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ABSTRACT 

 Tertiary mafic dikes and sills intrude coal-bearing formations of the Raton 

Basin. The basin contains significant accumulation of coal-bed methane.  This study 

investigates the role of intrusions in generating methane from coal on a local scale, 

and their effect on the thermal history of the basin.  

 Coal samples, collected in profiles across intrusions, at four different outcrops 

were analyzed by vitrinite reflectance, carbon isotopes and petrography.  Results 

show very distinct reflectance and isotopic patterns for dikes versus sills.  Reflectance 

values within the contacts of sills are elevated over a wider contact zone than for 

dikes.  Coal  

δ13C values increase by approximately 1‰ approaching the contacts of dikes, which 

is consistent with the loss of 12C-rich volatiles during metamorphism. Coal δ13C 

values decrease by approximately 1.5‰ in the contact zones of sills due to the 

addition of 12C-rich material such as pyrolytic carbon, derived from cracking of 

volatiles. 

 Several xenoliths and xenocrysts were collected. Textural observations show 

little evidence of dissolution for xenoliths within sills while significant dissolution 

has occurred for xenoliths within dikes.  The lack of dissolution indicates an 

extremely short residence time within the magma, suggesting that sills within the 

Raton Basin cooled rapidly, once emplaced.  The elevated reflectance pattern 

observed at sills therefore cannot result from long emplacement durations, and 

suggests instead that the very low thermal conductivity of coal is responsible. 

Regionally elevated temperatures probably result from intrusion-triggered 

 xiv



hydrothermal convection. Therefore, intrusions may be very important for methane 

generation in sedimentary basins. 

 

 

 

 

 

 

 

 

 xv



Chapter 1: Introduction 

1.1 Overview 

Sedimentary basins serve as reservoirs for valuable economic fossil fuels such as 

coal, oil and natural gas.  The quality of these deposits is dependent on the thermal 

history of the basin.  Factors such as burial depth, geothermal gradient, igneous activity 

and hydrothermal activity are all potential thermal influences.  The formation of 

sedimentary basins typically occurs as a result of tectonic activity and is frequently 

accompanied by igneous activity.  The goal of this study is to address the significance of 

thermal contributions from igneous activity and extent of contact metamorphism in 

sedimentary basins, and their role in the generation of methane, using the Raton Basin in 

Colorado and New Mexico as an example. 

Dwindling conventional oil and gas reserves are currently driving a resurgence in 

exploration of non-traditional gas deposits such as coal-bed methane.  Coal-bed methane 

represents a significant and increasingly important domestic energy resource. According 

to the USGS (2002), coal-bed methane accounts for approximately 7% of the natural gas 

produced annually in the United States.   Understanding the role played by mafic igneous 

intrusions in the generation of coal-bed methane will contribute to the search for and 

development of future coal-bed methane resources.   

This study will focus specifically on the significance of thin, ubiquitous sheet 

intrusions within the Raton Basin. A significant amount of regional data on coal rank and 

coal-bed methane distribution already exists for the Raton and similar Rocky Mountain 

basins, allowing for the results of this study to be related to other western U.S. basins.   
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The Raton Basin, formed during the Laramide orogeny, contains late Cretaceous 

and early Tertiary coal beds which have generated a significant volume of methane. 

Tertiary igneous intrusions, including diabase and lamprophyre dikes and sills, are 

documented throughout the entire basin, including methane-producing areas (Flores and 

Bader, 1999). These mafic intrusions and their thermal contribution to the Raton Basin 

are the focus of this study.   

Contact metamorphism and the thermal history of sedimentary basins can be 

studied in several ways.  When igneous activity is present within a basin, thermal 

modeling is commonly the tool applied to assess its contribution.  Due to lack of all the 

necessary parameters these models are often simplified, assuming instantaneous 

emplacement.  The most common method of quantitatively assessing thermal maturity of 

organic matter is vitrinite reflectance.  Vitrinite (woody plant material) is a common 

component of coal and its reflectivity increases with increasing rank. This method is most 

commonly used as an oil and gas exploration tool, and will be discussed in more detail 

later.  Traditionally, this technique is used in association with basin maturation models 

that only incorporate large-scale thermal contributions such as burial depth and large 

intrusions.   

Many studies have investigated the role played by intrusions in the thermal 

maturation of sedimentary basins using vitrinite reflectance.  Examples of this include 

Bostick and Pawlewicz (1984), Crelling and Dutcher (1968), Raymond and Murchison 

(1991), and Stewart et al. (2005).  Both Bostick and Pawlewicz (1984) and Crelling and 

Dutcher (1968) include vitrinite reflectance profiles across individual mafic meter-scale 

intrusions within the Raton Basin and concluded that reflectance values drop to 
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background within a single intrusion width away.  For this reason, small intrusions have 

generally been considered to play a minor or insignificant role in the thermal history of 

sedimentary basins. 

The Raton Basin, as well as many other sedimentary basins within the western 

U.S. and elsewhere, contains a series of thin, but ubiquitous mafic intrusions.  Most of the 

intrusions investigated in this study were emplaced between 19.9 and 25.5 Mya (Miggins, 

2002; Lee, 2005).  While individual thin intrusions do not contain enough heat to 

contribute significantly to the thermal history of basins, the cumulative non-conductive 

hydrothermal effect of multiple intrusions may play an important role.  The conductive 

effects of thin, laterally extensive sills intruding directly into coal seams may be 

volumetrically significant due to the volume of coal affected.  In addition, it is necessary 

to consider the effects of non-instantaneous emplacement.  Although sills are usually the 

result of a single event of magma injection, dikes may serve as open conduits for 

extended periods of time, experiencing many magma pulses.  

Several different techniques were employed in this study to better understand the 

thermal significance of these intrusions.  These techniques include vitrinite reflectance 

and stable isotope geochemistry across single and multiple intrusions, simple thermal 

modeling and experimentally determined rates of quartz xenolith dissolution within 

magma.    

It is relatively simple to observe multiple episodes of magma injections within a 

single dike by the presence of chilled internal margins, but significant cooling between 

events is necessary for these features to be preserved.  A portion of this study examines 

the usefulness of xenolith dissolution as a tool for assessing the length of time an 
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intrusion remained an open conduit. The combination of dissolution coronas around 

quartz xenocrysts, and experimentally determined dissolution rates, may allow for 

quantitative assessment of the length of time a conduit was active for a single pulse of 

magma.  Total heat conduction from an intrusion into the country rock can be estimated 

from the effective lifetime of a conduit and post-solidification cooling.  One major reason 

that previous studies only consider instantaneous emplacement is due to lack of 

information about the time an intrusion served as an open conduit.  However, the quartz 

dissolution technique has potential to alleviate this problem, resulting in a more accurate 

heat budget.  Jaeger (1964) reports theoretical solutions for heat output of an intrusion 

that served as a long-lived open conduit. According to Jaeger (1964) a long-lived conduit 

will result in contact temperatures that approach the magma temperature over time and 

remain hot for a longer duration, yet do not produce a significantly wider conductive 

thermal aureole. With this appropriate time information this solution could provide more 

accurate thermal modeling results. 

While the main goal of this study is to address the thermal significance of igneous 

activity in sedimentary basins, the data collected on dissolution rates of quartz into mafic 

magmas contributes to the current state of knowledge of magma contamination.  Xenolith 

dissolution is an important contamination process observed in many igneous rocks.  

Isotopic and geochemical evidence supports the occurrence of crustal contamination of 

many mafic magmas, but based on thermal constraints, xenolith dissolution should be 

difficult to achieve in significant quantities (Watson, 1982). The experiments conducted 

as part of this study allow for a better understanding of the rates and processes of xenolith 
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dissolution and magma contamination that occur during magma storage, ascent and 

emplacement.   

This chapter will focus on defining the goals of this project.  The geological 

setting of the field area will be discussed in terms of sedimentary and igneous activity as 

well as the thermal maturation of the basin.  Previous research within the Raton Basin 

and elsewhere relating to this project will be discussed 

 

1.2 Geological Setting of the Raton Basin 

The Raton Basin is located in south-central Colorado and northeastern New 

Mexico, at the base of the Sangre de Cristo Mountains.  It is a typical Rocky Mountain 

foreland basin, formed during the Laramide Orogeny (Figure 1.1). The basin contains 

two coal-bearing units, the Vermejo and Raton Formations.  The sedimentary sequence 

exposed within the Raton Basin was deposited in association with regression of the 

Cretaceous Interior Seaway (Figure 1.2).   

The sedimentary sequence found in the region of the Raton Basin and in its 

subsurface ranges in age from the Pennsylvanian, occurring in thrust sheets at the western 

limits of the basin, up to recent alluvial sediments (Figure 1.3). Outcrops and roadcuts 

within the Raton Basin are limited to the Cretaceous and Tertiary in age (Figure 1.4).  

This entire sequence is associated with the Interior Cretaceous Seaway and its regression 

(Flores and Bader, 1999).  The Pierre Shale represents shallow marine continental shelf 

material (Figure 1.2).  The Trinidad sandstone represents shoreline sands.  The Vermejo 

formation represents deltaic environments and the Raton formation represents a fluvial 

environment that grades into the alluvial fan deposits of the Poison Canyon Formation.  
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The Sangre de Cristos and the Raton Basin are both part of the Rocky Mountain 

Foreland (Woodward, 1987). The Sangre de Cristo uplift occurred during the Laramide 

orogeny, as large thrust sheets of primarily sedimentary material were thrust up and over 

the Raton Basin (Woodward, 1987).  Evidence for this thrusting can be seen today as 

overturned sedimentary strata at the western edge of the basin.  The basin itself contains 

an asymmetric syncline known as the LaVeta Syncline (Figure 1.1 and 1.5). 
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Figure 1.1: Raton Basin location map including sample locations of coal and organic 
shale, vitrinite reflectance contours for the base of the Vermejo formation and major 

structural features. Towns are marked by blue squares.  Modified from Flores and Bader 
(1999) and Johnson and Finn (2001). 
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Figure 1.2: Maximum transgression of the Cretaceous Inter-seaway.  The outer shelf 

sediments in the area of the Raton Basin correspond to the Niobrara formation  
(Figure 1.3).  Figure modified from Kauffman et al. (1969). 

 

A series of Miocene intrusions occur throughout the basin (Figure 1.6).  The most 

prominent of these features is Spanish Peaks and its associated radial dike swarm, located 

in the north-central portion of the basin.   

Igneous activity has occurred within and adjacent to the basin since Miocene 

times with ages ranging from approximately 35 million years until present (Penn, 1995; 

Miggins, 2002; Lee, 2005).  All intrusions are related to the Rio Grande Rift which is 

located just to the west of the Sangre de Cristos (Figure 1.6).  These intrusions range in 

composition from rhyolitic to basaltic and lamprophyric. In the northern portion of the 
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basin these intrusions crop out as primarily dikes.  In the southern and central portion of 

the basin, these intrusions commonly occur as sills, which in many cases intrude directly 

into coal beds (Pillmore, 1969; Lorenz et al., 2004).    

 

Figure 1.3: Stratigraphic Column for the Raton Basin.  Modified from Tremain (1980) 
and Johnson and Finn (2001). 
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Figure 1.4: Stratigraphic column of units exposed at the surface within the Raton Basin.  
The Vermejo and Raton formations are the coal-bearing formations. 

 
 

 

 
Figure 1.5: Structural cross sections perpendicular to the basin axis for both the northern 
and southern portions of the basin.  Modified from Stevens et al. (1992).  Locations are 
shown on figure 1.6. 
 

 10



Figure 1.6: Raton Basin Intrusion map.  Modified from Johnson (1961) and Miggins (2002)  
Locations of cross sections in figure 1.5 are shown on this map. 

N
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Figure 1.7: The Raton Basin in relation to the Rio Grande Rift. Areas in grey represent 
mountains.  FR = Front Range, WM=Wet Mountains, SRM=Southern Rocky Mountains, 
SJM=San Juan Mountains, SdC= Sangre de Cristos, RGR= Rio Grande Rift.  Modified 

from Reiter (1978) and Steven (1975). 
 

 
1.3 Maturation History of Coal-bearing Strata 

The Cretaceous Vermejo and Late Cretaceous/Early Tertiary Raton Formations 

have been mined for coal for over 100 years.  Production began in the Raton Formation 

in 1873 and reached its peak in 1911 to 1920 (Flores and Bader, 1999).  As of 1999 the 

only coal mine still open was the York Canyon mine located in New Mexico, east of the 

Vermejo Park anticline.  By 2004 this mine was closed and undergoing reclamation.  
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With coal mining decreasing in the Raton Basin over the past few decades efforts 

have been refocused on natural gas resources, primarily in the form of coal-bed methane.  

Significant exploration and investigation into its practical uses began during the 1980’s.  

Today, coal-bed methane is exploited throughout the Raton Basin.  In many cases, 

methane is being extracted from surrounding sandstones as well as directly from coal 

beds. 

The Vermejo and Raton Formations represent different stages of Cretaceous 

seaway regression and as a result have different geometries in outcrop.  The Vermejo 

formation, first described by Lee in 1913, represents a delta plain environment (Tremain, 

1980).  Coal beds are lenticular with irregular thicknesses up to 14 feet and individual 

beds extend for several miles (Tremain, 1990). The Raton formation represents the first 

continental fluvial formation of the Raton Basin stratigraphic units, first described by 

Hayden in 1869 (Tremain, 1990).  The coal beds within this formation are lenticular with 

thicknesses up to 12 feet, but more horizontally discontinuous than coal beds in the 

Vermejo Formations. 

Coal rank in the Vermejo Formation ranges from high volatile C bituminous rank 

up to low volatile bituminous.  Coals within the Raton Formation range from high 

volatile C to A (Flores and Bader, 1999).   Figure 1.1 shows the vitrinite reflectance 

pattern for the Raton Basin at the base of the Vermejo Formation.  The reflectance pattern 

correlates with basin structure, so that the highest rank coals occur within the deep central 

portion of the basin along the Purgatoire river valley.  Another region of high coal rank 

occurs in the northern basin, just north of the Spanish Peaks near LaVeta, where the basin 

is deepest although specific data for this area remain unpublished (Stevens, 1992). 
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While the pattern of vitrinite reflectance observed within the basin appears 

consistent with the structural pattern of the basin, the heat source driving coal maturation 

remains a matter of debate.  The simplest explanation for increased coal rank would 

usually be deep burial, but the burial depths sufficient to reach the observed rank did not 

occur within the Raton Basin (Close, 1988).  This means that some other heat source 

must have existed to elevate the geothermal gradient of the basin. Close and Dutcher 

(1990, 1993) suggested that burial alone may not account for this rank due to the highly 

localized area of increased coal rank along the Purgatoire Valley.  Other sources such as 

an abnormally high local geothermal gradient or hydrothermal circulation may be 

responsible.   

Coal beds in the basin have generated a large volume of methane over a short 

period of geologic time (Close, 1988).  The role of intrusions in methane generation has 

been debated for several decades.  Sills in the basin frequently intrude within or adjacent 

to coal (Pillmore, 1969).   Coal-bed methane concentration and coal rank is highest along 

the Purgatoire valley which coincides with a high frequency of mafic sills in outcrop.   

Many studies have been conducted in the past documenting the change in vitrinite 

reflectance away from intrusions of different widths and compositions in many basins 

including the Raton Basin.  The results generally agree, with coal rank returning to 

background within one intrusion width beyond the intrusion (eg. Bostick and Pawlewicz, 

1984; Bostick, 1979).  The high frequency and close spacing of intrusions throughout the 

basin has led some investigators to speculate that these intrusions played a role in 

increasing the background rank of coal throughout the basin.  Lee (1924) was the first to 

document the frequent occurrence of coked coal in the south-central portion of the basin 
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where sills intrude coal.  He estimated that several millions of tons of coal had been 

destroyed from igneous intrusions.  Flores and Bader (1999) have further documented 

this occurrence (Figure 1.8) and suggest that these intrusions may play an important role 

in locally upgrading the rank of coals to bituminous rank (%Ro = 1 to 1.9). 

 

 

Figure 1.8: Basin intrusion map showing some of the areas where large volumes of coal 
have been coked by igneous intrusions. These areas are displayed as cross-hatched areas.  
This does not include all areas.  Modified from Flores and Bader (1999). 
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1.4 History of Igneous Activity in the Raton Basin 

The Raton Basin is located approximately 50 km to the east of the Rio Grande 

Rift.  The Sangre de Cristos represent the eastern boundary of this rift (Figure 1.7).  

Regional heat flow, including the Raton Basin, is elevated as a result of the rift (Edwards, 

1979). 

Magmatism began within the basin as early as 35 million years ago (Miggins, 

2002) (Figure 1.9).  According to Miggins (2002) the oldest set of mafic intrusions within 

the basin are lamprophyric in composition, represent a partial mantle melt and are pre-

rifting.  After this period intrusions became more bimodal in nature with intrusion of the 

felsic Spanish Peaks and associated radial dike swarm between ~24 and ~20 Ma.  Later 

syn-rifting intrusions are as young as 8 million years old and include basalts, 

lamprophyres and minettes (Miggins, 2002; Lee, 2005). 

 

Figure 1.9: Age of intrusions in the Raton Basin region.  From Miggins (2002). 
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Igneous activity as young as a few thousand years can be found in the form of 

extrusive basaltic and andesitic rocks between Raton and Trinidad and to the southeast of 

the Raton Basin, (Figure 1.6).  The Raton-Clayton volcanics are the oldest of these 

features (Figure 1.10).  Capulin Volcano National Monument is a cinder cone located to 

the southeast of the basin and is one of the youngest of these features, at about 60,000 

years old (Scott et al., 1990).   

Figure 1.10: The Raton-Clayton Field.  Hills in the background are capped by basalt 
flows. View looking northeast from the top of the Raton Pass on I-25. 
 

Magmatism is spatially and compositionally variable over time within the Raton 

Basin.  Spanish Peaks and the associated radial dike swarm occurs within the northern 

portion of the basin. The mafic dikes have an overall east-west trend, or more strictly 

perpendicular to the basin axis at any given location, and a related series of sills can be 

found throughout the basin.  These mafic intrusions were emplaced shortly before and 

during the early stages of Rio Grande Rifting. These sills tend to be thin and laterally 

extensive.  For the most part, these sills preferentially intrude along coal beds (Figure 

1.11).  Johnson (1961) mapped these sills both aerially and in the field.  Some of the 
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largest of these sills have coked coal beds for many miles along their length and can be 

seen on the intrusion map where they outcrop along the central portion of the basin 

(Figure 1.6).  Well data from New Mexico in the area of the Vermejo Park anticline 

indicate that sills occur several times within the coal-bearing formations suggesting that 

their frequency in outcrop is matched in the subsurface (Pillmore, 1991) (Figure 1.12).  

 

Figure 1.11: Two sills preferentially intruding coal west of Trinidad, CO. 
This roadcut is located on the south side of the Trinidad reservoir near Sopris. View is 
looking south.  Outcrop is approximately 5 meters high. 

Sills 
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Eas
Figure 1.12: Subsurface stratigraphic column for various locations within the so
Raton Basin.  The column to the right shows 6 different sills within the Vermejo
Formation over a height of only 80 meters.  Figure from Pillmore (1991). 

 
 
 

1.5 Carbon Isotope Fractionation During Coalification 

Stable isotope geochemistry is an important tool in assessing convention

gas plays as well as coal-bed methane deposits. While information can be gained

H, N and C isotopes, C is the most popular tool since it is the simplest to use.  C

isotopic values are reported in parts per thousand relative to a standard.  Deviati

the standard are referred to as δ13C. The following equation relates carbon isotop

in a sample to the standard (Faure, 1986): 
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Organic matter contains 12C-enriched carbon isotopic values relative to the PDB 

standard, due to the process of photosynthesis (Whiticar, 1996).  Terrestrial plants have a 

mean δ13C value of -27‰ and aquatic plants have isotopic values that are variable, 

ranging from -13‰ to -27% (Whiticar, 1996).   

