analyses, a benzoic acid (C7H6O2) standard was used. 

Carbon isotopic analysis of chars was determined by the MicroMass Optima 

mass spectrometer with Carlo Erba elemental analyzer introduction system.  

Analyses were run by Augusta Warden, U.S.G.S., at the Denver Federal Center. 
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A Siemens D-500 X-ray diffractometer was used to investigate the 

composition of recovered char from selected experiments.  MDI software 

(Material Data Inc.) was used to identify selected 2θ peaks, but did not allow for 

quantitative estimates regarding concentrations.  The analyses were run by Bill 

Betterton, U.S.G.S., at the Denver Federal Center. 

 

Grain Experiments Analytical Procedures 

 

X-ray diffraction analyses were used to ascertain quantitative information on 

the composition and concentration of the rock grains used in the grain 

experiments.  A Seimens D-500 diffractometer custom-configured for the Water 

Resources Division of the U.S.G.S. was used for the analyses.  The samples were 

scanned from 5-65° 2θ using Cu-α.  An Excel-based quantification program called 

RockJock was used to identify and quantify peak responses.  This program is a 

publically-released open-file report created by Dr. Denny Eberl with the U.S.G.S. 

(Eberl, 2003).  Dr. Ron Hill and Dr. Neil Fishman, with the U.S.G.S. provided 

access to the X-ray diffractometer as well as expertise in using the RockJock 

software. 

 

Summary 

 

A review of the experimental methodology used for the secondary cracking 

of oil in the generation of natural gas resulted in several major conclusions.  In an 

attempt to recover a representative gas sample from the pyrolysis experiments, a 

gas collection system was designed and built (Figure 2.6).  Pressure-reduction 

cylinders were used to collect generated gas at a standard temperature and 
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pressure.  This reduced the amount of gas dissolved in the degraded oil and 

insured that compositional analysis of the recovered gas was representative of 

the gas generated from the pyrolysis experiments.  The gas collection system and 

procedures give reliable results.  

It is likely that liquid oil and an oil-rich vapor are present during 

temperatures between 340 and 400 °C for the anhydrous experiments (Figure 

2.2).   The hydrothermal experiments produce complex phase relationships at 

temperature.  It is proposed that for experiments conducted between 340 and 380 

°C, there may be 2-3 phases present.  Liquid oil, oil-rich vapor, and a water-rich 

vapor may be present in the reactor based on theoretical PVT (pressure, volume, 

temperature) modeling (Figure 2.3).  At 400 °C, only a single phase may be 

present. 

C1 – C5 hydrocarbons are in vapor phase during gas collection from the 

completed experiments (Figure 2.4).  Hexane and heptane may be transitional to, 

or present in liquid phase under gas collection temperatures and pressures.  As a 

result, all C6 and C7 hydrocarbons that may have been generated during 

pyrolysis may not have been collected in the gas collection cylinders.  Under 

standard temperatures and pressures between 12 – 24 psia, these molecular 

species would be present in the recovered oil. 

Negligible amounts of dissolved hydrocarbon (methane and ethane) and 

nonhydrocarbon (carbon dioxide and hydrogen sulfide) species are present in 

the recovered water from the hydrothermal experiments under collection 

temperatures and pressures (Table 2.9). 

Modification of recovery procedures resulted in material balances in excess 

of 99% for the generated and degraded hydrocarbons (Table 2.8).  Recoveries 

from hydrothermal experiments were complicated by minute water droplets 
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incorporated in the char and oil.  However, the resultant material balances and 

calculations are reliable. 

Recovery and description of char generated from the pyrolysis experiments 

is crucial in understanding the phase relationships that are occurring at elevated 

temperatures during pyrolysis.  In addition, incorporation of the generated char 

into the total recovery is necessary for accurate material balances. 
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CHAPTER 3 

 
INFLUENCE OF WATER ON GAS GENERATION FROM OIL 

 
 
 
 

Introduction 

 
The purpose of the experimental methodology introduced in Chapter 2 is to 

develop a quantitative assessment of gas and char generation from thermal 

degradation of oil.  Laboratory experiments were designed to monitor the 

amounts and type of product generation.  Conditions within the reactor can be 

modified to simulate subsurface geologic environments.  These modifications 

may influence the amount of oil degradation and gas generation.  Hydrocarbon 

composition and isotopic signatures may also be affected. 

Initial experiments on the thermal decomposition of oil to gas were run to 

test the influence of water on the cracking reactions.  Hesp and Rigby (1973) 

conducted a series of experiments using a middle distillate fraction (dominantly 

C10-C26 n-alkanes with minor amounts of napthenic and aromatic compounds) of 

an offshore, Gippsland basin oil.  An electrically-heated furnace capable of 

accommodating four autoclaves was used to heat samples containing both oil 

and water.  Inert gas was used to vary pressures up to 3500 psi.  One of the main 

conclusions of their research was that the presence of water retarded the 

decomposition of hydrocarbon compounds.  Importantly, gas yields from 

aqueous experiments were significantly depressed when compared to anhydrous 

runs.  At temperatures between 350 °C - 375 °C, cracking reactions in the absence 

of water produced 5-10 times as much gas (volume %) when compared to those 
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run with water.   They also observed that the higher molecular weight paraffins 

(> C16) were more sensitive to cracking than the lower molecular weight fraction 

(C10- C16).  

Burnham et al. (1997) conducted a series of autoclave experiments involving 

isotopically labeled n - hexadecane in oil.   The disappearance of the neat 

compound was used to determine decomposition kinetics.  One autoclave 

experiment involved water.  They determined that decomposition in the 

presence of water inhibited the coking of aromatics (formation of pyrobitumen) 

and significantly increased the production of H2 and CO2 gas.  Water was 

chemically reactive under temperature conditions between 310°C - 360°C. 

Lewan (1997) conducted pyrolysis experiments on immature source rocks 

and kerogen to investigate the role of water in bitumen and oil generation.  

Comparison of hydrous and anhydrous experimental simulations at 330°C and 

350°C indicate that bitumen decomposition in the presence of water results in 

generation and expulsion of a saturate-enriched oil.  Decomposition under 

anhydrous conditions results in the generation of an insoluble organic residue 

(pyrobitumen).  The abundance of deuterated products generated in hydrous 

experiments conducted with D2O indicated that water-derived hydrogen was 

incorporated in cracking and cross-linking reactions during pyrolysis.  As in 

Burnham’s experiments, the reactions generated excess oxygen in the form of 

CO2.  Therefore, previous research indicates that water is involved in cracking 

and/or cross-linking reactions as bitumen and oil thermally decompose.  How 

does water affect the conversion of oil to gas? 

As was discussed in Chapter 2, experiments conducted between 340°C and 

400°C are referred to as hydrothermal.   In the case of anhydrous experiments, oil 
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is the only material in the reactor.  In the case of hydrothermal experiments, oil 

and distilled water are present within the reactor. 

 

Experiments  
 
 

The initial experiments were originally designed to thermally crack oil to gas 

under hydrothermal and anhydrous conditions.  All experiments used 

Smackover oil. Table 3.1 lists the thirteen experiments which ran to completion.   

Each temperature suite contains an experiment-pair run under hydrothermal 

and anhydrous conditions.  Experiments at 340 °C were conducted for 720 hours. 

Using data from previous studies on reaction kinetics of oil to gas conversion 

(see Chapter 2), it was determined that minimal cracking could occur at 340°C.  

Therefore, experimental run time was more than doubled (720h) to allow for 

adequate conversion of liquid hydrocarbon to gas.  

Experiments at 360, 380, and 400°C were all run for 288 hours to allow for 

direct comparison of results between anhydrous and hydrothermal experimental 

conditions. In some cases, duplicate pairs were run at 360 °C and 380 °C to check 

reproducibility and gather additional data (Table 3.1). 

Table 3.1 lists the corrected mean temperature and standard deviation for 

each of the experiments.  For the hydrothermal experiments, the temperature 

standard deviation ranged between 0.2 to 1.1 °C. Actual mean temperatures 

ranged between 0.1 and 0.4 °C of intended conditions (Table 3.1).  This indicates 

that excellent temperature control was maintained for the hydrothermal 

experiments.   Standard deviations for the anhydrous experiments ranged 

between 0.2 and 3.0 °C, which illustrates the difficulty in regulating the intended 

temperatures under anhydrous conditions.  However, the actual mean 
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temperatures for the anhydrous experiments ranged between 0.1 and 0.5 °C of 

intended conditions (Table 3.1).  This temperature range is similar to the 

hydrothermal results and indicates that the results are comparable.  One reason 

for better temperature control in the hydrothermal experiments may be the 

thermal conductivity of water. 

Gauge pressure (psig) readings were recorded for all the anhydrous and 

hydrothermal experiments.  Borden gauges were used for all experiments and 

were calibrated by the manufacturer.  Needle position on the gauges was used to 

measure the pressure readings with the needle width representing 10 psig.  

Reading of the gauge may result in a parallax distortion of ± 5 psig.     Readings 

were taken 2-3 times per day during the course of the 288 hour or 720 hour 

experiment.   

Figure 3.1 illustrates the systematic increase of pressure over the 720 hour 

reaction time of experiments run at 340° C.  Results from both anhydrous and 

hydrothermal experiments are plotted along with their best - fit equation.  Initial 

pressure of the anhydrous experiment is 260 psig and represents the initial vapor 

pressure of oil at 340° C (Figure 3.1).  There is a systematic increase of pressure 

over the 720 hour reaction time to 860 psig.  It is a monotonic trend with no 

abrupt changes in pressure.   

The hydrothermal experiment at 340° C also shows a systematic pressure 

increase through time with an initial gauge pressure of 2300 psig (Figure 3.1).  

The initial pressures for the hydrothermal runs include initial water vapor as 

well as oil vapor at temperature.  Initial reactor pressure rises from 2300 to 3010 

psig over the experiment run time at 340 °C (Figure 3.1).  

These pressure curves are the result of the interplay between generated gas 

and available headspace within the reactor.  Headspace in the reactor is a  
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Figure 3.1  Recorded pressure (psig) comparison between anhydrous and 

hydrothermal experiments at 340°C.  r2 equals square of correlation coefficient. 
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function of the initial mass of oil loaded into the reactor, its thermal expansion at 

temperature, the amount and resultant vapor pressure of water (for 

hydrothermal runs), and the amount of oil converted to gas and char during the 

course of the experiment.  A best – fit 2nd-order polynomial expression was 

derived for each experiment at 340° C to illustrate the predictive incremental 

increase of pressure through reaction time.  An r2 (square of correlation 

coefficient) value of 0.995 (hydrothermal) and 0.997 (anhydrous) suggests that 

pressure increase is uniform for both the anhydrous and hydrothermal 

experiments.  A r2 value equal to one would imply that the polynomial 

regression model provides perfect correlation between real and calculated 

values.  This suggests that the pressure increase is uniform and predictable. 

Figure 3.2 illustrates the pressure trends for the anhydrous and 

hydrothermal experiments through the temperature series 360 to 400 °C.  Initial 

pressures for the anhydrous runs are closely grouped between 270 to 380 psig.  

However, with each sequential 20 °C increase in temperature, the final pressure 

is sequentially higher (Figure 3.2).  Final pressures for the 360, 380, and 400 °C 

experiments are 1200, 3490, and 5970 psig, respectively.  As in the experiment at 

340 °C, the pressure trends show no abrupt changes with increasing time (Figure 

3.2).  Since all the anhydrous experiments were loaded with the same amount of 

oil, the significant pressure increase with temperature is the result of gas 

generation from oil within the closed reactor system and available headspace at 

temperature (Table 3.2). 

In contrast, the hydrothermal experiments were loaded with sequentially 

smaller amounts of oil (and water) as temperatures were increased (Table 3.2).  

This was done to insure that pressures within the reactor did not exceed 8200 

psig.  This is the pressure at which the rupture disk would fail, to prevent the 
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Figure 3.2  Recorded pressure (psig) comparison between anhydrous and 
hydrothermal experiments between 360 and 400 °C.  Best-fit trendline equations 
listed in Table 3.2. 
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possible explosive failure of the reactor.  Initial pressures for the hydrothermal 

experiments are grouped together between 3200 to 3600 psig (Figure 3.2).  The 

final pressures for the experiments are also closely grouped together with 

pressures ranging between 4620 and 4700 psig.  The cluster of final pressures for 

the hydrothermal experiments is significantly different from the final pressure 

trends for the anhydrous experiments. This is the consequence of loading 

sequentially smaller amounts of oil (and water) for each 20 °C increase in 

temperature and reflects the interplay between generated gas, initial starting 

amounts, and available headspace in the reactor at temperature (Table 3.2).  

Similar to the previously discussed experiments, the incremental pressure 

increase for the hydrothermal experiments indicates no abrupt changes in 

pressure through time (Figure 3.2). 

Replicate experiments were run at 360 °C and 380 °C for both the 

hydrothermal and anhydrous runs.  Figure 3.2 also shows the reproducibility of 

pressure data for these experiments.  Best – fit equations were derived from the 

replicate datasets to show the close correlation between real and calculated 

values.  Table 3.2 lists the 3rd – order polynomial expressions which closely 

match the actual pressure dataset; r2 values range from 0.98 to 0.99.  Trendline 

equations were also developed for the single hydrothermal and anhydrous 

experiment run at 400 °C.  A 3rd – order polynomial expression was used for the 

hydrothermal run while a 4th – order expression was required to model the 

dataset for the anhydrous experiment (Table 3.2). 
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Generated Gas 
 
 

Analysis of the generated gas produced from the hydrothermal and 

anhydrous experiments requires a comparison of the total gas yield, a discussion 

of the compositional variation in the generated gas produced from the pyrolysis 

experiments, and an analysis of the δ13C variation in the generated gas. 

Interpretation of generated gas results requires an integration of all three 

analytical components.  The significance of generated gas yields, compositional 

information, and isotopic results requires determination of experimental 

reproducibility and analytical variation.  Analytical results from the generated 

gas will be compared with results from the generated char and recovered oil 

from the hydrothermal and anhydrous pyrolysis experiments. 

 
     Total gas yield  
 
 

Total gas yields from the hydrothermal and anhydrous experiments were 

calculated using the mass difference in reactor weight before and after gas 

collection from each experiment.  Experimental precision was determined by 

comparison of results from replicate experiments. 

Sensitivity analysis regarding generated gas from pyrolysis experiments was 

determined using gas yields generated from repeated experiments at 360 °C and 

380 °C for 288 hours.  As has been discussed in the previous section, identical 

amounts of oil and water (if hydrothermal) were loaded into reactors at these 

temperatures.  However, after loading and during the establishment of a vacuum 

in the reactor headspace, minor amounts of light hydrocarbons were swept out  

of the reactor.  While conditions and initial masses are similar, these experiments 
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are considered replicate (not identical) and provide parameters on experimental 

sensitivity.  Yield differences between replicate experiments can be the result of 

experimental variations in collection, temperature control, and analytical error. 

Yields from the experiments are expressed in terms of weight percent of 

original oil (wt.%Oo). Table 3.3 lists these experiments and indicates that 

replicate anhydrous runs at 360 °C produced gas yields that had a maximum 

difference of only 0.1 wt.%Oo. Repeated hydrothermal experiments at 360 °C 

produced the same gas yield (Table 3.3). The average yield difference between 

hydrothermal and anhydrous experiments at 360°C was 2.6 wt.%Oo.  Based upon 

the results from replicate experiments at 360°C, subsequent experiments at this 

temperature which generate total gas yield differences (between anhydrous and 

hydrothermal experiments) in excess of 0.1 wt.%Oo will be considered 

significant.  

The replicate experiments at 380 °C produced a wider variation in reported 

gas yields.  For anhydrous experiments, there is a yield difference of 1.2 wt.%Oo 

between the two experiments (Table 3.3).  Replicate hydrothermal experiments 

produced a yield difference of 0.9 wt.%Oo. Averaging the variation in yields of 

1.2 wt.%Oo for the hydrothermal experiments with 0.9 wt.%Oo from the 

anhydrous experiments results in an average experimental variation between 

hydrothermal and anhydrous conditions of 1.05 wt.%Oo. Therefore, only those 

yields in which the difference between anhydrous and hydrothermal conditions 

exceed 1.0 wt.%Oo will be considered significant in experiments conducted at 380 

°C. Based on the replicate experiments conducted at 380 °C, the average gas yield 

difference between anhydrous and hydrothermal experiments is 2.0 wt.%Oo.  

Therefore, differences in gas yields generated from these hydrothermal and 

anhydrous experiments are considered small but significant.  
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Table 3.4 summarizes the amount of gas and char generated from the 

pyrolysis experiments in which the presence and absence of water is the only 

variable considered.  Gas yields listed on Table 3.4 range from 2.9 to 40.4 wt.%Oo 

as temperature increases from 340 to 400 °C, with the highest yields from 

experiments run at 400 °C. Results from the initial experiments (HP 2769 and HP 

2770) were included on the table for completeness.  However, yield results are 

not directly comparable with other experiments due to subsequent changes in 

product collection procedures (Chapter 2).  Figure 3.3 indicates that more gas is 

generated under hydrothermal conditions relative to the anhydrous 

experiments.  Figure 3.3 also illustrates the sequential increase in gas yield as 

temperature is increased.  Second – order polynomial expressions were 

calculated from the results to illustrate this sequential increase in yield through 

the temperature series. 

At 340 °C, the amount of gas generated is the same between hydrothermal 

(2.9 wt.%Oo) and anhydrous (2.9 wt.%Oo) conditions (Table 3.4).  The 

experimental run time was increased to 720 hours to facilitate any oil cracking 

that may occur at lower temperatures. The fact that the yields are identical may 

primarily be the result of limited oil cracking at lower experimental 

temperatures.   

Gas yields from hydrothermal experiments at 360, 380, and 400 °C for 288 

hours show consistently higher values than the anhydrous runs (Figure 3.3). At 

360 °C, hydrothermal runs produced a gas yield of 7.9 wt.%Oo while the 

anhydrous runs only produced 5.2 and 5.3 wt.%Oo gas, respectively (Table 3.4). 

Due to the similarity in yields from replicate experiments, the hydrothermal and 

anhydrous experiments conducted at 360 °C plot as a single symbol on Figure 

3.3.  Experimental pairs at 380°C also produced higher gas yields from the  



98 

 

Table 3.4     Total yields from anhydrous and hydrothermal 
                      pyrolysis experiments 
 

 

temp. (°C) /  
time (h) 

conditions experiment  
# 

original 
oil (g) 

recovered 
oil (wt. %Oo) 

gas yield 
(wt. %Oo)+ 

char yield 
(wt. %Oo)+ 

       

340/720 anhydrous HP 2771 397.8 92.5 2.9 4.6 

340/720 hydrothermal HP 2775 193.1 92.2 2.9 4.1 

360/288 anhydrous HP 2770* 389.0 85.2 5.2 6.7 

360/288 hydrothermal HP 2769* 192.5 79.1 6.3 4.8 

360/288 anhydrous HP 2774 394.0 88.8 5.3 6.3 

360/288 hydrothermal HP 2776 184.9 88.1 7.9 4.9 

360/288 hydrothermal HP 2824 195.6 87.9 7.9 4.5 

380/288 anhydrous HP 2780 395.8 67.0 18.5 14.5 

380/288 hydrothermal HP 2778 146.3 68.1 21.5 10.8 

380/288 anhydrous HP 2876 393.8 65.1 19.7 14.6 

380/288 hydrothermal HP 2877 145.9 67.6 20.6 11.0 

400/288 anhydrous HP 2772 392.4 38.5 38.2 23.5 

400/288 hydrothermal HP 2777 105.6 39.3 40.4 21.1 

       

*  initial experiments to establish collection protocol  
+ yield expressed in terms of weight percent per mass of original oil (Oo) 
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Figure 3.3  Influence of water on gas generation.  r2 equals the square of the 
correlation coefficient.  Experiments conducted for 288 hours except as noted. 
Replicate experiments at 360°C plot on top of each other. 
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replicate hydrothermal runs (21.5 and 20.6 wt. %Oo) when compared to the gas 

yields from the replicate anhydrous runs of 18.5 and 19.7 wt. %Oo  (Table 3.4). At 

400 °C, gas yields from the hydrothermal and anhydrous experiments were 40.4 

wt.%Oo and 38.2 wt.%Oo, respectively.  Once again, a higher gas yield was 

produced from the hydrothermal experiment. 

 
 
   Gas composition results 
 

 
The presence or absence of water during pyrolysis may influence the 

composition of the generated gas from degraded oil.  Compositional analyses 

from experiments HP 2771 through 2780 (340 °C – 400 °C) were compromised by 

leaking gas cylinders (Chapter 2).  Gas collections from replicate anhydrous (HP 

2876) and hydrothermal (HP 2877) experiments at 380 °C were completed using 

non-leaking gas cylinders.  Data derived from these experiments were not 

compromised and will be used to compare the two experimental conditions.   

In addition, gas compositional results from the two initial experiments, HP 2769 

and HP 2770, were valid and will be used to compare anhydrous and 

hydrothermal conditions at 360 °C (Table 3.1).  Care must be taken in comparing 

the compositional results between the 360 and 380°C experiments since the gas 

collection pressures are much different.  Headspace collection pressure for the 

anhydrous experiment at 360 °C is 205.1 psia compared with the 380 °C 

anhydrous experiment, two-step collection pressures of 54.34 and 23.74 psia 

(Table 3.5).  The headspace hydrothermal pressure is also much higher (147.4 

psia) than the collection pressure of 24.20 psia for the hydrothermal experiment 

at 380 °C. The 20 °C difference in experimental temperature must be considered  
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Table 3.5     Comparison of gas collection pressures 

 
 

experiment # 
gas collection step 

experimental 
conditions 

intended 
temperature °C 

gas collection 
pressure (psia) 

    
HP 2769* hydrothermal 360  

headspace   147.4 
 

HP 2770* anhydrous 360  
headspace   205.1 

 
HP 2877 hydrothermal 380  

collection A   24.20 
 

HP 2876 anhydrous 380  
                collection A   54.34 
                collection B   23.74 
    
HP 2777^ hydrothermal 400                         
                collection A                          36.2 
                collection B                                                               11.0 
    

 
*  First experimental series to develop methodologies for recovery of generated gas 
HP 2769 – 5.15g gas in headspace, 6.95g dissolved 
HP 2770 – 7.86g gas in headspace, 12.44g dissolved 
 
^ Pressures from gas collection for the 400°C experiment included for comparison 

 
 

 

 

 

 

 

 



102 

 

as well in any direct comparison between the 360 and 380 °C experiments as oil 

cracking at higher temperatures increases the total gas yield and therefore, may 

influence the composition of the generated gas (Table 3.4). 

Oil thermally degraded in the presence of water generates more methane 

(C1), but less ethane (C2), and propane (C3) per mass unit of original oil than 

under anhydrous conditions for the experiments conducted at 380 °C (Figure 

3.4).  Under anhydrous conditions more n – butane (C4), iso – butane (i-C4), n – 

pentane (C5), and iso – pentane (i-C5) were recovered than from hydrothermal 

experiments at 380 °C.  The difference in final collection pressures between the 

anhydrous and hydrothermal experiments at 380 °C is minimal, only 0.46 psia 

(Table 3.5).  Therefore, compositional differences cannot be attributed to 

dissimilar collection pressures.   

Comparison of the non-hydrocarbon gas indicates that slightly less hydrogen 

sulfide (H2S) is generated under hydrothermal conditions while significantly 

more carbon dioxide (CO2) is produced from the hydrothermal experiment 

(Figure 3.4).  Negligible amounts of hydrogen (H2) are generated at this 

temperature. 

The actual weight percent difference between hydrothermal and anhydrous 

gas components is relatively small (Figure 3.4).  The difference was calculated by 

subtracting the anhydrous results from the hydrothermal values in wt.%Oo.  If 

the anhydrous experiment generated more of a particular component, then the 

result is a negative value.  If the hydrothermal experiment generated more of a 

particular gas component, then the result is a positive value.  The difference is 

plotted along the secondary ordinate (Figure 3.4). 

Of the hydrocarbon gases, the difference in C1 generation between the two 

experimental conditions produced the maximum value of 0.96 wt.Oo. For the 
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Figure 3.4  Hydrocarbon and non-hydrocarbon gas composition of anhydrous 

and hydrothermal experiments at 380°C.  Compositions calculated in mass units 

(weight percent) of original oil.  Hydrothermal minus anhydrous equals the mass 

difference between the experiments and is plotted along the secondary ordinate.  

C6+ hydrocarbons total less than 0.003 wt.%Oo in composition. 
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non-hydrocarbon gases, quantities reported for CO2 generation produced a 

maximum difference of 0.88 wt.%Oo. Actual mass differences for C4, i-C4, C5,  

and i-C5 were minimal and ranged between -0.45 and -0.08 wt.%Oo. The negative 

values for the heavier homologs indicate that pyrolysis under anhydrous 

conditions produced slightly more of that molecular gas component than 

pyrolysis under hydrothermal conditions (Figure 3.4). 

The distribution of recovered gas depicted in Figure 3.4 was calculated on a 

mass basis and indicates that more C2 and C3 were generated than C1.  Because 

ethane and propane are heavier on a mass basis than methane, this distribution is 

reasonable.  However, gas analyses are usually reported in mole percent or 

volume percent (Hunt, 1996). The trend determined on a mass basis is not typical 

of distributions reported from natural systems.  

If these same experimental results are reported in mole percent (mol %), a 

typical distribution of high C1 values and sequentially smaller amounts of C2 – C5 

is depicted (Figure 3.5).  Comparison between the two experiments indicates that 

relatively more C1 is produced under hydrothermal conditions than anhydrous 

and relatively more C2 – C5 is produced under anhydrous conditions than 

hydrothermal (Figure 3.5).    As was the case in Figure 3.4, more CO2 is produced 

under hydrothermal conditions while slightly more H2S is produced under 

anhydrous conditions (Figure 3.5). Difference in mole % between the two 

conditions is also plotted along the secondary ordinate and shows that the 

difference between hydrothermal and anhydrous conditions is almost 6% for C1, 

2.5% for CO2 and 1.7% for hydrogen (Figure 3.5).    