Coal isotopic values range from -22 ‰ to -27‰ since it is mostly terrestrial in 

origin (Whiticar, 1996, Holmes et al., 1991).  During coalification methane and other 

gases are produced.  The reactions result in the preferential loss of 12C as volatile matter 

and the retention of 13C by the coal.  Figure 1.13 shows the variety of ranges in carbon 

isotopic values for organic matter including coals and coal gases.  This fractionation 

pattern is temperature dependent with lower temperature reactions resulting in the 

greatest amount of fractionation of 12C (Faure, 1986).  Gases generated at these 

temperatures tend to have more negative isotopic values than those produced at higher 

temperatures (Whiticar, 1996).  

Many authors have noted the lack of appreciable shift in 13C during coalification 

(Redding, 1980; Whiticar, 1996).  Isotopic values in coal range from -22‰ to -27‰ but 

this is mainly a result of variation in depositional environment and plant species from 

which it formed (Holmes, et. al, 1991). The lack of isotopic shift during most of the 

coalification process has been attributed to the small percentage of carbon that is lost as 

gases, generally considered to be less than 5% of the total carbon (Sackett, 1978).  

However, once coal reaches the meta-anthracite rank (Ro= 4.0%) significant isotopic 
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shifts towards 13C-enriched values occur due to a greater loss of total carbon (Whiticar, 

1996).   

Figure 1.13: Carbon isotopic composition of a variety of organic matter.  From Whiticar 
(1996). 

 
Whiticar (1996) provides calculations that correlate %  kerogen remaining in a 

sample with δ 13C values of coal for a range of several different potential fractionation 

factors (Figure 1.14).   The three samples with the lowest fractionation factors do not 

show significant isotopic shifts over kerogen loss ranges seen during coalification, 

approximately 20%.  The steepest curve shown is for the highest fractionation factor 
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(1.030) based on experimental pyrolysis results from Sackett (1978).  According to 

Sackett (1978) the pyrolyzed coal sample δ13C increased by about 0.7‰ after losing less 

than 5% of its initial kerogen.  This suggests that the rate of heating plays an important 

role in the extent of fractionation since this shift is not observed for samples heated 

slowly through burial.  A 0.7‰ shift is consistent with isotopic shifts observed in this 

study for natural pyrolysis conditions (contact metamorphism).  According to analytical 

solutions for conductive heating from Jaeger (1959), heating rates beyond the contact are 

approximately 1˚ C per minute. 

 

Figure 1.14: Carbon isotopic composition of remaining organic matter during pyrolysis as 
a function of % kerogen remaining.  The slope with the fractionation factor α=1.030 is 
based on pyrolysis experiments.  This fractionation trend is most consistent with contact 
metamorphic heating rates. Figure from Whiticar (1996). 
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1.6 Coal Metamorphism by Igneous Intrusion 

Our understanding of coal contact metamorphism can be expanded by considering 

experimental results such as laboratory pyrolysis, where coal samples are heated in the 

absence of oxygen.  Pyrolysis provides important information about the effects of initial 

composition of coal, heating rate and heating duration on the release of volatiles during 

metamorphism.  In many cases these experiments have been conducted in order to 

understand the coalification process, which occurs during burial.  However, due to the 

short time scale of these experiments, results are more directly applicable to contact 

metamorphic conditions.  The coking process, used by the steel industry is an additional 

source of knowledge about the process of coal contact metamorphism. The coking 

process provides a variety of information that can be applied to contact metamorphism 

including coal behavior during heating and resulting petrographic textures.  These 

textures have even been correlated with temperature which is also very useful for contact 

metamorphism studies (Bayer, 1966). 

Heating of coal is a combination of two processes, pyrolysis and carbonisation 

(Van Krevelen, 1993).  Pyrolysis involves the loss of weight of coal as a result of thermal 

decomposition, which results in the generation of gases.  Carbonisation is the tendency of 

the remaining material to increase in carbon content, with graphite as the ultimate end 

product, as other elements such as hydrogen and oxygen are released as volatiles (Van 

Krevelen, 1993). 

Coal is mainly composed of type III kerogen, which is made up of terrestrial 

organic material (Taylor, et. al., 1998).  Each type of kerogen follows a specific path 

during maturation which results in specific hydrogen/carbon ratios and oxygen/carbon 
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ratios (Figure 1.15).  CO2 is much more likely to evolve than H2O during rapid heating in 

contact metamorphic situations, which is exactly the opposite behavior to the 

coalification process (Teichmuller and Teichmuller, 2002). This could potentially alter 

the evolutionary path of coal slightly on a Van Krevelen diagram, decreasing its slope 

even more than other coals (Figure 1.15).  

While this early release of CO2 may be important for determining the bulk 

chemistry of coal, it may also be an important control for the isotopic evolution of coked 

coal.  While most gases such as methane fractionate negatively, resulting in methane that 

is more negative than the initial coal, CO2 does not.  CO2, an oxidized form of carbon, 

fractionates positively (Faure, 1986).  Assuming fractionation of CO2 is constant with 

coal rank, temperature and heating rate then if significant quantities of CO2 are released 

from coal then the remaining coal will have a more negative δ13C value than its initial 

value.  Experimental results by Rohrback (1979) displayed a more complex fractionation 

pattern that is not constant, where early-formed CO2 has a similar δ13C value to the coal.  

At higher ranks, the CO2 δ13C value becomes increasingly less negative.  It is likely that 

most of the CO2 generated from the Raton Basin coals was complete by the time the coals 

were intruded and should not have a significant effect on the isotopic pattern observed in 

contact zones.  

Coal’s molecular structure is composed of aromatic rings of carbon that are 

connected by functional groups containing O, H, C and N.  During maturation, the 

aromaticity of coal increases.  The structural arrangement of this aromatic carbon is the 

main difference between coal that has matured by coalification, and coal that has been 

naturally coked.  During coalification these aromatic carbon rings tend to line up as a 
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result of burial pressure (Taylor et al., 1998).  During coking their orientation becomes 

much less organized.   

Figure 1.15: Van Krevelen Diagram displaying the evolut
organic maturation occurs.  Coal is represented by the typ

 

According to Teichmuller and Teichmuller (2002)

significant control on the evolution of coal rank and relea

burial metamorphism while only a single factor, temperat

increased coal rank in a contact environment.  Due to the 

with burial, increased coal rank and release of volatiles su

lower temperatures, between 100˚ and 150˚C.  For rapid h

250˚C, or 350˚C in the absence of water (Teichmuller and

Figure 1.16 illustrates the processes that coal unde

heating rate of 3˚C per minute.  As coal is heated it soften

depending on heating rate and its hydrogen content (Tayl
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fluidization is observed in nature in the form of coal dikes that can cut across igneous 

intrusions (Crelling and Dutcher, 1968; Podwysocki and Dutcher, 1971).  Figure 1.17 

shows a large coal dike that cuts across a sill and the surrounding country rock in the 

Vermejo Park region of the Raton Basin.  This softening is followed by a period of coal 

swelling which is also a function of heating rate.   Finally resolidification occurs during 

the early stages of cooling.  Natural coke typically displays a fracture pattern that 

occurred as a result of initial swelling and resolidification followed by cooling (Figure 

1.18).  Devolatilization occurs throughout this process (Van Krevelen, 1993).  This entire 

process represents contact metamorphism reasonably well due to similar heating rates. 

 

Figure 1.16: The physical changes of coal during the coking process.  Temperatures listed 
on the figure are approximate and vary with coal rank at the time of heating.  Figure 
modified from VanKrevelen (1993). 
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Figure 1.17: Large coal dike cutting through sill.  Most of the coal has eroded away and 
left an empty fracture.  View looking east.  The coal dike has a width of 35 centimeters. 

Coal Dike 

 
Using experimental pyrolysis and the coking process as analogs for contact 

metamorphism, significant amounts of volatile matter should be released, including 

methane.  Van Krevelen (1993) describes two peaks of methane generation during 

pyrolysis.  The first occurs between 500˚C and 550˚C while the second occurs just over 

700˚C.  Evidence for the attainment of these temperatures at the contacts of intrusions 

can be found in the form of pyrolytic carbon resulting from the crackng of volatile matter 

at the contacts of intrusions (Goodarzi, 1990; Taylor et al., 1996; Crelling, 2005 personal 

communication). 
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Sill 

Coked Coal

 

Figure 1.18: Fracture pattern in natural coke as a result of cooling.  This photo is from a 
sill west of Raton, New Mexico.   

 

 
1.7 Coal-bed Methane and Igneous Activity in the Raton Basin and other Locations 

Coal-bed methane exploration in the U.S. began during the 1980’s.  Much of this 

early exploration focused on the western coal basins, including the Raton Basin.  Since 

that time, coal-bed methane exploitation has become very common and in many cases has 

over taken or replaced coal mining.    

The USGS has played a key role in assessing all aspects of coal-bed methane 

exploitation.  While coal fields occur throughout the United States, the Powder River 

Basin in Wyoming and the Wasatch Plateau in Utah have served as the location for most 

USGS research (Figure 1.19). According to the USGS (2000) coal-bed methane accounts 
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for approximately 7% of the natural gas recovered each year in the U.S. In addition, these 

coal beds are typically found at shallower depths than conventional gas plays allowing 

for easier drilling access.  

The first comprehe vensi  coal-bed methane study of resources in the Raton Basin 

was co

re 

y 

re 

 

 

igure 1.19: Coal fields of the United States.  The Powde
Uplift are the two most extensively studied by the USGS 

mpleted by Close (1988).  This study assessed coal rank throughout the basin, 

compiled the first comprehensive reflectance map for the basin, and researched fractu

and cleat spacing in order to determine permeability.  According to Close (1988) 

increased coal rank within the basin was most likely the result of heat transferred b

groundwater advection.   According to Close and Dutcher (1993) the east-west fractu

trend that dominates the central portion of the basin has controlled hydrologic conditions

that allowed for this localized groundwater advection. 

 

F

coal-bed methane. Figure from the USGS (2000). 
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Several heat flow studies have been conducted within the area of the Raton Basin 

(Reiter et al., 1978 A and B).  Heat flow values are elevated relative to normal 

continental geothermal gradients due to the close proximity of the basin to the Rio 

Grande Rift (Figure 1.7).  However, according to Close and Dutcher (1993) the pattern of 

increased coal rank within the basin is too localized to be the result of direct heating from 

the high heat flow pattern associated with the Rio Grande Rift. 

Close (1988) and Close and Dutcher (1993) have noted the correlation between 

igneous activity in the Raton Basin and elevated coal rank within the central portion of 

the Raton Basin.  Many sills and dikes occur throughout this portion of the basin (Figure 

1.6 and Figure 1.8).  Some previous studies have examined the relationship between coal 

seams and igneous activity within the Raton Basin.  Crelling and Dutcher (1968) 

documented the reflectance profile across a 2 meter thick sill within the Purgatoire Valley 

and demonstrated that reflectance values return to background levels within 

approximately one intrusion width away.  The intrusion studied by Crelling and Dutcher 

(1968) is most likely the same intrusion shown in Figure 1.20.  The exact outcrop shown 

here is not the same.   
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Figure 1.20: Laterally extensive sill located in the Purgatoire Valley intruding coal seam. 

Sill 

 
Podwysocki and Dutcher (1971) described the occurrence of a coal dike cutting 

an igneous sill within the Purgatoire Valley area.  Bostick and Pawlewicz (1984) reported 

more vitrinite reflectance data for organic shales across several dikes in the northern 

portion of the Raton Basin and compared this with data from other locations, confirming 

the idea that reflectance returns to background values within one intrusion width away.  

However it is not well understood what contribution a series of thin intrusions such as 

those in the central portion of the basin may play in elevating the background reflectance 

rank.  It is possible that the cumulative effect of several thin sills in addition to 

convection of hydothermal fluids may have contributed to the highly localized 

reflectance pattern observed in the central portion of the Raton Basin.   

Many authors note the occurrence of coked coal beds throughout the Raton Basin.  

Pillmore (1969) estimated that hundreds of millions of tons of coal have been destroyed 
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by intrusions.  Such a high volume of coked coal has to have generated a significant 

volume of methane.  Flores and Bader (1999) suggest that widespread igneous activity 

throughout the basin has upgraded the rank of coal on a large scale.  They report that 

coals within the Raton formation have been upgraded to bituminous rank due to 

intrusions and that coal quality south of Spanish Peaks is higher (metallurgical coke-

grade) as a result of this igneous activity. 

Exploration research of coal deposits has changed significantly over the past few 

decades with the emphasis moving away from coal mining to coal-bed methane 

exploration.  Prior to this reemphasis, intrusions were considered an unwanted 

occurrence.  When coal beds were found to be coked by intrusions they were considered 

“destroyed” since they were no longer a high-quality fuel source.  Their role in 

generating methane was not explored.  As the emphasis of coal exploration changes and 

conventional oil and gas deposits become less promising, many investigators have began 

reconsidering the role intrusions may play in elevating coal rank and generating methane.   

Murchison and Raymond (1989) successfully documented the presence of a 

regional reflectance trend that is correlated with the presence of igneous activity in the 

Midland Basin, Scotland. They found that intrusions are likely to be important in the 

generation of methane.  They examined the effect of coal rank at the time of intrusion and 

concluded that coal rank must already be quite high in order for substantial thermal 

aureoles to be produced.  Other important factors include the compaction of sediments at 

the time of intrusion and the presence of water.   

Further work by Raymond and Murchison (1991) documented a quantitative 

correlation between width of intrusion aureole and coal rank at the time of intrusion 
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within the Midland Basin (Figure 1.21).  Therefore, timing of intrusions into sedimentary 

basins is very important and the effect of intrusions on coal rank will be greatest if coals 

are intruded after maximum burial depth has been achieved.  This relationship with time 

is controlled by the rank of coal at the time of intrusion, sediment compaction and water 

content.  All of these conditions will be most favorable for producing thick contact 

aureoles after maximum burial depth has been achieved.  It should be noted that this 

correlation is for the Midland Basin and can not be quantitatively applied to other 

sedimentary basins due to the distinctly different conditions present in each basin. 

 

Figure 1.21: Correlation between background coal rank and contact aureole thickness for 
the Midland Basin, Scotland.  Intrusion thicknesses included on this diagram range from 
a few meters up to approximately 50 meters thick. D/T is the thickness of the aureole 
over the thickness of the intrusion.  Background rank is the rank of the coal at the time of 
intrusion (Raymond and Murchison, 1991).  

 

Gurba and Weber (2001) discussed the significance of igneous activity in the 

Gunnedah Basin, Australia, and concluded that igneous activity had a positive effect on 

both methane generation and storage in that area.  Not only did sills intruding coal 
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contribute to methane generation and increased coal rank, but they also increased th

porosity of the coal, allowing for coked coal to serve as a reservoir.  Gurba and Weber

(2001) found that gas content is elevated at the lower contact of sills because the sills 

serve as reservoir seals, trapping gas below. 

Several workers within the Raton Bas

e 

 

in have described similar increased methane 

deposit

1.8 Xenolith Dissolution in Nature and Experiments 

Considering t al rank 

within 

mal 

 

 within sills from the 

Raton B

n 

s in coked coal seams. Basinski and Lorenz (2004) indicate that coked coal serves 

as a methane reservoir.  Haley (2004) completed a hydrologic assessment of the Vermejo 

Park area and concluded that methane levels were high in the areas of igneous sills due to 

increased coal porosity during coking. Both studies were conducted within the Vermejo 

Park region of the Raton Basin, which makes up much of the southern half of the basin. 

 

he correlation between igneous activity and increased co

the Raton Basin it is necessary to explore the thermal significance of these 

intrusions from an igneous perspective.  In order to more accurately assess the ther

contribution of a single intrusion to the surrounding country rock it is necessary to have

an understanding of the emplacement duration of an intrusion.  By examining xenolith 

dissolution textures and relating them to experimentally determined dissolution rates 

some information about emplacement duration can be gained.   

The comparison of xenolith dissolution textures observed

asin with experimental dissolution rates may provide information about the 

duration of magma emplacement.  Textural observations include the width of reactio
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rim between a xenolith and the magma as well as other evidence for the amount of 

absorption of the xenolith such as disaggreation or intrusion of magma into the xenolith. 

Aside from observations about residence time within a magma, xenolith 

dissolution can provide clues about the processes of magma contamination.  Many 

studies contain evidence for magma contamination during ascent and emplacement 

(Donaldson, 1985).  Lines of evidence typically include geochemical and isotopic 

enrichment.  The interaction between fragments of wall rock and magma has been 

observed in several cases.  In most cases the main process of contamination is by xenolith 

dissolution.  However, thermal constraints should not allow for extensive dissolution to 

occur. 

A series of quartz dissolution experiments investigating the rates of dissolution 

processes were completed as part of this study.  Several workers have reported a wide 

range of quartz dissolution rates into mafic magmas.  Due to this wide range of possible 

dissolution rates it was necessary to complete a set of quartz dissolution experiments 

using a composition similar to that of the intrusions within the Raton Basin.  Quartz was 

chosen as the material of interest because it is a major component of sandstone and a 

primary component of granitic gneiss.  Both materials are common xenoliths. 

Early descriptions of xenolith dissolution include Holmes (1936) and Bowen 

(1928).  Bowen proposed three mechanisms that may contribute to xenolith dissolution: 

(i) the reaction of unstable minerals with a melt to produce new minerals, (ii) the solution 

of unstable minerals into a melt and (iii) the fusion of xenoliths into a magma that results 

in later mixing (Bowen, 1928; Watson, 1982).  
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Sato (1974) observed diffusion coronas around quartz xenocrysts in basalts and 

andesites from Japan.  He observed two forms of xenocrysts, with diffusion coronas as 

glassy rims or as thin crystals.  The most common observation was small pyroxene 

crystals within the silica-rich reaction rim zone. 

Several experimental quartz dissolution studies have been conducted over the last 

few decades including Shaw (2000; 2004), Donaldson (1985), and Watson (1982).  These 

studies focused primarily on dissolution rates, controlling processes and the behavior of 

cations during dissolution. Compositions range from a basanite to tholeiitic basalt and 

and a synthetic composition. A list of compositions used in these experiments is included 

in chapter 3.  Appendix 1 lists all of the individual experiments and conditions performed 

by these investigators. 

Watson (1982) was one of the first authors to conduct quartz, feldspar and granite 

dissolution experiments in a basaltic melt. Watson (1982) conducted a series of static and 

dynamic (stirred) dissolution experiments at temperatures ranging from 1200˚C to 

1400˚C.  At these temperatures quartz remains solid and diffuses in the solid state, while 

the granite and feldspar both melt.  For the stirred experiments a steady-state, silica-rich 

reaction zone developed that had a constant thickness of 70 to 80µm, independent of 

time.  For the stationary, non-stirred experiment a similar reaction zone was present but 

was not interpreted as a steady-state feature.   

Within the diffusion zone, Watson (1982) described an “uphill diffusion” process 

occurring in the reaction zone between quartz and basalt.  This process involves the 

diffusion of sodium and potassium up their concentration gradients and into the silica-

rich reaction zone and out of the basaltic melt.  All other elements in this reaction zone 
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become depleted in their totals due to presence of a high amount of silica.  According to 

Watson (1982) this “uphill diffusion” is due to the structural differences between silicic 

and mafic melts whereby alkalies are much more compatible with a silicic melt than a 

mafic melt (Watson, 1982).  This process can be described by differing activity 

coefficients for alkalis within silicic versus mafic melts.  Since the activity coefficient is 

lower in silicic melts than mafic melts the activity is lower even though the actual 

concentration is higher, resulting in uphill diffusion of alkalis into the silicic melt.  

Donaldson (1985) conducted several experiments that examined the dissolution of 

olivine, plagioclase and quartz into a basaltic melt.  Temperatures ranged from 1122˚C to 

1300˚C.  “Uphill diffusion” of K and Na was observed.  Donaldson concluded that 

dissolution of quartz is directly proportional to time, either as a result of geometric 

constraints (use of a sphere), or because dissolution is limited by steady-state dissolution 

that involves both convection and diffusion.  It is important to distinguish between linear 

dissolution along the edge of a sphere which is constant over time versus volumetric 

dissolution which is controlled by surface area and is not constant over time.  Another 

important conclusion made by Donaldson (1985) is that dissolution of a mineral does not 

require superliquidus conditions, only a magma that is undersaturated in the elements 

present in the mineral.  

Shaw (2000) ran a series of quartz dissolution experiments in a basanite melt at 

1350˚C and 5 Kbars.  The main focus of this study was to explore how experimental 

geometry affects dissolution rates.  The results of this study also contributed to the 

understanding of rate-controlling processes, such as convection.  Shaw (2000) concluded 

that quartz in different geometric configurations dissolved as a result of different 
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controlling processes.  For quartz placed on top of basalt the controlling factor is 

interface reaction kinetics and not diffusion.  Quartz on the bottom of basalt dissolves 

much more quickly due to the periodic removal of reaction rims as a result of convection.  

Dissolution rates that involve convection will always be higher than those that do not due 

the constant removal of this layer.  Experiments using unstirred spheres will result in 

dissolution rates that are intermediate to both the quartz on top and quartz on the bottom 

experiments.  

According to Shaw (2000) there are three controlling factors that determine 

dissolution rate.  This includes reaction rate or reaction kinetics, diffusion of cations 

through a boundary layer that increases in thickness over time and finally diffusion 

through a boundary that maintains a constant thickness due to convection.  

 

1.9 Summary 

 Sedimentary basin evolution is dependent on the thermal history of the basin, 

which controls the extent of organic maturation.  Many factors may contribute to this 

thermal history such as depth of burial, geothermal gradient and hydrothermal 

circulation.  Intrusions may be important for increasing the basin-scale level of organic 

maturation.  In order to assess the significance of intrusions it is important to understand 

the temperature and heating duration associated with their emplacement.  The use of 

xenolith dissolution textures will compliment the reflectance and isotopic data collected 

across intrusions within the Raton Basin. 

 In chapter 2 reflectance and isotopic results coal samples collected in profiles 

across intrusions are presented.  These results indicate distinct styles of metamorphism 
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for both dikes and sills.  The temperature-time path and volatile generation appears to 

vary.  The results from individual outcrops are then related to basin-scale maturation 

through the use of 1-D thermal modeling of single and multiple intrusions. 

 In chapter 3 xenoliths and xenocrysts from the Raton Basin are described, and 

compared to quartz dissolution experiments.  Xenolith and xenocrysts from the Raton 

Basin indicate a wide range of residence times within magma.  This residence time is 

longer for dikes and shorter for sills.  Experimental dissolution rates allow for a 

qualitative comparison between natural and synthetic samples. 

 In chapter 4 the results of this study are summarized and implications for the 

Raton and other sedimentary basins are discussed. Since coal metamorphism and xenolith 

dissolution provide information about different aspects of the thermal significance of 

intrusions these results will be brought together to draw larger conclusions about the 

importance of these intrusions.  Finally, some suggestions for future research arising from 

the findings of this study will be presented.  
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Chapter 2: Contact Metamorphism of Coal 

2.1 Introduction 

 The main goal of this study is to assess the contribution of multiple, thin sheet 

intrusions to the thermal budget of sedimentary basins, using the Raton Basin as an 

example. Organic maturation and the generation of hydrocarbons are dependent on the 

thermal history of the basin.  In order to fully understand the thermal history of a 

sedimentary basin from an exploration point of view it is necessary to accurately assess 

all significant thermal contributions including burial, intrusive history and hydrothermal 

activity.   

Intrusions in the form of thin sills and dikes, with thicknesses of about 1 to 2 

meters, occur frequently throughout the coal-bearing units within the Raton Basin.  In the 

case of the Raton Basin, traditional thinking suggests that such thin sheet intrusions are 

individually insignificant.  However, these sills tend to intrude along coal beds, 

converting the coal to natural coke.  In most cases these sills are laterally extensive, 

exposed for several kilometers and probably covering areas of 10 km2 or more in some 

cases.  Aside from surface exposures many of these laterally extensive sills exist below 

the surface. The frequent occurrence of intrusions throughout the coal-bearing 

formations, combined with close spacing and their laterally extensive nature leads to the 

possibility that these intrusions may be thermally significant on a basin scale (Figure 2-

1). 

 In order to assess the thermal significance of intrusions on a local scale, profiles 

of coal and organic-rich shales were collected from many outcrops throughout the Raton 

Basin.  Four of these outcrops were chosen for further study and include profiles 
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collected across a single sill, a single dike, multiple dikes and multiple sills.  Samples for 

each of these outcrops were analyzed for mean vitrinite reflectance, bulk carbon isotopes 

and percent organic carbon.  Contact samples were examined petrographically for coke 

structures, the presence of vesicles (created during coking as a result of volatile 

production) and for the presence of pyrolytic (vapor-deposited) carbon.  These techniques 

were chosen to track changes associated with contact metamorphism such as methane 

generation and loss of other volatiles. 

Figure 2.1: Illustration of the possible effects of multiple intrusions on increasing 
background reflectance.  While reflectance values in contact zones return to background 
values within one intrusion width away, the observed background value itself may be 
elevated as a result of multiple intrusions. 
 

This study examines the effects of single and multiple intrusions on increased 

vitrinite reflectance on the local scale which is mostly due to conduction.  While the local 

zone of thermal alteration may be limited, there may be a cumulative effect on increasing 
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background coal rank on a basin scale.  Basic one-dimensional thermal modeling was 

used to relate individual intrusions to basin-scale metamorphism.  This modeling 

included conductive heating for single intrusions and multiple intrusions with spacing 

resembling that of the Raton Basin.  This modeling was completed in order to compare 

observed reflectance profiles to the predicted effects for the basin. 

 This chapter will focus on individual outcrops, with discussion of basin-scale 

significance in chapter 4. Results for each individual location are presented and discussed 

in the context of their geometry and proximity to other intrusions.  In all cases reflectance 

values are converted to approximate temperature values.  Carbon isotope trends are 

reported and discussed for each outcrop.  One key result is that different isotopic and 

reflectance trends are observed for each geometry (dikes versus sills).  Several 

hypotheses explaining these differences are presented and evaluated. 

 

2.2 Methods 

 Two and a half weeks of field work in the Raton Basin was completed during the 

summer of 2004.  This field work included sample collection of coal and organic-rich 

shale in profiles perpendicular to intrusions.  At each sampled outcrop detailed sketches 

were made displaying intrusion geometry and its relationship to the stratigraphy.   

Profiles were collected across intrusions at 15 different locations throughout the basin 

(Figure 2.2).  Background coal samples were collected at 25 other locations, away from 

known intrusions. 
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Figure 2.2 Location map for samples collected in the Raton Basin, showing reflectance 
values at the base of the Vermejo formation and major structural elements. 
Figure is modified from Flores and Bader (1999). 

 

Four outcrops were chosen for further detailed analysis that included 

measurement of the mean % random reflectance (%RO) (oil immersion) of each sample.  

This reflectance analysis was completed in the organic petrography laboratory at the 
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University of Kentucky-Lexington.  Mean reflectance values were determined from 

random measurements collected on crushed coal pellets at 100 spots for each coal sample 

and 50 spots for each shale-rich sample.  Each individual spot measurement included 100 

repeated measurements at a single point.  For non-coked samples, reflectance of the 

maceral Tellocollinite of the Vitrinite maceral group was measured.  For coked samples, 

individual grains of coke were measured.  Reported values are the mean of all values 

collected for an individual sample. 

 Measurement of random reflectance is made in comparison to a known standard.  

In the case of coals, a standard with reflectance of 1.672 % was used.  For the cokes, a 

standard with a reflectance of 7.45% was used.  Mean Random Reflectance was 

measured using a Zeiss Universal 12 volt standardized power supply to prevent any 

variation in the power supply from affecting measurements.  A 100-watt light source, 

filtered to a single wavelength was focused on the sample.  A photometer, located at the 

top of the microscope, was used to measure the intensity of the light reflected off the 

sample, relative to the known standard. The full data set and data distribution is provided 

in Appendix 2.  

Upon completion of reflectance measurements, paleotemperatures were 

calculated. Many different paleothermometers exist that relate mean random reflectance 

to maximum temperature.  Most of these thermometers are most appropriate for burial 

metamorphism conditions where heating rates are much slower than for contact 

metamorphic conditions.  Different paleothermometers do not yield consistent results.  

This is due, in part, to a long-standing debate within the coal geology field about the 

importance of time in increasing coal rank.   
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Several thermometers are available that relate % random reflectance to maximum 

temperature specifically for contact metamorphic settings (Bayer, 1966;  Bostick and 

Pawlewicz, 1984).  The most significant problem with each of these thermometers is the 

relatively small dataset on which each is based.  For these reasons, several thermometers 

were applied, and are discussed individually in a later section.  

Coke petrography was completed for all contact samples.  This petrography 

included identification of different coke textures, which provides information on the rank 

of the coal at the time of intrusion, coking temperature and rate of heating and cooling.  

Pyrolytic carbon, also known as vapor-deposited carbon, was described for each sample 

where present.  The observed morphology and degree of anisotropy also provides some 

temperature and heating rate information.  In addition to examination of coke textures, 

observations of the amount of mineral matter present were made. 

 Coke petrography was completed at Southern Illinois University, where images of 

coke samples were obtained using polarized light.  In order to enhance the features of the 

coke and pyrolytic carbon, a full wave plate (gypsum plate) was used.  Photos were taken 

with a 48X oil immersion objective, resulting in a total magnification of 480X. 

 Carbon isotopic values relative to the PDB standard were measured for samples 

collected across the four intrusions in the Stable Isotope Geochemistry Lab at the 

University of Missouri-Columbia.  Prior to analysis, representative samples were finely 

ground and then decarbonated using 1N HCl to remove all carbonate material.  This 

process will leave only organic carbon behind, since all carbon tied up in carbonate 

material will be released as CO2.   
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 The mass spectrometer measures the ratio of different carbon isotope masses, 13C 

and 12C, which are reported relative to the isotopic ratio in the PDB standard, in parts per 

thousand (‰).  Individual atoms from the sample are charged and sent through an 

accelerated tube with a magnetic field.  Each mass is deflected differently by the 

magnetic field which results in a different path for each mass that is then collected by the 

detector.  Carbon isotopic values are reported as δ13C relative to the standard.  This value 

is calculated using the following equation (Faure,1986): 
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 Thermal modeling for single intrusions was conducted using analytical solutions 

for one-dimensional conductive heat flow (Jaeger, 1959; Jaeger, 1964; Spear, 1993).  

This thermal modeling includes some exploration of the significance of thermal 

conductivity variations in the host rock. Thermal modeling for multiple intrusions is 

based on an additive form of this modeling (Jaeger, 1959).   

 

2.3 Sample Locations and Outcrop Descriptions  

 After completion of field work, four outcrops were chosen for detailed study.  

These outcrops include a single dike, a single sill, an outcrop with two dikes and an 

outcrop with two sills.  Background reflectance values at all four outcrop locations are 

between 0.9 and 1.0%.  The outcrops were chosen to allow investigation of different 

intrusion geometries (dikes versus sills) and the potential additive effects of multiple 

intrusions.   
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 The single dike example is located just southeast of Trinidad, Colorado (Figure 

2.3).  The dike intrudes the Raton Formation.  In outcrop, the dike is seen intruding 

sandstone, organic-rich shale and several coal beds (Figure 2.4).  The dike at this location 

has a maximum width of 60 centimeters and displays a lateral step of 20 cm at the level 

of the coal seam sampled in this study.  Samples were collected across the entire dike 

(Figure 2.5).  Figure 2.6 shows the profile of samples collected on the southern side of 

the dike that were analyzed in this study.  Most of the contact zone at this outcrop was 

completely weathered away.  As a result the nearest sample collected was approximately 

0.4 intrusion widths away (24 cm).   

 
 

Figure 2.3 on left: Location of JCRB 18, 
the single dike outcrop. 

Figure 2.4 on right: Outcrop photo of 
lamprophyre dike and coal seam sampled 
looking east. 

Coal seam 
sampled 
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Figure 2.5: Outcrop sketch of the single dike example and sample locations for samples 
that were analyzed for % Ro and δ13C.  This view is looking east. 
 
 

The multiple dike example (JCRB19) is located on the eastern side of I-25 

approximately 9 miles north of the Colorado-New Mexico border (Figure 2.7).  The 

roadcut where samples were collected is located on the south side of Morley Dome, a 

small anticline that formed as a result of a laccolith intrusion (Flores and Bader, 1999).  

Some local effects of this relatively large intrusion are reported within the area, although 

this does not appear on the basin-scale reflectance contour map and background Ro 

values of 0.9‰ at this outcrop are consistent with the basin-scale pattern (Figure 2.2).  

The northern dike width is 180 cm while the southern dike is 110 cm wide.  The two 

dikes are 8.7 meters apart and intrude sandstones, organic-rich shales and coals of the 

Vermejo Formation (Figure 2.8).  Samples were collected across a single shaley coal 

horizon labeled in figure 2.9.   
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Figure 2.6: Coal seam sampled next to the single dike.  Each sample was collected from 
the same stratigraphic horizon. This view is looking southeast. 

 

 

Figure 2.7: Location map of JCRB 19, the multiple dike outcrop. 
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Figure 2.8: Photo of multiple dike outcrop.  This image was taken looking in the strike 
direction of the two lamprophyredikes, southeast.  Arrows indicate sampled horizon (see 
Figure 2.9). 

North dike 

Southern 
dike 

 

 

 
Figure 2.9: Outcrop sketch of the multiple dike example.  All coal samples are labeled in 
their approximate location on the figure.  Image is not to scale. View is looking east. 
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 The single sill example chosen for this study is located along Route 555 in New 

Mexico, 8 miles west of Raton (Figure 2.10).  This sill intrudes a coal bed surrounded by 

inter-bedded coal and organic-shale of the Raton Formation (Figure 2.11).  Samples of 

organic shale and coal were collected from different beds in a profile perpendicular to the 

sill itself.  The sill is composed of many small pod-shaped lenses, with a thickness of 

about 80 cm in the location of the profile.  Large columns of coked coal fill in the gaps 

between pods of the sill (Figure 2.11).  The sampling profile and statigraphic column can 

be seen in figure 2.12. 

 

 

 

Figure 2.10 (left): Location of 
single sill outcrop (JCRB25). 

Figure 2.11 (right): Photo of single sill outcrop 
looking north.  The sill tends to be pod-shaped and is 
intruding coal.  The profile where samples were 
collected is to the right of this photo.  This photo was 
chosen because it displays the cross section much 
better than the sample location, which is largely 
covered by talus. 
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Figure 2.12: Sample locations and stratigraphic column for the single dike outcrop.  This 
outcrop view is looking north. 
 

The multiple sill example is located just to the west of Trinidad along the southern 

edge of the Trinidad reservoir (Figure 2.13).  Both sills intrude coal beds of the Raton 

Formation while the rest of the stratigraphic sequence is made up of organic-rich shales 

(Figure 2.14).  This area contains many small sills and dikes in addition to many small 

pods of country rock that appear baked by igneous activity.  These small pods are most 

likely the results of smaller intrusions not visible in outcrop, probably located out of the 

plane of the exposure.  A pod of baked material is present at the base of this outcrop, 

below the two sills.  Samples of coal and organic shale were collected across the two 

sills.  In order to get a more detailed picture of coal metamorphism within the coke zone, 

entire coke zones were collected using plaster to hold the sample into place.  This 
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collection method allowed for samples to be collected intact and later broken down into 

smaller segments. 

 

Figure 2.13: Location map of the multiple sill outcrop (JCRB65).     
 

Figure 2.14: Multiple sill example located in Sopris, on the south side of the Trinidad 
reservoir.  Two sills preferentially intrude coal. 

Organic shale 

Sill with coke zone 
at the top 

Sill with coke zone 
at the top 
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Figure 2.15: Stratigraphic column and sample locations for the multiple sill example.  
View is looking north. 
 
 

2.4 Thermal Profiles across Sills and Dikes 

 Mean random reflectance data was collected for samples along profiles across all 

four outcrops. In all cases reflectance increased approaching intrusions.  The mean 

reflectance value for each contact sample was highest for the thickest intrusions.   

 Figures 2.16 and 2.17 show reflectance profiles for both the single dike and 

multiple dike examples.  Reflectance results for the multiple dike example are consistent 

for all four contacts sampled, with peak reflectance at contacts between 5.5% and 7%, 

with values dropping off to background by about one intrusion width away.  Due to the 

wide, weathered contact zone at the single dike the closest sample collected was 40% of 
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an intrusion width away, resulting in limited data for this outcrop, and again reflectance 

returns to background levels at approximately one intrusion width away. 

Figures 2.18 and 2.19 show the reflectance profiles across the outcrop with the 

single sill and the outcrop with the multiple sill.  As with the other outcrops reflectance 

values return to background values by one intrusion width away.  While background 

reflectance values were easily obtained for the single sill example this was not the case 

for the multiple sill outcrop.  There may be a third sill at the base of the outcrop, or a dike 

out of the plane of exposure, that is not visible.  This area of the basin contains many thin 

intrusions both in the forms of dikes and sills.  In many cases, the only evidence for these 

intrusions is the presence of baked country rock. 

 

Figure 2.16: Percent random reflectance approaching the contact of a single dike.  The  
first 25% of the intrusion contact zone was too weathered to sample.   
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Figure 2.17: % Random reflectance for coal samples collected in a profile across the 
multiple dike outcrop. 
 
 

   
 

Figure 2.18: Percent random reflectance for samples collected across a single sill. 
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Figure 2.19:  Percent random reflectance for samples collected across two sills. 
 

 While reflectance patterns for each dike are broadly similar, there are several 

important differences for each intrusion as well. The maximum reflectance value 

measured for contact samples appears to correlate with intrusion thickness.  The northern 

dike in figure 2.17 has a higher reflectance value at the contact (6.5 and 7%) than the 

narrower southern dike (5.5 and 6%).  For each dike, both contacts do not display 

identical profiles.  Reflectance values are slightly different on either side and the rate of 

reflectance decrease varies as well (Figure 2.20). 
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Figure 2.20: Percent random reflectance as a function of % intrusion width for all dikes 
sampled. 
 

Sill contact reflectance values appear to behave in broadly the same way as 

reflectance values across dikes.  Reflectance values at the contact are greatest for the 

thickest sill (7%), somewhat lower for the intermediate sill (6%), and are only slightly 

elevated across the 15 cm-thick sill (2.5%).  Figure 2.21 shows the reflectance values 

across sills as a function of % intrusion width. 