There is a lack of directly comparable compositional gas data from 

previously published research regarding anhydrous and hydrothermal pyrolysis 

of natural oils. As a consequence, only general trends from two published 
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Figure 3.5 Hydrocarbon and non-hydrocarbon gas composition of anhydrous 

and hydrothermal experiments at 380°C.  Compositions reported in mole 

percent. Hydrothermal (mol%) minus anhydrous (mol%) equals the mole 

difference between the two experiments and is plotted along the secondary 

ordinate.  C6+ hydrocarbons total less than 0.010 mol% in composition. 
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datasets can be used for comparison. Lewan (1997) reported elevated amounts of 

CO2 produced during hydrous/hydrothermal (300 °C – 350 °C) experiments 

involving the pyrolysis of immature Woodford Shale source rocks.  Figures 3.4 

and 3.5 indicate that more CO2 was produced under hydrothermal conditions 

when compared to the anhydrous experiments.  Results from the immature 

Woodford Shale source rock experiments also indicated that more molecular 

hydrogen (H2) and hydrogen sulfide (H2S) was produced under anhydrous 

conditions (Lewan, 1997).  In direct contrast, incrementally more H2 was 

generated under hydrothermal pyrolysis of Smackover oil (Figures 3.4 and 3.5). 

Similar to the Woodford Shale source rock experiments, more H2S was generated 

from pyrolysis of Smackover oil under anhydrous conditions.  

Burnham et al. (1997) thermally degraded a high-sulfur oil from the Mishrif 

Formation located in Dubai at 350 °C under hydrothermal conditions for 744 

hours.  An anhydrous experiment was also run at 350 °C but experimental run 

time was increased to 1128 hours; hence, this experiment is not directly 

comparable to the hydrothermal run at the same temperature (Burnham et al., 

1997).  However, a couple of general trends can be discerned.  The compositional 

data are reported in mole percent.  Incrementally more C1 was generated in the 

experiment under hydrothermal conditions relative to anhydrous conditions 

(Table 3.6).  Relatively more C2 – C5 was produced under anhydrous conditions.   

These trends mirror the compositional patterns reported in mole percent from 

the experiments run at 380 °C (Figure 3.5).  Direct comparison between the two 

datasets is not reasonable because the pyrolysis temperatures and experimental 

run time are much different, gas collection procedures are different, and the 

reported compositional data from the 350 °C experiment is taken from the 
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final headspace gas sample in which previously generated gas has already been 

removed (Burnham et. al., 1997). 

Results from the headspace gas collection at 360°C do not follow the general 

trend of compositional results from Burnham’s experiments or results obtained 

from the 380°C experiments.  Recoveries reported in mole (volume) percent 

indicate that more C1 was produced under anhydrous conditions, with roughly 

equivalent amounts of C2 and C3 generated from both the anhydrous and 

hydrothermal experiments at 360°C (Table 3.6).  It is important to note that the 

headspace gas collection procedure at 360°C is much different than the step-wise 

gas collection procedure at 380°C.  A significant amount of dissolved gas remains 

in the oil utilizing the headspace gas collection procedure. 

On a mass basis, nominally more C1 – C5 (wt. %Oo) was recovered under 

hydrothermal conditions than under anhydrous conditions at 360°C (Figure 3.6).  

This pattern differs from recoveries on a mass basis from the 380 °C experiment 

in which hydrothermal conditions produced more C1, but less C2 – C5 under 

anhydrous conditions (Figures 3.4 and 3.6).  The actual amount of C1 – C3 

generated and recovered in the headspace is less than 1.0 wt.Oo This is much less 

than the amounts of C1 (5.60– 4.60), C2 (5.82 – 4.35), and C3 (5.18 – 3.95 wt.%Oo) 

generated from the experiments at 380 °C ( Figure 3.4).   

The compositional yield differences between experiments at 360 °C and 380 

°C are a function of temperature and pressure.  With increased temperature, 

more of the oil is thermally degraded and converted to gas, hence more C1 – C5 

from the 380 °C experiments.    Headspace gas collection pressures from HP 2769 

and HP 2770 are much higher than the collection pressures at 380 °C (Table 3.5).  

Generated gas is held in solution at higher pressures and not available for and 

collection in the reactor headspace.  Once the pressure is released into the gas 
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Figure 3.6 Hydrocarbon and non-hydrocarbon gas composition of anhydrous 

and hydrothermal experiments at 360°C.  Compositions calculated in mass units 

(weight percent) of original oil.  Results from the anhydrous experiment are 

subtracted from hydrothermal results to determine mass difference between the 

two experiments and are plotted on the secondary ordinate.  C6+ hydrocarbons 

total less than 0.003 wt.%Oo for both experiments. 
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collection system and the gas can exsolve into vapor phase, more of the 

generated gas was collected, as is the case for the experiments run at 380 °C 

(Figure 3.4). 

On a mass basis, negligible amounts of C4 – C5 were recovered in the 

headspace collection for both the anhydrous and hydrothermal experiments run 

at 360 °C (Figure 3.6). The hydrothermal experiment recovered 0.66 wt.%Oo 

CO2, while only 0.01 wt.%Oo CO2 was recovered from the anhydrous experiment 

(Figure 3.6).  Approximately equal amounts of hydrogen sulfide were recovered 

from both the hydrothermal and anhydrous experiments, albeit in negligible 

amounts.  Amounts of molecular hydrogen for both experimental conditions 

taken together account for less than 0.10 wt.%Oo.   

Figure 3.7 depicts the compositional data from the experiments at 360 °C in 

mole percent.  A typical profile of elevated amounts of methane with 

sequentially smaller amounts of the heavier homologs is evident. However, as 

was previously noted, the compositional pattern of reported C1 – C5 is much 

different than the distribution from the experiment at 380 °C (Figures 3.5 and 

3.7).  At 360 °C, anhydrous conditions produced more C1 than pyrolysis under 

hydrothermal conditions with approximately equal amounts of C2 produced 

under both experimental conditions (Figure 3.7).  In contrast, experiments at 380 

°C produced more C1 under hydrothermal conditions with more C2 – C5 

produced under anhydrous conditions when data are reported in mole percent 

(Figure 3.5).   

 Similar to the experimental results reported on a mass basis, elevated 

amounts of CO2 were reported in mole percent for both temperature series  

involving the hydrothermal experiments.  Table 3.6 indicates that a maximum 

value of 2.66 mol% CO2 was reported from the hydrothermal experiment at 380 
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Figure 3.7 Hydrocarbon and non-hydrocarbon gas composition of anhydrous 

and hydrothermal experiments at 360°C.  Compositions are reported in mole 

percent.  Results from the anhydrous experiment are subtracted from 

hydrothermal results to determine mole% difference between the two 

experiments and are plotted on the secondary ordinate.  C6+ hydrocarbons total 

less than 0.177 mol% for both experiments. 
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°C.  Nominal amounts of CO2 were reported from both of the anhydrous 

experiments.  Molecular hydrogen recovered from the hydrothermal 

experiments for both temperature series range between 2.44 to 3.07 mol%.  The 

anhydrous experiment at 360 °C also recovered a similar amount of H2 but the 

amount of molecular hydrogen recovered at 380 °C was only 0.84 mol% (Table  

3.6). Higher percentages of H2S were produced under anhydrous conditions for 

both temperature series.  However, the actual values only differed by a 

maximum of 0.34 mol% from the hydrothermal recoveries (Table 3.6).  This 

difference may reflect a trend and needs to be substantiated with additional 

experiments at 380 °C. 

Comparison of commonly used wetness and dryness parameters also mirror 

the pressure and temperature effects of gas recovered from the headspace (360°C 

experiments) versus gas recovered from the gas collection system (380°C 

experiments).  The wetness parameter ratios were calculated from gas analyses 

reported in mole percent.   

A common wetness parameter used to track the amount of ‘wet gas’ during 

mudlogging of a well is the ratio of: 

C2 – C4 / C1 – C4 where values are reported in mole % 
 (Hunt, 1996) 

 

The ratios for the 380 °C experiments are relatively high, indicating the recovery 

of elevated amounts of C2 – C4 gas.  The wetness ratio for the hydrothermal 

experiment is 0.46 while the ratio for the anhydrous experiment is even higher, 

0.54 (Figure 3.5).  The wetness parameters from the experiments at 360 °C are 

lower; 0.33 for the anhydrous experiment and 0.38 for the hydrothermal 

experiment (Figure 3.7).   This indicates that gas recovered from the gas 
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collection system includes heavier homologs at standard temperatures and 

pressures when compared to gas recovered from a headspace collection under 

significantly higher pressure.  The headspace gas collection is not a 

representative sample of the total gas generated during pyrolysis. 

Conversely, a dryness parameter commonly employed to track the amount 

C1 gas relative to the heavier homologs, C2 and C3 is: 

  C1 / C1 – C3   where values are reported in mol % 
      (Hunt, 1996) 
 

At 380 °C the anhydrous experiment is 0.48 while the ratio for the hydrothermal 

experiment is higher, 0.56 (Figure 3.5).  This reflects what has been previously 

discussed, that more C1 was generated from the hydrothermal experiment.  The 

dryness ratios from the headspace gas samples at 360 °C are higher than the 

ratios from gas recovered from the gas collection system. This indicates that 

more C1 was recovered relative to the amount of C2 and C3.  The ratios for HP 

2769 and HP 2770 are 0.63 and 0.68, respectively (Figure 3.7). In general, as 

thermal maturation increases, the amount of C1 generated relative to the heavier 

homologs also increases.   The ratios from these two temperature series 

document a reversal of this general observation.  It is likely that the increased 

dryness from the headspace sample (360 °C) may be due in part, to the gas 

collection methodology. 

 
      
 Isotopic results  
 
 

Empirical schemes have been proposed using stable carbon isotopic 

signatures of C1 – C5 gas to determine origin and modes of gas generation, 
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distinction of genetic source rocks or oil reservoir, amount of microbial gas influx 

and degree of thermal maturity as reviewed by Whiticar M.J., (1994).  Hydrogen 

isotopes are useful in distinguishing methane derived from different 

methanogenic pathways and determining amount of deuteration (D2O) in 

pyrolysis experiments involving water (Heoring, 1984; Kotarba and Lewan, 2004; 

Whiticar, 1994).  Isotopic data derived from HP 2876 and HP 2877 (380 °C) along 

with headspace gas samples from HP 2769 and HP 2770 (360 °C) were utilized 

for comparison of results under hydrothermal and anhydrous conditions.  It is 

important to note (as previously discussed) the differences in gas collection 

methodologies. 

Figure 3.8 depicts a crossplot of δ13C methane and δD methane that is used 

to distinguish methanogenic pathways (Whiticar, 1990).  Only data from the 380 

°C experiment is included on the diagram since hydrogen isotopic analyses were 

run for this suite of experiments but not for the headspace gas samples at 360 °C.  

Both the hydrothermal and anhydrous data plot at the boundary of broadly 

defined thermogenic and geothermal(hydrothermal) regions (Figure 3.8).  

However, the data from the hydrothermal experiment is skewed to the left 

(increased negativity of δD-methane) compared to the anhydrous results.  This 

may be the result of using D-depleted distilled water (of Colorado origin) in the 

hydrothermal pyrolysis experiment.   Kotarba and Lewan (2004) made a similar 

observation and reported δD values of gases derived from hydrous pyrolysis of 

coals which plotted outside the normal range of gases of thermogenic origin (i.e. 

more negative δD values).  This was attributed to using distilled water with δD 

values of -108 and -121 ‰. 
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Figure 3.8  Hydrothermal and anhydrous δ13C – δD crossplot from experiments 
at 380 °C.  Data plotted on regions of genetic origin for methane determined by 
Whiticar, 1994. 
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In a study using source rocks and kerogen, hydrous pyrolysis produced 

deuterated kerogen, bitumen, immiscible oil, and gas (Lewan, 1997).  Results 

from this study were used to suggest that deuteration occurs, in part, as the 

result of quenching of free-radical sites by H2O/D2O-derived H/D atoms prior 

to cleavage or cross-linking.  

Figure 3.9 portrays the δ13C ratio of gas for each experiment versus the 

inverse of the carbon number (C1 = 1, C2 = 0.5, etc.)  This presentation allows the 

ability to distinguish between oil types, a methodology for determining amount 

of microbial mixing in the gas, and a methodology to predict the original oil 

source δ13C ratio prior to thermal degradation (Chung et. al., 1988).  Along with 

the isotopic data derived from the experiments with Smackover oil, gas data 

from anhydrous pyrolysis of Statfjord, North Sea and Monterey-California oils 

are also shown for comparison(Chung et. al., 1988).  

δ13C ratios of C1 – C4 derived from Smackover oil are enriched in δ13C 

relative to results from pyrolysis of Statfjord oil and depleted in δ13C relative to 

results from pyrolysis of Monterey oil (Figure 3.9).  The C1 δ13 value produced 

from the hydrothermal pyrolysis of Smackover oil at 380 °C is an exception, with 

a value similar to the δ13C1 values produced from pyrolysis of Statfjord oil.   In 

general, both experiments (360 and 380 °C) show a progressive enrichment of 13C 

with increasing carbon number.  This trend is typical of gases derived from 

natural systems (James, 1983). 

Both the hydrothermal and anhydrous experiments at 360 °C produce δ13C 

C1 – C3 values which show an almost linear enrichment of 13C with increasing 

carbon number.  However, due to insufficient sample recovery of C4 from the 

hydrothermal experiment, only the anhydrous experiment indicates a slight 
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Figure 3.9  Methane, ethane, propane and n-butane δ13C isotopic values for 
hydrothermal and anhydrous experiments of Smackover oil.  Isotopic data from 
pyrolysis experiments of other oil families included for comparison.  Natural gas 
sample of GOM oil included for comparison.  Oil type unknown.  Modified after 
Chung, et al., 1988. 
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increase in isotopic fractionation of C4 at 360 °C.  The anhydrous experiment 

produced C1 – C4 values which are slightly heavier (enriched in 13C) when 

compared to the hydrothermal experiment (Figure 3.9).   

The δ13C ratios derived from the experimental pair at 380 °C show a much 

different pattern.  The C1 isotopic signature is much lighter for the hydrothermal 

experiment compared to the C1 δ13C value of the anhydrous experiment (Figure 

3.9).  This produces a ‘cross-over’ effect when comparing the hydrothermal and 

anhydrous progressive 13C enrichment with increasing carbon number.  For 

comparison, isotopic δ13C ratios from an associated gas of a GOM oil of 

unknown origin is included on the diagram.  Isotopic data is taken from Chung 

et al., 1988.  The natural associated gas δ13C values track the isotopic trend 

produced from pyrolysis of Smackover oil at 380 °C. 

The C1 value for the hydrothermal experiment at 380°C is -46.07 ‰ while the 

anhydrous value is -41.24 ‰, a per mil difference of 4.83 (Table 3.7).  In contrast, 

the C1 δ13C ratio for the hydrothermal experiment at 360°C is -43.68 ‰ while the 

corresponding anhydrous value is -42.89 ‰, a per mil difference of only 0.79 ‰  

(Table 3.7).  The per mil difference of C1 at 380°C between the hydrothermal and 

anhydrous experiments is higher by over a factor of five when compared to the 

results from the 360°C experiment.  

In an attempt to assess where the experimental data would fall on a gas 

maturity profile, C1 – nC4 δ13C values were plotted on a James plot, 1983 (Figure 

3.10).   The C1 – C2 δ13C separation for the hydrothermal experiment at 380 °C is 

off-scale and doesn’t correspond to the calculated profile. In addition, the 360 °C 

experiments plot at higher maturity indices than the experiments at 380 °C 

(Figure 3.10).  The James plot was derived using partition functions which yield 

isotopic separation factors for the C13/C12 ratios between components (James, 
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Figure 3.10  James plot maturity diagram with superimposed values from 
pyrolysis experiments.  HP 2877 falls outside the range of the sliding scale based 
on the algebraic differences in ‰ between the δ13C values of the natural gas 
components.  Modified from James, 1983. 
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1983). The separation assumes that internal energies of the low-molecular-weight 

gas components are equal at the time of their formation within a fine-grained 

source rock.  James suggested that during the thermal destruction of oil, these 

internal energies probably are not equal due to the kinetic mechanisms of oil 

cracking.  Clearly, utilizing the maturity diagram to assess these experimental 

data does not work 

Another gas maturity profile is depicted in Figure 3.11.  This profile 

illustrates the C1 – nC4 isotopic separation due to increasing maturity levels from 

a single source in the Delaware-Val Verde basin (James, 1983).  Since the 

experiments used for isotopic comparison were also from one source (Smackover 

oil), this profile may be more useful in assessing the relative maturation of the 

experimentally-derived gases in comparison with a natural system. 

Figure 3.11 shows that for Delaware – Val Verde gases up through the onset 

of thermal destruction of oil and wet gas, the separations of δ13C C1 – nC4  

progressively converge from the left of the diagram to the center (James, 1983).  

However, once this threshold is reached, there is increased isotopic divergence 

between C2 – nC4, with the δ13C of C1 appearing to become asymptotic (Figure 

3.11).  A fit was attempted using experimental δ13C values for C2 – nC4 that were 

overlain on the Delaware – Val Verde results. Experimental δ13C C1 values did 

not fit the plotted C1 curve from the Delaware – Val Verde gases. Both 

experiments at 380 °C plot at higher maturity levels than the experiments at 360  

°C.  However, all isotopic gas values from the pyrolysis experiments plot within 

the region of oil and wet gas generation (Figure 3.11).  Since these gases are only 

derived by oil cracking, the position on the maturity plot is not reasonable.  This 

plot does not accurately predict the maturity level of gas generated by oil 

cracking.   
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Figure 3.11  Anhydrous and hydrothermal isotopic C1 – nC4 separation plotted 
on a maturity profile of Deleware-Val Verde basin gases.  Modified from James, 
1983. 
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Given the previous discussion, empirical schemes may have limited utility in 

characterizing gas from pyrolysis experiments. Care must be taken since these 

approaches utilize results derived from kerogen, source rock, and natural gas 

datasets. For example, δ13C – methane, ethane, and propane crossplots have been 

used to evaluate microbial gas influence and maturity based on vitrinite 

reflectance (Ro) (Whiticar, 1994).   

Figure 3.12 depicts a maturity trend and regions of microbial gas influence 

from gases derived from kerogen pyrolysis.  Isotopic values from anhydrous and 

hydrothermal pyrolysis are plotted on the diagram.  The anhydrous values for C2 

and C3 generally track between 0.8 to 1.0 Ro within or near the thermogenic 

region for both temperature series (Figure 3.12).  Specifically, the C2 values fall 

within the thermogenic region while the C3 values are offset. The hydrothermal 

δ13C for ethane at 380°C falls off the maturity trend and plots in the region of 

bacterial methane influence (Figure 3.12). Gas derived from kerogen produces 

trends that may be different from gas derived from the cracking of oil under 

experimental conditions. 

 

Generated Char 
 
 

Comparison of the total char yield, elemental composition of the char, and 

the δ13C values of the char at temperatures of 340, 360, 380, and 400 °C provides 

insight into the relationship between the generation of natural gas and residual 

pyrobitumen.  As was previously described in the generated gas section, yields 

from replicate experiments help to determine which results are significant. 

Analysis of char yields and composition also provide information regarding 

preferential pathways of thermal oil degradation during pyrolysis. 



124 

 

-50

-48

-46

-44

-42

-40

-38

-36

-34

-32

-30

-40 -38 -36 -34 -32 -30 -28 -26 -24 -22 -20

mix of different thermogenic
gases or microbial methane

oxidation

Relationship of  δ13C for co-genetic 
methane versus ethane and propane in 

natural gas derived from kerogen

0.5

0.7

0.9

1.1

2.0

mix of bacterial methane

δ
1
3
C

-m
e

th
a

n
e

 (
‰

 )

δ13C-ethane,  δ13C-propane (‰)

anhydrous - 380 C
hydrothermal - 380  C

anhydrous - 360  C
hydrothermal - 360  CC2 C3

C2 C3

 
 

 

 

 

 

 

 

 
 
 
 
Figure 3.12  Hydrothermal and anhydrous methane-ethane and methane-
propane δ13C isotopic signatures at 360 and 380 °C.  These values are plotted 
against relationships developed using gas generation from kerogens.  Modified 
from Whiticar, 1994. 
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     Total char yield  
 

 
Total char yields for the hydrothermal and anhydrous experiments were 

determined using mass differences in reactor body before and after cleaning. The 

mass of filter char (char dislodged from decanting) and reactor head char were 

added to complete the determination of total char yield from each experiment.  

Evaluation of the significance of yield differences was determined by comparison 

of results from replicate experiments. 

Repeated experiments at 360 °C and 380 °C produced similar char yields for 

the anhydrous and hydrothermal experiments, respectively (Table 3.8). At 360 

°C, the anhydrous runs differ by only 0.4 wt.%Oo and the hydrothermal 

experiments also differ by only 0.4 wt.%Oo. The replicate experiments at 380 °C 

also produced minimal yield differences as the anhydrous experiments differ by 

only 0.1 wt.%Oo. The hydrothermal experiments differ by only 0.2 wt.%Oo (Table 

3.8).  Since the maximum yield difference for replicate experiments conducted at 

380 °C is 0.2 wt.%/gOo (includes both anhydrous and hydrothermal 

experiments), char yields in excess of 0.2 wt.%Oo for subsequent experiments 

conducted at 380 °C will be considered significant. 

Hydrothermal experiments generate less char than the anhydrous 

experiments (Figure 3.13).  Similar to the gas results, there is minimal char yield 

difference between hydrothermal and anhydrous experiments run at 340 °C.  As  

temperature is increased to 360 °C, char yields for the anhydrous experiments 

increase to 6.3 wt.%Oo while the hydrothermal runs yield only 4.9 and 4.5 

wt%Oo.  The average char yield difference between anhydrous and 

hydrothermal conditions is 1.8 wt.%Oo (Table 3.8).  As temperature is increased 

to 380 °C, the anhydrous experiments continue to produce significantly     
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Figure 3.13  Influence of water on char generation.  r2 equals the square of the 
correlation coefficient.  Experiments conducted for 288 hours except as noted. 
Results from the anhydrous and hydrothermal experiments conducted at 340 °C 
plot on top of each other on the figure due to similar yields (4.6 wt.%Oo, 

anhydrous and 4.1 wt.%Oo, hydrothermal). 
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more char when compared to the hydrothermal experiments (Figure 3.13).   The 

difference in yield between hydrothermal and anhydrous experiments 

significantly increases (relative to the yield difference at 360 °C), in excess of 3.5 

wt%Oo (Table 3.4).   

As discussed in Chapter 2, replicate experiments were not conducted at 400 

°C due to extreme equipment wear at this temperature.  Results from the two 

experiments conducted at 400 °C indicate that the anhydrous run yields 23.5 

wt.%Oo of char while the hydrothermal run yields 21.1 wt.%Oo char, a yield 

difference of 2.4 wt.%Oo. The yield difference at 400 °C has decreased by almost 

1.0 wt%Oo relative to the yield difference at 380 °C. 

Figure 3.13 also illustrates the precision of char yields from replicate 

experiments at 380 °C.  Symbols for replicate yields are differentiated by open 

symbols. Second-order polynomial expressions were calculated from the actual 

yields to illustrate the continuous increase at sequentially higher temperatures.  

Numbers in parentheses on the diagram indicate that data from two experiments 

plot on top of each other due to very similar results. 

 
    Elemental composition 
 

 

Elemental analyses of char recovered from anhydrous and hydrothermal 

pyrolysis experiments conducted at 340, 360, 380, and 400 °C indicate identifiable 

trends.  Tables 3.9a and 3.9b list the recovered carbon (C), hydrogen (H), 

nitrogen (N), oxygen (O), and sulfur (S) in normalized weight percent, the 

original unanalyzed residual from each analysis, and the calculated atomic ratios 

H/H+C, O/O+C, N/N+C, and S/S+C.  The elemental data are normalized to 

100% excluding the unanalyzed residual percentage.  The unanalyzed residual 
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fraction comprises elements not identified as C, H, N, O, or S.  The atomic ratio is 

reported in mole fraction relative to carbon, where the normalized values are 

divided by the corresponding elemental atomic weight to determine the number 

of moles recovered.   

Precision of the Carlo Erba 2500 EA instrument is approximately 1.0% of 

reported C, H, N, O, and S values in weight percent.  This means that a reported 

carbon value of 88.0 wt.% can vary by 0.88 wt.% while a sulfur value of 5.0 wt.% 

can vary by 0.05 wt.%.  If the variation in reported wt. % values is extrapolated to 

the calculated atomic ratios, instrument precision ranges from 0.0004 to 0.0007.    

Therefore, as a standard baseline for atomic ratio interpretation, differences in 

excess of ± 0.004 will be considered significant (Tables 3.9a and 3.9b).   

The bulk of the recovered char is comprised of carbon with residual amounts 

of hydrogen and sulfur (Tables 3.9a and 3.9b).  Minimal amounts of oxygen and 

nitrogen were also reported. To characterize the elemental composition of the 

char, a classification scheme of natural bitumens (and pyrobitumen) developed 

by Cornelius (1984) was utilized. 

Figure 3.14 depicts this classification which utilizes a van Krevelen diagram 

to distinguish between oils, asphalt, and pyrobitumen.  A few equivalent coal 

ranks are also plotted for comparison.  Petroleum with an API gravity of ≥10 and 

a viscosity in excess of 104 mPa.s is classified as tar sands oil. If the density is 

greater than 1290 kg/m3, it may be referred to as asphalt (Cornelius, 1984). The 

H/C and O/C elemental compositions distinguish bitumen groups along a 

continuum based on the amount of volatiles present and percentage of mean 

reflectivity measured. 