  Dikes and sills show distinct differences in the rate of reflectance drop off with 

distance (Figures 2.20 and 2.21).  Reflectance values at the contacts of dikes drop off 

smoothly with a concave-up pattern, returning to background levels by about one 

intrusion width away.  This is the typical pattern observed by other authors for 
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reflectance across dikes (eg. Bostick and Pawlewicz, 1984).  At the contact of the sills, 

the pattern is very different.  Reflectance remains high for about one half of an intrusion 

width away and then drops off sharply to background at about one intrusion width away.  

Reflectance patterns across sills are concave-down as opposed to concave-up for dikes 

(Figures 2.20 and 2.21).  The possible interpretations and implications of these patterns 

will be discussed later. 

 
 

Figure 2.21: Percent random reflectance versus percent intrusion width for all sills 
sampled. 
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2.5 Paleotemperatures 

 Several different paleothermometers exist for calculating the maximum 

temperature reached by organic matter, based on vitrinite reflectance values.  The 

maximum temperature values of these thermometers vary extensively depending on their 

authors’ opinions on the role of time in organic maturation.  While the maximum 

temperature attained appears to play the most significant role in increasing the rank of 

organic matter, the duration of heating and the heating rate are also important.  Below, a 

brief review of some commonly used reflectance paleothermometers is presented.  

The first estimation of paleotemperature was developed by Lopatin (1971).  

According to this model, time played an equally significant role in elevating coal rank as 

temperature, so that vitrinite reflectance was related to temperature and time via an 

Arrhenius relationship.  This would imply that a coal bed buried to a minimal depth and 

therefore exposed to low temperatures could theoretically become an anthracite-grade 

coal if buried long enough (Price, 1983).   

 More recent models such as Barker (1988), based on laboratory experiments, and 

Barker and Pawlewicz (1994) have significantly decreased the role that time plays in 

elevating coal rank.  These models consider time to have a limited effect after about 1 

million years. 

A model developed by Price (1983) considers reflectance measurements to be an 

absolute thermometer, completely independent of time.  This thermometer was 

established by collecting borehole samples from several basins world-wide, measuring 

their reflectance and relating them to the temperature measured within the bore hole.   
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 Temperatures yielded by the method of Price (1983) are much higher than those 

obtained by other methods such as mineral assemblage and fluid inclusion work 

(Laughland and Underwood 1993).  For determination of paleotemperature as a result of 

burial conditions Barker and Pawlewicz (1994) is the most commonly used thermometer 

today. 

 For contact metamorphic settings, the thermometers described above do not work 

well.  Even the most commonly used thermometer (Barker and Pawlewicz, 1994) 

requires at least a ten thousand year period for equilibrium to be reached. It works very 

well for determining the large-scale thermal history of a basin that is controlled by burial, 

and for determining the country rock temperature at the time of intrusion. However, it 

does not work well for determining contact metamorphic temperatures (Barker, 1998), 

because it does not account for rapid heating rates and typically underestimates contact 

metamorphic temperatures. 

 Several thermometers have been developed that apply to contact metamorphic 

conditions.  The ultimate problem with these thermometers is the limited amount of data 

available.  A thermometer developed by Bostick and Pawlewicz (1984) relates laboratory 

pyrolysis experiments to contact metamorphic conditions (Figure 2.22).  One of the major 

limitations of this thermometer is that it does not account for heating rate.  Heating rates 

for this study can be calculated by other means, and will be discussed later. 

Aside from the limited data used for the calibration of these thermometers, 

extrapolation of the data set is required in order to use these thermometers for the very 

high reflectance values seen in this study.  Bayer (1966) reports coke temperatures and 

their related reflectance from the steel industry.  This thermometer reaches temperatures 
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and reflectances observed in this study. The major limitation of this thermometer is that it 

is not related to natural settings and ultimately applies to coking applications of the steel 

industry. 

 

Figure 2.22: Paleothermometer from Bostick and Pawlewicz (1984).  This data is based 
on experimental data and does not consider variable heating rate. 
 

Due to the limitations of all different methods, paleotemperatures were calculated 

using several different thermometers (Table 2.1).  Peak temperatures beyond one 

intrusion width away were calculated with the Barker and Pawlewicz (1994) thermometer 

for burial metamorphism.  Figures 2.23-2.28 show paleotemperatures for each intrusion 

using Bostick and Pawlewicz (1984) as the preferred thermometer.   
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graph distance 
cm Sample 

% 
Ro P '83  BP '84 BP '94 B '88 

596 19N4 1.0 185 290 134 144
1472 19N3 2.7 317 469 215 248
1492 19N2 4.5 387 564 258 304
1496 19N1 6.4 431 624 285 339
1676 19M8 7.0 444 641 293 349
1695 19M9 4.3 379 553 253 297
1729 19M10 2.7 318 471 216 250
1981 19M7 1.2 209 321 148 163
2066 19M6 1.2 215 330 152 168
2162 19M5 1.4 231 351 162 180
2203 19M4 1.0 181 283 131 141
2257 19M3 2.4 302 448 206 237
2311 19M2 4.5 385 562 257 303
2328 19M1 5.8 418 606 277 328
2441 19S1 5.1 401 583 266 315
2457 19S2 4.7 390 569 260 306
2478 19S3 3.4 348 511 234 273
2504 19S4 2.5 308 457 210 241

Table 2.1: Table showing calculated paleotemperatures for the multiple dikes outcrop.  
Each thermometer varies significantly.  Bostick and Pawlewicz (1984) is the most 
appropriate for contact metamorphism.  Barker and Pawlewicz (1994) is the most 
appropriate for burial metamorphism. P’83=Price (1983), BP’84 = Bostick and 
Pawlewicz (1984), BP’94 = Barker and Pawlewicz (1994), Barker (1988). 
 

Figure 2.23: Peak temperature as a result of intrusion for the multiple dike outcrop 
calculated using Bostick and Pawlewicz (1984).  The X-axis, located at a temperature of 
150˚C, is the actual country rock temperature at the time of intrusion calculated using 
Barker (1988). 
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Figure 2.24: Peak temperature in the contact zone of the single dike outcrop based on the 
paleothermometer by Bostick and Pawlewicz (1984).  The actual background  
temperature was calculated using Barker (1988). 
 
 

 
Figure 2.25: Peak temperature as a result of igneous intrusion for the single sill outcrop.  
These values are based on the paleothermometer by Bostick and Pawlewicz (1984).  The 
country rock temperature of 150˚C is based on Barker 1988. 
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Figure 2.26: Peak temperatures for the multiple sill intrusion as a result of igneous 
intrusion.  These values were calculated using Bostick and Pawlewicz (1984).  The 
country rock temperature is based on Barker (1988). 
 

Figure 2.27: Peak temperatures for dikes as a function of % intrusion width, calculated 
using the thermometer of Bostick and Pawlewicz (1984) thermometer. 

 65



 

Figure 2.28: Peak temperatures for sills as a function of % intrusion width, calculated 
using the thermometer of Bostick and Pawlewicz (1984) thermometer. 

 

The consistent limitation of each of these contact metamorphic thermometers is 

that heating duration is not considered.  Each thermometer assumes a different heating 

rate and does not incorporate variations of this rate.  For example, the Bostick and 

Pawlewicz (1984) thermometer is based on laboratory experiments on coal.  All of the 

data considered by Bostick and Pawlewicz (1984) is from dike contacts and heating rate 

and duration is not considered.   

 While limitation exist with these thermometers Bostick and Pawlewicz (1984) is 

the most appropriate for contact metamorphic setting and was chosen for the main 

thermometer used in this study.  While peak temperatures at the contacts of both dikes 

and sills are similar, between 600 and 650˚C, the pattern of peak temperature is different 

for dikes than sills.  In all cases, peak temperature appears to be related to intrusion 
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thickness.  The northern dike at the two dikes outcrop displays peak temperatures of 

approximately 620˚C and 640˚C, while the southern dike contact temperatures only reach 

580˚C to 610˚C.  The thickest sill contact reaches temperatures of approximately 640˚C, 

the 45 cm-thick sill contact reaches temperatures of approximately 620˚C and the thinnest 

sill reaches temperatures of only 465˚C.   

 The temperatures calculated for the contacts of sills versus dikes display different 

patterns.  For dikes, temperatures return to background by one intrusion width away for 

the contact zones, and the drop off is steady, moving away from the contact.  

Temperatures remain elevated within the contact zones of sills for approximately one half 

of an intrusion width away.  For example, the single sill outcrop appears to have peak 

temperatures of over 600˚C for approximately 50% intrusion width away. 

 Figure 2.29 displays the mean reflectance value for each intrusion contact versus 

the intrusion thickness.  While limited data exists, it appears that there is a relationship 

between intrusion thickness and contact reflectance values.  This suggests that heating 

duration must play a role in % Ro.  Since heating duration is not a factor considered by 

these paleothermometers it appears as if the contact temperatures are higher. 

 Without a full understanding of the role played by short-term heating duration, it 

is impossible to know if reflectance values in contact zones always reflect the true peak 

temperature.  The apparent peak temperature of 600˚C within the contact zone of sills 

may not be the true peak temperature.  The reflectance values may be a combination of 

both peak temperature and heating duration. This significance of this problem will be 

discussed in a later section.  
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Figure 2.29: Mean % Ro for intrusion contacts as a function of intrusion thickness.  
Correlation coefficients and number of values are included due to the limited extent of 
data. 
 

2.6 Coke Petrography 

 Qualitative petrographic observations of coke were made to supplement other 

quantitative data such as reflectance and carbon isotopes.  All contact samples contained 

coke, pyrolytic carbon and mineral matter. Distinct textural associations could be 

recognized for each type of contact (dike or sill). 

 In all cases, coke had a mosaic texture.  Figure 2.30 is an example of this texture 

from the contact of the northern dike at the multiple dike outcrop. This texture ranges 

from coarse to fine depending on location.  In most cases, a small amount of ribbon coke 

was present, which forms by flow during the coking process.  Coal vesicles are present in 

most cases, within the samples closest to the contacts.  These vesicles form as a result of 

devolatilization of the coal during metamorphism.  Pyrolytic carbon (vapor-deposited 

carbon) was present in all contact samples. 

 68



The morphology of pyrolytic carbon varies between locations (Figures 2.31 and 

2.32).  At the contacts of dikes pyrolytic carbon tends to be isotropic and laminated.  This 

morphology suggests lower temperature and possibly faster heating rate.  Pyrolytic 

carbon at the contact of sills had very strong anisotropy which should indicate higher 

temperatures and/or slower heating.  In all cases, this pyrolytic carbon formed on the 

surfaces of coke grains or as veins cutting through coke grains. 

 

 

Figure 2.30: Coke with a medium mosaic, ribbon texture.  This sample contains very 
large vesicles that are lined with pyrolytic carbon.  This sample is from the northern dike 
at the multiple dike outcrop. 

       200 µm  
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Figure 2.31: Laminated pyrolytic carbon from the coke zone of a dike contact.  This 
laminated isotropic carbon most likely formed at lower temperatures than the anisotropic 
pyrolytic carbon seen more frequently at sills. 
  

Figure 2.32: Anisotropic pyrolytic carbon from a sill contact.  This pyrolytic carbon 
formed at higher temperatures than the laminated isotropic variety seen exclusively at 
dikes.   
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 The amount of mineral matter varies between samples, both as a result of 

changing lithology (shale content) and as a function of distance from contacts. In all 

cases, mineral matter was present in contact samples of intrusions but it was much more 

common at the upper contacts of sills.  This mineral matter is most likely added to the 

coal from the intrusion at the time of metamorphism.  Calcite is one of the most common 

minerals at the contacts of these intrusions.   

 

2.7 Carbon Isotope Results 

 Bulk carbon isotopic values were measured for samples collected across 

intrusions.  In all cases, shifts in the δ13C values of the bulk sample relative to 

background samples were observed.  Different isotopic patterns were observed as a 

function of outcrop geometry (dikes versus sills). 

Approaching the contacts of dikes δ13C increases (becoming less negative) from 

background values.  Figure 2.33 displays carbon isotopic values for the single dike 

example.  Background values beyond one intrusion width are consistent within 

approximately 0.1 ‰, which is within the analytical uncertainty of ±0.2‰.  For the 

multiple dike outcrop carbon isotopic values become enriched in δ13C by about 1.0 ‰ 

approaching all four contacts.  Some fluctuation does occur within background values but 

it is within analytical uncertainty (Figure 2.34). 

 Isotopic trends at the contact of sills are very different to those of the dikes.  Coal 

samples show decreasing (more negative) δ13C values, approaching the contact of sills.  

Figure 2.35 displays the carbon isotope pattern approaching the top contact of the single 

sill.  Figure 2.36 displays the carbon isotope values for samples collected across the 

 71



multiple sill outcrop.  The thin sill shows no significant isotopic shift which is consistent 

with its limited increase in reflectance.   

 

Figure 2.33: Isotopic results for the single dike outcrop.  Bulk coal carbon isotopes are 
plotted as a function of distance from the dike.  Analytical uncertainty is ± 0.2‰.  Values 
show a trend consistent with relative enrichment in 13C approaching the contact.  
 

 
Figure 2.34: Isotopic results for the multiple dike outcrop.  Bulk carbon isotopes are 
plotted as a function of distance.  Dikes are drawn in as their true thickness.  Isotopic 
values are enriched in 13C relative to background by approximately 1‰ approaching all 
contacts.  Analytical uncertainty is ± 0.2‰. 
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Figure 2.35: Isotopic values for the single sill outcrop.  Isotopic values are plotted by 
distance.  Analytical uncertainty is  ± 0.2‰.  Samples approaching the top contact of the 
sill are depleted in 13C relative to background values. 
 

Figure 2.36: Isotopic values for the multiple sill outcrop as a function of sample distance 
from base of the outcrop.  Isotopic values are plotted by distance.  Uncertainty is  ± 
0.2‰.  Samples approaching the top contact of the thicker sill are relatively depleted in 
13C. The thin sill shows no appreciable shift over a range of 15 cm away from the contact.
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 The relative isotopic enrichment of 13C observed at dikes is consistent with 

preferential loss of 12C during contact metamorphism in the form of volatiles and 

hydrocarbons such as methane and carbon dioxide.  The isotopic pattern observed at the 

contacts of sills is approximately the reverse of that seen at dikes, suggesting that some 

sort of 13C-depleted component is being trapped or deposited at the contacts of these 

intrusions.  The possibilities are discussed later within this chapter. 

 

2.8 Total Organic Carbon Results 

 Aside from isotopic values, the mass spectrometer also provided weight percent 

carbon for all samples.  There is a negative correlation between weight percent carbon 

and increased reflectance approaching the contacts of intrusions.  For all contacts, weight 

percent carbon decreases from background values.  Figures 2.37 to 2.40 show the weight 

percent carbon across all intrusions sampled in this study. 

 

Figure 2.37: Weight percent carbon as a function of distance from the single dike 
example. 
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Figure 2.38: Weight percent carbon as a function of distance from the multiple dike 
outcrop.  Weight percent carbon decreases approaching all contacts. 
 

 

Figure 2.39: Weight percent carbon as a function of distance across the single sill 
outcrop. 
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Figure 2.40: Weight percent carbon for all samples collected across the multiple sill 
example. 
 

 Weight percent carbon decreases towards all contacts by approximately 30 to 

40%.  This consistent shift in weight percent carbon is due to volatile loss during contact 

metamorphism but the absolute weight percent values are most likely due to variations in 

the original mineral content during deposition. However, there is a distinct correlation 

between proximity to contacts and weight percent carbon.  The significance of this 

pattern will be discussed below.  Figures 2.41 and 2.42 display weight percent carbon as 

a function distance normalized to intrusion thickness.   
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Figure 2.41: Weight percent carbon as a function of distance from intrusion for dikes.  
Each dike displays a consistent trend of decreasing weight percent carbon approaching 
the contact. 

 

Figure 2.42: Weight percent carbon as a function of distance from intrusion for sills.  
Each sill displays a consistent trend of decreasing weight percent carbon approaching the 
contact. 
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2.9 Discussion 

 The following discussion explores several possibilities for the differences in 

isotopic and reflectance patterns in the contacts of both dikes and sills.  This section is 

split into subsections beginning with a discussion of reflectance patterns across dikes and 

sills, intrusion thickness and heating duration, followed by carbon isotopes as an indicator 

of coal rank and possible effects of depositional heterogeneity on carbon isotopic values 

of coal.  Then the discussion briefly summarizes the differences in isotopic pattern 

observed at the contacts of dikes and sills followed by generation of volatiles.  Finally, 

the results of thermal modeling for single and multiple intrusions will be discussed in the 

context of larger-scale metamorphism.  

 

2.9 A Reflectance Values, Intrusion Thickness and Intrusion Geometry 

 Reflectance data as a function of dimensionless distance away from contacts show 

different patterns, in that dikes display the commonly observed concave-up pattern with 

an abrupt drop-off adjacent to contacts, while sills do not display this concave-up pattern 

but instead remain elevated for approximately 50% of an intrusion width away (Figures 

2.20 and 2.21).   

 Cooling in the contact zones of both dikes and sills is likely to be a function of 

both conduction and convection of hydrothermal fluids.  Purely conductive models of 

heat transfer should result in a return to background temperatures at no less than two 

intrusion widths away and the thermal histories of the samples for various intrusions 

should be identical at equal dimensionless distance values (Figure 2.43) (Jaeger, 1959, 

1964; Barker et al., 1998). The combination of a narrow thermal aureole with a concave-
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up reflectance profile at the contacts of dikes has been interpreted as evidence for 

convective removal of heat by circulating groundwater (Figure 2.43) (Barker et al., 

1998). Reflectance patterns approaching the contacts of dikes are very consistent, despite 

the suggestion that the narrow aureole is due to some hydrothermal convection in 

addition to conduction. No steep decrease or oscillation in reflectance at the contacts of 

dikes indicated that a large-scale convection cell probably did not develop. Assuming a 

temperature of 1200˚C and a country rock temperature 150˚C then according to thermal 

modeling results based on Jaeger (1959), the temperature at one intrusion width away in 

the case of pure conduction should be 200˚C.  This is 50˚C above background 

temperatures. 

 

 

Figure 2.43: Temperature-distance profiles near intrusion contacts for various degrees of 
convective cooling. Figure modified from Barker et al. (1998). 
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 In addition to the distinct reflectance profile shapes for dikes and sills, contact 

reflectance values appear to be correlated with intrusion thickness, with sills recording 

higher contact reflectance values than dikes of the same intrusion thickness (Figure 2.20, 

2.21 and 2.29). Whereas the data from this study are limited to seven contacts, results 

from Barker et al. (1998) and Bostick and Pawlewicz (1984) show a similar pattern, with 

thicker dikes displaying higher reflectance values at the contacts. In these studies the 

relationship is not as clear due to variations in other factors such as intrusion temperature 

and country rock temperature at the time of intrusion. Studies such as Bostick (1979) that 

compare dike contact reflectance values for coals of different rank, location and intrusion 

composition may not show this pattern due to the influence of these factors.  In the 

present study the pattern is more easily observed since intrusions most likely have similar 

temperatures and the country rock temperature at the time of intrusion was similar for 

each location. 

Possible explanations for the elevated reflectance values shown in profiles across 

sills in comparison to the steep drop off in reflectance at the contacts of dikes and the 

apparent correlation between increasing intrusion thickness and increasing reflectance 

values include (i) higher emplacement temperatures for sills, (ii) vitrinite reflectance 

becomes an unreliable thermometer at less than 50% intrusion width from the contact for 

sills but apparently not for dikes or (iii) some other factor such as increased heating 

duration is controlling vitrinite reflectance, in addition to maximum temperature. Each of 

these factors is assessed below. 
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 (i) There is no evidence to suppose that different intrusions were emplaced at 

significantly different temperatures. The mafic dikes and sills of the Raton Basin are all 

chemically related, of similar alkali basalt to lamprophyric composition. The dikes and 

sills investigated in this study are all lamprophyres.  