Bitumen classified as Epi-Impsonite has an H/C ratio between 0.84 – 0.68, an 

O/C ratio as high as 0.94, and contains between 30 – 20% volatiles (Cornelius, 
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Figure 3.14  Classification of pyrobitumen (char) generated from hydrothermal 
and anhydrous experiments.  Classification based on atomic ratios of hydrogen, 
oxygen, and carbon.  Coal rank, distribution of heavy and natural oil, and 
asphalt also included.  Modified from Cornelius, 1984.  
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1984).  Meso-Impsonite brackets a narrow H/C range of 0.68 – 0.63 and contains 

between 19 – 8% volatiles with a measured reflectivity similar to lean coal 

(Figure 3.14).  A pyrobitumen is classified as a Kata – Impsonite if the H/C ratio 

is between 0.63 and 0.16, contains less than 8% volatiles, and has a measured 

reflectivity similar to anthracite or meta-anthracite coal (Cornelius, 1984). 

The anhydrous and hydrothermal pyrolysis experiments group in the region 

between Meso and Kata – impsonite (Figure 3.14).  A close-up view of the same 

classification scheme shows how the H/C ratio changes with increasing 

temperature (Figure 3.15).  As temperature is increased, the H/C ratio decreases 

from approximately 0.65 to 0.55 and the pyrobitumen groups in the Kata – 

Impsonite region.  The data group near the superposed anthracite coal rank (3 to 

6% Ro).  Given the temperatures used in the pyrolysis experiments, classification 

of the char in this region appears reasonable.   

To investigate the change of the elemental composition of char with 

increasing experimental temperature, the H/(H+C), O/(O+C), N/(N+C), and 

S/(S+C )mole fractions were plotted.  As discussed in Chapter 2 and 

documented in Tables 3.9a and 3.9b, various types of chars were collected 

(composite, bottom, wall, needle, and stalactite) and analyzed.  A weighted 

average (both in wt.% and atomic ratio) was calculated from each experiment 

using the mass proportionality of each char type. 

Figure 3.16 depicts how the H/(H+C) ratio decreases from 0.391 at 340 °C to 

0.350 at 400 °C for the hydrothermal experiment.  The hydrogen mole fraction 

also decreases in the anhydrous experiment.  It is noted that only a single 

composited sample was used to characterize the char at 340 and 360 °C for the 

anhydrous experiments (Figure 3.16).  The anhydrous experiments produced 

H/(H+C) ratios slightly higher at 340, 380, and 400 °C than the hydrothermal 
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Figure 3.15  Detailed view of bitumen classification with anhydrous and 
hydrothermal experiments plotted on diagram.  Only bitumen classifications 
included.  Modified from Cornelius, 1984. 
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experiments at the same temperature.  However, the difference is small and 

within the instrument sensitivity previously discussed in this section.   At 360 °C, 

the anhydrous hydrogen atomic ratio is higher (by 0.009) than the weighted 

average results from the hydrothermal experiment at the same temperature 

(Figure 3.16).  This may be just due to comparison with a single sample since the 

bottom char for the hydrothermal experiment is almost the same value as the 

single composite sample from the anhydrous experiment. 

The O/(O+C) values are small and decrease slightly from 340 to 400 °C 

(Figure 3.17).  The anhydrous ratios are slightly smaller than the hydrothermal 

ratios.  However, the calculated ratios are all quite small and within the reported 

±0.004 standard deviation.  Given this result, it is difficult to definitively 

determine that a decreasing O/(O+C ) ratio with increasing temperature was 

measured from the char.  

As was the case with the oxygen values, the calculated nitrogen ratios are 

also very small, ranging between 0.006 – 0.003 (Figure 3.18).  The differences 

between the hydrothermal and anhydrous experiments ratios are within the 

instrument precision of ± 0.004. 

The sulfur atomic ratio decreases with increasing temperature for both the 

anhydrous and hydrothermal experiments (Figure 3.19).   It is important to note 

that under hydrothermal conditions, the position of char within the reactor may 

influence the amount of sulfur incorporated in it.  The mole fraction difference 

between bottom char, composite char, and wall char at temperatures between 

360 and 400 °C exceeds 0.005 for the hydrothermal experiments (Figure 19).  It is 

unclear whether char position in the reactor affects the sulfur ratios in the 

anhydrous experiments since in two of the experiments only a single composited 

was collected.  The ratios at 380 °C for the anhydrous experiment are identical. 
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    Isotopic results 
 
 

Chars collected from different positions within the reactor were analyzed for 

the δ13C ratio from anhydrous and hydrothermal experiments at 340, 360, 380, 

and 400 °C.  These values along with the calculated weighted average are listed 

in Tables 3.10a and 3.10b.  A weighted average from each experiment was 

calculated by determining the amount of char recovered from each position.  The 

relative proportionality was assigned to each δ13C value and then summed to 

determine the weighted average.  This proportionality is also listed in Tables 

3.10a and 3.10b.  Instrument sensitivity for the char analyses using the 

MicroMass Optima mass spectrometer was determined to be ± 0.30 ‰.   

The weighted average of δ13C was used to ascertain isotopic trends through the 

temperature series.   

Figure 3.20 depicts the trend for both anhydrous and hydrothermal 

experiments.  There is minimal isotopic distinction between the anhydrous and 

hydrothermal experiments at 340, 360, and 380 °C.  The δ13C ‰ difference 

between the two experimental conditions is a maximum of 0.11 at 380 °C, well 

within the instrument sensitivity of ± 0.30 ‰ (Tables 3.10a and 3.10b).  However, 

at 400 °C the ratios diverge since the anhydrous ratio is -24.84 δ13C and the 

hydrothermal value is -24.01 δ13C (Figure 3.20).  The ‰ difference exceeds ± 0.30 

‰ and indicates isotopic separation at 400 °C between anhydrous and 

hydrothermal experiments. 

Figure 3.20 also indicates a slight variation in δ13C between char recovered at 

360 °C and chars recovered at 340 and 380 °C. This variation only slightly 

exceeds the instrument sensitivity.  The significance of the depletion in δ13C at 

360 °C is unclear and may just represent analytical variation. 
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Table 3.10a     Isotopic values for hydrothermal and anhydrous experiments 
 

 
Temperature/duration 

  

‰ δ13C 
 

mass fraction  
340°C/720h    

    
HP-2775 hydrothermal    

composite char+  -24.16 0.536 
bottom char  -24.42 0.464 

weighted average^  -24.28  
    

HP-2771 anhydrous    
composite char+  -24.39 1.000 

    
360°C/288h    

    
HP-2776 hydrothermal    

composite char+  -24.93 0.538 
bottom char  -24.64 0.462 

weighted average^  -24.80  
    

HP-2774 anhydrous    
composite char+  -24.83 1.000 

    
    

380°C/288h    
    

HP-2778 hydrothermal    
wall char  -24.17 0.577 

bottom char  -24.73 0.423 
weighted average^  -24.41  

    
HP-2780 anhydrous    

composite char+  -24.26 0.782 
bottom char  -24.43 0.218 

weighted average^  -24.30  
    

HP-2877 hydrothermal    
wall char  -24.21 0.543 

bottom char  -24.58 0.426 
filter char  -24.47 0.031 

weighted average^  -24.38  

    ^  weighted average determined from mass fraction  

    +   composite char a mixture of all char recovered within reactor body 
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Table 3.10b     Isotopic values for hydrothermal and anhydrous experiments 
 

 
Temperature/duration 

  

‰ δ13C 
 

mass fraction  
    

380°C/288h cont.    
    

HP-2876 anhydrous    
wall char  -24.08 0.279 

bottom char  -24.41 0.450 
filter char  -24.01 0.010 
head char  -24.39 0.261 

weighted average^  -24.31  
    
    

400°C/288h    
    

HP-2777 hydrothermal    
wall char  -23.95 0.763 

bottom char  -24.20 0.236 
needle char  -23.29 0.001 

weighted average^  -24.01  
    

HP-2772 anhydrous    
wall char  -23.48 0.005 

bottom char  -24.56 0.096 
composite char  -24.88 0.894 

stalactite char  -23.83 0.005 
weighted average^  -24.84  

    
    

    

       ^ weighted average determined from mass fraction  
   +   composite char a mixture of all char recovered within reactor body 
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Figure 3.20  Comparison of δ13C for chars produced during anhydrous and 
hydrothermal experiments conducted at 340, 360, 380, and 400 °C.  Weighted 
average of carbon isotopic signatures determined from mass proportionality 
difference of chars collected from bottom, wall, or head positions within the 
reactor (Tables 3.10a and 3.10). 
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The δ13C ratios of chars recovered from the hydrothermal experiments are 

plotted in Figure 3.21 indicating the reactor position from which the char was 

collected.  Composite char is a mixture of char collected from all positions within 

the reactor.  Variability in δ13C ratio increases with temperature.  However, the 

‰ differences between the bottom and composite δ13C ratios at 340 and 360 °C 

are within the ± 0.30 ‰ variation in instrument sensitivity.   Reported δ13C ratios 

from bottom and wall char at 380 °C clearly show the maximum variability 

relative to char position of all the hydrothermal experiments (Figure 3.21).  

However, the maximum variability is only 0.56 ‰ and suggests that differences 

in δ13C ratios are small. 

It is difficult to ascertain a trend in δ13C relative to char position in the 

anhydrous experiments since only a composite char was recovered for 

experiments at 340 and 360 °C (Figure 3.22).  However, there is increased 

variability at 400 °C between different char positions compared to the 

hydrothermal results (Figures 3.21 and 3.22).  The difference between wall and 

composite chars recovered at 400 °C is 1.4 ‰.  Since the composite char 

comprises the bulk of char recovered at this temperature, the weighted average 

is approximately the same δ13C value as the composite char (Table 3.10b). 

 
 
Recovered Oil 
 
 

Analysis of the thermally degraded, recovered oil from the anhydrous and 

hydrothermal pyrolysis experiments provides crucial linkage between 

hydrocarbon products generated during the experiments, and hydrocarbons in 

the original oil that have degraded to form the generated products.  Comparison 

of the bulk properties of the recovered oil, the resultant saturate, aromatic, 
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Figure 3.21  Comparison of δ13C values analyzed from different positions within 
the reactor for the hydrothermal experiments.  Composite char is a mixture of 
char collected from all positions within the reactor.   
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Figure 3.22  Comparison of δ13C values determine from the anhydrous 
experiments analyzed from different positions within the reactor.  Composite 
char is a mixture of char collected from all positions within the reactor.  Head 
char refers to all char collected from the reactor head, including stalactite and 
needle char (see Table 3.10a and 3.10b)  
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resin, and asphaltene fractions, and relative intensities of saturate and aromatic 

compounds determined from the gas chromatographs provide information 

regarding which compounds have preferentially degraded to form gas and char 

from the pyrolysis experiments. 

 
     Total recovered oil 
 
 

The total amount of degraded oil from the hydrothermal and anhydrous 

experiments was determined by reactor mass differences before and after 

decanting the oil and water, if present, from the reactor body.   Calculation of 

weight percent of the recovered oil is relative to the mass of original oil (Oo) 

loaded into the reactor prior to the experiment. 

Table 3.11 summarizes oil recovery results from replicate experiments at  

360 °C and 380 °C.  Recoveries from the anhydrous experiments produced the 

greatest variability with 3.6 and 1.9 wt.%Oo from experiments at 360 °C and 380 

°C, respectively.  In contrast, the variability from replicate experiments under 

hydrothermal conditions ranged from 0.2 to 0.5 wt.%Oo. Better temperature 

control for the hydrothermal experiments may reduce variability in thermal oil 

degradation.  There is approximately 20.0 wt.%Oo reduction in recovered oil 

from both the anhydrous and hydrothermal experiments at 380°C.  This is due to 

increased gas generation from these experiments. 

Table 3.4 lists the mass of original oil used in the experiments as well as the 

weight percent (Oo) of oil recovered after completion of experiment.  Oil 

recoveries range from 92.5 wt.%Oo at 340 °C to 38.5 wt.%Oo at 400 °C.  Figure 

3.23 illustrates that as oil cracking increases with thermal stress, the amount of 

original oil recovered decreases.  Both the hydrothermal and anhydrous 
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Table 3.11     Degraded oil recovery results from replicate experimental       
                        conditions 
 
 

temperature 
(°C) 

experiment 
# 

conditions recovered oil 
(wt. %Oo) 

difference 
duplicate conditions 

(wt. %Oo) 
     

360 HP 2770* anhydrous 85.2  
     

360 HP 2774 anhydrous 88.8 3.6 
     

360 HP 2776 hydrothermal 88.1  
     

360 HP 2824 hydrothermal 87.9 0.2 

     

     

380 HP 2780 anhydrous 67.0  
     

380 HP 2876 anhydrous 65.1 1.9 
     

380 HP 2778  hydrothermal 68.1  
     

380 HP 2877 hydrothermal 67.6 0.5 
     

 
* First experiment used to design methodology for recovery of generated gas and degraded oil 
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Figure 3.23  Amount of recovered oil from hydrothermal and anhydrous 
experiments through the temperature series.  Recoveries from replicate 
experiments are similar at 360 °C and experiments plot at the same position on 
the diagram.  Oil recoveries at 340 °C from both the hydrothermal and 
anhydrous experiments are virtually identical and plot at the same position. 
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experiments follow the same trend of progressive reduction in oil recovery with 

increasing thermal stress (Figure 3.23). 

Oil recoveries from the anhydrous and hydrothermal experiments at 340 °C 

are quite similar and therefore plot on top of each other (Figure 3.23).  With 

increasing temperature, the anhydrous recoveries range are 85.2 and 88.8 wt.%Oo 

at 360 °C.  Non-congruence of replicate anhydrous experiments at this 

temperature may be due to increased variability in temperature control as well 

as inclusion of results from HP 2770 for which the collection procedures were 

still being developed (Table 3.1 and Table 3.4).  Hydrothermal oil recoveries at 

360 °C differ by only 0.2 wt.%Oo. 

Anhydrous oil recoveries at 380 °C range are 65.1 and 67.0 wt.%Oo, a 

difference of only 1.9 wt.%Oo (Table 3.4).  Hydrothermal degraded oil recoveries 

at 380 °C differ by only 0.5 wt.%Oo. At 400 °C the recovered oil is 38.5 and 39.3 

wt. %Oo for the anhydrous and hydrothermal experiments, respectively (Table 

3.4). 

 

     Physical properties of recovered oil from pyrolysis experiments 
 
 
Oil recovered from pyrolysis experiments at 340, 360, 380, and 400 °C was 

analyzed to measure the API gravity, sulfur weight percentage, weight 

percentage of C15+ recovered, and the saturate/aromatic ratio.  These parameters 

define the basic physical changes of the oil as it is thermally degraded in 

pyrolysis experiments.  API gravity is defined as the density of oil using a scale 

developed by the American Petroleum Institute such that: 

  °API = (141.5/(specific gravity at 60°F)) – 131.5 

       (Hunt, 1996) 
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The weight percent sulfur in the oil was determined to track changes in 

sulfur content with increasing experimental temperature.  The amount of C15+ 

present in the recovered oils is also used as an indicator of bulk changes in oil 

composition with increasing temperature.  The C15+ recovery is the raw weight of 

the maltene (saturate, aromatic, and resins) fraction and asphaltene fraction of 

the oil as a percentage of the original sample weight.  The saturate to aromatic 

ratio is defined as the saturate fraction of the oil divided by the aromatic fraction 

determined in weight percent using column chromotography.  This is a bulk 

physical parameter used to track aromatization of the oil with increasing thermal 

maturity. 

As a general rule, API gravity increases with increasing thermal maturity 

assuming the oil hasn’t undergone biodegradation or other weathering 

phenomena (Hunt, 1996).  Typically, light oil is considered to be >31.1°API, 

condensate defined as > 45.0 °API, and heavy oil between 10 – 22.3 °API.  Table 

3.12 lists the API gravity of the original Smackover oil used in the experiments 

along with the Smackover pyrolysate (recovered oil) after undergoing thermal 

stress. The original oil loaded into the reactors prior to pyrolysis was measured 

at 33.40 °API.  

 API gravity is higher in oil recovered from the anhydrous experiments 

relative to oils from the hydrothermal experiments (Table 3.12).  As temperature 

increases from 340 to 380 °C, API gravity in oils recovered from the anhydrous 

experiments increases from 39.18 to 43.24 °API.  At 400 °C, API gravity actually 

decreases to 32.29 °API in oil recovered from the anhydrous experiment.  The 

increase in API gravity with increasing temperature is not as pronounced in oil 

recovered from the hydrothermal experiments.  While the API gravity increases 

from 37.52 to 38.43 °API in oils recovered from the hydrothermal experiments at 
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Table 3.12     Bulk properties of oil from anhydrous and hydrothermal  
             experiments 

 

 
HP Experimental # 

Temp. °C/ Conditions 
API Gravity Sulfur (wt.%) C15

+ (wt%) ^ Saturate/Aromatic 
Ratio+ 

     
Smackover oil* 33.40 1.70 68.7 1.33 

     
HP 2771     
   340 / anhydrous 39.18 1.42 54.7 1.95 
HP 2775     
   340 / hydrothermal 37.52 1.28 55.5 1.75 
HP 2774     
   360 / anhydrous 40.90 1.40 42.0 1.42 
HP 2776     
   360 / hydrothermal 38.43 1.47 46.1 1.47 
HP 2780     
   380 / anhydrous 43.24 1.58 26.8 0.11 
HP 2876     
   380 / anhydrous 41.38 1.61 25.0 0.15 
HP 2778     
   380 / hydrothermal 37.58 1.68 32.1 0.15 
HP 2877     
   380 / hydrothermal 36.25 1.70 34.1 0.13 
HP 2772     
   400 / anhydrous 32.29 1.63 32.9 0.03 
HP 2777     
   400 / hydrothermal 26.40 1.50 39.5 0.15 

     
 
*  Smackover oil sampled from Sugar Ridge field  
^  C15

+ hydrocarbon recovery as a percentage of whole oil sample, includes saturate, aromatic 
     resin, and asphaltene fractions  
+  this ratio calculated from the C15

+ fraction  
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340 and 360 °C, API gravity determined from oils recovered from the two 

hydrothermal experiments at 380 °C are only 37.58 and 36.25 °API, respectively 

(Table 3.12).  Similar to the result from the anhydrous experiment at 400 °C, API 

gravity in oil recovered from the hydrothermal experiment at this temperature 

decreases a significant amount to 20.25 °API. 

Figures 3.24, 3.25, and 3.26 compare API gravity values with sulfur wt.%, 

C15+ wt.%, and saturate/aromatic ratios from the anhydrous and hydrothermal 

experiments. These are plotted with natural Smackover oil data from the 

Mississippi Interior Salt basin in Alabama (Claypool and Mancini, 1989).  Most of 

these oils range between 33 and 43 °API.  The original Smackover oil used in the 

experiments (Morris 28.2 Unit, Sugar Ridge field) is identical to the API gravity 

listed as representative of the Sugar Ridge field (33.40 °API) from the natural oils 

dataset (Claypool and Mancini, 1989).   

The crossplot of sulfur wt.% and API gravity indicates that the anhydrous 

experiments group below the hydrothermal experiments through the 

temperature series (Figure 3.24).  Recovered oils from anhydrous experiments 

increase in API gravity to 41.4 and 43.2 °API, near the range for condensate 

(Table 3.12).  The oils recovered from the hydrothermal experiments also increase 

in API gravity in comparison to the original oil, but tend to cluster between 36.0 

and 38.0 °API (Figure 3.24).  They do not show a trend of increasing API gravity 

with increasing experimental temperature. 

The weight percent (%) sulfur in the recovered oil does not follow a 

proportional relationship with increasing temperature.  The percent sulfur 

initially decreases at 340 °C for both anhydrous and hydrothermal experiments 

and then gradually increases to 1.7% at 380 °C, back to the original value of the 

natural Smackover oil (Table 3.12).  There is minimal difference in the amount 
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Figure 3.24  Cross-plot of °API gravity and wt. % sulfur in oils from 
hydrothermal and anhydrous pyrolysis experiments from 340 to 400 °C.  Results 
are plotted with bulk property data of natural oils from the Mississippi Interior 
Salt basin, Alabama (Claypool and Mancini, 1989).  Natural samples include oils 
and condensates.   
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Figure 3.25  Cross-plot of °API gravity and wt.% C15+ in oils from hydrothermal 
and anhydrous pyrolysis experiments from 340 to 400 °C.  Results are plotted 
with bulk property data of natural oils from the Mississippi Interior Salt basin, 
Alabama (Claypool and Mancini, 1989).  Natural samples include oils and 
condensates.   
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Figure 3.26  Cross-plot of °API gravity and the saturate/aromatic ratios in oils 
from hydrothermal and anhydrous pyrolysis experiments from 340 to 400 °C.  
Results are plotted with bulk property data of natural oils from the Mississippi 
Interior Salt basin, Alabama (Claypool and Mancini, 1989). Natural samples 
include oils and condensates.   



157 

 

of sulfur present in the oils between the anhydrous and hydrothermal 

experiments.  The API gravity and sulfur percentage from the hydrothermal 

experiment at 400 °C plot off the experimental and natural oil dataset trend 

(Figure 3.24).  The anhydrous experiment at 400 °C plots near the limit of the 

natural oil dataset but has a lower API gravity than the thermally degraded oils 

from other pyrolysis experiments. This change may be due to phase conditions 

within the reactor at this temperature which preclude normal thermal 

degradation of the oil (see Chapter 2 for full discussion). 

Figure 3.25 shows the C15+ content of oils recovered from the pyrolysis 

experiments along with the Smackover natural oils.  The natural oils indicate a 

general trend of decreasing C15+ hydrocarbons with increasing °API (Claypool 

and Mancini, 1989).  The pyrolysis dataset indicates decreasing C15+ with 

increasing experimental temperature up to 380 °C. However, the experimental 

dataset is shifted to the left, i.e. less C15+ when compared to the natural dataset 

but cluster within the same general °API region (Figure 3.25).  It should be noted 

that the condensate from Smackover fields in Alabama also contain small 

percentages of C15+ (sample located in lower left-hand corner of diagram).  As 

was discussed in the previous paragraph, the experiments at 400 °C do not 

follow the same general trends. 

The saturate/aromatic ratios and API gravities from oil recovered from the 

pyrolysis experiments are similar to the values derived from the natural dataset, 

except for the hydrothermal experiment at 400 °C (Figure 3.26).  In addition, the 

values derived at 380°C are significantly lower than the natural dataset.  The 

natural oils form a saturate/aromatic ratio grouping around 0.15 to 1.80 at 

various API gravities (except for one natural oil with a saturate/aromatic ratio in 

excess of 4.0).  Data from the pyrolysis experiments show a trend of decreasing 
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saturate/aromatic ratio with increasing experimental temperature.  However, 

this trend is not evident in the API gravity values.  Increasing experimental 

temperature does not necessarily produce increasing °API values.   At 380 °C the 

ratio has decreased to between 0.11 and 0.15 for both anhydrous and 

hydrothermal experiments (Table 3.12). 

Artificial maturation, collection and venting of dissolved gas, generation of 

significant amounts of char, and differences in lab protocols may preclude a 

meaningful comparison of the saturate/aromatic ratios, C15+ hydrocarbon 

percentages, and percent sulfur with the natural Smackover dataset.  However, 

some results from the experiments bracket the bulk properties of natural oils.  

Degraded oils produced from pyrolysis experiments at 380 and 400°C contain oil 

properties that are somewhat different than the natural oils.   The significance is 

that the oil properties measured in the degraded oils are within the same 

magnitude as properties measured in the natural crude oils (Figures 3.24, 3.25 

and 3.26). 

 
     Saturate, aromatic, resin, and asphaltene fractions of recovered oils 

 
 
Recovered oils from the hydrothermal and anhydrous experiments were 

separated into C15+ hydrocarbon fractions using standard column 

chromatography techniques described in Chapter 2.  These fractions were 

normalized to account for column holdup and volatile content. Values are 

reported in weight percent. 

Table 3.13 lists the weight percent of oil fractions from the original oil and 

recovered oil from hydrothermal and anhydrous experiments.  The most recent 

experiments at 360 and 380 °C will be discussed due to changes in laboratory  
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Table 3.13     Oil fractions from recovered oil 

 
 

Experiment 
And 

conditions  

Saturates^ 
(wt.%) 

Aromatics^ 
(wt.%) 

Resins^ 
(wt.%) 

Asphaltenes^ 
(wt.%) 

Column 
holdup* 
(wt.%) 

Volatile 
content+ 
(wt.%) 

       
Original 

Smackover 
 

50.9 38.3 8.7 2.1 1.0 30.2 

HP 2775 
340°C 

hydrothermal 

60.0 34.3 3.0 2.7 3.6 62.2 

HP 2771 
340°C 

anhydrous 

62.3 31.2 2.5 4.0 0.4 60.2 

       
HP 2776 

360°C 
hydrothermal 

55.8 37.9 3.2 3.1 2.0 68.7 

HP 2774 
360°C 

anhydrous 

54.1 38.1 4.7 3.2 3.3 71.2 

       
HP 2877 

380°C 
hydrothermal 

10.1 79.8 5.8 4.4 3.4 67.4 

HP 2876 
380°C 

anhydrous 

12.1 79.8 5.8 3.3 4.2 76.1 

       
HP 2777 

400°C 
hydrothermal 

12.0 80.6 3.1 4.4 2.2 75.9 

HP 2772 
400°C 

anhydrous 

2.8 80.9 6.7 9.6 0.0 70.9 

       

       
^  normalized weight percent of C15

+ fraction  
*   weight percent column holdup C15

+ 
+  weight percent of evaporative fraction (C15

- volatile content) of oil 
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protocol involving the evaporation of the volatile fraction previously discussed 

in Chapter 2.  The current technique collects larger amounts of the ‘light’ saturate 

fraction. 

Recovered oil from both hydrothermal and anhydrous experiments at 340 

and 360°C contain more saturates than the original Smackover oil (Figure 3.27).  

There is a significant drop in the amount of saturate fraction contained in the 

recovered oil from the experiments at 380 °C.  Oil from the hydrothermal 

experiment contains 10.1 wt.% saturates and oil recovered from the anhydrous 

experiment contains 12.1 wt.% saturates (Table 3.13).  Results from the 400 °C 

experiments also contain low amounts of the saturate fraction with the 

anhydrous experiment at 400 °C containing the lowest amount (2.8 wt.%) of 

saturates reported in the recovered oils from all the pyrolysis experiments 

(Figure 3.27).   