 (ii) Barker et al. (1998) reported lower peak reflectance values within the contact 

zones of dikes than expected from fluid inclusion data and suggested that this was due to 

the disorder and breakdown of aromatic carbon groups within the coal. However, this 

cannot explain the difference between vitrinite reflectance for sills and dikes shown here 

(Figures 2.20 and 2.21), nor the contrasting curvature (concave-down for dikes versus 

elevated and flat for sills) of profiles across dikes and sills.  If reflectance is truly an 

indicator of peak temperature achieved, then reflectance values within the contact zones 

of sills would suggest that peak temperatures are elevated to values almost equivalent to 

contact temperatures for half of an intrusion width away from the contact.  Any 

explanation involving higher magma temperatures or variations in the amount of 

convection or conduction requires unrealistically higher peak temperatures at the contacts 

of the sills and does not explain the elevated reflectance pattern.  

 (iii) Translating vitrinite reflectance values to actual paleotemperatures is fraught 

with uncertainty, and several different vitrinite thermometers have been published that 

are mutually inconsistent, depending on whether they were based on data from 

sedimentary basins where burial was the cause of slow long-duration heating (Barker and 

Pawlewicz, 1994), or from laboratory bomb experiments at time scales and heating rates 

that more closely approximate the conditions of contact metamorphism (Bostick and 

Pawlewicz, 1984). Despite the differences between these thermometers, most authors 
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have concluded that temperature is the dominant control on reflectance, and that duration 

of heating is insignificant (Barker et al., 1998; Price, 1983). It is notable that the 

characteristic time scale for conductive cooling of sheet intrusions is a matter of days and 

that this time scale increases linearly with an increase in thickness.  For instance, a dike 

with a width of 2 meters will cool within 15 days whereas a dike of 10 meters thickness 

will cool in just over 3 years, so that thin (meter-scale) dikes and sills have cooling 

timescales two orders of magnitude faster than do bodies ten times larger (Spear, 1993). 

One potential difference between dikes and sills is that dikes may serve as 

relatively long-lived magma conduits, while thin sills are generally terminal emplacement 

features that form when magma reaches neutral buoyancy with respect to its 

surroundings. This difference may result in increased heating duration and increased heat 

supply to the contact zones of conduits, i.e., dikes. While the number of sill and dike 

contacts studied using reflectance is limited, the observation that peak reflectance values 

at the contacts of sills are higher than those at dike contacts suggests that any thermal 

effects resulting from the potential transfer of multiple batches of magma through dikes 

was insignificant for the examples studied.  

 Another significant difference between dikes and sills in the Raton Basin is that 

sills commonly intrude coal beds, whereas dikes cut through and are in contact with 

different rock types (Figure 2.44) (Flores and Bader, 1999; Lorenz et al., 2004).  Sharp 

changes in reflectance pattern correlated with rock type have been observed by Crelling 

and Dutcher (1968) for a sill within the Raton Basin. 

According to simple conductive thermal modeling results using the solutions of 

Jaeger (1964), heating duration within the contact zone of an intrusion should be greater 
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for coal or organic shale than sandstone, because coal has a low thermal conductivity of 

0.2 to 0.5 W/m˚C while shales tend to have thermal conductivities of 0.7 to 1.0 W/m˚C 

and sandstone is even higher (Jaeger, 1964; Barker et al., 1998; Nunn and Lin, 2004).  

Nunn and Lin (2004) also mention the anisotropy of thermal conductivity of coal, with 

the lowest values being perpendicular to bedding.  For a 2-meter-thick intrusion into 

sandstone, any heating of the country rock will be undetectable after approximately 11 

years (Figure 2.45).  For coal, this cooling should take approximately 20 years. The 

contact temperature for an intrusion surrounding sandstone cools below 500˚C within 

five days while the contact temperature for shale remains above 500˚C for just over 23 

days and just under 100 days for coal. The contact zone of an intrusion into sandstone 

cools below 300˚C within 23 days, over two-thirds of a year for shale and approximately 

1.5 years for coal. At these very short timescales, the kinetics of the ordering process 

leading to increasing vitrinite reflectance may become significant. 

The key observation that the drop-off in reflectance is much more gradual for 

sills, combined with reflectance values at the contacts of intrusions increasing with 

increasing intrusion thickness and that sills record higher vitrinite reflectance than dikes, 

can be explained if time is a factor in recorded vitrinite reflectance at the temperatures 

and timescales relevant to intrusion of thin sheet intrusions.  
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Dike 

 

Figure 2.44: Cartoon cross-sections of sill intruding coal (left) and a dike intruding layered 
sediments (right). Volume of coal in contact with a sill on the left.  Volume of coal in contact 
with a dike on the right.  The dark-grey stripped pattern represents coked coal.  A much greater 
volume of coal is coked in the contact zone of a sill than a dike.  In the case of the sill the coal 
is serving as an insulator, trapping heat at the contact. 

Sill 
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Figure 2.45: Thermal profiles for different types of host rock intruded by a magma with a 
temperature of 1200˚C.  The initial country rock temperature is 150˚C.  Sandstone cools off the 
quickest while shale and coal remain hotter longer.  k0 Sandstone = 0.0128, k0 Shale = 0.0019 
and k0 Coal = 0.0008 k0 is thermal conductivity in W m-1 K-1. 

 

Background temperatures at the contacts of intrusions appear to be approximately 

150˚C, based on reflectance values of samples away from intrusions.  Temperatures were 

calculated using Barker and Pawlewicz (1994).  The background temperature at the time 

 85



of intrusion will vary depending on location within the basin and stratigraphic height as 

well.  It is impossible to know at this point whether these background values represent the 

country rock temperature at the time of intrusion or the cumulative effect of multiple 

intrusions on a basin scale.   

The reflectance values observed between the two dikes at the multiple dike 

outcrop are apparently elevated about 0.2% above background reflectance values (Figure 

2.17).  While comparable to the analytical uncertainty, this may be the result of 

convection between these intrusions.  The drop off in reflectance values for all outcrops 

sampled in this study, returning to background values by about 1 intrusion width away, 

suggest that some convection did occur at the time of intrusion. A very slight increase in 

reflectance between two adjacent intrusions is to be expected, even for pure conduction If 

spaced close enough.  However, the background values themselves may be elevated due 

to the high number of intrusions in the area, especially if convection has occurred.  

Convection will result in a broader distribution of heat on a basin scale. 

 Geometry appears to play an important role in the style of contact metamorphism.  

Not only are reflectance patterns slightly different, but carbon isotope trends vary as well. 

As mentioned earlier, carbon isotopes become enriched in 13C approaching the contacts 

of dikes by about 1‰ relative to background values but depleted in 13C approaching the 

contacts of sills by about 1.5‰.  Figure 2.46 is a cartoon illustrating the general trends of 

carbon isotopic patterns approaching the contacts of sills and dikes. 
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Figure 2.46: Isotopic patterns approaching both the contacts of sills and dikes.  Isotopes 
become enriched in 13C approaching the contacts of dikes.  Approaching the contacts of 
sills isotopes first becoming slightly enriched in 13C and then depleted.  All sill samples 
analyzed in this study are from the top contacts of sills.  Meyers and Simoneit (1999) 
report the same pattern for the bottom of a single sill within the Raton Basin. Values on 
the x-axis are not absolute and relative to an approximate background value. 
 

2.9 B: Carbon Isotopes as an Indicator of Rank 

One goal of this study was to test the possibility of using bulk coal carbon 

isotopes as an indicator of coal rank.  If possible, this method could save time and money, 

since vitrinite reflectance work would not be required.  Vitrinite reflectance is a very time 

consuming process, approximately 2 hours of manual analysis per sample.   In addition to 

the time requirement, the microscope setup is very expensive and requires constant 

maintenance.  Since the mass spectrometer is used for so many applications and is 
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automated, this process is much less time consuming and inexpensive compared to 

vitrinite reflectance.  The use of bulk coal carbon isotopes as an indicator of rank could 

result in many more thermal maturity studies and better data for these studies due to the 

simple method of this analysis. 

Most previous investigators have found that there is little to no correlation 

between carbon isotopic value and coal rank (Holmes et. al., 1991, Whiticar, 1996).  

According to Whiticar (1996) there is an apparent correlation between carbon isotopic 

value and coal rank at the semi-anthracite ranks, reflectance values of 4.5% or greater.  

The present study allows further investigation of a possible correlation between bulk δ13C 

of coal and coal rank.   

 Figure 2.34 shows the isotopic pattern for coal approaching the contacts of dikes 

for the multiple dike outcrop.  Results from this study indicate that although δ13C is 

positively correlated with   % Ro, by itself it is not a useful indicator of coal rank.  Many 

complicating factors contribute to the isotopic signature of any individual coal sample.  

This includes original δ13C (which may vary between samples due to depositional 

heterogeneity) and style of metamorphism.  Figure 2.47 displays δ13C of bulk coal 

samples as a function of reflectance for samples collected across dikes.  In this case, there 

appears to be a moderate correlation between δ13C and % reflectance (R2 = 0.6,n =18 for 

the multiple dike example).  The single dike example has a higher correlation coefficient 

(R2=0.87, n=4).  This is at least partly due to the fact that there are fewer samples for that 

outcrop.  If more contact samples were analyzed the correlation coefficient would most 

likely decrease.   
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 The correlation between isotopic values and coal rank is very poor for samples 

collected across sills.  This complex pattern, observed in figure 2.48, will be discussed in 

further detail later in this discussion.  Isotopic values for coal seams beyond one intrusion 

width away show some significant variation.  This is most likely due to the fact that coal 

samples collected across a sill are collected vertically and each sample comes from a 

different stratigraphic horizon.  Carbon isotopes become less negative approaching the 

contacts of sills (50% to 75% of an intrusion width) but then systematically shift towards 

more negative values.  This pattern is very regular, but the opposite of what is expected 

for increased coal rank.  

Several factors contribute to the lack of a good correlation between δ13C of coal 

and % Ro.  First of all, the total shift in δ13C approaching the contacts of dikes is about 

1‰ while the analytical uncertainty associated with measurement of carbon isotopic 

ratios is ±0.2‰.  By introducing this significant uncertainty into the data, the correlation 

coefficient is automatically decreased because the R2 value does not account for the 

presence of this analytical uncertainty. 

Secondly, the initial carbon isotope composition of coal will control the final 

isotopic composition of coal even after metamorphism.  This initial variability in carbon 

isotopic values (depositional heterogeneity) may be contributing to the lack of good 

correlation between δ13C and %Ro reported by other studies.  While carbon isotopic 

values appear reasonably consistent away from the dike contacts, some variability does 

exist.  This variability is greatest for coal seams at different stratigraphic heights across 

sills, where different coal beds (deposited at different times) were sampled.   
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 A third factor that may contribute to the isotopic pattern of bulk coal is pyrolytic 

carbon.  This pyrolytic carbon, having originated from cracked volatile matter, should 

have a more negative δ13C value than the bulk coal.  Any accumulation of this material 

will alter the bulk coal isotopic value. 

100% Intrusion 
Thickness for all 
Dike Contacts 

 

Figure 2.47: Bulk coal carbon isotopes as a function of % random reflectance for all dike 
contacts.  There is a moderate correlation between δ13C as a function of distance.  
Isotopes become less negative with increasing reflectance.  Symbols used for each 
contact are the same as those in figure 2.20 and 2.27. 
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al Heterogeneity of Coal and its Influence on Isotopic Signature 

ntinuing with a discussion about differences in intrusion geometry and 

ations for these isotopic trends, it is necessary to address and rule out 

ntribution to isotopic signature from depositional heterogeneity.  A 

et al. (1991) from the Powder River Basin, WY demonstrated that a 

proximately 2‰ is possible across individual horizons within a single 
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coal seam approximately 8 meters thick. This variation in isotopic composition is a 

function of depositional environment.  Since coal is composed of organic material, 

specifically plant material, any variation in environmental conditions such as temperature 

and humidity will result in different plant populations at different times.  Each plant 

fractionates carbon isotopes differently which will result in a different isotopic 

composition for that plant and the coal produced from it (Whiticar, 1996).   

The likelihood of variations between samples due to depositional heterogeneity is 

greatest for samples collected across sills and minimal for samples collected across dikes.  

This problem was minimized for samples collected across dikes by collecting all samples 

from the same stratigraphic horizon, which should represent the same depositional 

environment.  However, the possibility of depositional heterogeneity could not be 

avoided when sampling across sills.  Since samples were collected vertically they were 

all collected from different stratigraphic horizons.  Some heterogeneity can be observed 

in background samples collected from different horizons, with a spread of about 1‰ from 

samples collected 10 meters apart at the single sill outcrop (Figure 2.48).   

 For samples with reflectance values above background, even for sills, the problem 

of deposition heterogeneity is apparently not significant.  Figure 2.48 shows all carbon 

isotope values versus percent reflectance for two different sills.  Samples with elevated 

reflectance due to their close proximity to sills show a very consistent trend, even though 

the data was collected from two different sills at two different outcrops.  This consistency 

suggests that the pattern is most likely due to metamorphism and not depositional 

heterogeneity.  In order to test the hypothesis that within the thermal aureole of sills 

carbon isotopic values are less affected by depositional heterogeneity, samples of three 
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different coal seams were collected at an equal distance from a dike within its thermal 

aureole (75% intrusion width away).  Figure 2.49 shows the location of samples collected 

for each coal seam as well as their carbon isotopic values, which are consistent within 

analytical uncertainty.  While this does not completely rule out depositional heterogeneity 

as contributing to the carbon isotopic trends in all contact zones, it does suggest that the 

problem is likely to be minimal and is not responsible for the pattern of δ13C as a function 

of rank shown in figure 2.48. 

 

  Figure 2.49: Isotopic values for different coal seams at an equal distance from a dike.  
Values are similar, within analytical uncertainty.  This is a photo from the two dikes 
outcrop looking north.  This outcrop face is parallel to the dikes and approximately 75% 
of an intrusion width away (~ 1 meter). 
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The measurement of carbon isotopic values can provide information about several 

different questions.  The isotopic pattern observed at the contacts of sills is much more 

complicated than that observed at the contact of dikes.  Figure 2.46 displays δ13C as a 

function of percent reflectance for both the single sill and the thicker sill from the 

multiple sill outcrop.  The data show a trend toward increasing δ13C at about 50 to 75% 

of one intrusion width away.  Between about 50% of the intrusion thickness and the 

contact δ13C becomes increasingly negative.  This isotopic trend is most likely due to the 

trapping or deposition of pyrolysates or pyrolytic carbon, which will be rich in 12C 

relative to metamorphosed coal.   

Carbon isotopic values approaching the contacts of dikes are consistent with 

preferential loss of 12C as volatiles and pyrolysates.  This type of fractionation has been 

observed in at least one other study by Rimmer et  al. (2005) for a dike located in 

southern Illinois.  Whiticar (1996) reports experimental results exploring the fractionation 

of carbon isotopes during pyrolysis, indicating a δ13C shift of + 0.7‰ is observed during 

pyrolysis for a sample that lost 5% of its kerogen as volatile matter. Results from this 

study show a change in δ13C of + 1.0% approaching the contacts of dikes.  

 The isotopic patterns observed at the contacts of sills show a very systematic 

decrease in δ13C approaching the contacts.   This suggests that this contact zone must be 

an open system where some influx of isotopically light component is being trapped in the 

contact zone.  Several possibilities exist, all including the trapping of pyrolysates or 

deposition of pyrolytic carbon, possibly from volatilization of coal elsewhere being added 

to the system.  
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Several factors may affect this signature. These factors include intrusion 

geometry, rheological behavior of coal, and the thermal properties of country rock at the 

contact of the intrusion.  As discussed above, depositional heterogeneity is highly 

unlikely to be responsible for the isotopic pattern observed at sills and dikes.   

 

2.9 D Carbon Isotopic Patterns Across Dikes and Sills 

 Distinct carbon isotopic trends exist within the contacts of dikes and sills.  In the 

contact zones of dikes there is a moderate positive correlation between δ13C and 

increased reflectance (R2 = 0.60 for all samples shown in Figure 2.47). This indicates that 

the change in isotopic values is related to the rank of the coal, and is consistent with the 

removal of 12C-rich carbon in CH4 (Whiticar, 1996). Methane will have a much more 

negative isotopic signature than the coal, whereas CO2 will have a slightly more positive 

isotopic signature than the coal (Rohrback, 1979).  For the contacts of sills, there is a 

more complex relationship between δ13C and vitrinite reflectance (Figure 2.48).. 

 Considering the isotopic, reflectance, and total organic carbon (TOC) trends, and 

petrographic observations within the contact zones of dikes and sills, it appears that 

significant volatile matter was released during contact metamorphism.  Figures 2.50 and 

2.51 display δ13C, as a function of decreasing TOC. Approaching the contacts of dikes, 

TOC decreases and δ13C increases systematically; for the contacts of sills, TOC decreases 

as δ13C decreases but this pattern is obscured due to variation in samples that are farther 

away from the contact zones (Figures 2.47 and 2.48). In the case of the dikes, significant 

methane could have been produced within the contact zones.  In the cases of sills, this 
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volatile matter was most likely generated while some of it was broken down within the 

contact zone to form pyrolytic carbon.  

 

Figure 2.50: Total organic carbon versus δ13C for all dike contacts.  A systematic increase 
in δ13C occurs with a decrease in TOC. 

 

Figure 2.51: Total organic carbon versus δ13C for all sill contacts.  A general trend of 
decreasing δ13C for decreasing TOC can be seen but much scatter in the data exists. 
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 The geometry of these intrusions and the style of intrusion is important in 

controlling contact metamorphism and volatile generation. Dikes within the Raton Basin 

are known to have generated a series of emplacement-related fractures at the time of 

intrusion (Figure 2.52) (Lorenz et al., 2004).  These fractures serve as excellent pathways 

for the escape of volatile matter and heat.  Sills within the Raton Basin intrude directly 

into coal seams and tend to be completely surrounded by coal at the time of intrusion 

(Figure 2.53).  Since the coal tends to deform plastically at the time of intrusion and does 

not fracture until later cooling (Podwysocki and Dutcher, 1971), the coal itself serves as a 

trap to any volatile matter generated (Figure 2.54 and 2.55).  This results in volatile 

matter generated within this zone to be broken down to form pyrolytic carbon (Figure 

2.56).  Accumulation of this pyrolytic carbon within the contact zone of these sills may 

be responsible for the isotopic pattern observed.  In addition to physical trapping of 

volatile matter, the contact zones of sills should remain at elevated temperatures  longer 

than the contacts of dikes due to the low thermal conductivity of coal (Figure 2.57). 

 

Figure 2.52: Fracture pattern for the southern dike at the two dikes outcrop.  The inset in 
the bottom left shows fracture density approaching the northern contact of the dike.  
Fractures become much more closely spaced approaching the dike.  Figure from 

Increased fracture density Southern dike 

(Basinski et. al. (2004). 

 97



 

tains a 

Figure 2.53: Sill intruding coal in northern New Mexico.  Fractures are present within the 
sill and overlying sandstone.  Some fractures do not continue into the sill and must have 
formed prior to or during sill emplacement.  Others do cut through both the overlying 
country rock and the sill. 
  