There is minimal difference in the amount of saturated hydrocarbons 

contained in the recovered oil from the hydrothermal experiments and the 

amount of saturated hydrocarbons recovered in oil from the anhydrous 

experiments conducted from 340 to 380 °C.  The absolute difference between  

the two experimental conditions (hydrothermal and anhydrous) is less than are 

equal to 2.3 wt.% (Figure 3.27). However, oil from the hydrothermal experiment 

at 400°C contains 9.2 wt.% more saturated hydrocarbons than oil from the 

anhydrous experiment at the same temperature. 

Coincident with the decrease of C15+ saturated hydrocarbons in the 

recovered oil from the experiments at 380 °C, there is a significant increase in the 

amount of C15+ aromatic hydrocarbons at this temperature (Figure 3.28).  The 

amount of aromatic hydrocarbons in recovered oil from experiments at 340 and 

360 °C are less than the 38.3 wt.% aromatic fraction analyzed from the original   
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Figure 3.27  Comparison of the weight % saturate hydrocarbon fraction 
recovered from hydrothermal and anhydrous experiments between 340 and 400 
°C, including the original oil fraction analysis.  Comparison of the absolute 
weight % difference between the two experimental conditions through the 
temperature series is presented on the secondary ordinate. 
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Figure 3.28  Comparison of the weight % aromatic hydrocarbon fraction 
recovered from hydrothermal and anhydrous experiments between 340 and 400 
°C, including the original oil fraction analysis.  Comparison of the absolute 
weight % difference between the two experimental conditions through the 
temperature series is presented on the secondary ordinate. 
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Smackover oil.   This decrease ranges from 31.2 wt.% recovered from the 

anhydrous experiment at 340 °C to 38.1 wt. % aromatic fraction recovered from 

the anhydrous experiment at 360 °C.  The amount of aromatic fraction increases 

significantly to 79.8 wt. % in oil recovered from the experiments conducted at 380 

°C (Figure 3.28).  There is less than 0.3 wt.% difference in the amount of the 

aromatic fraction recovered from experiments at 360 to 400 °C between 

hydrothermal and anhydrous experimental conditions (Figure 3.28). 

Relative to the amounts of the saturate, aromatic, and asphaltene fractions 

contained in the recovered oils, resins account for less than 7.0 wt.% (Table 3.13). 

The original Smackover oil contains more resins than any of the oils recovered 

from the pyrolysis experiments (Figure 3.29).  The amount of resins recovered in 

the oil from the experiments range between 2.5 to 6.7 wt.% with the original oil 

containing 8.7 wt.% (Table 3.13).  Differences between hydrothermal and 

anhydrous experimental conditions are less than 1.5 wt.% for oil recovered from 

experiments between 340 and 380°C.  At 400 °C, the amount of resins recovered 

in the oil from the anhydrous experiment is a little over 3.6 wt.% higher than 

what was recovered from the hydrothermal experiment.   

The amount of asphaltene (insoluble NSO compounds) recovered in the oil 

from the experiments is slightly higher than what was present in the original 

Smackover oil (Figure 3.30). The original oil contained 2.1 wt.% asphaltenes, 

while recovered oil from experiments between 340 and 380 °C contained between 

2.7 and 4.4 wt.% asphaltenes (Table 3.13).  Oil from the anhydrous experiment at 

400 °C contained 9.6 wt. % asphaltene, over four times the amount recovered in 

the original oil (Figure 3.30).  There is no significant difference in the amount of 

recovered asphaltenes between the hydrothermal and anhydrous experiments 

for oils recovered at 340, 360, and 380 °C.  In fact, the difference is less than 1.3  
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Figure 3.29  Comparison of the weight % resin fraction recovered from 
hydrothermal and anhydrous experiments between 340 and 400 °C, including 
the original oil fraction analysis.  Comparison of the absolute weight % 
difference between the two experimental conditions through the temperature 
series is presented on the secondary ordinate. 
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Figure 3.30  Comparison of the weight % asphaltene fraction recovered from 
hydrothermal and anhydrous experiments between 340 and 400 °C, including 
the original oil fraction analysis.  Comparison of the absolute weight % 
difference between the two experimental conditions through the temperature 
series is presented on the secondary ordinate. 
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wt.% between the experimental conditions (hydrothermal versus anhydrous).  

Oil from the anhydrous experiment contains 9.6 wt.% asphatlenes. 

  

   Whole-oil gas chromatography 
   

Whole-oil gas chromatograms (GC) generated by gas chromatography-Flame 

Ionization Detector (GC-FID) of the original and degraded oils were analyzed to 

identify saturated and aromatic hydrocarbon compounds including naphthenes 

and selected isoprenoids.  A total ion current (TIC) chromatogram generated 

from gas chromatography/mass spectrometry was analyzed to identify 

monoaromatic and polycyclic aromatic compounds and specific cycloparaffins 

and isoparaffins.  This provided the ability to calculate relative concentrations 

using peak height intensity.  A comparison of the relative concentrations 

between the degraded and original oils will provide information regarding 

which hydrocarbon compounds are degrading . 

A methodology was developed for whole-oil GC using a cold-trap injection 

system into the FID that enhanced the ability to identify short-chain 

hydrocarbons.  C6, C7, and in some cases, C5 hydrocarbons were identified on the 

chromatogram.  For consistency, comparison of the degraded oils with the 

original Smackover oil starts with nC8 as the first saturate marker.   

 

          Original Smackover oil   Figure 3.31 is the whole oil GC-FID of the natural 

Smackover oil used in the anhydrous and hydrothermal experiments.  The 

overall distribution of n-alkanes shown on the trace indicates a non-biodegraded, 

thermally mature oil with an odd-even preference of n-alkanes (OEP) of 0.933 

(Table 3.14).  OEP values of less than one are unusual (indicating a  
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Table 3.14     Odd/Even preference of original and degraded oil 
 
 

Experiment # Temperature (°C) Conditions OEP1 

    
Original 

Smackover 
_______ _____ 0.933 

    
HP 2775 340 hydrothermal 0.946 

    
HP 2771 340 anhydrous 0.973 

    
HP 2776 360 hydrothermal 0.981 

    
HP 2774 360 anhydrous 0.951 

    
HP 2877 380 hydrothermal* n.d. 

    
HP 2876 380 anhydrous* n.d. 

    
HP 2777 400 hydrothermal* n.d. 

    
HP 2772 400 anhydrous* n.d. 

    

    

 
1  OEP = odd/even preference.  Parameter is used as a crude estimate of thermal  

    maturity and origin of precursor organic input.  Various indicies can be used. 
     Empirical relationship used for comparison in this study: 
   nC21 + 6nC23 + nC25 / 4nC22 + 4nC24 
      (Scalan and Smith, 1970) 
  
 *  OEP values for experiments at 380 and 400°C could not be determined (n.d.) 
 due to difficulty in peak identification (GC-FID) > nC21 
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predominance of even-chain-length n-alkanes in the C20 to C25 range) and are 

typically associated with oils from anoxic carbonate or hypersaline environments 

(Moldowan, et al., 1985). This value is in agreement with OEP data determined 

from previous research on Smackover oils (Claypool and Mancini, 1989).  The 

retention of the even versus odd preference during thermal maturation is 

dependent upon the diagenesis of the organic precursors and the original 

composition of the organic material.  Land plants, and to some extent, some 

marine plants and organisms biosynthesize paraffins with an odd number of 

carbon atoms in the chain. The resultant OEP values are significantly greater 

than one (Hunt, 1996).  However, many marine organisms and algae don’t show 

a strong odd-carbon preference and contain OEP values near unity. These 

organisms create even-numbered carbon chain lengths with an acid or alcohol 

functional group at the end (Hunt, 1996).  In oxic or sub-oxic environments, the 

functional group can be decarboxylated (loss of CO2) and an odd-carbon-

numbered hydrocarbon chain will result.  In anoxic, or strongly reducing 

environments, the oxygen of the acid or alcohol is removed as H20.  Therefore, 

the carbon atom is not removed and an even-chain-length hydrocarbon will be 

preserved (Hunt, 1996).   

The whole-oil GC from the original Smackover oil indicates that methyl and 

alkylated benzenes, xylenes, and napthalenes are significant constituents of the 

original oil (Figure 3.31).  Methylcyclohexane, ethylbenzene, 2-methylheptane, 

and 2-methyloctane are identified so that they can be used as reference 

compounds.   

The GC data also indicates that the phytane (iC20) peak is higher in intensity 

than the pristane (iC19) peak.  The resultant pristane/phytane ratio of 0.59 is very 

low and reflects deposition under low redox (Eh) potential conditions typical of 
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anoxic environments (Schwark and Püttmann, 1990).  Hopane and norhopane, 

commonly used biomarkers, are also identified on the GC trace (Figure 3.31).   

 

          Recovered oil from 340 °C experiments   Figures 3.32 and 3.33 are whole-oil 

gas chromatograms of recovered oil from hydrothermal and anhydrous 

experiments at 340°C.  Comparison with the original oil (Figure 3.31) indicates 

that the normalized peak intensity of the longer-chain n-alkane homologs is 

diminished for the 340 °C experiments.   However, the overall distributions of n- 

alkanes, cycloalkanes, and aromatic compounds remain very similar to the 

natural Smackover oil.  OEP values of 0.946 and 0.973 for the hydrothermal and 

anhydrous experiments respectively, are less than one but slightly higher than 

the OEP value of the original oil (Table 3.14).  Compared to the original oil, 

pristane and phytane are present in very low concentrations in both the 

anhydrous and hydrothermal recovered oil (Figures 3.32 and 3.33).  The 

cycloalkanes and aromatic compounds identified in Figure 3.31 are also present 

in the recovered oil from the 340 °C experiments. 

Differences in the gas chromatograms between the hydrothermal and 

anhydrous experiments are minimal (Figures 3.32 and 3.33).  The hydrothermal 

GC shows a sequential decrease in peak intensity for the n-alkanes between nC8 

and nC23 (Figure 3.32).  However, in the anhydrous experiment, the nC14 peak 

intensity is greater than the nC13 and causes a reversal of the overall intensity 

decline (Figure 3.33).  Sequential decrease of peak intensity is re-established for 

the n-alkanes between nC15 and nC25 for the anhydrous experiment.  Both gas 

chromatograms from the experiments show identifiable n-alkane peaks up 

through nC33 or nC34.  The original oil GC produced identifiable peaks up 

through nC37 or nC38 (Figure 3.31.) 
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      Compared to the original oil, the nC14- nC36  n-alkane homologs have 

undergone relative depletion of less than 1% for both the anhydrous and 

hydrothermal experimental conditions (Figure 3.34).  The shorter-chain nC8 

(octane) has increased in relative intensity by over 6%, while nC9 and nC10 have 

increased by 2% and 1.8%, respectively.  This suggests that a limited amount of 

oil cracking has occurred in the longer-chain n-alkanes with a corresponding 

increase in relative concentration of the nC8 to nC13 fraction. 

 

          Recovered oil from 360 °C experiments  Figures 3.35 and 3.36 are whole-oil 

gas chromatograms of recovered oil from experiments at 360 °C. The relative 

intensity of the longer-chain n-alkane homologs (nC15-nC25) has decreased in 

comparison to the experiments at 340°C (Figures 3.32 and 3.33).  The identified 

aromatic and cycloparaffinic compounds present at 340 °C are also present in the 

experiments at 360 °C (Figures 3.35 and 3.36).  OEP values of 0.981 and 0.951 for 

the hydrothermal and anhydrous experiments, respectively are also less than one 

but are slightly higher than the OEP values for the experiments at 340°C (Table 

3.14).  Identification of pristane and phytane is not possible and indicates that 

these isoprenoids are either absent or present in very low concentrations in the 

recovered oil from experiments at 360°C (Figures 3.35 and 3.36). 

Both the hydrothermal and anhydrous experiments show a sequential 

decrease in relative intensity of the nC7 – nC22 n-alkanes (Figures 3.35 and 3.36).  

The distribution of aromatic and cycloparaffinic compounds is similar but the 

recovered oil from the anhydrous experiment has an anomalously high alkylated 

benzene isomer peak (between nC9 and nC10) when compared to the 

hydrothermal experiment.  Both experiments produce gas chromatograms with 

identifiable n-alkane peaks up to nC25 and nC27 (Figures 3.35 and 3.36).  
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Figure 3.34  Differences in normalized percentage of total peak intensity for each 
n-alkane between the original Smackover oil and recovered oil from the 
hydrothermal and anhydrous experiments at 340 °C.  The normalized percentage 
of total peak intensity for the n-alkanes is plotted on the secondary ordinate. 
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This indicates a decrease in relative concentration of longer-chain n-alkanes 

relative to both experiments at 340°C where peaks up to nC33 or nC34 were 

identifiable (Figures 3.32 and 3.33). 

Comparison with the original Smackover oil indicates relative enrichment of 

nC8 through nC14 in the recovered oil from experiments at 360°C (Figure 3.37).  

Both experimental conditions indicate a relative increase in nC8 concentration of 

8% when compared to the original oil.  This is an increase of 2% nC8 

concentration relative to the recovered oil at 340°C (6% nC8). Figure 3.37 

indicates a relative 0.2 – 0.4%increase of nC9 through nC14 for the anhydrous 

experiment when compared with the hydrothermal results. Both experimental 

conditions indicate relative depletion of nC18-nC23 in excess of 1%. This is slightly 

higher than the relative depletion of the same carbon numbers in the recovered 

oil from experiments at 340°C (Figure 3.34).      

 

          Recovered oil from 380 °C experiments   Figures 3.38 and 3.39 are whole-oil 

gas chromatograms of recovered oil from experiments at 380 °C.  Compared to 

the chromatograms from experiments at 360 °C, the relative intensity of the 

longer-chain n-alkanes has decreased to the point that identification of carbon 

numbers between nC18 and nC22 is uncertain. Identification of aromatic and 

cycloparaffinic compounds that were present in the recovered oil at 340 and 360 

°C is still possible (Figures 3.38 and 3.39). OEP values were not determined for 

the hydrothermal and anhydrous experiments due to difficulty in peak 

identifications greater than nC21. Similar to the recovered oil from the 360 °C 

experiments, pristane and phytane cannot be definitively identified on the 

whole-oil gas chromatogram (Figures 3.38 and 3.39). 
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Figure 3.37  Differences in normalized percentage of total peak intensity for each 
n-alkane between the original Smackover oil and recovered oil from the 
hydrothermal and anhydrous experiments at 360 °C.  The normalized percentage 
of total peak intensity for the n-alkanes is plotted on the secondary ordinate. 



179 

 

 



180 

 

 



181 

 

There are slight differences in the gas chromatograms between the 

hydrothermal and anhydrous experiments.  The GC data from both experiments 

indicate a significant decrease in peak intensity for n-alkanes between nC8 and 

nC18 when compared to gas chromatograms from experiments at 340 and 360°C. 

Identification of n-alkanes above nC22 is problematic on both the whole oil gas 

chromatogram and the total ion current chromatogram.  Oil from the 

hydrothermal experiment contains isomers of alkylated benezenes with slightly  

higher intensities relative to nC10 than oil from the anhydrous experiment 

(Figures 3.38 and 3.39).  The GC from the anhydrous experiment indicates a 

higher peak intensity response for some of the polynuclear aromatic 

hydrocarbons such as naphthalene and 2-methyl naphthalene (Figure 3.39).  It  

was not possible to definitively identify naphthalene among the group of 

alkylated benzene compounds on the GC from the hydrothermal experiment 

(Figure 3.38). 

Compared to the original Smackover oil, both the hydrothermal and 

anhydrous experiments show a significant enrichment of the shorter-chain nC8 – 

nC11 n-alkanes (Figure 3.40).  There is over 24% relative enrichment of nC8, 7% 

nC9, and almost 4% nC10 in the recovered oil when compared to GC data from 

the original oil.  These results are significantly higher than the relative intensities 

reported for the nC8 to nC11 fraction from experiments at 360 °C (Figure 3.37). 

The relative enrichment of shorter-chain n-alkanes is confined to the nC8 - nC11 

fraction from experiments at 380 °C, while at 360 °C, relative enrichment occurs 

from nC8 - nC14 (Figures 3.37 and 3.40).  Relative depletion of the longer-chain n-

alkane fraction for the anhydrous experiments is at a maximum of over 3% for 

the nC14 – nC17 fraction, and ranges between 2 and 3% for carbon numbers up to 

nC24.  Results from the hydrothermal experiment are slightly different and 
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Figure 3.40  Differences in normalized percentage of total peak intensity for each 
n-alkane between the original Smackover oil and recovered oil from the 
hydrothermal and anhydrous experiments at 380 °C.  The normalized percentage 
of total peak intensity for the n-alkanes is plotted on the secondary ordinate. 
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indicate relative enrichment occurring up to nC12, with maximum depletion of 

slightly over 2% occurring within the nC14 – nC19 fraction (Figure 3.40). 

Compared to the experiments conducted at lower temperatures, only the 

recovered oil from 380 °C shows differences between hydrothermal and 

anhydrous conditions in depletion of the longer-chain n-alkanes.  

 

        Recovered oil from 400 °C experiments   Figures 3.41 and 3.42 are whole-oil 

gas chromatograms of recovered oil from experiments at 400°C.  Comparison 

with the original oil (Figure 3.31) and GC data from experiments at 340, 360, and 

380 °C clearly shows the very low concentrations of n-alkane homologs relative 

to aromatic hydrocarbon compounds.  Information from the total ion current 

(TIC) chromatogram (GC/MS) was utilized to the aromatic compounds on the 

whole-oil GC.  It was difficult to identify some of the n-alkanes due to co-elution 

with aromatic hydrocarbons. There is no sequential decrease in peak intensity 

with increasing carbon number of the n-alkanes (Figures 3.41 and 3.42). There are 

predominant peaks for alkylated benzenes, xylenes (ortho-, meta-, and para-), 

methylated and ethylated naphthalene, phenanthrene, and methylated 

phenanthrene for both the hydrothermal and anhydrous experiments.  

Calculation of OEP values is problematic due to the low concentrations of 

longer-chain n-alkanes.  This suggests that empirical source and maturity 

parameters are not useful for interpretation from oils at very high maturity 

under laboratory conditions. 

Differences in the gas chromatograms between the hydrothermal and 

anhydrous experiments are subtle (Figures 3.41 and 3.42).  The relative intensities 

of the alkylated benzenes and ethylbenzene are higher in the recovered oil from 

the hydrothermal experiment while peaks for ethylmethyl benzene and and 2-  
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methylnapthalene are higher in oil from the anhydrous experiment.  The relative 

intensity of methyl-ethylphenanthrene is higher on the GC from the 

hydrothermal experiment but lower for the non-alkylated phenanthrene when 

compared to the anhydrous experiment (Figures 3.41 and 3.42).  Identifiable 

peaks higher than nC22 for the homologous alkane series are suspect due to co-

elution with polynuclear aromatic hydrocarbons.  

Comparison of the recovered oils from the hydrothermal and anhydrous 

experiments with the original Smackover oil produces a non-sequential peak 

intensity distribution of the n-alkane series (Figure 3.43).  This sequence is not 

characteristic of natural oils and needs to be evaluated in terms of natural 

condensates.  The relative peak intensity differences between the hydrothermal 

and anhydrous experiments may be the result of experimental conditions or 

reflect the difficulty in peak identification of the homologous alkane series 

(Figure 3.43).    

 

     Gasoline-range hydrocarbons in recovered oil  

 

Various compositional indices were used to compare the recovered oils 

through the temperature series.  Selected n-alkanes, cycloalkanes, and aromatic 

compounds were used as reference compounds to evaluate compositional trends 

with increasing experimental temperatures.  These relative trends were also 

compared with compositional data of the original Smackover oil. 

Data from the whole-oil gas chromatograms indicate that the total peak 

intensity of octane (nC8) was identifiable on all of the GC’s which spanned the 

340 to 400 °C temperature series.  The percentage of nC8 relative to the total peak 

intensity of the nC8 – nC30 fraction was plotted against increasing experimental 
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Figure 3.43  Differences in normalized percentage of total peak intensity for each 
n-alkane between the original Smackover oil and recovered oil from the 
hydrothermal and anhydrous experiments at 400 °C.  The normalized percentage 
of total peak intensity for the n-alkanes is plotted on the secondary ordinate. 
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temperature (Figure 3.44).  The original Smackover oil contained 13.3% nC8 with 

oil from experiments at 340, 360, and 380 °C containing sequentially higher 

percentages of octane. 

Both the hydrothermal and anhydrous experiments at 340 °C contained 

approximately the same amount of octane in the recovered oil, slightly over 18% 

normalized value (Figure 3.44).  Recovery of octane from both experiments at 

360° C is slightly over 20%.  There is a slight increase in the percentage of nC8 as 

experimental temperature increases from 340 to 360 °C.  There is, however, a 

large percentage increase in octane from 360 to 380 °C.  Recovered oil from the 

hydrothermal experiments contain between 31 to 33% nC8 relative to the nC8 – 

nC30 n-alkane fraction.  Oil from the anhydrous experiments contains slightly 

over 36% nC8.   This suggests that octane is accumulating in the recovered oil 

with increasing temperature.  However, at 400 °C the relative percentage of nC8 

remaining in the oil is less than 2% for both the hydrothermal and anhydrous 

experiments, much lower than the original Smackover oil (Figure 3.44).  Since 

identification of the shorter-chain n-alkanes is difficult in oil from the 400 °C 

experiments, the interpretation that nC8 has cracked to lower molecular weight 

compounds becomes equivocal. 

A commonly used measure of paraffinicity of natural oils involves the ratio 

of nC7 to methylcyclohexane (Thompson, 1987).  This ratio was determined from 

whole-oil gas chromatograms of the recovered oils from the 340, 360, 380, and 

400 °C experiments (Figure 3.45).  The paraffinicity parameter for the original 

Smackover oil is 0.579.  Results from the hydrothermal experiment at 340 °C 

indicate an increase in the paraffinicity parameter to 0.669, with subsequent 

increases at 360 and 380 °C to 0.810.  This indicates an increase in the 

concentration of straight-chain paraffins relative to branched and cycloparaffins 
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Figure 3.44  The percentage of nC8 relative to the nC8-nC30 fraction of the n-
alkane series with increasing temperature.  Results from replicate experiments at 
380 °C are included. 
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Figure 3.45  A commonly used parameter to assess the increase of n – paraffins in 
natural oils is plotted with increasing experimental temperature.  Replicate 
hydrothermal and anhydrous experiments at 380 °C are included.  After Hunt, 
1996. 
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in the recovered oil.  The paraffinicity parameter decreases at 400 °C for both the 

hydrothermal and anhydrous experiments.  Results from the anhydrous 

experiments follow the same general trend as the hydrothermal experiments but 

diverge at 340° and greatly diverge at 400 °C (Figure 3.45).  The divergence at 400 

°C to a value of 0.553 (less than the original oil paraffinicity value) may be in part 

due to the difficulty in identification of nC7 and methylcylcohexane on the whole 

oil gas chromatogram (Figure 3.42). 

A common parameter used to measure the aromaticity of natural oils 

involves the ratio of toluene (methylbenzene) /nC7 + toluene (Thompson, 1987).  

This aromaticity parameter was determined from the whole oil gas 

chromatograms of the recovered oils from pyrolysis experiments at 340 to 400 °C 

(Figure 3.46).  The value for the original Smackover oil is 0.367.  Results from the 

hydrothermal experiments indicate decreasing aromaticity to 0.242 at 360 °C 

with a subsequent increase to 0.337 at 380 °C and a significant increase in 

aromaticity to 0.880 at 400 °C (Figure 3.46).  A value near unity indicates that 

there is minimal contribution of nC7 to the ratio, which suggests that the peak 

intensities of the n-paraffins are much less than those of branched aromatic 

compounds.  The anhydrous aromaticity values closely track the values from the 

hydrothermal experiments except for the slight difference at 340 °C (Figure 3.46).  

At elevated temperatures, aromaticity of pyrolyzed oils are similar. 

Peak intensities of selected aromatic compounds were utilized in ratios with 

a short-chain n-paraffin (nC9) to track how these reference compounds change 

with increasing experimental temperature.  Ethylbenzene is a relatively low 

molecular weight (LMW) branched aromatic compound that is present in the 

original Smackover oil as well as in all the recovered oils from the pyrolysis 

experiments.  The ethylbenzene to nC9 ratio (ethylbenzene/nC9 +ethylbenzene) 
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Figure 3.46  A commonly used parameter to assess the increase of aromatic 
compounds in natural oils is plotted with increasing experimental temperature.  
Replicate hydrothermal and anhydrous experiments at 380 °C are included. After 
Hunt, 1996).  
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is plotted with increasing experimental temperature on Figure 3.47.   The overall 

trend of this aromatic marker ratio mirrors the general trend of the aromaticity 

parameter used in Figure 3.46 for both hydrothermal and anhydrous 

experiments. 

The values for the ethylbenzene aromatic compound at 380 °C are higher 

than in the original oil.  In contrast, the values of the aromaticity parameter at 

380 °C seen in Figure 3.46 are approximately equal to those from the original oil. 

At 340 °C on Figure 3.47, the aromatic reference compound ratios are similar to 

those from the original oil (0.296).  With increasing temperature, the values 

initially decrease at 360°C and then increase at 380°C to ratios between 0.329-

0.406.  Similar to results shown on Figure 3.46, ratios from the recovered oil at 

400°C are near unity, ranging between 0.886-0.902. 

A relatively high molecular weight (HMW) polynuclear aromatic compound, 

2-methylnapthalene was utilized in an aromatic marker ratio with nC9 to track 

changes in HMW compounds with increasing experimental temperature (Figure 

3.48).  While the 2-methylnapthalene ratios from the hydrothermal experiments 

are lower relative to the anhydrous experiments (in contrast with Figure 3.47), a 

similar trend of a slight decrease at 340 °C, subsequent increase at 380 °C, and a 

significant increase to near unity at 400 °C is evident (Figure 3.48).  Some subtle 

differences are apparent in values from derived from this aromatic reference 

compound. The value from the anhydrous experiment at 340 °C is lower than the 

both the original oil value of 0.097 and the hydrothermal value at 340°C of 0.104 

(Figure 3.48). However, these differences are small and may not be significant. 

Both the hydrothermal and anhydrous ratios merge at 360 °C, and then the 

anhydrous ratios becomes slightly higher than the hydrothermal values at 380 

and 400 °C.  
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Figure 3.47  Ethylbenzene is a lower molecular weight (LMW) aromatic 
compound selected to track how the concentration changes through the 
temperature series.  This change was measured relative to nC9.  Peak intensities 
of the molecular constituents were used to derive the ratios.  Replicate 
hydrothermal and anhydrous experiments at 380 °C are included. 
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Figure 3.48   2-methylnapthalene is a higher molecular weight (HMW) aromatic 
compound selected to track how the concentration changes through the 
temperature series.  This change was measured relative to nC9.  Peak intensities 
of the molecular constituents were used to derive the ratios.  Replicate 
hydrothermal and anhydrous experiments at 380 °C are included. 
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Data from the paraffinicity parameter, aromaticity parameter, and selected 

reference compounds indicate increased aromaticity of the recovered oil at 

experimental temperatures of 380 and 400 °C.  There is little change in the 

aromatic markers between the original oil and oil recovered from 340 °C (Figures 

3.46, 3.47 and 3.48).  However, there is a decrease in the relative aromaticity of 

the recovered oil at 360 °C, with a sequential increase at 380 °C and a significant 

increase at 400 °C.  There is a corresponding increase in the paraffinicity of the 

recovered oil with increasing temperature at 340 and 360 °C (Figures 3.44 and 

3.45).    A threshold of increasing paraffinicity is reached at 380 °C where the 

concentration of n-alkanes remains stable or actually decreases in concert with 

sharply increasing amounts of aromatic hydrocarbons.  At 400 °C there is a 

decrease in the relative concentrations of nC7 and nC8. 

 

     Isotopic composition of the recovered oils 
 

 
The δ13C ratios from the recovered oil were determined for the hydrothermal 

and anhydrous experiments at 340 to 400 °C.  These ratios were measured for the 

saturate, aromatic, resin, and asphaltene fractions.   Isotopic ratios for the 

hydrocarbon fractions from the original Smackover oil were also measured.   

Figure 3.49 is a δ13C crossplot of the aromatic and saturate hydrocarbon fractions 

of the recovered oil from the pyrolysis experiments, as well as natural oils 

collected in the Mississippi interior salt basin, Gulf of Mexico (Claypool and 

Mancini, 1989).  The oil from the Sugar Ridge field used in the experiments plots 

within the grouping of natural Smackover oils in the Sofer plot (Figure 3.49).  

Two natural condensates collected from the Mississippi interior salt basin group 

in the upper right region of the crossplot.   
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Figure 3.49  A Sofer plot of δ13C (relative to PDB) values for the aromatic and 
saturate hydrocarbon fractions of recovered oil from hydrothermal and 
anhydrous experiments.  Values of natural oils from the Gulf of Mexico 
(Claypool and Mancini, 1989) are also included as well as the original Smackover 
oil used in the experiments. 
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δ13C ratios from the recovered oil in both the hydrothermal and anhydrous 

experiments plot off trend of the natural dataset and become progressively 

enriched in 13C in the saturate fraction up to 380°C (Figure 3.49).  The original 

Smackover oil and recovered oil from the 340 and 360°C experiments have 

similar δ13C values in the aromatic fraction. However, recovered oil from 380°C 

is slightly enriched in 13C in the aromatic fraction (Figure 3.49).   Isotopic data 

from the 400°C experiments are not included in the plot because these values are 

from oils that were thermally degraded under phase conditions not 

representative of natural systems.   

Figure 3.50 tracks the isotopic changes in the hydrocarbon fractions of 

recovered oil from the hydrothermal experiments through the temperature 

series. Compared to values in the original Smackover oil, the saturate fraction of 

the recovered oil becomes progressively enriched in 13C at 340 and 360 

°C, with maximum enrichment occurring in oil from the 380 °C.  At 400 °C, the 

saturate fraction shows depletion (more negative δ13C) relative to the reported 

values at 380 °C (Figure 3.50). In general, maximum enrichment of 13C relative to 

the original oil occurs in the saturate fraction of the recovered oil. 

The aromatic fraction of the recovered oil from the 340 and 360 °C 

hydrothermal experiments has a slight depletion of 13C relative to the original 

oil, but then shows enrichment of δ13C up through 400 °C (Figure 3.50). 

However, this relative enrichment is between 0.9 and 3.0 per mil less than the 13C 

enrichment in the saturate fraction (Figure 3.50). The resin fraction of the 

recovered oil from the hydrothermal experiments has an initial (at 340 °C) 13C 

enrichment of 0.83 per mil relative to the original oil with a gradual enrichment 

of 13C to a δ13C value of -23.13 at 380 °C (Figure 3.50).  According to the diagram, 

the initial relative isotopic change (from the original oil) in the resin fraction is 
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Figure 3.50  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
hydrothermal experiments through the temperature series.  No ratio for the resin 
fraction at 400 °C was determined.  Ratios from the original Smackover oil are 
included.  All δ13C values are in ppt (‰) relative to PDB. 
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greater than the initial change in the aromatic fraction.  A ratio from the 

experiment at 400 °C was not measurable.  

The δ13C isotopic ratio in the asphaltene fraction doesn’t change substantially 

until 400°C (Figure 3.50).  Values determined from the aromatic and asphaltene 

fractions merge at approximately -22.80‰.  Ratios from the resin fractionmay 

also merge at 400 °C with the aromatic and asphaltene fractions based upon the 

13C enrichment trend between 340 and 380°C (Figure 3.50). 

Patterns of 13C enrichment and depletion developed in the recovered oil 

from the anhydrous experiments are similar to what was determined from the 

hydrothermal experiments (Figure 3.51). As was the case in the hydrothermal 

experiments, the saturate fraction in the anhydrous experiments is significantly 

enriched in 13C at 360 and 380 °C.  The aromatic, resin, and asphaltene fractions 

from the anhydrous experiments also contain similar absolute δ13C values and 

show very similar trends to the recovered oil from the hydrothermal 

experiments (Figure 3.51). 

 

      Concentration of diamondoids in recovered oil 

 
Diamondoids are rigid, fused-ring alkanes that consist of a carbon skeleton 

in a small cage structure that is repeated throughout the crystal lattice (Wingert, 

1991).  Because of their fused ring structure, diamondoids are themally stable at 

higher temperatures than most hydrocarbons.  Therefore, as hydrocarbons crack 

into gas and smaller-chain n- and iso-alkanes, the concentration of diamondoids 

increases in the residual oil.  The increase in diamondoid concentration with 

increasing thermal stress has been used as a indicator of natural oil cracking  
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Figure 3.51  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
anhydrous experiments through the temperature series.  No ratio for the resin 
fraction at 400 °C was determined.  Ratios from the original Smackover oil are 
included.  All δ13C values are in ppt (‰) relative to PDB. 
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(Dahl, et al., 1999).  Utilizing the methodology outlined in Chapter 2, the 

concentration of 3-methyldiamantane and 4-methyldiamantane were determined 

in recovered oil from the hydrothermal and anhydrous experiments.  These 

compounds were used as the diamondoid markers due to their ease of 

identification and availability of standard reference concentrations for use in 

GC/MS/MS analytical procedures 

Table 3.15 lists the concentrations of the diamondoid compounds in 

recovered oil from 340 to 400°C.  Baseline concentrations of diamondoid 

compounds are required from relatively uncracked, non-biodegraded, and non-

fractionated oil from the same source before any assessment of cracking extent 

can be undertaken (Dahl, et al., 1999).  Baseline concentrations of 1.0 to 2.0 ppm 

for oil from the Monterey Formation, 7.0 to 10.0 ppm for Austin Chalk oils, and 

2.0 to 5.0 ppm for Upper Devonian oils from the Solimoes basin, Brazil have been 

published (Dahl, et al., 1999).  Baseline values for Smackover oils range between 

8 to 20 ppm based upon position within the Smackover Formation (Wingert, 

1991). The original Smackover oil contains 204.0 ppm total 3- and 4-

methyldiamantane.  This indicates that the oil used in the experiments has 

already undergone hydrocarbon cracking to some extent. 

Correlation between the amount of oil converted to gas and pyrobitumen 

(based upon mass differences in the oil before and after the experiments) and the 

concentration of the total diamantanes follows a proportional relationship 

(Figure 3.52).   There is little difference in results between the hydrothermal and 

anhydrous experiments.  Results suggest almost a one-to-one correlation 

between the degree of conversion and increasing concentrations of total 

diamantanes (Figure 3.52).  An r2 value of 0.979 for the hydrothermal trend is just 

slightly lower than the r2 value of 0.982 for the anhydrous trend.  The strong 
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 Table 3.15     Methyl-diamantane recovery 
 

 
Experimental # Temperature (°C) 

Conditions 

4-methyldiamantane 
(ppm)* 

3-methyldiamantane 
(ppm)* 

total 
diamantane 

(ppm) 

     
Original oil^1 ----------- 133.4 70.6 204.0 

     
HP 2771 340 / anhydrous 143.0 74.7 217.7 
HP 2775 340 / hydrothermal 151.8 85.9 237.7 

     
HP 2770 360 / anhydrous 153.5 86.4 239.9 
HP 2769 360 / hydrothermal 151.4 83.1 234.5 

     
HP 2780 380 / anhydrous 247.6 100.1 347.7 
HP 2876 380 /anhydrous 274.3 117.0 391.3 
HP 2778 380 / hydrothermal 204.0 136.8 340.8 
HP 2877 380 / hydrothermal 206.1 136.7 342.8 

     
HP 2772 400 / anhydrous 263.7 225.4 489.1 
HP 2777 400 / hydrothermal 309.2 221.6 530.8 

     

     

 
*  ions monitored at m/z 187, 188, 201, and 215 for diamantanes using GC/MS 

^ baseline values for Smackover oil range between 8 to 20 ppm based upon sampling position 
within the Smackover formation (Wingert, 1991). 
 
1 oil collected from Sugar Ridge Field, depth 11563-11618’ 
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Figure 3.52  Correlation between conversion of oil to gas and pyrobitumen in 
hydrothermal and anhydrous experiments with the concentration (ppm) of 
methyldiamantanes in the recovered oil.  Mass balance differences between the 
original and recovered oil used to determine conversion percentage. 
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correlation between degree of conversion and concentration of diamondoids is 

supported by research on oils from a marine-sourced, aromatic oil from Prudhoe 

Bay, Alaska and a lacustrine, waxy oil from Indonesia (Dahl, et al., 1999). 

 

Summary 
 
 

Gas generation from pyrolysis of a natural oil mixture is affected by the 

presence of water within the reactor.  Water has an effect on temperature control 

during the experiment, the increase of pressure within the reactor during the  

experiment, the total gas and pyrobitumen yield generated from the experiment, 

and composition of the gas produced. Comparison of the mean temperature and 

standard deviation of the temperatures used in the experiments indicate better 

temperature control with the hydrothermal experiments (Table 3.1).  The thermal 

conductivity of water (and supersaturated steam) causes a decrease in 

temperature fluctuation relative to experiments run without water. 

Pressure build-up within the reactor is a function of the thermal expansion of 

oil and water, the amount of initial reactor headspace, and the amount of gas 

generated.  For the anhydrous experiments, the rapid increase in pressure with 

increasing temperature is primarily the result of an increase in absolute gas 

generation since the amounts of oil loaded into the anhydrous experiments are 

similar (and therefore, the headspace volumes are similar).  It is important to 

note that the amount of oil loaded into the anhydrous experiments is almost 

double the amounts used in the hydrothermal experiments (Figure 3.2 and Table 

3.4).  Therefore, a more narrow pressure range is observed in the hydrothermal 

experiments. 
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Increasing gas generation with increasing temperature also affects the 

pressure build-up in the hydrothermal experiments.  However, because 

sequentially smaller amounts of water and oil were loaded in the reactors, as 

temperature was increased, pressures produced during the hydrothermal 

experiments tend to cluster in the same region (Figure 3.2 and Table 3.4).  Smaller 

amounts of water at higher temperatures were required to insure that pressures 

did not exceed the reactor rupture disk tolerance.  Distinct differences in 

pressure trends between the hydrothermal and anhydrous experiments are a 

reflection of initial and final conditions during the course of the experiment. 

     
    Gas generation 

 

At experimental temperatures between 360 and 400 °C, hydrothermal 

experiments generated more gas and less char relative to the hydrocarbon 

generation from the anhydrous experiments (Table 3.4).  Figures 3.3 and 3.13 

depict the sequential increase in total gas and char yield with increasing 

temperature up to 400°C.  The increase in total yield is predictable for gas and 

char generation. 

Gas yield differences between hydrothermal and anhydrous conditions are 

significant.  The average yield difference between anhydrous and hydrothermal 

conditions at 360 and 380 °C range between 2.0 to 2.6 wt.%Oo ,exceeding the 1.0 

wt.%Oo experimental variation determined from replicate experiments (Table 

3.3).   

Anhydrous pyrolysis of a neat n-C25 compound at 375 °C for 120 hours 

yielded (on a mass basis) 9% C1-C4 (Behar and Vandenbrouke, 1996).  Based 

upon the derived kinetic parameters, it was modeled that at 100% conversion, 
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20% of the generated product would be C1-C4.  Measured hydrothermal and 

anhydrous gas yields from this research range between 18.5 to 21.5 wt.%Oo  at 

380 °C.  Gas yields increase to between 38.2 and 40.4 wt.%Oo for the 

hydrothermal and anhydrous experiments at 400 °C.  While not directly 

comparable because the experiments conducted by Behar and Vandenbrouke 

(1996) only ran for 120 hours, it is clear that more gas was generated from the 

thermal degradation of Smackover oil, a natural oil mixture, than from a neat 

hydrocarbon compound.   

Tsuzuki et al. (1999) used 1H-NMR spectroscopic measurements to estimate 

the amount of aliphatic, aromatic, and insoluble components generated from the 

thermal degradation of a low-sulfur oil.  To simplify the complex compound 

mixtures found in natural hydrocarbons in constructing a cracking model, they 

modeled the petroleum macromolecules into several groups.  C1 - C5 gases were 

produced from essentially two reactions:  1) the conversion of C15+ saturates into 

heavy condensed aromatics, C1- C5 gas, and light saturates and 2) the conversion 

of the generated light saturates (C6- C14) into C1- C5 gas and insoluble coke 

(Tsuzuki et al., 1999). Temperature conditions for the experiments ranged 

between 370 and 410°C and of durations between 3.0 and 384 hours. 

Total gas yields generated from the cracking of the low-sulfur Sarukawa oil 

under hydrothermal conditions cannot be directly compared to the total yields 

produced in the cracking of the high-sulfur oil used in this research (Figure 3.53). 

However, the total gas yields between the two experimental datasets are of 

similar magnitude.  Pyrolysis of the Sarukawa oil at 370 °C for 384 hours 

generated 17.3 wt.% C1- C5 , at 390 °C for 96 hours generated 29.4 wt.% C1- C5, 

and at 410 °C generated 32.6 wt.% C1- C5 (Tsuzuki et al., 1999).  Figure 3.53 
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Figure 3.53  Comparison of the total gas yields generated from the pyrolysis of 
Smackover and Sarukawa crude oils with increasing temperature.  All yields 
hydrothermal except as noted. 
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indicates that Smackover yields from the hydrothermal experiments at 380 °C are 

only 3.0 to 4.0 wt.% higher than the yields generated at 370 °C from the 

Sarukawa oil.  The Sarukawa gas yield at 390 °C is almost 10.0 wt.% higher than 

the yields generated at 380 °C from the Smackover oil.  It is important to note 

differences in the duration of the experiments in the two datasets, however, the 

total gas yields generated from the high and low-sulfur oils while following 

different apparent generation trends, produced yields that are sequentially 

increasing with increasing pyrolysis temperature (Figure 3.53).  

In comparison, closed-system, anhydrous pyrolysis using the light, aromatic 

fraction of a low-sulfur Safaniya crude oil (Saudi Arabia) generated gas yields 

that are much less than the yields generated from the whole-oil pyrolysis of 

Sarukawa and Smackover crude oils (Darouich et al., 2006).  The experiments 

were run between 192 and 504 hours at temperatures ranging between 375 and 

400 °C.  Only 6.0 to 9.5 wt.% of the recovered hydrocarbons were considered gas 

at these temperatures.  If the aromatic fraction of the oil only generated less than 

10.0 wt.% C1 - C5, this implies that a significant portion of gas generation from 

natural, whole-oil mixtures (Smackover, Sarukawa) is occurring in the saturate 

fraction. 

Compositional analyses from the recovered gas for Smackover experiments 

conducted at 380 °C indicate that more C1 is generated in the hydrothermal 

experiment relative to the anhydrous experiment (Table 3.6 and Figure 3.5).  

More C2, C3, nC4, iC4, nC5, and iC5 were generated from the anhydrous 

experiments.  However, the amount of C2 present in the generated gas from both 

the hydrothermal and anhydrous experiments is almost half the amount of the 

reported C1 values.  This indicates that the generated gas from the Smackover 

pyrolysis experiments should be considered ‘wet’, i.e. contains a significant 
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proportion of heavier n-alkanes in the C1-C5 fraction. Compositional analyses of 

generated gas at other temperatures were compromised by leaking gas cylinders 

or collection of only headspace gas from the initial experiments.  Significantly 

more CO2 was generated from the hydrothermal experiment relative to 

generation under anhydrous conditions.  Slightly more H2S was generated from 

the anhydrous experiments.  Differences in compositional yield can change 

depending upon whether the yield is reported in a mass or mole percent basis. 

Tsuzuki, et al (1999) demonstrated through the hydrothermal pyrolysis of a 

Sarukawa low-sulfur oil that the proportion of C2 to C1 was almost half the 

reported methane value in volume percent.  Compositional results from 

hydrothermal and anhydrous pyrolysis of the Smackover oil also indicate C2 

values which are approximately ½ the methane value in volume percent.  As in 

the case of the generated gas from the Smackover pyrolysis experiments, the 

generated gas from the Sarukawa oil would be considered ‘wet’, higher 

proportions of C2 – C5 relative to methane. 

Burnham et al. (1997) thermally degraded a high-sulfur oil from the Mishrif 

Formation, Dubai, at 350 °C under hydrothermal conditions for 744 hours.  An 

anhydrous experiment was also run at 350 °C but experimental run time was 

increased to 1128 hours; hence, this experiment is not directly comparable to the 

hydrothermal run using Smackover oil at the same temperature (Burnham et al., 

1997).  Similar to results from the Smackover oil, incrementally more C1 was 

generated in the experiment under hydrothermal conditions relative to 

anhydrous conditions (Table 3.6).  Relatively more C2 – C5 was produced under 

anhydrous conditions.   

The hydrothermal and anhydrous pyrolysis of Smackover oil has generated 

gas compositions containing higher proportions of C2-C5 than what are typically 
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found in natural systems (Mango, 2001; Snowdon, 2001).  Some researchers 

suggest that the enrichment in C1 relative to the higher n-alkane  homologs in 

natural systems is due to geo-catalytic processes (Mango, 2001).  Alternatively, 

other researchers demonstrate that in-situ cuttings gas concentrations are similar 

to compositions reported from oil-cracking experiments, i.e. relatively high 

concentrations of C2 – C5. They suggest that natural gas generated in geological 

systems may be more similar to cuttings gas compositions than to reservoir gases 

which typically contain high percentages of C1 (Snowdon, 2001).  Gas 

fractionation during expulsion and secondary migration may result in depletion 

of C1 relative to the higher homologs in cuttings gas, but will result in an 

enrichment of C1 in the reservoir.  Pyrolysis of the high-sulfur Smackover oil has 

demonstrated that oil-cracking reactions generate high concentrations of C2-C5 

relative to methane. 

Lewan (1997) reported elevated amounts of CO2 produced during 

hydrothermal pyrolysis (300 °C – 350 °C) experiments involving source rocks.  It 

appears that a similar trend exists in the hydrothermal pyrolysis of Smackover 

oil.  Significantly more CO2 was produced under hydrothermal pyrolysis relative 

to anhydrous conditions. Burnham et al. (1997) also reported higher CO2 yields 

from the hydrothermal experiment. 

 

     Char generation 

 

The total yield differences in generated char between the hydrothermal and 

anhydrous experiments using Smackover oil conditions are pronounced (Table 

3.8).  The average yield difference between anhydrous and hydrothermal 

conditions at 360 and 380 °C ranges between 1.9 and 3.7 wt.%Oo. The absolute 
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total char yields at 380 °C are approximately 11.0 wt.%Oo for the hydrothermal 

experiments and 14.5 wt.%Oo for the anhydrous experiments.  In general, less 

char and more gas are generated from the hydrothermal experiments.  The 

amount of generated char significantly increased from both hydrothermal and 

anhydrous experiments conducted at 400 °C.  The amount of char recovered 

from the hydrothermal experiments doubled from 11.0 wt.%Oo at 380 °C to 21.1 

wt.%Oo  at 400°C.  The anhydrous experiment at 400 °C generated 23.5 wt.%Oo 

char. 

Char yields (insoluble coke of Tsuzuki et al., 1999) generated from the 

Smackover oil are equivalent to the reported values from Tsuzuki et al, 1999.  

Hydrothermal pyrolysis of the Sarukawa oil generated 13.7 wt.% insoluble coke 

at 390 °C (96 hours) and 26.8 wt.% insoluble coke at 410 °C for 96 hours.  These 

values are similar to the char yields generated from the anhydrous experiments 

at 380 and 400 °C.   

The composition of chars generated from the hydrothermal and anhydrous 

experiments are similar.  The H/H+C mole fraction decreases from 340 to 400 °C 

under both experimental conditions (Figure 3.16).  Comparison of the H/H+C 

mole fractions from chars recovered from the hydrothermal and anhydrous 

experiments indicate that each pair of values only differ by ± 0.005, not 

significantly different from the calculated instrument sensitivity of ± 0.004.  The 

O/O+C and N/N+C mole fractions for the hydrothermal and anhydrous 

experiments are almost identical (Figures 3.17 and 3.18).  The S/S+C mole 

fractions decrease with increasing temperature (Figure 3.19). 
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    Isotopic results from generated gas and char 

 

Isotopic δ13C ratios from hydrothermal and anhydrous experiments at 360 

and 380 °C were used to track the isotopic fractionation of C1-C5, assess relative 

maturity and used as comparisons with isotopic gas data from natural systems. 

Ratios determined from experiments at 340 and 400 °C were compromised by 

leaking gas cylinders. 

Isotopic δ13C ratios determined from the recovered gas indicate that the 

resultant isotopic trends measured from the hydrothermal and anhydrous 

experiments are similar to values determined from an associated gas (unknown 

GOM oil) in a natural system (Figure 3.9).  The δ13C value for methane is only 

significant difference between the pyrolysis experiments and natural isotopic gas 

data. Maximum δ13C fractionation occurs between C1 and C2 in the hydrothermal 

experiment at 380 °C.  δ13C ratios determined from the GOM associated gas 

indicate that the fractionation between C1 and C2 in the natural system is greater 

than under experimental conditions (Chung, et al., 1988). 

Attempts to use the δ13C ratios measured in the generated gas to assess 

relative maturity were problematic (Figures 3.10 and 3.11).  Empirical schemes 

have limited utility in characterizing gas generated from pyrolysis experiments.  

These approaches use results derived from kerogen, source rocks, and natural 

datasets that may be confined to one petroleum system (Whiticar, 1990).  In 

addition, James (1983) suggested that during the thermal destruction of oil, the 

internal energies of low molecular weight gas components aren’t equal at the 

time of formation due to the kinetic mechanisms of oil cracking.  Therefore, the 

attempt to assess relative maturity from the isotopic values is probably not going 

to be successful.   
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Figure 3.8 shows the effect of using D-depleted deionized water (of Colorado 

origin) in the pyrolysis experiments.  This produces anomalous δD results and 

care must be taken in comparing hydrothermal data with other regions of the 

country (Kotarba and Lewan, 2004).   

Isotopic δ13C ratios determined from chars produced during the 

hydrothermal and anhydrous experiments do not reveal any clear trends other 

than an increase in isotopic variability with increasing temperature (Figure 3.20).  

A weighted average of δ13C was determined in chars recovered from various 

positions within the reactor.   Chars recovered from the hydrothermal 

experiments may indicate a slight enrichment in 13C from 360 to 400 °C, however, 

δ13C ratios vary by a maximum of only 0.79 ‰ (Table 3.10a and 3.10b).  

Instrument precision for the char analyses was determined to be 0.30 ‰.  This 

indicates that significant isotopic differences in the recovered char are not 

present. 

 

     Recovered oil results 

 

Yields of generated gas and char increase with increasing temperature 

during pyrolysis.  Based on this relationship, an approximation on the degree of 

conversion (i.e. oil-cracking) can be determined. This approach only provides a 

minimum estimate since cracking reactions not only convert C15+ compounds 

into C1-C5 and char, but also into C6-C14 saturate, alkylated aromatic and 

cycloparaffinic compounds (Hill et al., 2003).  Therefore, the amount of generated 

gas and char, in conjunction with the amount of recovered oil, can only provide 

an estimation regarding the amount of cracking that has taken place during 

pyrolysis (Hill et al., 2003).  
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Figure 3.54 depicts the amount of gas and char generated as a function of the 

amount of oil converted to gas or char.  There is a sequential increase in gas and 

char production with increasing temperature.  The amount of oil conversion 

increases to approximately 0.60 gOo in experiments conducted at 400 °C. If the 

generated gas and char trends are extrapolated to complete conversion of one 

gram of Smackover oil, the amount of gas generated at 100% conversion would 

be 0.66 g/gOo from the hydrothermal experiments and 0.62 g/gOo from the 

anhydrous experiments.  The amount of generated char would range between 

0.34 g/gOo from hydrothermal experiments to 0.40 g/gOo from anhydrous 

experiments (Figure 3.54).  The extrapolation to 100% conversion of one gram of 

oil is theoretical but provides a basis for comparisons with results from pyrolysis 

or modeling research using different oil types or neat compounds. 