Sill 

Coal Dike 

Figure 2.54:  Laterally extensive sill located in Vermejo Park, NM.  The sill con
large coal dike that cuts across the sill and continues into the overlying country rock. 
View looking east. 
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igure 2.55: Evidence for coal fluidization at the multiple dike outcrop.  The photo to the left shows a 
 The photo on the right shows a series of coal dikes intruding parallel to 

 

2.9 E Volatile Generation and the Formation of Pyrolytic Carbon 

 Vo d CH4, 

 

Coal sill 

Coal dike 

 

F
thin coal sill intruding the dike. 
the contact of the dike. 

 

latiles generated during contact metamorphism of coal include CO2 an

which have different carbon isotopic signatures (Rohrback, 1979). During progressive 

heating, type III kerogen undergoes a dramatic reduction in O/C atomic ratio, followed 

by a steeper decrease in H/C ratio at ranks equivalent to RO ≈ 1.0 (Van Krevelen, 1993).

Given that the background reflectance value of the basin ranges from about 0.8 to 1.5, it 

is likely that most of the CO2 that would be generated had been generated during burial 
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maturation and had already formed by the time the thin sheet intrusions were emplaced. 

Consequently, the primary carbon-bearing volatile released during contact metamorphism

within the Raton Basin is expected to be CH

 

  

 

 CH4 

rior to 

hane to survive the contact metamorphic process 

they m

ill be 

4, which will be enriched in 12C relative to 

the coal (Faure, 1986; Rohrback, 1979). Few isotopic analyses of Raton Basin coal-bed 

methane are available, although the results of Close (1988) indicate values in the -40 to -

45 ‰ range, which is typical of thermogenic methane (Rohrback, 1979; Whiticar, 1996).

 Experiments by Rohrback (1979) on the isotopic signature of CO2, CO, and CH4 

released during long-duration heating experiments on Staten Island peat, suggests that 

evolved CO2 isotopic signatures are initially similar to that of the bulk coal (about -28‰

at 100˚C), becoming steadily but slowly enriched in 13C with increasing rank (-25‰ at 

200˚C and -23‰ at 300˚C). Rohrback (1979) concluded that experiments at higher 

temperatures were affected by significant reactions between early-evolved CO2, and

and H2 evolved later in the experiments. In contrast, CO2 generated early in the 

maturation of the Raton Basin would be likely to have escaped from the system p

intrusion. In any case, CO2 generation is likely to result in either little change or a slight 

decrease in δ13C of the remaining coal.  

In order for volatiles such as met

ust be generated (typically at temperatures greater than 400˚C) and then rapidly 

cooled before significant cracking occurs. Volatiles such as methane will crack at 

temperatures greater than 500˚C to produce hydrogen and pyrolytic carbon which w

deposited directly on the surfaces of coal (Bostick, 1979).  In order to survive, volatiles 

generated by metamorphism may either be transported quickly to lower temperature 
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regions by leaving the contact zone through fractures, or the intrusion contact zone must 

cool extremely quickly. 

 

2.9 F Implications for coal-bed methane generation in the Raton Basin 

 Conductive heating on a regional scale within the Raton Basin is insignificant.  

This is due to several factors.  The spacing of the intrusions is too great to result in 

additive heat to increase coal rank between them.  Reflectance data in Figure 2.20 and 

2.21 illustrates this. Additionally, intrusions range in age from 32 to 19 million years.  

Since conductive cooling for a single intrusion occurs over a time range of less than 100 

years it is unlikely that heat from these multiple intrusions would occur on a time scale 

that would be close enough to allow for cumulative heating effects.  

 The pattern of coal rank in the central portion of the basin is not consistent with 

the structural trend of the basin and suggests other heat sources than burial 

metamorphism should account for this higher coal rank (Stevens et al., 1992). Close and 

Dutcher (1990) have suggested that hydrothermal activity associated with the Rio Grande 

Rift may be responsible for this higher coal rank. Convective heating in the form of 

hydrothermal circulation driven by these intrusions may have had an effect on increasing 

regional coal rank, specifically within the central portion of the basin where coal rank is 

the highest. Evidence for hydrothermal circulation exists throughout the basin in the form 

of mineralization, specifically calcite (Close, 1988).  Further research is needed to 

conclude what temperatures are associated with this hydothermal alteration and whether 

or not it is related to igneous activity. 
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 While the conductive effects of these intrusions may be limited to an alteration 

zone of approximately one intrusion width away, they may still have been important for 

volatile generation on a large scale.  Sills should be important on a regional scale for 

generating methane.  This is due to the large volume of coal that is directly intruded and 

metamorphosed by these intrusions (Pillmore, 1991; Flores and Bader, 1999; Lorenz et 

al., 2004). Dikes will not directly produce large volumes of methane but may be 

important in driving hydrothermal circulation.  

 

Figure 2.56: Illustration of volatile generation and cracking to form pyrolytic carbon in 
the contacts of sills.  The images to the left represent the upper contact of a sill. The 
graphs to the right illustrate the development of the isotopic pattern observed at sills. 

50 % 
intrusion 
width 
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Figure 2.57: Illustration of volatile generation and escape during coal metamorphism in 
the contact of a dike.  Significant pyrolytic carbon is not deposited on the coal since 

volatiles are able to escape. 
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2.9 G Sill Isotopic Pattern as a Result of Differences in Isotopic Fractionation 

 e 

n 

ures while at higher temperatures 

ctly 

 

contact 

 

s.  

ld 

the 

An alternate explanation for the strong decrease in δ13C at sill contacts may hav

to do with the extent of isotopic fractionation during metamorphism.  If there is a 

temperature gradient across the contact zone then the extent of isotopic fractionatio

between coal and volatiles generated may vary.  Excluding any other factors, 

fractionation should be temperature dependent.   

 Fractionation is greatest at lower temperat

fractionation decreases and may become insignificant.  This may mean that coal dire

in contact with the intrusion may be less likely to preferentially lose 12C than coal slightly

farther away that does not reach as high of a temperature.  If this is the case, then 

volatiles generated during this metamorphism will have a higher δ13C value at the 

zone and a lower δ13C value farther away where lower peak temperatures are achieved.  

Hence, methane generated during contact metamorphism may be less depleted in 13C than

methane generated during burial metamorphism. As volatiles are generated and the 

temperature within the contact zone begins to cool, the cracking of volatiles continue

This cracking of volatiles may actually occur at temperatures that are low enough to 

result in significant fractionation.  Pyrolytic carbon deposited in the contact zone wou

have a lower δ13C value, while methane that is not cracked would have a slightly higher 

δ13C value.  Over time, this methane with a higher δ13C value would be lost to the 

surroundings, resulting in a bulk coal that is isotopically depleted in 13C relative to 

initial coal at the contact. 
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 The possible interpretations that have been presented for the isotopically light 
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2.9 H Cumulative Effects of Multiple Intrusions and Their Significance in  

 Methane generation due to ams by sills was probably 

xtensi  

re 

si re of methane at the contact zones of sills are not conclusive.  In order to truly 

answer this question, much more work is necessary, in particular exploring the isotopi

behavior of coal and volatiles under different experimental conditions.  It is likely that 

these factors (variable degrees of carbon fractionation, volatile generation and generatio

of pyrolytic carbon) work together to generate the isotopically light pattern observed 

within the basin.  Figures 2.56 and 2.57 illustrate the process of coal metamorphism, h

transfer, volatile generation and cooling for both dikes and sills. Regardless of the 

ultimate reason for the isotopically light signature observed at the contact of sills, 

significant evidence exists for extensive volatile generation adjacent to sills in the 

approximately 30% decrease in organic carbon, a high frequency of pyrolytic carbon and 

systematic trends in carbon isotopic values approaching contacts.   

 

Methane Generation 

 the intrusion of coal se

e ve throughout the Raton Basin.  Sills were much more important in generating

methane than dikes, on a local scale, due to the large volume of coal they intrude (Figu

2.44).  Evidence for this interaction between sills and coal is seen throughout the basin 

(Figure 1.8).   
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Figure 2.58: Conductive thermal profile in the contact zone of an intrusion at various 
times in days.  Distance is dimensionless.  One intrusion width away is equals a 

The presence of multiple intrusions throughout the Raton Basin is most likely 

signific

at 

coal.  

hermal 

 

dimensionless distance unit of two.  This data is for an 1100˚C intrusion with country 
rock at 100˚C. Calculations based on Jaeger (1959). 
 

ant for elevating the background rank of coal.  Figure 2.1 illustrates this 

possibility.  While conduction is only significant on a local scale it is possible th

convective heat transfer occurred on a large scale elevating the background rank of 

Figure 2.58 represents the conductive aureole observed around a single intrusion, 

assuming an “average” thermal conductivity.  Figure 2.59 displays the equivalent t

profile for a pair of multiple intrusions spaced at 4 intrusion widths apart.  This profile 

results in only slightly elevated temperatures between the two intrusions but more 
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importantly, a greater heating duration.  For example at a dimensionless distance of

midpoint between the two dikes, the peak temperature reaches 220˚C.  At the same 

distance for the single dike a peak temperature of only 180˚C is reached. These 

calculations are for intrusions with a temperature of 1100˚C and a country rock 

temperature of 100˚C. With the addition of convection and more intrusions this 

cumulative effect on coal background rank could be greater than that seen in figu

Figures 2.60 and 2.61 display temperature as a function of time for both single 

 4, the 

re 2.59.   

and mu

odel 

portant in 

elevatin

f 

ltiple intrusions.  These figures are based on the same intrusion spacing and 

temperatures as figures 2.58 and 2.59.  For the multiple intrusion, temperatures are 

elevated to higher temperatures for longer periods of time.  For the single intrusion m

temperatures drop below 100˚C above background by 1.6 years.  When multiple 

intrusions are present, temperatures remain elevated for a much longer period. 

While thermal modeling results suggest that multiple intrusions may im

g coal rank on a large scale, the timing of these intrusions are spread out over 

several million years.  Since this cooling time scale is so much shorter than the range o

emplacement ages it is unlikely that this cumulative heating occurred.   
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Figure 2.59 Multiple intrusion thermal model.  Temperature remains elevated longer in 
between the contact of two intrusions.  The intrusions seen here are shown as half-widths.  
One intrusion width away occurs at dimensionless distance of 3 and 7.  Calculations are 
based on Jaeger (1964). 
 

 

Figure 2.60: Temperature as a function of time in years for different distances from the 
contact for a single intrusion.  Calculations are based on Jaeger (1964).   
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Figure 2.61: Temperature as a function of time in years for different distances from the 
contact for multiple intrusions.  Calculations are based on Jaeger (1964).   
  

 Historically, the presence of intrusions in contact with coal has been considered a 

negative factor in terms of economically significant deposits.  In terms of coal quality, 

this is this case. However, in recent years, several studies have focused on the effects of 

intrusions on coal in the context of methane generation and production.  This study, as 

well as others (Gurba and Weber, 2001), have found that sills can be favorable for 

generating economically significant methane.  While other factors need to be considered 

in order to ultimately determine the amount of recoverable gas within an area, such as the 

depth of formation and hydrologic conditions, the results of this study suggest that it is 

necessary to consider the contribution of intrusions when assessing a basin for thermal 

maturity and economically significant natural gas deposits.  
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2.10 Summary 
 

• Sills and dikes are common, intruding the coal-bearing formations throughout the 

Raton Basin. Samples from four different outcrops including both dikes and sills 

were analyzed for % Ro and δ13C. 

• % Ro increases approaching all contacts for both dikes and sills but the 

reflectance increases in a concave-down pattern approaching the contacts of dikes 

and in a concave-up pattern approaching sills.  Reflectance values are elevated at 

high values for approximately 50% intrusion thickness for sills.  Reflectance 

values steadily decrease moving away from the contact of dikes. 

• The reflectance pattern observed in the contacts of dikes is most likely due to a 

combination of conductive and convective heat removal. The reflectance pattern 

observed in the contacts of sills appears to be controlled by conduction and may 

be elevated due to the low thermal conductivity of coal, resulting in a longer 

heating duration. 

• Carbon isotopes show increasing δ13C, by approximately 1‰ approaching all dike 

contacts.  This enrichment is consistent with the preferential loss of isotopically 

light volatiles including methane and carbon dioxide. 

• Carbon isotopes show a slight increase in δ13C between 75% and 50% intrusion 

width approaching sills.  Within a distance of 50% intrusion thickness carbon 

isotopes show steeply decreasing δ13C values approaching the contacts of sills.  

Isotopic values become more negative shifting by approximately 1.5‰.  This 

pattern must be due to the trapping or accumulation of an isotopically depleted 
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(extremely negative δ13C) component such as trapped pyrolysates or pyrolytic 

carbon.  

• The lack of significant pyrolytic carbon at the contacts of dikes is most likely to 

due to the quicker cooling rate and ability of volatile matter generated to escape 

through fractures created during the intrusion. The high concentration of pyrolytic 

carbon at the contacts of sills is most likely due to the longer heating duration of 

the contact zone as a result of low thermal conductivity and the lack of transport 

of volatiles away from the contact zone.  

• Evidence in the form of coal dikes and sills intruding basalts and lamprophyres 

suggests that coal remains hot and fluid even once the intrusion has had time to 

solidify, cool and fracture.  This fracturing most likely allows for gases generated 

in the surrounding coal to be transported to still-hot contact zones and be cracked 

and deposited as pyrolytic carbon.  This is a likely source for the addition of an 

isotopically light component. 

• Methane generation from sills is likely to have been significant due to the large 

volume of coal intruded. The presence of multiple intrusions may have been 

important for raising the background rank of coal on a basin scale. 
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The following chapter will focus on xenolith dissolution textures from dikes and 

sills in the Raton Basin.  The use of these textures as indicators of the residence time 

of xenoliths and xenocrysts within a magma may provide information about the 

length of time that a particular intrusion served as an open conduit.  This is one of the 

typical unknown variables when assessing the thermal contribution of intrusions to 

the surrounding country rock.   
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Chapter 3: Xenolith Dissolution in Alkali Basalts and Implications for Duration of 

Magma Emplacement 

3.1 Introduction 

 Understanding mineral dissolution into silicate melts is important for many 

igneous processes.  Geochemical trends for igneous rock suites typically display evidence 

for magmatic evolution towards higher silica and alkali concentrations over time.  

Magmatic fractionation and contamination are the two main processes responsible for 

these trends.  Fractionation of magmas results from the crystallization of mafic 

phenocrysts that are then separated from the remaining magma.  Contamination typically 

occurs from the assimilation of xenoliths and xenocrysts.  Xenoliths are fragments of 

country rock while xenocrysts are mineral grains that are incorporated into magma. 

Mineral dissolution is also important for understanding processes such as magma mixing 

and melting (Watson, 1982). 

 Many factors contribute to the rate and extent of mineral dissolution into a 

magma.  These factors include degree of undersaturation with respect to the mineral 

component, temperature, viscosity of the magma, experiment geometry and initial melt 

composition (Shaw, 2000).  In order to understand the extent of xenolith dissolution in 

nature it is necessary to understand the role played by each of these factors. 

 Variably dissolved xenoliths are a common occurrence in igneous rocks.  Sato 

(1974) reported detailed evidence for xenocryst-magma interaction in basaltic and 

andesitic magmas.  Xenocrysts may originate either by incorporation of individual grains 

of country rock material, or from the dissolution and disaggregation of larger rock 

fragments. 
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 Xenolith dissolution is an important magma contamination process, yet it is not 

well understood how significant this processes is for altering the composition of common 

magma types.  This is especially important for mafic magmas intruding thick continental 

crust.  Basaltic magma ponded at the base of the crust is in an ideal environment for 

contamination of magmas by continental material and is often cited as contributing to 

observed geochemical trends.  By examining natural examples of xenoliths and 

xenocrysts and comparing them with laboratory experiments this process can be better 

understood. 

 The ultimate goal of this project is to assess the thermal contribution of thin, 

multiple intrusions on elevating the thermal gradient within a sedimentary basin.  Studies 

of xenolith dissolution including textures and rates may provide information about the 

residence time of xenoliths and xenocrysts within magma.  This can potentially place 

constraints on the length of time a particular intrusion served as an open conduit, which 

affects the amount of heat supplied to the surroundings. 

Most thermal models that quantify the amount of heat released by an intrusion 

only consider instantaneous emplacement.  In the case of dikes, it is likely that the 

conduit remained open for a significant period of time, serving as a feeder to either an 

intrusion or eruption. Sills are less likely to serve as long-lived open conduits although 

some larger sills may perform this role. It is necessary to understand the time scale of 

emplacement in order to assess the extent of contact metamorphism related to an 

intrusion.  Jaeger (1964) provides some theoretical solutions for calculating the heat 

output of an intrusion that serves as an open conduit over an extended period of time.  

 114



However, it is difficult to place constraints on how long an intrusion has served as an 

open conduit. 

In some cases evidence for injection of multiple magma batches within a single 

dike is preserved in the form of chilled internal margins, but significant cooling between 

injections is necessary for these textures to be preserved.  Combining petrographic 

observations of diffusion coronas around partially dissolved xenocrysts, and 

experimentally determined dissolution rates, may allow for semi-quantitative assessment 

of the length of time a conduit was active.  Total heat transfer from an intrusion into the 

country rock can then be estimated from the effective lifetime of a conduit and post-

solidification cooling.  One major reason that previous studies only consider 

instantaneous emplacement is due to lack of information about the time an intrusion 

served as an open conduit.   

 Limitations on the quantitative information gained from xenolith dissolution are 

the result of several factors.  Other parameters, such as the original diameter of the 

xenocryst and the temperature of the magma must be known.  If this information is 

lacking, which is usually the case for the original diameter, then only qualitative 

assessments of emplacement duration can be attempted.  As described by Shaw (2000), 

the reaction rim is a steady-state feature that is continuously removed by compositional 

convection.  This means that the width of the rim will reach a maximum diameter and not 

increase over time.  It is difficult to know all conditions at the time of dissolution such as 

water content.  While limitations do occur it is possible to extract useful qualitative 

information from these samples. 
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Figure 3.1: Location map for xenoliths collected in the Raton Basin.  Sample locations 
are marked by a yellow diamond.   
 

 Natural xenolith samples collected from the Raton Basin display many unique 

textures that appear to be related to the type of xenolith or xenocryst and the residence 

time within the magma.  Unfortunately, these samples have not retained their original 

reaction rim compositions, so the quartz dissolution technique may not be quantitatively 
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applied to these natural xenoliths.  However, general qualitative information can be 

gained by comparing experimental results and dissolution textures. Where xenoliths and 

xenocrysts from the surrounding country rock are present the amount of dissolution 

observed will be useful for placing minimum time constraints on emplacement duration 

which should vary between dikes (if they are long-lived conduits) and sills (if they are 

emplacement features). 

 

3.2 Natural Xenolith Examples from the Raton Basin 

 Xenolith and xenocryst samples were collected from six different locations within 

the Raton Basin (Figure 3.1).  These included both dikes and sills from the northern, 

central and southern portions of the basin.  Differences in the abundance, compositions 

and textures of xenoliths and xenocrysts exist for each outcrop.  Table 3.1 lists the 

xenoliths and xenocrysts described in this study. Approximately 15 other outcrops were 

visited that did not contain visible xenoliths.   