 The degree of oil conversion measured at 400 °C from this research (~ 60%) 

is similar to the reported conversion of a nC25 neat compound during anhydrous 

pyrolysis at 350 °C for 360 hours and at 375 °C for 48 hours (Behar and 

Vandenbroukce, 1996).  However, while the amount of oil conversion is similar, 

the amount of gas generated is not (Table 1.1).  More gas was generated from the 

natural Smackover oil mixture than from the thermal degradation of a neat 

compound.  

Tsuzuki et al. (1999) suggested that between 45.0 and 60.0% of the C6 – C14 

saturate fraction will be converted at temperatures between 350 – 370 °C. Results 

from this research are of a similar magnitude.  The Safaniya (Saudi Arabia) crude 

oil is considered of marine origin.  Anhydrous pyrolysis of the light aromatic 

(C15-) fraction resulted in oil conversions ranging between 22.9 to 36.4 wt.% at 375 

°C for durations between 192 and 504 hours (Darouich et al., 2006).  At 400 °C, 

the amount of conversion increased to 43.4 wt.% after 192 hours.  Comparison  
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Figure 3.54.  The amount of generated gas and char as a function of the amount 
of oil conversion in hydrothermal and anhydrous pyrolysis experiments from 
340 to 400 °C.  Amounts are reported in grams per gram of original oil. 
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with Figure 3.54 indicates that the magnitude of oil conversion decreases when 

the light aromatic fraction is pyrolyzed. 

Bulk oil properties measured from the recovered oil for experiments run 

between 340 and 400 °C are similar to natural oils recovered from the Smackover 

petroleum system in the Mississippi Interior Salt basin (Figures 3.24, 3.25 and 

3.26).  There are no clear trends in sulfur concentration, C15+concentration, or 

saturate/aromatic ratios relative to °API gravity and experimental temperature.  

Comparison of whole oil gas chromatograms (GC) indicate that with 

increasing temperature up to 380 °C, there is relative enrichment of the n-alkanes 

up to nC12 with coincident depletion of nC13 – C19 (Figures 3.37 and 3.40).  The 

whole oil gas chromatograms from the experiments at 400 °C indicate patterns 

not characteristic of natural oils (Figure 3.43).   Paraffinicity (nC7 relative to 

methylcyclohexane) of the oil increases with increasing temperature up to 380 °C 

(Figure 3.45).  This indicates an increase in the concentration of straight-chain 

paraffins relative to branched and cycloparaffins in the recovered oil.   

Research on the distribution and persistence of aromatic hydrocarbons with 

increasing thermal stress under hydrothermal pyrolysis conditions was 

conducted using source rocks containing types I, II, and III organic matter (Price, 

1993).  Irrespective of the type of organic matter, a similar distribution of 

aromatic hydrocarbons was detected on gas chromatograms from experiments 

conducted between 350 and 375 °C.  Increased concentrations of methyl-, 

dimethyl-, and trimethylnapthalenes were present relative to methyl, dimethyl-, 

and trimethylphenanthrenes.  In addition, at temperatures between 375 and 400 

°C, the concentration of non-alkylated naphthalene increased relative to 

alkylated naphthalene and phenanthrene (Price, 1993).  Gas chromatograms from 

the Smackover hydrothermal experiments show similar distributions of aromatic 
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hydrocarbons.  In particular, the relative increase in intensity and persistence of 

the 2-methylnaphthalene peak with increasing pyrolysis temperatures indicates 

the thermal stability of aromatic compounds (Figures 36, 38 and 39). 

According to the δ13C ratios in the saturate, aromatic, resin, and asphaltene 

fractions of the recovered oil (340 to 380 °C), maximum enrichment of 13C occurs 

in the saturate fraction (Figures 3.50 and 3.51).  Along with data determined from 

whole-oil gas chromatograms, this isotopic fractionation suggests that the bulk of 

cracking reactions are occurring within the n-alkanes.  Relative peak intensities 

from the whole oil gas chromatograms also suggest that oil cracking is occurring 

within the nC13-nC19 homologs.  Cracking as measured by changes in δ13C 

isotopic values of the C15+ fraction also occur in other saturated hydrocarbons. 

Correlation of methyldiamantanes identified in the recovered oil with the 

amount of oil converted to gas and char indicates that concentration of 

methyldiamantanes may be used as a predictor in relative oil maturity (Figure 

3.52).  Results from the experiments using Smackover oil indicate a strong 

correlation of an increase in thermal stress and a coincident increase in the 

concentration of methyldiamantanes in the recovered oil.  
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CHAPTER 4 
 
 

INFLUENCE OF SALINITY ON GAS GENERATION FROM OIL 
 
 
 
 

Introduction 

 

Water present in subsurface petroleum reservoir environments is usually 

considered connate, i.e. water that has been buried in a closed hydraulic system 

and has not been part of the hydrologic cycle for considerable amount of 

geologic time (Dickey, 1979). Chemically, connate water is typically saline, 

containing between 20,000 to 250,000 mg/l total dissolved solids. Analysis of 

Smackover oilfield water from the Sugar Ridge field and other fields producing 

from the same formation indicate that the water contains between 300,000 – 

330,000 mg/l total dissolved solids with the predominant ionic species being Cl-, 

with subsidiary amounts of Na+ and Ca2+ (Collins, 1974).  In addition, Br- 

concentrations in excess of 2,000 mg/l were measured in the oilfield brines.   

Evaporatively-concentrated seawater expelled from associated 

monomineralic evaporite sections in which some halite recrystallization during 

burial has taken place may be an important source of Br-, Cl-, and Na+ 

(Moldovanyi and Walter, 2001).  Ca2+ enrichment study due to recrystallization 

and dolomitization of carbonates and albitization of Ca-plagioclase was 

determined in their study.   

As a general rule, the solubility of oil in water increases with increasing 

temperature.  However, at temperatures of 350°C, the solubility of the C14-C20 

distillate fraction of a 35.3°API gravity oil is only 0.85 wt. % (Price, 1981)  
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Substitution of a saline solution for deionized water reduces the solubility of 

most hydrocarbons by a factor of two (Whitehouse, 1984).  Lewan (1997) 

evaluated the influence of salinity using a 5.0 wt.% NaCl solution in a pyrolysis 

experiment utilizing immature petroleum source rocks.  With a reduction in 

solubility, more total expelled product was generated from the source rock in the 

saline experiment (Lewan, 1997).  A slight increase in the amount of generated 

headspace gas was also noted.   

The dissolution of NaCl in water results in a decrease in the molal volume of 

the solution due to the collapse of the open structure of water and the alignment 

of H2O dipoles to form solvation shells in the vicinity of the dissociated Na+ and 

Cl- ions ( Krauskopf and Bird, 1995).  Because the distribution of positive and 

negative charges in the water molecule is not symmetrical and can be aligned in 

external electric fields which naturally occur in nature, the focus of the positive 

field will face a negatively charged ion while the focus of the negative field will 

face a positively charged ion.  At low temperatures and pressures, where the 

density and dielectric constant for water are relative large, the solvation shells 

isolate the Na+ and Cl- ions and inhibit the formation of stable NaCl complexes 

(Krauskopf and Bird, 1995).  However, at higher temperatures and pressures 

(380°C and 285 bars or 4100 psia), the dielectric constant is small (Є = 10) and the 

ability of an ion to form protective solvation shells is greatly reduced.  This 

increases the probability that a collision will lead to formation of a NaCl 

complex.  

The formation of polynuclear clusters of NaCl with increased temperature 

and higher concentrations up to 3 molal (m) results in the formation of ion pairs 

such as NaClo, NaCl2-, Na2Cl+, and Na2Cl2o (Sherman and Collings, 2002).  

Modeling scenarios using molecular dynamics or Monte Carlo statistical 
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methods indicate that at 325°C and 1kbar (hydrothermal experiments range 

between 250 – 300 bars in the pyrolysis experiments involving Smackover oil), 

the fraction of Na+ existing as an ion species approximates (~) 0.60, the fraction of 

Na existing as an ion pair (NaCl) ~ 0.30, and the fraction of Na present as a 

polynuclear cluster where NamCln (m,n, > 2) ~ 0.10 (Sherman and Collings 2002).  

Therefore, Na+ is still present as an ion species even at elevated temperatures and 

pressures.  It is unclear how a NaCl water-rich vapor speciates at 380°C.  

However, modeling up to 625°C and 15kbar (deep crustal pressures) indicate 

that Na speciation doesn’t dramatically change from the 325°C and 1kbar 

modeling scenario (Sherman and Collings, 2002). 

 
Experimental Method  
 
 

One experiment was designed to evaluate the effect of salinity on the 

generation of gas from hydrothermal pyrolysis of Smackover oil. Fourteen grams 

of certified A.C.S. crystal type NaCl (S27-500 Fisher Chemical) were mixed with 

200 grams of deionized water to create a 7 wt.% NaCl solution.  This solution 

was added to the reactor vessel along with 138.9 grams of Smackover oil (Table 

4.1).   

The 7 wt.% NaCl, 1.20m solution equates to 70,000 mg/L TDS (total 

dissolved solids).  Saline water is defined as water with salinities similar to or 

greater than that of seawater, typically around 35,000 mg/L TDS (Drever, 1988).  

The solution used in this experiment will be referred to as saline even though it 

contains twice the TDS relative to normal seawater.  North (1985) indicates that 

oil field brines typically refer to water that exceed 10.0 wt. % TDS.   
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Modeling of the activity coefficients (ɣ) using GeoChem Workbench version 

6.0 of a 1m NaCl solution indicated low ɣ for Na and Cl at temperatures up to 

300°C. Figure 4.1 depicts the decline of the activity coefficient for Na+ ion from 

0.65 at 50°C to 0.32 at 300°C.  A similar decline in the ɣ value for Cl- is also 

modeled with the activity coefficient decreasing from 0.60 at 50°C to 0.25 at 

300°C.  The modeling used a variant of the Debye-Hückel approximation to 

calculate the activity coefficients. In its simplest form: 

 

-log ɣ = Az2I½  
z = charge on ion 
I = ionic strength of solution 
A = constant, depending upon temperature and dielectric constant of the solvent  

  
Low values of activity coefficients at ambient temperatures and pressures would 

indicate an increase in solubility of NaCl compared to its solubility at infinite 

dilution.  However, at high concentrations (ionic strengths above 0.5) and at 

elevated temperature and pressures, the Debye-Hückel approximation results in 

order-of-magnitude estimates and is only helpful in understanding relative 

trends but not actual solubilities (Krauskopf and Bird, 1995). 

Experimental conditions for the saline experiment replicated previous 

hydrothermal experiments, i.e. 380°C for 288 hours. A corrected mean 

temperature of 380.2°C with a standard deviation of ± 0.2 and an experimental 

run time of 288.1 hours is similar to conditions from previous hydrothermal 

experiments (Table 4.1).  Figure 4.2 compares the systematic pressure increase of 

the NaCl experiment at 380°C with results from anhydrous and hydrothermal 

experiments.  The overall trend in pressure increase with time is typical of other 

hydrothermal (using deionized water) experiments at 380°C.  However, the 

initial pressure of the saline experiment is 3130 psig, approximately 300 – 400  
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Figure 4.2  Recorded pressure (psig) comparison between anhydrous, 
hydrothermal, and saline experiments between 360 and 400 °C. 
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psig lower than the initial pressures of the other hydrothermal experiments at 

380°C (Figure 4.2).  Final pressure of the NaCl experiment is approximately 500 

psig lower than the hydrothermal experiments at 380 °C. 

The mass of oil and water loaded into the reactor is similar for both the 

hydrothermal and saline experiments at 380°C.  For example, HP 2877, a 

hydrothermal experiment at 380°C, 145.9 grams of Smackover oil and 185.0 

grams of deionized water were loaded into the reactor (Table 4.2).  The initial 

mass of water loaded in the two experiments differs by only 0.2 grams.  At 

380°C, water exists in vapor phase.  However, at initial conditions and at 

temperatures less than critical, the volume of water decreases with an increase in 

total dissolved solids such as NaCl. Therefore, the lower initial and final pressure 

of the NaCl experiment may reflect a decrease in water (liquid or vapor) volume, 

decrease in the amount of generated gas from the experiment, or a combination 

of both.   

Another consideration is the development of NaCl complexes at higher 

temperatures and pressures, which may also decrease the water volume (liquid 

or vapor) which in turn, results in a decrease in pressure in a closed system. All 

other variables being equal, the addition of NaCl to pure water will theoretically 

increase the temperature input needed to transition from liquid to vapor phase 

(Drever, 1995).  Therefore, a smaller amount of water will be in vapor phase 

(assuming NaCl complexes present) in a saline solution relative to an equivalent 

amount of deionized water at identical temperatures.  This may also contribute 

to the lower final pressure recorded from the saline experiment relative to 

hydrothermal and anhydrous experiments at 380°C. 
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Generated Gas 

 

Analysis of the generated gas produced from the hydrothermal, anhydrous 

and saline experiments requires a comparison of the total gas yield, a discussion 

of the compositional variation in the generated gas produced from the pyrolysis 

experiments, and a discussion of the δ13C variation in the generated gas.  Results 

from the saline experiment will help determine the effect on gas generation.  The 

significance of generated gas yields, compositional information, and isotopic 

results requires determination of experimental reproducibility and analytical 

variation.  Analytical results from the generated gas will be compared with 

results from the generated char and recovered oil. 

 
 
     Total gas yield  
 
 

Total gas yields from the hydrothermal, anhydrous and saline experiments 

at 380°C were calculated using the mass difference in reactor weight before and 

after gas collection from each experiment.  Yields from the experiments are 

expressed in terms of weight percent of original oil (wt.%Oo). Table 4.2 lists the 

380°C experiments and indicates that the saline experiment produced a gas yield 

of 19.3 wt.%Oo. The mean gas yield from the two hydrothermal experiments is 

21.1wt.%Oo. These values indicate that the yield from the saline experiment is 1.8 

wt.%Oo lower than yields from the hydrothermal experiments.  Using the 

experimental variation threshold of 1.0 wt.%Oo determined in Chapter 3 from 

replicate experiments at 360 and 380°C, the value determined from the saline 

experiment is significant and indicates that the gas yield is lower than the 
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yield is lower than the hydrothermal experiments using deionized water (Table 

4.2).  Gas generation from the saline experiment is approximately equal to the 

mean gas yield of 19.1 wt.%Oo produced from the anhydrous experiments. 

In contrast to hydrothermal experiments at 380°C in which oil cracked in the 

presence of water generates incrementally more gas when compared to oil 

cracked under anhydrous conditions, the saline experiment suggests that oil 

cracked under saline (NaCl) conditions generates approximately equivalent 

yields to the anhydrous experiments. 

Figure 4.3 illustrates the sequential increase in gas yield as temperature is 

increased.  The gas yields from experiments at 380°C indicate that the NaCl 

experiment produced a yield similar to the anhydrous experiments and a lower 

yield than the two hydrothermal experiments using deionized water.  Second – 

order polynomial expressions were calculated from the results to illustrate this 

sequential increase in yield through the temperature series (Figure 4.3). 

Comparison of the total moles of gas recovered per gram of original oil 

indicates that the highest total yield of 7.10 mmoles Oo was produced from the 

hydrothermal experiment (Table 4.3).  The saline experiment generated 6.91 

mmoles Oo of gas while the anhydrous experiment generated the smallest gas 

yield of 6.71 mmoles Oo.  Standard deviations determined from analytical 

variation were calculated in terms of wt.% Oo and in terms of total yield in 

mmoles.  Table 4.3 indicates that species concentrations may vary by 0.05 to 0.10 

wt.% Oo or in terms of total concentration of all gas species, by 0.08 to 0.10 

mmoles.  This indicates that the total concentration of gas species generated from 

the saline experiment is less than the total gas generated by the hydrothermal 

experiment using deionized water but incrementally more than what was 

generated under anhydrous conditions. 
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Figure 4.3  Influence of water and NaCl on gas generation. Experiments 
conducted for 288 hours except as noted.  r2 equals the square of the correlation 
coefficient. 
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    Gas composition results 
 

 
The presence of NaCl in the water during hydrothermal pyrolysis may 

influence the composition of the generated gas from degraded oil.  Gas 

collections from replicate anhydrous (HP 2876), hydrothermal (HP 2877), and 

saline hydrothermal (HP 2878) experiments at 380 °C were analyzed and results 

compared. 

There are significant yield differences in both hydrocarbon and non-

hydrocarbon gas molecular species between the anhydrous, hydrothermal 

(deionized water), and saline experiments.   Oil thermally degraded in the 

presence of NaCl generates more methane (C1) on a per mass basis than under 

anhydrous conditions but generates slightly less C1 than the hydrothermal 

experiment (Table 4.3).   Under anhydrous conditions 4.58 wt.%Oo of C1 was 

generated while 5.26 and 5.50 wt.%Oo of C1 were produced from the saline and 

deionized water hydrothermal experiments, respectively (Table 4.3).   

Figure 4.4 indicates that the smallest yield for ethane (C2) is produced under 

saline conditions, when compared to the anhydrous and hydrothermal 

experiments.  Slightly more propane (C3) per mass unit of original oil is 

produced under saline conditions when compared to the deionized water 

hydrothermal experiment (Figure 4.4).  Under saline conditions, slightly more n – 

butane (C4), iso – butane (i-C4), n – pentane (C5), and iso – pentane (i-C5) were 

recovered when compared with the hydrothermal recoveries at 380 °C.  The 

maximum yields for C4 – C5 were recovered from the anhydrous experiments 

(Figure 4.4). 

As was discussed in Chapter 3, yield differences in the molecular gas species 

between the anhydrous and hydrothermal experiments are significant. 
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Figure 4.4  Hydrocarbon and non-hydrocarbon gas composition of anhydrous, 
hydrothermal, and saline experiments at 380°C.  Compositions calculated in 
mass units, weight percent of original oil (Oo).  Hydrothermal (deionized) gas 
species minus the gas species generated from the saline experiment equals the 
difference in mass per gas species.  Vented mass of gas included in composition.  
No values reported for C6+ hydrocarbons. 
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However, the actual weight percent differences between gas yields from the 

hydrothermal and saline pyrolysis experiments are relatively small (Figure 4.4).  

The difference was calculated by subtracting the saline gas yields from the 

hydrothermal gas species in wt.Oo.  If the saline experiment generated more of a 

particular gas species, then the result is a negative value (Figure 4.4).  

 Of the hydrocarbon gases, the difference in C1 generation between the two 

experimental conditions produced the maximum value of 0.24 wt.Oo. This 

difference is only slightly larger than the standard deviation (Table 4.3).  For the 

non-hydrocarbon gases, quantities reported for CO2 generation produced a 

maximum difference of 0.34wt.%Oo between the hydrothermal and saline 

experiments. Actual mass differences for C4, i-C4, C5, and i-C5 were minimal and 

ranged between -0.16 and -0.01 wt.Oo. The negative values for the heavier 

homologs indicate that pyrolysis under saline conditions generated slightly more 

of these gas components than pyrolysis under hydrothermal conditions (Figure 

4.4).  It should be noted that while the actual differences in weight percent are 

minimal between hydrothermal and saline conditions, these yields were 

calculated on a mass basis per gram of original oil and mass differences will be 

small values. 

According to the previous discussion on total gas yields, the anhydrous 

experiment generated the lowest total yield of 6.71 mmolesOo while the 

hydrothermal experiment produced the highest gas yield of 7.10 mmolesOo, with 

the saline experiment generating a yield intermediate between the two. (Table 

4.3).     

Figure 4.5 illustrates which molecular gas species are contributing to the 

increase or decrease in total gas yield.  The smaller symbols represent yields 

determined from the saline experiment.  The saline and hydrothermal species  
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Figure 4.5  Gas yields from hydrothermal (deionized H2O) and saline 
experiments plotted relative to anhydrous gas yield at  380°C.  C1-C5, H2, CO2, 
and H2S gas species are plotted.  Smaller symbols are the saline comparison. 
Values for C1, C2, and C3 from the hydrothermal and saline experiments are 
similar and plot on top of each other. Yields are plotted in mmolesOo. 
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yields are plotted relative to the species yield generated from the anhydrous 

experiment in mmole per gram of original oil.  CO2, H2, and C1 are the primary 

molecular species contributing to the resultant increase in gas yield from the 

hydrothermal and saline experiments relative to the yield generated from the 

anhydrous experiment (Figure 4.5). The saline experiment produces slightly 

lower yields for CO2, H2, and C1 than the hydrothermal experiment.  However, 

the primary factor in the decrease in gas yield from the saline experiment 

(relative to the hydrothermal experiment) can be attributed to negligible H2S 

generation.  Slightly more C3, nC4 and nC5 are produced from the anhydrous 

experiment relative to the experiment with deionized water.  

The most common method of reporting oil and gas yields is on a mole 

percent (mol%) basis. If these same results are reported in mole percent, typical 

distributions of high C1 values and sequentially smaller amounts of C2-C3 are 

produced from each experiment (Figure 4.6).  Comparison between the 

hydrothermal and saline experiments indicates that relatively more C1 is 

produced under hydrothermal conditions than from the saline experiment.  This 

is a similar to the C1 results reported on a mass basis (Figure 4.4).  However, the 

two methods of reporting gas components (mass versus mol%) differ regarding 

the C2 gas yields.  Slightly more C2 is generated from the saline experiment when 

results are reported in mole percent relative to C2 reported on a mass basis.  The 

difference in C2 is minimal and is not significant (Table 4.4). Yields of C3 – C5 in 

which slightly more gas is produced under the saline experimental condition 

follows the same trend whether the results are reported in mole percent or on a 

mass basis (Figs. 4.4 and 4.6). 
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Figure 4.6 Hydrocarbon and non-hydrocarbon gas composition of anhydrous, 
hydrothermal, and saline experiments at 380°C.  Compositions reported in mole 
volume percent.   Hydrothermal (deionized) gas species minus the gas species 
generated from the saline experiment equals the difference in mole percent per 
the specific gas species.  Vented mass of gas included in composition.  No values 
reported for C6+ hydrocarbons. 
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Table 4.4     Gas composition of experiments at 380°C 
           in mole percent   
 
 

 
 

gas species 
(mol %) 

380°C 
HP 2876 

anhydrous 
288 hours 

 380°C 
HP 2877 

hydrothermal 
288 hours 

 380°C 
HP 2878 

saline- 7% NaCl 
288 hours 

 

       

H2 0.84  2.44  2.20  

CO2 0.02  2.66  1.60  

CH4 42.58  48.31  47.44  

C2H6 28.91  25.34  25.69  

C3H8 17.43  12.45  13.45  

n - C4H10 4.16  2.91  3.39  

i – C4H10 2.30  1.61  1.89  

n – C5H12 0.87  0.70  0.78  

i – C5H12 0.68  0.53  0.58  

unsaturated  

hydrocarbons ^ 

1.01  2.18  2.98  

H2S 1.20  0.86  0.00  

       

Ratios       

C1 / C1 – C3 0.48  0.56  0.55  

C2-C4 / C1-C4 0.54  0.46  0.61  
       

 
^ unsaturated hydrocarbons include (C2H4+C3H6+iC4H8+trans-2-C4H8+cis-2-C4H8) 
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The amount of C3 generated under saline conditions is relatively higher, 

13.45 mol% when compared to 12.45 mol% from the hydrothermal experiment. 

Significantly, no H2S was generated under saline conditions compared to 0.86 

mol% generated from the hydrothermal experiment (Table 4.4).  As was depicted 

in Figure 4.4, more CO2 is produced under hydrothermal conditions (Figure 4.6). 

Difference in mole % between hydrothermal and saline conditions is also plotted 

and shows that the maximum difference of the hydrocarbon gases is 0.87 mol% 

for C1, and for the non-hydrocarbon gases, 1.06 mol% for CO2 and 0.86 mol% for 

H2S (Figure 4.6).    

Wetness parameter ratios were calculated from gas analyses reported in 

mole percent.  The ratios for the 380 °C experiments are high, indicating the 

recovery of elevated amounts of C2 – C4 gas.  The wetness ratio for the 

hydrothermal experiment is 0.46 while the ratio for the saline experiment is 

slightly higher, 0.48 (Figure 4.6).  The slight difference in wetness ratios between 

the hydrothermal and saline experiments is not significant and indicates 

similarity between the hydrothermal and saline experiments in concentrations of 

C2-C5.   The wetness ratio for the anhydrous experiment is the most elevated at 

0.54. This indicates that gas recovered from the anhydrous experiment yields 

more of the heavier homologs at standard temperatures and pressures relative to 

the other hydrothermal experiments. 

Conversely, the dryness parameter for the anhydrous experiment is 0.48 

while the ratio for the hydrothermal experiment is much higher, at 0.56 (Figure 

4.6).  The ratio calculated from the saline experiment (0.55) is nearly identical to 

the hydrothermal experiment.  This indicates what has previously been 

discussed, that more C1 was generated from the saline and hydrothermal 

experiments relative to C1 generation from the anhydrous experiment.  
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Comparative analysis of the gas compositions indicates that CO2 and H2 

are the primary molecular species contributing to the resultant increase in gas 

yield from the hydrothermal and saline experiments relative to the total yield 

generated from the anhydrous experiment.  The lack of H2S generation from the 

saline experiment is the primary cause for a lower total gas yield relative to the 

total yield generated from the hydrothermal experiment (Figure 4.5).  

Incrementally more C1 is generated from the hydrothermal experiments while 

more C3 – C5 is generated under anhydrous conditions.  

 

      Isotopic results  
 
 
Isotopic data derived from HP 2876 (anhydrous), HP 2877 (hydrothermal), 

and HP 2878 (saline) experiments at 380°C were compared to analyze differences 

in isotopic fractionation with the addition of NaCl during pyrolysis. 

Figure 4.7 is a crossplot of δ13C methane and δD methane that is used to 

distinguish methanogenic pathways (Whiticar, 1990).  Both the hydrothermal, 

saline and anhydrous data plot at the boundary of broadly defined thermogenic 

and geothermal (hydrothermal) regions (Figure 4.7).  However, the data from the 

hydrothermal and saline experiments are skewed to the left (increased negativity 

of δD-methane) compared to the anhydrous results.  This may be the result of 

using D-depleted distilled water (of Colorado origin) in the hydrothermal 

pyrolysis experiment in which gas is generated.   The saline value is slightly 

more enriched in 13C than the hydrothermal experiments in which only 

deionized water was added to the reactor (Figure 4.7).  

Figure 4.8 portrays the δ13C ratio of each experiment (anhydrous, 

hydrothermal, saline) versus the inverse of the carbon number (C1 = 1, C2 = 0.5,  
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Figure 4.7  δ13C – δD crossplot from hydrothermal, anhydrous, and saline 
experiments at 380 °C.  Data plotted on regions of genetic origin for methane 
determined by Whiticar, 1994. 
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Figure 4.8   Methane, ethane, and propane δ13C isotopic values for hydrothermal, 

anhydrous, and saline experiments of Smackover oil.  Isotopic data from 

pyrolysis experiments of other oil families included for comparison.  Natural gas 

sample of GOM oil included for comparison.  Oil type unknown.  Modified after 

Chung et al., 1988. 
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etc.)  This presentation allows distinction between oil types, a methodology for 

determining amount of microbial mixing in the gas, and a methodology to 

predict the original oil source δ13C ratio prior to thermal degradation (Chung et. 

al., 1988).  Along with the isotopic data derived from the experiments with 

Smackover oil, gas data from anhydrous pyrolysis of Statfjord, North Sea and 

Monterey, California oils are also shown. For comparison, isotopic values from a 

natural associated gas sample from a Gulf of Mexico oil is also shown (Chung, et 

al., 1988). The oil type is unknown. 

Isotopic ratios from the Smackover gas samples are enriched with 13C as 

carbon number increases (Figure 4.8).  δ13C ratios of C2 derived from the saline 

experiment is slightly depleted in 13C relative to the isotopic ratios produced 

from the hydrothermal and anhydrous experiments (Table 4.5).  In contrast, the 

δ13C ratio for C3 (saline experiment) is slightly enriched relative to the other two 

experiments.  The δ13C ratio for C1 generated from the saline experiment is 

enriched by only 1.15 ‰ relative to the hydrothermal experiment.  The δ13C 

ratios for C1 determined from the hydrothermal and saline experiments are 

depleted by over 5.0 ‰ relative to the value determined from the anhydrous 

experiment.   

Isotopic values reported from the associated gas sample of a GOM oil are 

remarkably similar to those generated from the hydrothermal, anhydrous, and 

saline experiments involving Smackover oil, with the exception of the C1 δ13C 

value (Figure 4.8). The δ13C ratio reported for C1 from the natural gas sample is 

depleted in 13C between 2.0 and 9.0 ‰ relative to the values determined from the 

anhydrous, hydrothermal, and saline experiments. This difference in C1may be 

attributed to increased fractionation due to migration processes or the influence 

of microbial gas in the associated natural gas sample.   
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Three samples of Stratfjord oil were pyrolyzed at 300°C for as long as 1.5 

years in a closed system.  Isotopic ratios from the gas samples are closely 

grouped and isotopically enriched with 13C as carbon number increases.  These 

samples are between 8 to 12 ‰ lighter than the isotopic values for C2 and C3 

from the Smackover experiments (Figure 4.8).  Gas samples from the Monterey 

oil have C1 δ13C ratios that are slightly heavier (enriched in 13C) than the C1 ratios 

from the Smackover pyrolysis experiments.  However, except for the C2 ratio  

determined from the saline experiment, gases from the Monterey show a range 

of C2 and C3 values similar to the δ13C ratios from the Smackover gas samples.  

As discussed earlier, results from all three experiments at 380 °C show a 

progressive enrichment of 13C with increasing carbon number.  This trend is 

typical of gases derived from natural systems (James, 1983).  Both the saline and 

anhydrous experiments produce δ13C C1 – C3 values which show an almost 

linear enrichment of 13C with increasing carbon number.  However, isotopic 

values of C2 and C3 from the hydrothermal experiment indicate a marked 

decrease in fractionation, similar to the pattern produced from the natural 

associated gas sample (Figure 4.8).    

The C1 isotopic signature is much lighter for the hydrothermal and saline 

experiments, between -46.07 ‰ to -44.92 ‰, when compared to the C1 δ13C value 

of -41.74 ‰ from the anhydrous experiment (Table 4.5).  The δ13C values for C2 

from the saline experiment are depleted in 13C relative to the hydrothermal and 

anhydrous pyrolysis experiments. However, the δ13C3 value determined from 

the saline experiment is slightly enriched in 13C relative to the values determined 

from the anhydrous and hydrothermal experiments. There is a 5.27 ‰ difference 

in C2 and C3 δ13C ratios determined from saline experiment (Table 4.5). In 

contrast, the difference between C2 and C3 for the hydrothermal experiment is 
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2.38 ‰, and 2.77 ‰ for the anhydrous experiment. Clearly, greater fractionation 

between C2 and C3 is occurring in the saline experiment.  

 
 
Generated Char 

 

Analysis of char generated from the saline, hydrothermal, and anhydrous 

experiments requires a comparison of the total char yield produced from each 

experiment, an analysis of variation in elemental composition, and a comparison 

of the δ13C results from each experiment.  In addition, information regarding the 

unanalyzed portion of the char can be used to interpret results. A comparison of 

generated gas and char results is also necessary in analyzing specific differences 

between these experiments.   

 
     Total char yield  
 
 

Total char yields for the hydrothermal, anhydrous, and saline experiments 

were determined using differences in reactor body mass before and after 

cleaning. The mass of filter char (char dislodged from decanting) and reactor 

head char were added to the mass of wall and bottom char to determine the total 

char yield. 

The saline experiment generated more char than the anhydrous and 

hydrothermal experiments (Table 4.2).  However, the mean char yield from the 

anhydrous experiment is 14.55 wt.%Oo, which is only 0.25 wt.%Oo lower than the 

14.8 wt.gOo yield determined from the saline experiment.  As discussed in 

Chapter 3, the standard deviation in total yield values for generated char was 

determined from replicate experiments.  The experimental variation is ± 0.2 
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wt.%Oo The yield difference between the anhydrous and saline experiments 

exceeds the variation by only 0.05 wt.%Oo.  Therefore, it is more appropriate to 

suggest that char yields produced from the saline and anhydrous experiments 

are equivalent.   

However, the yield difference between the saline and anhydrous 

experiments relative to the hydrothermal experiment is significant.  The mean 

char yield from the hydrothermal experiments is 10.9 wt.%Oo, over 3.9 wt.%Oo 

less than the yields determined from the saline and anhydrous experiments 

(Table 4.2).  The difference exceeds the experimental variation and suggests that 

the total yield difference between the saline and anhydrous experiments relative 

to the hydrothermal experiment is significant.   

Figure 4.9 illustrates the equivalent char yields. Char generated from the 

saline experiment follows the trend determined from the anhydrous experiments 

through the temperature series.   

 
     Elemental composition 

 
 
Elemental analyses of char recovered from the saline experiment (HP 2878) 

were compared with results from the anhydrous and hydrothermal experiments 

at 380 °C.  Table 4.6 list the recovered carbon (C), hydrogen (H), nitrogen (N), 

oxygen (O), and sulfur (S) in normalized weight percent, the original unknown 

residual from each analysis, and the calculated mole fractions H/(H+C), 

O/(O+C), N/(N+C), and S/(S+C).  The atomic ratio is reported in mole fraction 

relative to carbon, where the normalized values are divided by the 

corresponding elemental atomic weight to determine the number of moles 

recovered.  The elemental data are normalized to 100% excluding the unknown  
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Figure 4.9  Influence of water and NaCl on char generation.  Experiments 

conducted for 288 hours unless otherwise noted.  r2 equals the square of the 

correlation coefficient. 
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residual percentage.  The unknown residual fraction comprises elements not 

identified as C, H, N, O, or S.   

Precision of the Carlo Erba 2500 EA instrument is approximately 1.0% of 

reported C, H ,N ,O , and S values in weight percent.  Based on the resultant char 

values, the analytical variation of the calculated mole fractions is ± 0.004 (Table 

4.6). 

Carbon comprises the bulk of the recovered char with residual amounts of 

hydrogen and sulfur, and almost negligible amounts of nitrogen and oxygen.  

However, there are significant differences between the saline experiment and 

results from the hydrothermal and anhydrous experiments.  Char from the saline 

experiment contains 88.37 wt.% carbon, the lowest analyzed carbon value from 

all three experiments (Table 4.6).  While the hydrogen and nitrogen content of 

the char from the saline experiment are roughly equivalent to results from the 

anhydrous and hydrothermal experiments, the oxygen and sulfur content of char 

from the saline experiment are the highest reported values, 1.15 wt.% and 5.57 

wt.%, relative to the other experiments. 

This relationship is illustrated using the atomic ratios derived from the 

elemental char analyses.  Figure 4.10 depicts the mole fraction comparison for the 

hydrothermal, saline, and anhydrous experiments.  The H/(H+C) atomic ratios 

are roughly equivalent for all three experimental conditions.  However, the 

S/(S+C) and O/(O+C) ratios from the saline experiment are significantly 

elevated.  N/(N+C) ratios are almost identical between the hydrothermal and 

saline experiments but decrease slightly in char from the anhydrous experiment 

(Figure 4.10).  However, it should be noted that the reported values for nitrogen 

from all three experiments fall within the analytical variation of ±0.004. 
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Figure 4.10  Mole fractions for hydrothermal, anhydrous, and saline experiments 
at 380 °C.  H/(H+C) ratios plotted using scale on left,  S/(S+C) and N/(N+C) 
ratios plotted using scale on right.  All values are weighted averages determined 
from recovered char at different positions within the reactor. 
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The elevated sulfur content in the char produced from the saline experiment 

is significant.  In the previous discussion regarding gas composition from the 

saline experiment, a negligible amount of H2S was produced from the saline 

experiment relative to H2S production from the anhydrous and hydrothermal 

experiments (Figure 4.5).  This suggests that labile sulfur generated from 

cracking reactions during the saline experiment is being preferentially 

incorporated in the char relative to the vapor phase. 

Char from the saline experiment also produced the highest unanalyzed (i.e., 

not C, H, N, O, or S) residual weighted average of 8.44 wt.% relative to the 

unknown residual values from the hydrothermal and anhydrous experiment 

(Table 4.6).  While not quantitative, XRD (x-ray diffraction) analysis (see Chapter 

2 for analytical procedure) of char from these pyrolysis experiments can identify 

compounds which contain elements other than carbon, hydrogen, nitrogen, 

oxygen and sulfur. Table 4.7 indicates that NaCl(s) was found in char generated 

from the saline experiment.  It is likely that the elevated percentage of 

unanalyzed residual produced from HP 2878 is the result of NaCl incorporated 

within the char.  NaCl(s) is present in the wall, bottom, and filter char but is 

absent in the char recovered from the reactor head.   

The unanalyzed residual of the char generated by the saline experiment 

exceeds the unanalyzed residual of the char produced by the hydrothermal 

experiment by 7.29 wt.% (Table 4.6).  NaCl incorporated in the char may account 

for the increase in total char yield generated from the saline experiment relative 

to the other hydrothermal experiment (Table 4.2).  The difference in total char 

yield between the hydrothermal and saline experiments is 3.9 wt.%/gOo.  If the 

amount of NaCl incorporated in the char from the saline experiment is taken into  
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Table 4.7 List of common constituents in the unanalyzed char residual  
 

 
 

          Experiment # /  
           Conditions 

Heazlewoodite^ 
Ni3S2 

Kamiokite^ 
Fe+22Mo3O8 

Anatase^ 
TiO2 

Halite 
NaCl 

     
HP 2876 / anhydrous X X X  
     
HP 2877 / hydrothermal X X X  
     
HP 2878 / saline X X X X 
     
HP 2772/ anhydrous X X X  
     
HP 2777/ hydrothermal X X X  
     
HP 2774/ anhydrous X X X  
     
HP 2776/ hydrothermal X X X  
     
HP 2771/ anhydrous X X X  
     
HP 2775/ hydrothermal X X X  

     
*char residual contains Al+  
 contributed from sample holder 

    

     

 
^ metal contributed from inner reactor surface 
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account, there may be no quantifiable difference in total char production between 

the hydrothermal and saline experiments. 

 

   Isotopic results 
 
 

Chars collected from different positions within the reactor were analyzed for 

δ13C values from anhydrous, hydrothermal and saline experiments at 380 °C.  

These values along with the calculated weighted average are listed in Table4.8.  

A weighted average from each experiment was calculated by determining the 

amount of char recovered from each position.  The relative proportionality was 

assigned to each δ13C value and then summed to determine the weighted 

average.  This proportionality is also listed in Table 4.8.  Instrument sensitivity 

for the char analyses using the MicroMass Optima mass spectrometer was 

determined to be ± 0.30 ‰. 

Figure 4.11 illustrates how the 13C isotopic values analyzed from char 

produced in the saline experiment compare to results from the hydrothermal and 

anhydrous experiments at 380 °C.  The weighted average yield determined from 

yields recovered from different positions within the reactor was used to make 

the comparison (Table 4.8).  The isotopic value of -24.27 δ13C determined in the 

char from the saline experiment is equivalent to the ratios obtained from the 

anhydrous experiments and hydrothermal experiments (Figure 4.11).  A 

maximum ‰ difference of 0.04 δ13C between the anhydrous and saline 

experiments is within the instrument sensitivity of ± 0.30 ‰.  The hydrothermal 

experiments are slightly depleted in 13C when compared with the saline 

experimental results.  However, the maximum ‰ difference is only 0.14 δ13C. 

This is also within the analytical sensitivity of the mass spectrometer.  There are  
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 Table 4.8     Char carbon isotopic values for experiments at 380°C 
 
 

 
Temperature/duration 

  

‰ δ13C 
 

mass fraction  
    

380°C/288h    
    

HP-2780 anhydrous    
composite char+  -24.26 0.782 

bottom char  -24.43 0.218 
weighted average^  -24.30  

    
HP-2876 anhydrous    

wall char  -24.08 0.279 
bottom char  -24.41 0.450 

filter char  -24.01 0.010 
head char  -24.39 0.261 

weighted average^  -24.31  
    

HP-2778 hydrothermal    
wall char  -24.17 0.577 

bottom char  -24.73 0.423 
weighted average^  -24.41  

    
HP-2877 hydrothermal    

wall char  -24.21 0.543 
bottom char  -24.58 0.426 

filter char  -24.47 0.031 
weighted average^  -24.38  

    
HP – 2878 saline (NaCl)    

wall char  -24.23 0.761 
bottom char  -24.45 0.194 

filter char  -24.30 0.021 
head char  -24.05 0.024 

weighted average^  -24.27  
    
    

    

    ^  weighted average determined from mass fraction  

    +   composite char a mixture of all char recovered within reactor body 
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Figure 4.11  Comparison of the ‰ difference of δ13C for chars produced during 
anhydrous, hydrothermal, and saline experiments conducted at 340, 360, 380, 
and 400 °C.  The result from the saline experiment is portrayed with an open 
circle.  Weighted average of δ13C determined from mass proportionality of chars 
collected from bottom, wall, or head positions within the reactor. 
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no significant differences in δ13C ratios from char generated under hydrothermal, 

anhydrous, or saline conditions at 380°C. 

 
Recovered Oil 
 

 

Analysis of the thermally degraded, recovered oil from the anhydrous, 

hydrothermal, and saline experiments provides crucial linkage between 

hydrocarbon products generated during the experiments, and hydrocarbons 

inthe original oil that have degraded to form the generated products.  

Comparison of the bulk properties of the recovered oil, the resultant saturate, 

aromatic, resin, and asphaltene fractions, and relative concentrations of saturate 

and aromatic compounds determined from the gas chromatographs provide 

information regarding which compounds have preferentially degraded to form 

gas and char during the pyrolysis experiments.  

 
     Total recovered oil 

 
The total amount of recovered oil from the hydrothermal, anhydrous and 

saline experiments was determined by reactor mass differences before and after 

decanting the oil, and water if present, from the reactor body.   Calculation of 

weight percent of the recovered oil is relative to the mass of original oil (Oo) 

loaded into the reactor prior to the experiment. 

Table 4.2 lists the mass of original oil used in the 380°C experiments as well 

as the weight percent (Oo) of oil recovered after completion of experiment.  Oil 

recoveries range from 68.1 wt. %Oo for a hydrothermal experiment to 65.1 

wt.%Oo for one of the anhydrous experiments (Table 4.2).  Oil recovery from the 
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saline experiment is 65.4 wt.%Oo.  As was discussed in Chapter 3, increased 

temperature variability occurred in the anhydrous experiments which may 

account for the slight difference in oil recovery from the replicated anhydrous 

experiments.  The amount of oil recovered from the saline experiment is similar 

to the recovery from the anhydrous experiments.   Total yields of gas and char 

along with the oil recovery from the saline experiment suggest that these yields 

have a closer affinity to generation from the anhydrous experiments rather than 

pyrolysis under hydrothermal conditions.    

Figure 4.12 illustrates that as oil cracking increases with thermal stress, the 

amount of original oil recovered decreases.  Recovery from the saline experiment 

falls on the anhydrous trend and plots just below recoveries from the 

hydrothermal experiments.  Both the hydrothermal and anhydrous experiments 

follow the same trend of progressive reduction in oil recovery with increasing 

thermal stress (Figure 4.12).  

       
     Physical properties of recovered oil from the saline experiment 

 
 
Oil recovered from pyrolysis experiments at 380 °C from hydrothermal, 

anhydrous and saline experiments was analyzed to measure the API gravity, 

sulfur percentage, percentage of C15+ recovered, and the saturate/aromatic ratio.  

These parameters define the basic physical changes of the oil as it is thermally 

degraded in pyrolysis experiments.  Detailed analysis of the saturate, aromatic, 

resin, and asphaltene fractions will follow the discussion of the bulk oil 

properties.    

Table 4.9 lists the °API gravity of the original Smackover oil used in the 

experiments along with the Smackover pyrolysate (recovered oil) from the saline 
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Figure 4.12  Amount of recovered oil from hydrothermal, anhydrous, and saline 
experiments through the temperature series.   
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Table 4.9      Bulk properties of oil from anhydrous, hydrothermal, and saline 
                       experiments 

 
 

HP Experiment # 
temp. °C / conditions 

API Gravity Sulfur (wt.%) C15
+ (wt.%) ^ Saturate/Aromatic 

ratio+ 

     
Smackover oil* 33.40 1.70 68.7 1.33 

     
HP 2876     
   380 / anhydrous 41.38 1.61 25.0 0.15 
     
HP 2780     
   380 / anhydrous 43.24 1.58 26.8 0.11 
     
HP 2877     
   380 / hydrothermal 36.25 1.70 34.1 0.13 
     
HP 2778     
   380 / hydrothermal 37.58 1.68 32.1 0.15 
     
HP 2878     
   380 / saline 35.64 1.70 29.9 0.14 
     

     
 
*  Smackover oil collected from Sugar Ridge field  
^  C15

+ hydrocarbon recovery as a percentage of whole oil sample, includes saturate, aromatic 
     resin, and asphaltene fractions   
+  ratio determined from C15

+ fraction 
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experiment.  The original oil loaded into the reactors prior to pyrolysis was 

measured as 33.40 °API.  Anhydrous, hydrothermal, and saline experimental 

conditions produced oils with different API gravities.  The lowest API gravity 

was from the saline experiment (35.64 °API) with the highest gravity produced 

from the anhydrous experiment, 43.24 °API (Table 4.9).  API gravities of oil from 

the hydrothermal experiments ranged between 36.25 to 37.58 °API, a slight 

increase in °API gravity relative to the oil gravity  determined from the saline 

experiment.  

Figures 4.13 to 4.15 compare API gravity values with sulfur wt.%, C15+ wt.%, 

and saturate/aromatic ratios from the anhydrous, hydrothermal and saline 

experiments. These are plotted with natural Smackover oil data from the 

Mississippi Interior Salt basin in Alabama (Claypool and Mancini, 1989).  Several 

of the oils from the natural dataset plot in the condensate range, but most range 

between 33.0 and 43.0 °API (Figure 4.13).  The original Smackover oil used in the 

experiments (Morris 28.2 Unit, Sugar Ridge field) is identical to the API gravity 

listed as representative of the Sugar Ridge field (33.40 °API) from the natural oils 

dataset (Claypool and Mancini, 1989). 

A cross-plot of sulfur wt. % and API gravity of the recovered oil from the 

saline experiment indicates similar sulfur content and °API results to those 

determined from the hydrothermal experiments (Figure 4.13).  In particular, the 

sulfur % is almost identical to the other 380 °C hydrothermal experiments.  

Recovered oil from the saline experiment clusters within the broad grouping of 

natural oils (not condensates with API gravities > 45) from Smackover fields.   

There is also minimal difference in the amount of sulfur present in the oils 

between the anhydrous and hydrothermal experiments (Table 4.9).  However, 

 



262 

 

 

20

25

30

35

40

45

50

55

0.0 1.0 2.0 3.0 4.0 5.0

Recovered and natural oils

Sugar Ridge oil

hydrothermal experiments

anhydrous experiments

saline  experiment

natural oils from Smackover fields

 A
P

I 
g

ra
v
it

y

Sulfur wt.%

 

 

 

 

 

Figure 4.13  Crossplot of °API gravity and sulfur percentage (wt.%) in oils from 
pyrolysis experiments at 380 °C.  Results are plotted with bulk property data of 
natural oils from the Mississippi Interior Salt Basin, Alabama.  Natural samples 
include oils and condensates.  Modified from Claypool and Mancini, 1989. 
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Figure 4.14  Crossplot of °API gravity and weight percent of C15+ in oils from 
pyrolysis experiments at 380 °C.   Results are plotted along with bulk property 
data of natural oils from the Mississippi Interior Salt Basin, Alabama.  Natural 
samples include oils and condensates.  Modified from Claypool and Mancini, 
1989. 
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Figure 4.15  Crossplot of °API gravity and saturate/aromatic ratio of oils from 
pyrolysis experiments at 380 °C.  Results are plotted along with bulk property 
data of natural oils from the Mississippi Interior Salt Basin, Alabama.  Natural 
samples include oils and condensates.  Modified from Claypool and Mancini, 
1989. 
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the lowest amount of sulfur recovered from the degraded oils is generated from 

the anhydrous experiments. 

Figure 4.14 shows the relationship between the C15+ content of oils recovered 

from pyrolysis experiments at 380 °C relative to changes in API gravity.  These 

are plotted along with data from Smackover natural oils.  Results determined 

from the saline experiment indicate a C15+ content and °API gravity similar to the 

results determined from the hydrothermal experiments.  The hydrothermal 

experiments produced the highest C15+ percentages from the recovered oils at 

380 °C.  The C15+ content in the degraded oil from the hydrothermal experiments 

ranges between 32.1 to 34.1 wt.% compared to oil from the saline experiment 

which contained 29.9 wt.% C15+ (Table 4.9).  Oil from the anhydrous experiment 

generated the smallest C15+ percentage, 25.0 wt.%.  The experimental dataset is 

shifted to the left, i.e. less C15+ when compared to the natural dataset (Figure 

4.14).  It should be noted that the condensates from Smackover fields in Alabama 

also contain small percentages of C15+ (samples located in lower left-hand corner 

of diagram).   

With the exception of one natural Smackover condensate, the 

saturate/aromatic ratios of the degraded oils at 380 °C are less than the ratios 

determined from the natural oil dataset (Figure 4.15).  Relative to the 

saturate/aromatic ratio determined from the original oil, the ratios have 

decreased to between 0.11 and 0.15 for both anhydrous, hydrothermal, and saline 

experiments at 380°C (Table 4.9).  The saturate/aromatic ratio derived from the 

saline experiment is similar to those determined from the hydrothermal 

experiments.  Artificial maturation, collection and venting of dissolved gas, and 

generation of significant amounts of char may preclude a meaningful 

comparison of the saturate/aromatic ratio with the natural Smackover dataset.  
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However, some of the bulk oil properties determined from the degraded oils plot 

within the range of the natural oils.  Cracking and migration processes of oils 

listed in the natural dataset are different than cracking by pyrolysis.  Given this 

difference, the fact that properties from the pyrolysates plot within the range of 

the natural oils suggests that pyrolysates may have some characteristics similar 

to natural crude oils (Figures 4.13, 4.14 and 4.15). 

     
      
    Saturate, aromatic, resin, and asphaltene fraction of recovered oils 

 
 
Recovered oil from the hydrothermal, anhydrous, and saline experiments 

were separated in C15+ hydrocarbon fractions using standard column 

chromatography techniques described in Chapter 2.  These fractions were 

normalized to account for column holdup and volatile content with values 

reported in weight percent.   

Table 4.10 lists the weight percent of oil fractions from the original oil and 

recovered oil from hydrothermal, anhydrous and saline experiments at 380 °C.  

Recovered oil from these experiments contain less saturates than the original 

Smackover oil.  Oil from the anhydrous experiments contains 12.1 wt.% saturates 

while recoveries from the hydrothermal and saline experiments are quite similar, 

10.1 and 10.8 wt.%, respectively.  