Intrusion Type 
Type of 
xenolith/xenocryst Outcrop  

Basalt or 
Lamprophyre Formation 

Dike 
quartzo 
feldspathic gneiss JCRB 4 Lamprophyre Pierre Shale 

Sill quartz xenocrysts JCRB 10 Lamprophyre Vermejo  

Sill 
sandstone 
xenoliths JCRB 28 Lamprophyre Raton 

Dike/sill 
interface quartz xenocryst JCRB66 Basalt Raton 

Dike 
quartzo 
feldspathic gneiss JCRB 50 Lamprophyre Pierre Shale 

Sill quartz xenocrysts JCRB 70 Lamprophyre Pierre Shale 
Table 3.1: Xenoliths and xenocrysts collected from the Raton Basin.   
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3.2 A Outcrop Descriptions 

3.2 A.1 Gneiss Xenolith (JCRB 4) 

A quartzofeldspathic gneiss xenolith (JCRB 4) was collected from a lamprophyre 

dike located in the northern portion of the Raton Basin (Figure 3.2).  This gneissic 

xenolith must have been sourced from the basement rock, beneath the thick sedimentary 

cover, traveling a minimum of 1500 meters vertically.  Flow indicators from the northern 

Raton Basin indicate that transport within dikes had a significant horizontal component 

(Lee, 2005).  This would suggest that the xenolith traveled a total distance of much more 

than 1500 meters.   

 

Figure 3.2: Outcrop where gneiss xenolith was collected.  View looking west. 

Dike 

 

3.2 A.2 Gneiss Xenolith (JCRB 50)  

Another gneiss xenolith was collected from the Walsen dike (JCRB 50) just outside of 

Walsenburg.  This dike is a lamprophyre with evidence for several episodes or pulses of 
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magma (Johnson, 1961). It is one of the largest dikes within the Raton Basin.  Figure 3.3 

shows a roadcut exposure of this dike.  Figure 3.4 shows the gneiss xenolith in outcrop. 

 

Figure 3.3: Walsen dike in the Raton Basin.  Photo taken looking west.   

 

Figure 3.4: Gneiss xenolith in the Walsen dike.  In addition to the xenolith there are many 
calcite veins within the intrusion. 

Gneiss 
xenolith 
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3.2 A.3 Quartz Xenocrysts from the Pinafloor Sill Sequence (JCRB 70) 

Quartz xenocrysts were collected from a sill that is part of the Pinafloor sill 

sequence (JCRB 70) described by Miggins (2002).  Figure 3.5 is an outcrop photo of this 

sill sequence, located in Vermejo Park in southwestern Raton Basin.  There are four sills 

within the sequence, all dipping at an angle of 65˚ to the SE.  The sill that is highest 

within the stratigraphic sequence is the only sill that contains these xenocrysts.  These 

quartz xenocrysts within the Pinafloor sill are abundant and present throughout the sill.  It 

is not known why this particular sill, but none of the others adjacent to it, contains so 

many of these xenocrysts, nor has their source been established (Miggins, 2002). These 

quartz grains have been considered to be phenocrysts but for reasons explained below is 

not the case. 

 

Figure 3.5: Pinafloor sill sequence in Vermejo Park, NM.  The sequence is made up of 4 
sills. The sill farthest to the right contains the quartz xenocrysts. View looking south-
southeast.  The outcrop face is oriented east-west. 

Sills 

Sill with xenocrysts 

 

 

 
 

 120



3.2 A.4 Quartz Xenocryst from Dike/Sill interface (JCRB 66) 

Another quartz xenocryst was found at the contact between a dike and sill located 

just west of Trinidad (Figure 3.6). This outcrop is extremely weathered and it is difficult 

to tell whether or not the sample came from the dike or the sill. It may be possible that the 

dike fed the sill which would explain the lack of visible cross-cutting relationships in the 

field. 

 

Figure 3.6: Outcrop located outside of Trinidad with a dike and sill.  The xenocryst-
bearing sample was collected from the location where the dike and sill intersect.  View is 
looking northeast. 
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3.2 A.5 Sandstone Xenoliths (JCRB 28) 

Several sandstone xenoliths were collected from a sill located just south of the 

Raton Pass on I-25 in New Mexico (Figure 3.7).  These xenoliths appear directly sourced 

from the surrounding country rock suggesting minimal transport distances.  Figure 3.8 

shows a closer view of the xenoliths, including some of those collected for further study.  
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Figure 3.7: Sill located in New Mexico along I-25 just south of Raton Pass.  The sill 
contains many sandstone xenoliths from the surrounding country rock. 
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Figure 3.8: Detailed image of sandstone xenoliths seen in figure 3.7.  Xenoliths seen here 
are some of the xenoliths collected for this study. 
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3.2 A.6 Quartz Xenocrysts (JCRB 10) 

 A lamprophyre sill located in the Purgatoire Valley contains many quartz 

xenocrysts, although they are not evident in the outcrop.  The sill intrudes an organic-rich 

shale of the Vermejo Formation (Figure 3.9).  Extensive interaction between the magma 

and country rock is observed at the outcrop scale in the form of inter-fingered magma and 

metamorphosed contact sediment.  

Sill 

 

Figure 3.9: Sill intruding coal in the Purgatoire Valley.  Quartz xenocrysts were found 
within this sill. 
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3.2 B Petrographic Description  

3.2 B.1 Gneiss Xenolith (JCRB 4) 

 The gneiss xenolith collected from outcrop JCRB 4 in the northern portion of 

basin was collected from a lamprophyre dike.  Figure 3.10 shows the lamprophyre/gneiss 

contact in plane-polarized light.  The boundary between the two materials is diffuse.  

Figure 3.11 shows the same location at higher magnification in both plane and cross-

polarized light.   

 

Figure 3.10: Granite/basalt interface in PPL at 20X magnification.  The material to the 
left is the lamprophyre and the material to the right is the xenolith. 
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Figure 3.11: Lamprophyre/gneiss interface at 40X.  The image on the left is in PPL and the image 
on the right is in XPL.   
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The lamprophyre in this region is extremely fine-grained and lacking any 

phenocrysts.  The groundmass is made up of mostly plagioclase microlites, opaque 

minerals and carbonate.  This carbonate is most likely calcite and siderite, although it is 

difficult to tell.  There is a diffuse boundary zone between the lamprophyre groundmass 

and the gneiss xenolith (Figure 3.11).  This interface appears to have a more isotropic 

groundmass indicating it is glassier than the lamprophyre.  The gneiss xenolith is 

composed mainly of altered, anhedral feldspar and quartz.  The feldspar grains are 

smallest and least distinct closest to the interface between the xenolith and lamprophyre.  

In some areas, the xenolith is intruded by the lamprophyre.  Quartz grains within the 

interface between the granite and lamprophyre are extremely rounded and some appear 

detached from the gneiss xenolith in the plane of the thin section. 

This gneiss xenolith is extremely absorbed.  The quartz grains were part of the 

original gneiss xenolith and are now located in the reaction zone, which is likely a silica-

rich equivalent of the lamprophyre groundmass.  The presence of fewer opaque oxide 
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minerals in this transitional zone supports this idea. Feldspars within the granite are 

highly altered and anhedral and they are similar in size and slightly smaller than the 

quartz.  Assuming these feldspar phenocrysts were originally larger than the quartz, 

which is typical of most gneiss, their current smaller size may be evidence for melting 

and dissolution of the feldspars followed by later recrystallization of the undissolved 

material.   

While the exact melting temperature of feldspar varies with composition and 

presence of other phases, grains should have been in a molten state while dissolving into 

the basalt (Watson, 1982).  This means that the feldspar textures observed in the xenolith 

now should not be their original gneiss texture but the result of recrystallization within 

the basalt.  This molten-state dissolution of feldspar should be faster than the dissolution 

of quartz which is in the crystalline state at basaltic magma temperatures (Shaw, 2000).  

This means that the feldspars in the gneiss most likely dissolved around the quartz.  The 

quartz grains are extremely rounded and embayed as a result of their dissolution into the 

basalt.  This means that the reaction zone between the lamprophyre and granite is most 

likely composed of a granitic melt containing the partially dissolved quartz xenocrysts. 

It may be possible to determine a minimum amount of dissolution of this xenolith 

based on the current location of the quartz xenocrysts and the thickness of the reaction 

rim.  Assuming that the quartz xenocrysts have not moved into the melt so that the 

xenocryst simply melted or dissolved around them a minimum distance of 1.5 mm of 

dissolution has occurred.   
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3.2 B.2 Gneiss Xenolith (JCRB 50) 

Another granitic gneiss xenolith was found within a lamprophyric dike at outcrop 

JCRB 50 (Figure 3.12).  In this case the lamprophyre groundmass is extremely altered, 

but retains large intersertal plagioclase feldspar phenocrysts.  Many oxides and some 

carbonate are also disseminated throughout the groundmass.  The boundary between the 

xenolith and magma is relatively sharp.  The interface between the two materials appears 

to be a distinct highly altered region.  The gneiss xenolith is mostly feldspar with an 

equigranular texture.  Some quartz grains are present that appear to be inclusions within 

the feldspar.    
Lamprophyre/Gneiss interface 

 

 

 

Figure 3.12: Gneiss xenolith in PPL (left) and XPL (right).  Photo taken at 20 X magnification.   
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This gneiss xenolith shows less evidence of dissolution than the previous 

example, although this may be due to the high degree of alteration in this sample.  There 

appears to be a finer-grained region between the two materials that is labeled as the 

interface in figure 3.12.  Melting within the xenolith may have occurred in areas between 

the quartz and feldspar although there is little direct evidence for this. Depending on the 
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transport direction and rate of ascent, this xenolith could have spent a significant amount 

of time within the magma. 

 

3.2 B.3 Quartz Xenocrysts from the Pinafloor Sill Sequence (JCRB 70) 

The most distinct example of xenolith dissolution can be observed throughout a 

single sill within the Pinafloor sill sequence (Miggins, 2002).  Figure 3.13 shows an 

example of a xenocryst in thin section both in plane polarized and cross-polarized light.  

This is one of the smallest xenocrysts found within the sequence.  It appears to have a 

very wide reaction zone around it.   
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 The reaction rim in figure 3.13 is fairly typical of the reaction rims found around 

quartz xenocrysts within this sill.  Figure 3.14 is a higher magnification image of this 

reaction zone.  This rim has an approximate width of 1 mm and is clearly zoned.  It is 

composed of calcite closest to the quartz which is surrounded by a zone of chlorite.  The 

xenocryst itself is extremely rounded but does not show any signs of magma intruding it. 

Textural evidence for dissolution and reaction between the magma and xenocryst 

includes a rounded shape.  It was clearly two grains of quartz (see XPL image in Figure 

3.13b) which suggests it was a high-temperature recrystallized polygonal texture in the 

original rock.  This recrystallization texture is indicative of a gneiss or quartzite-type 

rock. 

  
Figure 3.14: Reaction rim around quartz xenocryst at 40X magnification.  This is the 
same xenocryst as that in figure 3.13, 3.15, 3.16 and 3.17.   
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While textures displaying the reaction between these xenocrysts and the magma 

have been preserved, the original composition has not.  This calcite and chlorite-rich 

reaction rim has to be a secondary composition because these minerals are not stable at 

magmatic temperatures. Figure 3.15 is a low magnification back-scattered electron (BSE) 

image of the reaction zone around the xenocryst.  The composition of the reaction rim 
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shows a very high BSE intensity, indicating a high mean atomic number.  Figure 3.16 is a 

much higher magnification BSE image of this reaction zone.  This high intensity within 

the reaction zone is due to the high concentration of iron within the reaction rim. X-ray 

mapping of Si, Ca and Mg reveals the presence of small quantities of barite which appear 

black, in addition to calcite, plagioclase, chlorite and quartz identified in thin section 

(Figure 3.17). The black portions of the map were identified as barite or iron oxides by 

EDS spectra collection at these locations.     

 

Figure 3.15: Quartz xenocryst BSE image.  This is the same xenocryst seen in figure 
3.14.  The reaction rim around the quartz appears to have a relatively high mean atomic 
number suggesting the presence of iron. 
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Figure 3.16: BSE image of reaction rim between quartz and lamprophyre.  This image is 
shown in false color.  Blues and purples represent low intensity BSE while reds, oranges 
and whites represent high intensity BSE.  This is a higher magnification of the right hand 
side of figure 3.15. 

 

Figure 3.17:  X-ray map of the quartz xenocryst reaction zone.  Red represen
intensity, green is magnesium and blue is calcium.  The reaction rim is deple
and is rich in iron which is not a primary feature.   
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Further evidence for reaction between these xenocrysts and the magm

seen in figure 3.18. The xenocryst seen in these images is very typical of the

observed throughout the sill.  These xenocrysts are typically about 1 to 2 cen
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wide.  These appear to have undergone more extensive dissolution than that shown in 

figure 3.14 and have very rounded edges.  In many cases individual xenocrysts appear to 

have been absorbed and intruded by magma.  This is evident by the consistent orientation 

of these xenocrysts even though individual pieces appear separated.  In other cases 

xenocrysts (or xenoliths) appear to be made up of multiple grains with various 

orientations (Figure 3.13).   

 The lack of compositional preservation within the reaction zone of these 

xenocrysts is not surprising.  Alteration in the form of calcite and chlorite has occurred in 

igneous rocks throughout the Raton Basin.  Phenocrysts such as olivine, pyroxene and 

amphiboles are rarely preserved.  If the reaction rims surrounding the quartz xenocrysts 

were initially rich in glass they would have been very easily replaced or recrystallized to 

chlorite.  Since this alteration most likely occurred at relatively low temperatures, the 

initial textures can still be discerned.  This low temperature alteration is supported by the 

fact that phenocrysts typically retain their original shape and are replaced by minerals 

such as calcite and other carbonates.   

 
 

Figure 3.18: Quartz xenocryst reaction rim from the Pinafloor sill sequence.  The reaction 
rim is replaced by chlorite and calcite. 

         5 mm 
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3.2 B.4 Quartz Xenocryst from Dike/Sill intersection (JCRB 66) 

 A quartz xenocryst found where a dike and a sill intersect (JCRB 66) displays 

euhedral crystals within the interface zone.  This is the only xenocryst found within the 

basin to display this texture.  The crystals are extremely fine-grained but appear to be 

elongated orthopyroxene grains surrounded by chlorite.  Figure 3.19 is a thin section 

image of the xenocryst at 20X magnification.  The reaction rim has a variable thickness 

with extended tails resulting in sigmoidal shape.  The orthopyroxene crystals are found 

within this region (Figure 3.20).  

 

  

Figure 3.19: Quartz xenocryst collected from a dike/sill intersection.  The image to the 
left is in plane polarized light and the figure to the right is in cross polarized light.  Box 
indicates location of figure 3.20. 
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Figure 3.20: Crystallized portion of the reaction rim containing mostly chlorite an
orthopyroxene grains.  Location of this image is labeled on figure 3.19. 

 

 
 

3.2 B.5 Sandstone Xenoliths (JCRB 28) 

 Several sandstone xenoliths from the surrounding country rock were collec

from a lamprophyre sill located just south of the Raton Pass on Interstate 25 (JCR

Some evidence for xenolith dissolution and disaggregation can be seen in thin sec

(Figure 3.21).  The sill itself is very fine-grained with extremely small plagioclase

microlites.  Highly altered glomeroporphyritic amphibole phenocrysts occur occas

The groundmass is cryptocrystalline or glassy, with fine-grained carbonates prese

throughout.  The country rock is an immature sandstone made up of angular fragm

quartz and feldspar with a fine-grained clay and mica matrix. 

 Limited evidence for interaction between the sandstone and the magma is 

apparent.  The groundmass closest to the sandstone is glassier than the groundmas

farther away.  The boundary between grains of sandstone and the sill is very sharp

defined by a thin rim of opaque material.  Individual quartz and feldspar grains do

show rounded edges.   
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Figure 3.21: Sandstone xenolith in thin section.  Image taken at 40 X in cross-polarized 
light.  The groundmass in contact with the sandstone appears more glassy, similar to a 
chilled margin. 
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Another sandstone xenolith from the same sill was studied using BSE imaging to 

investigate dissolution evidence (Figure 3.22).  There is no evidence for a distinct 

compositional gradient within the contact zone between the two materials.  The sandstone 

xenolith is made up of mostly quartz and plagioclase feldspar.  In the BSE image it 

appears that some of the groundmass within the sandstone has been replaced by magma, 

although this could be due to later alteration of both the magma groundmass and xenolith.  

At higher magnification, two subtly different types of matrix material can be seen within 

the xenolith which may represent the original groundmass as well as intruded magma 

(Figure 3.23).   
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Figure 3.23:  BSE image of a
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be altered matrix material. 
 

 

Sandstone/basalt
contact
ndstone xenolith.  Very limited dissolution of this xenolith 
 sharp grain edges.  The high intensity fine-grained material 
ss. The black represents holes in the sample. 

 sandstone xenolith.  This is a higher magnification image of 
22.  The basalt appears to have intruded the sandstone, 
ity areas between quartz grains.  Some of this material may 

          100 µm 

136



The limited reaction between the xenolith and magma is consistent with a very 

short residence time of the xenolith within the magma.  The sill itself is very fine-grained, 

with a glassy matrix, suggesting rapid cooling once emplaced.  Another indicator of this 

limited dissolution can be seen by the very sharp boundaries and irregular edges of these 

xenocrysts.  If sandstone xenoliths were broken off directly from the surrounding country 

rock into a magma that cooled extremely quickly then dissolution should be limited. 

 

3.2 B.6 Quartz Xenocrysts (JCRB 10) 

A final example of xenocrysts from a lamprophyric sill in the Raton Basin shows 

virtually no evidence for interaction with the magma. These quartz xenocrysts have very 

sharp boundaries with the surrounding lamprophyre, and are most likely sediment grains 

from surrounding sandstone within the Vermejo Formation that have been plucked from 

the contact by the magma (Figure 3.24).  Their appearance suggests that this sill cooled 

rather rapidly following emplacement.   

  

Figure 3.24: Thin section image of quartz xenocryst that diplays no evidence of reaction with the 
lamprophyric sill.  The photo on the left is in PPL and the photo on the right is in XPL. 
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3.2 B.7 Summary of Petrographic Observations 

Xenoliths and xenocrysts observed in this study provide a variety of examples of 

the common occurrence of magma contamination by country rock.  Examples range from 

substantially dissolved quartz xenocrysts to sandstone xenoliths that show little 

interaction with the magma.  While it is not possible to gain any quantitative information 

about the residence time of these xenocrysts in the magma, qualitative observations can 

be made that are useful for understanding the process of magma contamination by 

xenolith dissolution. 

Since the observed reaction rims do not preserve their original compositions it is 

necessary to consider whether or not the reaction rims themselves are truly magmatic or 

just associated with later metamorphism.  Hydrothermal alteration and low-grade 

metamorphism has occurred throughout the Raton Basin and the most common alteration 

minerals are calcite and chlorite, the minerals commonly found within reaction rims. It is 

possible to produce a chlorite-rich corona around a quartz xenocryst in a basalt during 

metamorphism.  However, several of the xenocrysts observed in this study contain calcite 

closest to the quartz, with chlorite located outside of the calcite.  This type of corona 

could not develop through metamorphic processes.   

The examples of xenoliths and xenocrysts presented in this study represent a wide 

range of residence times within an intrusion.  They range from individual xenocrysts of 

sediment and sandstone that show no evidence for dissolution (eg. JCRB 10 and 

JCRB28) up to extremely embayed and absorbed gneiss xenoliths and quartz xenocrysts 

(JCRB4 and JCRB70).  Qualitative observations of xenolith dissolution include thickness 

of reaction rims and extent of dissolution. A distinction can be made between xenocrysts 
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and xenoliths in sills versus those in dikes.  The xenoliths and xenocrysts in sills are most 

commonly from the surrounding country rock and have experienced very short residence 

times within the magma.  The xenoliths and xenocrysts within the dikes show much more 

evidence of dissolution and have spent a much longer period of time within the magma.  