The amount of the aromatic fraction present in the degraded oil has more 

than doubled when compared to the fraction present in the original oil (Table 

4.10).   The aromatic oil fraction recovered from the anhydrous, hydrothermal, 

and saline experiments are virtually identical. The original oil contains 8.7 wt.% 

resins with the recovered oil containing between 5.7 to 5.8 wt.% resins.  There is 



267 

 

Table 4.10     Oil fractions from recovered oil 

 
 

Experiment 
And 

conditions  

Saturates^ 
(wt.%) 

Aromatics^ 
(wt.%) 

Resins^ 
(wt.%) 

Asphaltenes^ 
(wt.%) 

Column 
holdup* 
(wt.%) 

Volatile 
content+ 
(wt.%) 

       
Original 

Smackover 
 

50.9 38.3 8.7 2.1 1.0 30.2 

       
HP 2877 

380°C 
hydrothermal 

10.1 79.8 5.8 4.4 3.4 67.4 

HP 2876 
380°C 

anhydrous 

12.1 79.8 5.8 3.3 4.2 76.1 

       
HP 2878 

380°C 
saline 

10.8 79.6 5.7          3.8       4.1 71.7 

       
HP 2777 

400°C 
hydrothermal 

12.0 80.6 3.1 4.4 2.2 75.9 

HP 2772 
400°C 

anhydrous 

2.8 80.9 6.7 9.6 0.0 70.9 

       

 
^  normalized weight percent of C15

+ fraction  
*   weight percent column holdup C15

+ 
+  weight percent of evaporative fraction (C15

- volatile content) of oil 

 
 
 
 
 
 
 
 
 
 



268 

 

 no difference in recovery in the resin fraction between the anhydrous, 

hydrothermal, and saline experiments (Table 4.10). However, there are 

differences in the asphaltene fraction in the recovered oil.  The hydrothermal 

experiment produced the highest asphaltene recovery of 4.4 wt.%, with the saline 

experiment containing 3.8 wt.%.  Oil recovered from the anhydrous experiment 

contained the lowest amount of asphaltenes, 3.3 wt.%.  Recovered oil from all 

experiments contained elevated amounts of asphaltenes when compared to 

original oil (Table 4.10).  

 
 
     Whole oil gas chromatography(GC) of the saline experiment 
 
   

Whole oil gas chromatograms (GC) of the original and degraded oils were 

analyzed to identify saturated and aromatic compounds including naphthenes 

and selected isoprenoids.  A total ion current (TIC) chromatogram generated 

from GC/MS (gas chromatography/mass spectrometry) was analyzed to 

identify monoaromatic and polycyclic aromatic compounds and specific 

cycloparaffins and isoparaffins. This provided the ability to calculate relative 

concentrations using peak height intensity. Mass spectra from the TIC trace was 

utilized to identify peaks with the same retention time as GC-FID so they could 

be identified on the whole oil gas chromatogram.   

Figure 4.16 is the whole oil GC of the recovered oil from the saline 

experiment at 380 °C.  The relative intensity of the longer-chain n-alkanes has 

decreased to the point that identification of carbon numbers over nC17 is 

uncertain. Identification of aromatic and cycloparaffinic compounds that were 

present in the recovered oil from the hydrothermal and anhydrous experiments  
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at 380 °C is possible (Figures 3.36 and 3.37). The odd/even preference cannot be 

assessed.  Pristane and phytane cannot be definitively identified on the whole oil 

gas chromatogram (Figure 4.16).  Toluene, methylcyclohexane, ethyl benzene, 

and 2-methylheptane are readily identifiable. 

Compared to the original Smackover oil, the hydrothermal, anhydrous and 

saline experiments show a significant enrichment of the shorter-chain nC8 – nC11 

n-alkanes (Figure 4.17).  Relative enrichment of over 24% nC8, 7% nC9, and 

almost 4% nC10 has occurred in the recovered oil relative to GC data from the 

original oil.  Alkane homologs in oil from the saline experiment follow the 

enrichment and relative depletion trend produced in the oil from the anhydrous 

experiment.  When compared to the original Smackover oil, results from the 

hydrothermal experiment indicate less depletion of the nC12- nC24 heavier 

homologs than oils produced from the anhydrous and saline experiments (Figure 

4.17). 

 

    Gasoline-range hydrocarbons in recovered oil  

 

Various compositional indices were used to compare the recovered oils from 

the hydrothermal, anhydrous, and saline experiments at 380 °C.  Selected n-

alkanes, cycloalkanes, and aromatic compounds were used as reference 

compounds to evaluate compositional trends in the recovered oils. 

A commonly used measure of paraffinicity of natural oils involves the ratio 

of nC7 to methylcyclohexane (Thompson, 1987).  This ratio was determined from 

whole oil gas chromatograms of the recovered oils at 380°C. The ratio of toluene 

to nC7 is used as a measure of aromaticity.  The paraffinicity parameter is 0.579 

and the aromaticity parameter is 0.367 for the original Smackover oil. 
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Figure 4.17  Comparison of the normalized percentage of total peak intensity of 
the n-alkanes between the original Smackover oil and recovered oil from 
hydrothermal, saline, and anhydrous experiments at 380°C. 
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Figure 4.18 is a cross-plot of aromaticity versus paraffinicity of pyrolysis 

experiments at 380 °C.  The ratios of the original Smackover oil are included for 

comparison.  The anhydrous, hydrothermal, and saline experiments are more 

paraffinic but less aromatic than the original oil (Figure 4.18).  The anhydrous 

and hydrothermal ratios cluster together. However, the ratio determined from 

the saline experiment is an outlier relative to the hydrothermal and anhydrous 

results.  Figure 4.18 indicates that the recovered oil from the saline experiment is 

less paraffinic and significantly less aromatic than oils generated from the 

hydrothermal and anhydrous experiments.   Ratios derived from recovered oils 

of the replicate anhydrous experiments are not tightly clustered.  This may be the 

result of increased variability in temperature control for the anhydrous 

experiments which may slightly affect the degree of aromatization.  It is 

interesting to note that the degree of paraffinicity is not significantly affected  

(Figure 4.18).  Temperature control of the anhydrous pyrolysis experiments is 

discussed in Chapter 2.   

Polynuclear aromatic compounds, 2-methylnapthalene and ethylbenzene 

were utilized as aromatic marker ratios (relative to nC9) to track changes in 

higher molecular weight compounds in recovered oils from hydrothermal, 

anhydrous, and saline pyrolysis experiments (Figure 4.19).  Ethylbenzene has a 

molecular weight of 107.11 g/mole while 2-methylnapthalene is heavier with a 

molecular weight of 143.06 g/mole. Ratios from the original Smackover oil are 

included for comparison.  The ethylbenzene ratio increases from the original oil, 

to oil recovered from the anhydrous experiment, with the highest ratio (0.364) 

occurring in oil generated from the hydrothermal experiment.  The ratio 

decreases to 0.343 in oil from the saline experiment but does not decrease to 

values derived from the anhydrous experiment or the original oil (Figure 4.19). 
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Figure 4.18  Aromaticity and paraffinicity crossplot of recovered oil from 
hydrothermal, anhydrous, and saline experiments at 380 °C.  Values from the 
original Smackover oil are included for comparison. 
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Figure 4.19  Selected aromatic markers from hydrothermal, anhydrous, and 
saline experiments at 380 °C.  Markers from original Smackover oil are included 
to identify trends in degraded oil. 
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The 2-methylnapthalene ratios indicate a different trend in values relative to 

the experimental conditions (Figure 4.19).  The highest ratio occurs in oil 

generated from the anhydrous experiment, with sequentially smaller ratios for 

oils generated from the hydrothermal and saline experiments, respectively.  The 

saline experiment generated an oil with a 2-methylnapthalene ratio of 0.112, 

slightly elevated from the 0.097 ratio derived from the original oil. This suggests 

that more of the heavier 2-methynapthalene is retained in the oil generated from 

the anhydrous experiment.   

Aromatic markers have been used to assess thermal maturity of natural oils.  

Hill et al. (2004) used C4-benzenes (C10) and C4-napthalenes (C14) as potential 

maturity indicators in oils generated from anhydrous pyrolysis and in natural 

oils from the Fort Worth basin.  Data derived from their pyrolysis experiments 

indicated that with increasing %Ro (vitrinite reflectance), ratios employing 

tetramethyl-, dimethylethyl-, and methylisopropylbenzene isomers and 

tetramethyl-napthalene isomers also increase (Hill, et al., 2004).  Ratios of the C2-

benzene and C1-napthalene derived from pyrolysis of Smackover oil suggest that 

differing experimental conditions may affect the enrichment of aromatic markers 

in the recovered oil. Therefore, variation in selected aromatic markers may skew 

maturity trends depending upon the conditions under which the oil was 

generated.  

 
     Isotopic composition of the recovered oils 
 

 
The δ13C ratios from the recovered oil were determined for the 

hydrothermal, anhydrous, and saline experiments at 380 °C.  These ratios were 

measured in the saturate, aromatic, resin, and asphaltene fractions.   Isotopic 
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ratios for the hydrocarbon fractions from the original Smackover oil prior to 

pyrolysis were also measured.   

Figure 4.20 is a δ13C crossplot of the aromatic and saturate hydrocarbon 

fractions of the recovered oil from the pyrolysis experiments, as well as natural 

oils collected in the Mississippi interior salt basin, Gulf of Mexico (Claypool and 

Mancini, 1989).  The oil from the Sugar Ridge field used in the experiments plots 

within the grouping of natural Smackover oils in the Sofer plot (Figure 4.20).  

Two natural condensates collected from the Mississippi interior salt basin group 

in the upper right region of the crossplot.   

δ13C ratios from the recovered oil in both the hydrothermal, anhydrous, and 

saline experiments plot off trend of the natural dataset and become progressively 

enriched in 13C in the saturate fraction up to 380°C (Figure 4.20).  However, the 

δ13C ratio of the saturate fraction in the recovered oil from the saline experiment 

is slightly depleted in 13C relative to ratios derived from oils produced in the 

anhydrous and hydrothermal experiments.  Recovered oil from anhydrous and 

hydrothermal experiments contains similar δ13C values in the aromatic fraction.   

Figure 4.21 tracks the isotopic changes in the hydrocarbon fractions of 

recovered oil from the hydrothermal, anhydrous, and saline experiments. 

Compared to the value of the original Smackover oil, the saturate fraction of the 

recovered oil from these experiments is enriched in 13C by over 4.2 ‰. The 

anhydrous and hydrothermal δ13C isotopic values of the saturate fraction are 

similar, with maximum enrichment of 13C ranging between -19.86 and -20.04 

δ13C.  Isotopic values of the saline experiment are slightly depleted in 13C relative 

to the anhydrous and hydrothermal δ13C values (Figure 4.21). 
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Figure 4.20  A Sofer plot of δ13C (relative to VPDB) values for aromatic and 
saturate hydrocarbon fractions of recovered oil from hydrothermal, anhydrous, 
and saline experiments.  Values of natural oils from the Gulf of Mexico are also 
included as well as the original Smackover oil used in experiments.  Values of 
natural oils are from Claypool and Mancini, 1989.  
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Figure 4.21  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
hydrothermal, anhydrous, and saline experiments at 380 °C.  Isotopic ratios from 
the original Smackover oil are included.  All δ13C values are in ‰ relative to 
VPDB. 
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The aromatic fraction of the recovered oil from the hydrothermal, 

anhydrous, and saline experiments are enriched in13C by over 0.5 ‰ relative to 

the original Smackover oil.  However, isotopic fractionation in the aromatic 

portion of the recovered oil is much less than in the saturate fraction relative to 

the original oil (Figure 4.21).  As in the saturate fraction, the aromatic oil fraction 

from the saline experiment is contains δ13C values that are similar to the values 

recovered from the hydrothermal and anhydrous experiments. Isotopic values 

from the resin fraction of the recovered oil are enriched in 13C by over 1.0 ‰ 

relative to the original Smackover oil (Figure 4.21).  Increased isotopic 

fractionation has occurred in the resin fraction of the recovered oil relative to the 

aromatic fraction.  Results from the saline experiment indicate a slight 

enrichment of 13C in the resin fraction relative to the values determined from the 

hydrothermal and anhydrous experiments.  Isotopic values of the asphaltene 

fraction in the recovered oil from the hydrothermal, anhydrous, and saline 

experiments are similar (Figure 4.21).  Relative to the original oil, the asphaltene 

fraction of the recovered oil is enriched in 13C by only 0.3 to 0.4 ‰. 

The bulk of the isotopic fractionation in the recovered oil, relative to the 

original oil, occurs in the saturate fraction.  Isotopic differences in δ13C between 

the hydrothermal, anhydrous, and saline experiments are minimal. Recovered oil 

from the saline experiment indicates a slight depletion in 13C in the saturate 

fraction and a very slight depletion in the aromatic fraction relative to results 

from the hydrothermal and anhydrous experiments (Figure 4.21).  
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   Analysis of diamondoids in recovered oil 
 
 

Diamondoids are rigid, fused-ring alkanes that consist of a carbon skeleton 

in a small cage structure that is repeated throughout the crystal lattice (Wingert, 

1991).  Because of their fused ring structure, diamondoids are themally stable at 

higher temperatures than most hydrocarbons.  Therefore, as hydrocarbons crack 

into gas and smaller-chain n- and iso-alkanes, the concentration of diamondoids 

increases in the residual oil.  The increase in diamondoid concentration with 

increasing thermal stress has been used as a indicator of natural oil cracking 

(Dahl, et al., 1999).  Utilizing the methodology outlined in Chapter 2, the 

concentration of 3-methyldiamantane and 4-methyldiamantane were determined 

in recovered oil from the hydrothermal, anhydrous, and saline experiments.  

These compounds were used as the diamondoid markers due to their ease of 

identification and availablity of standard reference concentrations for use in 

GC/MSMS analytical procedures. 

Table 4.11 lists the concentrations of the diamondoid compounds in 

recovered oil from hydrothermal, anhydrous, and saline experiments at 380 °C.  

Recovered oil from the saline experiment contains the lowest amount of total 

diamantane (3-methyldiamantane and 4-methyldiamantane) relative to the 

recoveries from the anhydrous and hydrothermal experiments.   

Figure 4.22 shows the correlation between the conversion of oil to gas (plus 

pyrobitumen) determined from mass balances recovered from the experiments 

and the concentration (ppm) of methyldiamantanes in the original and recovered 

oil.  Recovery from the anhydrous and hydrothermal experiments through the 

temperature series (340 to 400 °C) indicates a strong correlation between the 

percent original oil converted to gas (and pyrobitumen) and the conversion 
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Table 4.11     Methyl-diamantane recovery in original and degraded oil 
 
 

  experimental 
 # 

        temperature (°C) 
   conditions 

4-methyldiamantane 
(ppm) 

3-methyldiamantane 
(ppm) 

total diamantane 
(ppm) 

     
Original oil^1 ----------- 133.4 70.6 204.0 

     
HP 2771 340 / anhydrous 143.0 74.7 217.7 
HP 2775 340 / hydrothermal 151.8 85.9 237.7 

     
HP 2770 360 / anhydrous 153.5 86.4 239.9 
HP 2769 360 / hydrothermal 151.4 83.1 234.5 

     
HP 2780 380 / anhydrous 247.6 100.1 347.7 
HP 2876 380 /anhydrous 274.3 117.0 391.3 
HP 2778 380 / hydrothermal 204.0 136.8 340.8 
HP 2877 380 / hydrothermal 206.1 136.7 342.8 
HP 2778 380/saline 192.2 111.9 304.1 

     
HP 2772 400 / anhydrous 263.7 225.4 489.1 
HP 2777 400 / hydrothermal 309.2 221.6 530.8 

     

     

 
*  ions monitored at m/z 187, 188, 201, and 215 for diamantanes using GC/MS 

^ baseline values for Smackover oil range between 8 to 20 ppm based upon sampling position 
within the Smackover formation (Wingert, 1991). 
 
1 oil collected from Sugar Ridge Field, depth 11563-11618’ 
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Figure 4.22  Correlation between conversion of oil to gas and pyrobitumen in 
hydrothermal, anhydrous, and saline experiments with the concentration (ppm) 
of methyldiamantanes in the recovered oil.  Mass balance differences in original 
and recovered oil used to determine conversion percentage. 
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percentage determined by the total concentration of diamantanes (Figure 4.22).   

Results from the saline experiment are off trend and indicate only 21% 

conversion based upon the total diamantanes.  The actual conversion based upon 

the measured mass of gas, pyrobitumen, and recovered oil from the experiments 

indicates that almost 35% of the original oil has converted to gas and 

pyrobitumen.  This suggests that increased salinity of the water impairs the 

development and/or retention of diamantanes in oil cracked under those 

conditions. 

 

Summary  

 

Smackover oil pyrolyzed in the presence of a saline solution (7% NaCl) 

produces an initial pressure that is 300 – 400 psig lower than hydrothermal 

experiments using deionzed water at the same experimental temperature.  Final 

pressures from the saline experiment are lower than the hydrothermal 

experiments by approximately 500 psig. The initial mass of water loaded in the 

saline and hydrothermal experiments differs by only 0.2 grams.  At 380°C, water 

exists in vapor phase.  However, at initial conditions and at temperatures less 

than critical, the molal volume of water decreases with an increase in total 

dissolved solids such as NaCl. Therefore, the lower initial and final pressure of 

the NaCl experiment may reflect a decrease in water (liquid or vapor) volume, 

decrease in the amount of generated gas from the experiment, or a combination 

of both.  In addition, if any NaCl complexes develop during the experiment, this 

will also decrease the molal volume which in turn, would also decrease the 

pressure. 
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     Gas generation 

 

The gas yield generated from the pyrolysis of Smackover oil under saline 

conditions is lower than the yields produced from hydrothermal experiments by 

1.8 wt.%Oo (Table 4.2).  Gas yields produced from the saline and anhydrous 

experiments are equivalent (Figure 4.3).   

Previous isothermal pyrolysis research using immature source rocks under 

anhydrous or hydrothermal conditions indicated that the presence or absence of 

water determines the reaction pathway in which either saturate-enriched oil or 

insoluble bitumen is formed (Lewan, 1997).  Water provides an exogenous source 

of hydrogen which promotes thermal cracking via a free-radical mechanism and 

inhibits carbon-carbon bond cross linking. 

Results from pyrolysis of Smackover oil under hydrothermal, anhydrous, or 

saline conditions also suggest that the water and water composition play a 

significant role in the generation of natural gas.  Reduced gas yield from the 

saline experiment suggests that solvation shells surrounding the Na+ and Cl- ions 

suppress the availability of exogenous hydrogen to be utilized in thermal 

cracking and free radical termination.   Fewer lower-molecular-weight molecules 

are formed with a subsequent decrease in the total C1-C5 yield relative to the 

hydrothermal experiment using distilled water.  Even with a low activity 

coefficient for the Na and Cl species (Figure 4.1), the effect is still significant 

enough for the gas yield from the saline experiment to be roughly equivalent to 

the yield derived from the anhydrous experiment. 

Comparison of the hydrothermal, anhydrous, and saline experiments at 

380°C indicates that gas compositions show no significant differences in C1 

through C5 (Figure 4.5).   However, there are significant differences in the non-
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hydrocarbon gases.  More CO2 and H2 are produced under hydrothermal and 

saline conditions.  Approximately the same yield of H2 was produced by both the 

hydrothermal and saline experiments while slightly more CO2 was produced 

from the hydrothermal experiment relative to the CO2 yield from the saline 

experiment. The most significant difference in gas composition between the 

experimental conditions is the minimal H2S yield generated from the saline 

experiment (Figure 4.5).  H2S generated from the hydrothermal and anhydrous 

experiments are approximately equivalent.  The very low H2S yield generated 

from the saline experiment has not been documented before.  A potential reason 

for this low yield is discussed in the next section. 

 

     Char generation 

 

Total char yield from the saline experiment is over 3.9 wt.%Oo 

greater than the yield generated from the hydrothermal experiment (Table 4.2). 

Char yields from the anhydrous and saline experiments are equivalent.  While 

this difference would suggest that cracking under saline conditions enhances 

cross linking and the development of insoluble pyrobitumen, inspection of the 

elemental composition of the char suggests a different conclusion.  The 

unanalyzed residual in the char produced from the saline experiment is 

approximately 4.0 wt.% higher than the unknown residual generated from the 

hydrothermal experiment (Table 4.6).  It was determined from XRD that NaCl(s) 

was present in the char produced from the saline experiment (Table 4.7).   It is 

likely that the increase in the unknown residual produced from the saline 

experiment is due to the incorporated NaCl in the pyrobitumen.  Therefore, if the 

amount of NaCl incorporated in char from the saline experiment (~4.0wt.%) is 
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taken into account, there may be no quantifiable difference in total char 

production between the hydrothermal and saline experiments. 

The elevated amount of sulfur present in the char generated from the saline 

experiment is significant (Figure 4.10).  Comparison with the gas composition 

results in which minimal H2S was present in the gas generated from the saline 

experiment would suggest that labile sulfur generated from cracking reactions 

during pyrolysis is being preferentially incorporated in the char, not in the vapor 

phase.  Therefore, only a negligible amount of H2S is present in the generated 

gas. 

       

      Isotopic results for gas and char 

 

The isotopic (δ13C and δD) results from analysis of the gas data indicate two 

significant conclusions:  1) the composition of water used in the experiments 

affects the δD values and 2) gas generated from the pyrolysis of Smackover oil 

follows the same trend of progressive 13C enrichment with increasing carbon 

number relative to associated gas collected from the Gulf of Mexico petroleum 

system (Figure 4.8).  Deuterium depleted deionized water of Colorado origin 

produces more negative δD values than water from other regions of the country.  

Kotarba et al. (2004) discussed a similar effect when characterizing the carbon 

and hydrogen isotopic variation in thermogenic coalbed gas derived from 

hydrogen pyrolysis of Polish coals.   

Figure 4.8 compares the δ13C isotopic fractionation of C1-C5 determined from 

the hydrothermal, anhydrous, and saline experiments at 380 °C with associated 

gas data from the Gulf of Mexico as well as results from anhydrous pyrolysis of 

different oil types.  Progressive enrichment of 13C with increasing carbon number 



287 

 

in gas generated from pyrolysis experiments follows the same general trend of 

enrichment noted in gas collected from natural systems (James, 1983; Chung et 

al., 1988). 

Analysis of δ13C in chars from the hydrothermal, anhydrous, and saline 

experiments indicate isotopic convergence at 380 °C.  There is minimal ‰ 

difference between chars recovered from the three experiments and no 

discernable trend in selective fractionation (Figure 4.11). 

 

    Recovered oil results 

 

Total yield of recovered oil from the saline experiment is less than the total 

yield recovered from the hydrothermal experiments (Table 4.2).  Comparison of 

the peak intensity of the n-alkanes in the recovered oil from the hydrothermal, 

anhydrous, and saline experiments indicate increased enrichment of C8 – C11 

relative to the original oil (Figure 4.17).  The trend of relative depletion compared 

to the original oil for C12-C24 is similar in the recovered oil from the anhydrous 

and saline experiments.  Oil recovered from the hydrothermal experiment is less 

depleted in the heavier n-alkanes than oil from the saline and anhydrous 

experiments.   

These trends suggest that nC8-nC11 is preferentially accumulating in the 

degraded oil while a significant depletion of the heavier homologs due to 

thermal cracking has occurred.  Hill et al., (2003) demonstrated that oil cracking 

products accumulate, as long as the oil is available, because either the rate of 

generation of a product is greater than the rate of cracking of that product or 

because the product is a stable end member.  Using mechanistic groupings of  oil 

fractions, it was demonstrated that the C6-C14 (similar to the C8-C11 fraction from 
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this study) accumulates because the rate of C15+ cracking is greater than the rate 

of C6-C14 cracking and the C15+ reactant is not depleted.  Relative depletion in the 

C12+ fraction compared to the original oil would suggest that thermal cracking of 

this fraction has occurred (Figure 4.17). 

Recovered oil from the hydrothermal, anhydrous, and saline experiments are 

significantly more paraffinic and less aromatic than the original Smackover oil 

(Figure 4.18).  Results using normalized peak height intensities are not 

quantifiable but can indicate trends in the n-alkane and aromatic fractions from 

the recovered oil.  While the hydrothermal and anhydrous experiments cluster 

together on the aromaticity/paraffinicity crossplot, results from the saline 

experiment indicate that the oil is less paraffinic and significantly less aromatic.  

This trend is confirmed by the comparison of selected aromatic markers in the 

original and recovered oil (Figure 4.19). Ratios of ethylbenzene and 2-

methylnapthalene also decrease in the recovered oil from the saline experiment 

relative to ratios determined for the hydrothermal and anhydrous experiments. 

In general, ethylbenzene and 2-methylnapthalene ratios increase in the 

recovered oil relative to the original Smackover oil (Figure 4.19). It is important 

to note that the aromaticity ratio using toluene suggests a decrease in aromaticity 

relative to the original oil (Figure 4.18). Cracking reactions occurring in the oil 

may utilize toluene because of its lower molecular weight (92.0g) relative to the 

heavier aromatic markers.  However, anhydrous pyrolysis using a Type II (low-

sulfur oil) suggest that napthenoaromatics are the first to be cracked, followed by 

alkylaromatics and methylaromatics (Daraouich et al., 2006).  In fact, the 

molecular class of benzene-toluene-xylene-naphthalene were considered the 

most stable under experimental conditions up to 425 °C.  Cracking reactions 
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during pyrolysis of a the high-sulfur Smackover oil in this research may generate 

different trends of polyaromatic ratios. 

Isotopic analysis of the recovered oil from the hydrothermal, anhydrous, and 

saline experiments indicate that relative to the original, undegraded oil, the 

saturate fraction of the oil has undergone significant δ13C fractionation compared 

to the aromatic, resin, and asphaltene fractions (Figure 4.21).  This implies that 

cracking reactions during pyrolysis of the oil preferentially occur within the 

saturate fraction.  Hill  et al., (2003) also described a similar pattern in degraded 

oil from anhydrous pyrolysis of a saturate-rich Devonian oil.  There appears to 

be no significant δ13C difference in the recovered oil between the anhydrous, 

hydrothermal, and saline experiments. 

Diamantanes recovered in the thermally degraded oil from the saline 

experiment do not follow trends determined from the anhydrous and 

hydrothermal experiments at 340 – 400 °C (Figure 4.22).  There is a strong one-to-

one correlation between the degree of conversion determined from the material 

balance of the anhydrous and hydrothermal experiments and the degree of 

conversion determined from the 3- and 4-methyldiamantanes.  Results from the 

saline experiment indicate that the degree of conversion determined from the 

diamantanes underestimates the actual conversion by almost 13 percent (Figure 

4.22).  The addition of NaCl to the water during pyrolysis reduces the 

concentration of 3- and 4-methyldiamantanes in the recovered oil.
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