The exception to this distinction between dissolution textures in dikes versus sills in the 

Pinafloor sill sequence (JCRB70).  This sill contains extremely dissolved quartz 

xenocrysts with wide reaction rims.  This is most likely due to the fact that this sill is 

near-vertical and therefore behaved more as a dike than a sill. Not only did at least some 

of these xenoliths travel a large distance from the basement rock, but these intrusions 

may also have served as long-lived conduits. 

 

3.3 Experimental Procedure 

 In order to better determine the rates of dissolution of xenoliths into a basaltic 

magma it is necessary to observe these processes experimentally.  Experiments allow for 

quantitative measurements to be made of the rates of quartz dissolution for different 

known conditions, and if carefully designed, the processes that control this dissolution.   

 Three different compositions of basaltic glass were used to explore the rates and 

processes of quartz dissolution (Table 3.2).  These include a remelted Raton Basin alkali 

basalt, an iron-free synthetic version of the alkali basalt and a CMAS (Ca-Mg-Al-Si 

system) basalt analog.  Both the Fe-Free basalt and the CMAS basalt are synthetic basalts 

based on simplifications of the composition of the real Raton Basin basalt.  Both 

eliminate trace elements and avoid variable oxidation state, while the CMAS composition 
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also eliminates the effects of alkalis.  While alkalis are minor components in natural 

basalts they can strongly affect melt structure and properties. 

 The remelted Raton Basin alkali basalt (RB basalt) was prepared for these 

experiments by powdering and remelting in an Al2O3 crucible under an N2 atmosphere.  

Synthetic glasses were prepared from oxide and carbonate powders, ground in acetone, 

decarbonated, melted, reground, remelted and quenched to glass.  All glasses were heated 

to 1600˚C to ensure complete melting and homogenization and then air-quenched.  Cores 

were drilled and polished then placed in alumina crucibles with polished cylinders of 

quartz of known thickness of approximately 3 mm. 

 Each synthetic composition was prepared by keeping the degree of silica 

undersaturation the same.  For the iron-free basalt the molar percentage of FeO was split 

between calcium and magnesium.  The CMAS composition was determined by using the 

method of O’Hara (1968) for projecting natural basalts into the CMAS system.   

  weight % molar % weight % molar % weight % molar % 

  
Jen 
RBA1-3 

Jen 
RBA1-3 

Jen Fe-
Free 

Jen Fe-
Free 

Jen 
CMAS 

Jen 
CMAS 

SiO2 44.59 48.49 42.69 41.29 39.29 40.01 

TiO2  1.79 1.46 2.15 1.57 0.00 0.00 

Al2O3  13.13 8.41 14.39 8.20 22.10 13.26 
FeO  11.21 4.58 0.09 0.07 ---- 0.00 
MnO  0.20 0.19 0.18 0.15 ---- 0.00 
MgO  12.56 20.36 21.30 30.72 15.24 23.13 
CaO  10.91 12.71 14.15 14.66 21.63 23.60 

Na2O  2.90 3.06 2.88 2.70 0.00 0.00 

K2O  1.06 0.73 1.04 0.64 0.00 0.00 
Total 98.35 100.00 98.87 100.00 98.25 100.00 

Table 3.2: Basalt compositions used for experiments.  Synthetic compositions are based 
on the original basalt compositions.  All compositions presented in this table were 
analyzed using the electron microprobe. 
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Quartz dissolution experiments using Raton Basin alkali basalt were run at 

Washington University in Saint Louis under controlled oxygen fugacity conditions. 

Experiments were run at the Quartz-Fayallite-Magnetite (QFM) buffer at temperatures 

higher than the liquidus, with oxygen fugacity controlled by a mixture of CO and CO2.  

Figure 3.25 shows the temperature and time conditions for all experiments for each 

composition.   

 Quartz dissolution experiments using both of the synthetic compositions were run 

at MU in air.  Due to the lack of iron in these samples controlled oxygen fugacity was 

unnecessary.  All experiments were set up with the quartz placed on top of the basalt 

(Figure 3.26).  This geometry was used for several reasons, as discussed by Shaw (2000) 

in a systematic study of the importance of experiment geometry on dissolution rates.  

Historically, spheres were used to measure dissolution but there are two major drawbacks 

to this geometry (Donaldson, 1985 and Watson, 1982).  First, problems develop with 

measuring the change in diameter of the sphere, which is necessary to establish a useful 

dissolution rate.  Second, and more importantly, spheres induce convection.  

According to Shaw (2000), the use of spheres for establishing dissolution rates 

overestimates the rate of diffusion.  They tend to move within the basalt and induce 

convection.  The reaction rim of silica-enriched liquid is constantly removed from the 

surface of the sphere, making it difficult to observe its composition and growth with time.  

Figure 3.27 illustrates the importance of geometry on controlling dissolution processes. 
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Figure 3.25: All experiments durations and temperatures run for each composition.   
 

 

Figure 3.26: Experimental geometry used for all experiments.  Quartz was placed on top 
of basalt in all cases in order to limit convection. 
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Figure 3.27: Dissolution by pure diffusion of silica (quartz on top) and dissolution by 
diffusion plus convective removal of reaction rim (quartz on bottom).  Quartz dissolves 
more quickly when quartz is on the bottom.  Dissolution of a sphere combines diffusion 
and convective removal as well.   
 

 Following the completion of each experiment, the whole sample, including the 

alumina crucible was mounted in epoxy, the samples were polished using diamond paste, 

and quartz thickness was measured using a calibrated binocular scope with an uncertainty 

of ± 30 microns.  The chemical composition of the reaction rim was examined using the 

MU SEM and Washington University’s electron microprobe for select samples. 
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3.4 Results 

3.4A Quartz Dissolution in the Raton Basin Alkali Basalt (RB basalt) 

 Experiments were run at 1225˚C, 1275˚C and 1300˚C for durations between 15 

minutes and 9 hours (Figure 3.25). Figure 3.28 shows the amount of quartz dissolution 

over time for the real Raton Basin basalt.  The slope of this curve is steepest for the 

shorter duration experiments and then becomes shallower for the longer term 

experiments.  Dissolution is fastest in experiments of 2 hour duration or shorter, after 

which dissolution slows significantly.  Dissolution rates are fastest for the highest 

temperatures. Unfortunately, only one experiment resulted in useful long-term dissolution 

rates. The other long term experiment was unsuccessful due to the presence of a large 

bubble at the interface between the quartz and basalt.    

Figure 3.28: Dissolution over time for the Raton Basin Alkali Basalt. 
The 120 minute experiment at 1275˚C was unsuccessful due to an error in quartz 
measurement and is marked with a box.  Curves shown here were fit to data by hand. 
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Figure 3.29 shows the compositional gradient for all major oxides as a function of 

distance from the quartz boundary for the 15 minute experiment at 1275˚C.  Silica 

content in the basalt nearest the contact with the quartz is 60 weight %, decreasing to 

background values of approximately 47 weight % within approximately 25 microns.  

Within this zone calcium, aluminum, iron, magnesium, titanium and manganese all 

decrease in concentration approaching the quartz.  Sodium and especially potassium both 

show significant increases in their concentration within this zone.  The potassium profile 

shows an increase in potassium content starting at approximately 100 microns away.  

This may suggest that silica values remain slightly elevated within a width of about 100 

microns which may be controlling ‘uphill’alkali diffusion into melts with higher silica 

content.  As discussed in chapter 1, ‘uphill’ diffusion is due to the lower activity 

coefficients of alkalis in silicic melts. 
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Figure 3.29: Dissolution profile for all major
real Raton Basin basalt at 1275˚C. 
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Figure 3.31: 60 minute experiment at 1275˚C. 
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Figure 3.32 shows the compositional gradient for all major oxides as a function of 

distance from the quartz for a 2 hour experiment at 1275˚C.  In this experiment silica 

content is approximately 67% at the contact with the quartz.  Silica drops off to 47 wt % 

by approximately 400 microns.  As with all of the other experiments there is a decrease in 

concentration of calcium, iron, magnesium, and aluminum within this increased silica 

zone, while both sodium and potassium concentrations increase in this zone.  The 

increase in potassium is approximately 1.5 wt %. This increase follows a concave-up 
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profile, with a peak in concentration adjacent to the quartz.  Sodium increases more 

gradually by approximately 1 wt% approaching the quartz. 

 

Figure 3.32: Dissolution profile for 120 minute experiment at 1275˚C. 
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In addition to collecting microprobe traverses across the reaction zone for these 

experiments BSE images were collected as well.  The reaction rim can be seen in these 

images as a quench crystal-free zone between the quartz and the basalt.  Figure 3.33(left) 

is a BSE image mosaic of the reaction zone between quartz and the basalt for the 60 

minute experiment.  Quench crystallization in the form of chromite and plagioclase can 

be seen in the basalt.  This crystallization is representative of all experiments with the 
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Raton Basin Alkali Basalt.  Some convection may be occurring during this experiment, 

suggested by a thin strip of crystal-free material extending into the basalt for the 60 

minute experiment.  Figure 3.33 (right) shows the reaction rim for the two hour 

experiment.  In both cases the observed reaction zone thickness within the experiments is 

similar to the reaction zone measured from the microprobe traverses.   

  

 

Basalt Basalt 

Possible convective 
removal 

End of 
reaction rim

Figure 3.33: BSE images of real Raton Basin Basalt at 1275˚ C.  The image on the left is 
an hour long experiment and the image on the right is a 2-hour experiment.  Scale bar on 
the image to the left is 100 microns and applies to both images 
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Quartz
An X-ray map was collected for the 60 minute experiment at 1275˚C.  Figure 3.34 

s elemental Si and Mg maps of this reaction zone.  The increase in silica content 

ss the reaction zone is not very distinct on this map, due to the presence of the quartz 

in the image.  The mapping program used, NIH image, automatically adjusts the 

rast of the image based on the range of concentration observed.  The high silica 

ent in the quartz results in less contrast for the reaction zone.  Despite this problem a 
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distinct silica-enriched zone can be seen, including both a high zone of concentration 

along the quartz contact and a thin sliver of high silica content material that extends into 

the basalt.  The magnesium map displays a very sharp boundary between the reaction 

zone and the basalt.  Maps for sodium and potassium do not display a significant increase 

within this zone which is most likely due to the limited usefulness of qualitative mapping 

for imaging such low concentrations.  As such low concentration s the microprobe is 

necessary to display this pattern well.   

  

Figure 3.34: X-ray map of 60-minute experiment at 1275˚C.  The black line and oval at 
the top of these maps are a fracture and a bubble. 

 

 
3.4B Quartz Dissolution in the Synthetic Iron-Free Basalt 

End of 
reaction rim 

200 µm g

Quartz 

Increased silica 
content 
Si
 Experiments with quartz and iron-free basalt

as the iron-bearing Raton Basin basalt experiments, 

cylinder of iron-free basalt.  Figure 3.35 shows the a

the iron-free basalt.  
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 were set up with the same geometry 

with a cylinder of quartz on top of a 

mount of dissolution over time for 



Figure 3.35: Fe-free dissolution over time. There is no 15-minute 1350˚C experiment 
displayed on this chart since both 15 minute experiments were un-measurable. 

Dissolution of the iron-free basalt occurs at rates that are intermediate to that of 

e real

ble 

ese 

 

 

th  basalt and the CMAS basalt.  Dissolution is faster at higher temperatures.  This 

glass composition fractures extensively when cooling which results in fracturing of the 

glass and quartz.  This quartz fracturing makes the quartz appear thicker so it was 

extremely difficult to obtain reliable dissolution measurements.  While several 

experiments were repeated in order to collect the data presented here no repeata

measurements were made.  More experiments are necessary to test the reliability of th

dissolution rates.   
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Figure 3.36: 15-minute Fe-free basalt at 1300˚C. Forsterite contains 47.7 weight percent 
SiO2 and 57.3 weight percent MgO which explains the smooth SiO2 pattern but irregular 
MgO pattern.  There may be quench anorthite crystals present as well. 

Quartz Initial 
composition

 

 Several microprobe traverses were collected for the iron-free experiments, 

including the shortest and longest duration experiments (15 and 1440 minutes).  Figure 

3.36 shows the concentration profiles of all major oxides for the 15 minute experiment at 

1300˚C.  Silica content at the contact with the quartz is approximately 65 weight percent, 

returning to background values of approximately 45% within about 200 microns.  As 

with the iron-bearing basalt both sodium and potassium increase within this zone while 

all other oxides decrease.  The weight percent of all elements varies extensively beyond 

this reaction zone due to the presence of forsterite (Mg2SiO4) quench crystals.  All iron-

free experiments display this forsterite quench crystal texture.  Unfortunately, the 
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quartz/basalt contact for the 1350˚C 15 minute experiment was lost during cooling and no 

compositional gradient was observed.  The iron-free synthetic glass has a tendency to 

fracture while cooling which separated the quartz from the basalt in this experiment. 

After microprobe data collection was complete the 15 minute experiment was repeated.   

 

Figure 3.3
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3.37 shows the dissolution p

reaction rim has a width of a
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Quart
7: 24-hour iron-free experiment at 1300˚C. 

composition 

iron-free experiments show much wider reaction rim.  Figure 

rofile for the 24-hour 1300˚C experiment.  In this case, the 

pproximately 350 microns, starting with a silica content of 

e contact with quartz.  The basalt composition never returns 
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to its initial composition of 45 wt % and remains at 50 wt % after 350 microns from the 

quartz. Figure 3.38 is a BSE image of the reaction rim between the quartz and basalt.  

The quench crystallization of forsterite observed in this sample is typical of all iron-free 

samples.   

 

Figure 3.38: Iron-Fre
dissolution profile w

z 

 

The 24 hour 

dissolution than the 1

this 1350˚C experim

weight percent and a

2000 microns away. 

the quartz has broken

This experiment was

 

Quart
e Basalt BSE image for a 24-hour experiment at 1300˚C.  The 
as analyzed over a crystal-free region. 

  200 µm 

Basalt with quench 
forsterite crystals 

Reaction rim 

iron-free experiment at 1350˚C resulted in a much greater amount of 

300˚C experiment.  Figure 3.39 shows the dissolution profile for 

ent.  In this case silica content near the quartz is approximately 67 

gain does not return to initial values, remaining at 52% for at least 

 Figure 3.40 is a BSE image of this experiment.  In this experiment 

 into two pieces which may be due to a high amount of dissolution.  

 duplicated to verify repeatability. 
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Figure 3.39: Dissolution profile for 1350˚C experiment after 24 hours. 

 

Figure 3.40: BSE image of iron-free basalt experiment after 24 hours.  The reaction rim is 
represented by the crystal free region. 

Altered bulk 
composition 

Quartz 
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Reaction rim
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3.4C Quartz Dissolution in the CMAS Raton Basin Basalt Analog 

 Dissolution of quartz into the CMAS synthetic basalt was much more rapid than 

dissolution for the other two compositions.  Figure 3.41 shows quartz dissolution over 

time for these experiments.  Again, dissolution slowed between the 60 minute and 180 

minute experiments.  This is most likely related to a change in bulk composition of the 

basalt reservoir due to dissolution of the quartz. 

As with the iron-free basalt, dissolution was measured at temperatures of 1300˚C 

and 1350˚C for durations between 15 minutes and 24 hours.  Microprobe traverses were 

collected for the shortest and longest duration experiments.   

Figure 3.41: CMAS dissolution over time at temperatures 1300˚C and 1350˚C.  The 
experiments outlined with a dashed-box have questionable dissolution measurements.  
The volume of basalt in the 24-hour 1350˚C was approximately half the volume of basalt 
in the 24-hour 1300˚C experiment which resulted in less dissolution due to reservoir 
saturation.  The 180-minute 1350˚C experiment appears normal but does not fit well with 
other experiments in terms of total dissolution observed.  
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Figure 3.42 shows the dissolution profile for the 1300˚C 15 minute experiment.  

In this case, silica content at the contact between basalt and quartz is approximately 65 

weight %.  Silica content decreases to original values of 40% at a distance of 175 microns 

from the contact with quartz, indicating rapid development of a wide reaction rim. The 

other components, aluminum, magnesium and calcium decrease in concentration within 

this zone approaching the quartz but the ratio of calcium to aluminum increases.  Figure 

3.43 is a BSE image of the contact between the quartz and the CMAS glass.  In this case, 

the atomic number contrast between the reaction rim and the original basalt is not great 

enough to appear on the BSE image.  The quartz is very rounded and embayed in this 

photo. 

 

Figure 3.42: Dissolution profile for CMAS 1300˚C 15-minute experiment.   

Initial 
composition 

Quartz 

 

 158



 

Figure 3.43: BSE image of 15-minute CMAS experiment at 1300˚C.  The quartz has 
rotated from its original position, which would be parallel to the top of the photo. 

  100 µm 

Up 

 

 Figure 3.44 displays the dissolution profile for the 1350˚C 15-minute quartz 

dissolution experiment, which is similar to the 1300˚C experiment.  The microprobe 

traverse is not long enough to find the point at which the basalt returns to its original 

composition.  In this case, the dissolution profile is at least 80 microns and most likely 

substantially wider.  Silica increases to approximately 65 weight percent at the contact 

with the quartz.  All other components decrease in concentration within this zone.  Figure 

3.45 is a BSE image of the quartz/basalt contact. 
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Figure 3.44: Dissolution profile of CMAS 15 minute experiment at 1350˚C. 
 

Figure 3.45: CMAS 15-minute experiment at 1350˚C.  No reaction rim is noticeable 
using BSE imaging for this composition. 

Quartz

  200 µm 
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Figure 3.46: Dissolution profile for the 24-hour experiment at 1300˚C. 

 

Figure 3.46 shows the dissolution profile for the 24-hour 1300˚C CMAS basalt 

experiment.  In this experiment there does not appear to be any reaction rim.  The silica 

content of the basalt is now uniformly 60 weight percent and there are no concentration 

gradients in the other oxides.  This suggests that the whole reservoir has changed 

composition by convective mixing which removed the whole reaction rim.   

Figure 3.47 shows the dissolution profile for the 24-hour 1350˚C CMAS 

experiment.  There is a thin reaction rim (approximately 50 microns) in this experiment, 
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where silica content is as high as 65 %.  Beyond this thin reaction zone the silica content 

remains steady at values between 60 and 61 weight percent.  All other oxides remain 

constant as well.  As with the 24-hour experiment at 1300˚C the composition of the entire 

sample has been changed.  This change coincides with the strong decrease in dissolution 

rate.  Figure 3.48 is a BSE image of this experiment.  The quartz is extremely embayed 

and broken into several pieces. 

 

Figure 3.47: Dissolution profile for the 24-hour experiment at 1350˚C.   
 

 162



 

Figure 3.48: BSE image of CMAS 24-hour experiment at 1350˚C.  The quartz is 
embayed and rounded along the edges.  Significant dissolution has occurred in this 
experiment. 

     100 µm 

Up 

 
 

3.5 Discussion of Dissolution Rates 

 Each composition used in these experiments was intended to represent 

approximately the same degree of silica undersaturation, and all are strongly olivine 

normative. Table 3.3 shows the normative minerals for each composition calculated using 

the CIPW norm, a procedure intended to approximate natural rock samples by their 

mineral constituents.  Based on the normative minerals, the real basalt appears to be the 

most undersaturated, with the greatest percentage of nepheline, while the CMAS basalt 

appears to be the least saturated due to the lack of feldspathoids using the CIPW norm.  

This is simply the result of no sodium or potassium to make feldspathoids.  The CMAS 

basalt contains the highest proportion of olivine and does not contain any pyroxenes, such 

as diopside or wollastonite.  In order to compare these compositions, their approximate 

locations within the basalt tetrahedron were plotted (Figure 3.49).  The CMAS basalt 
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plots directly on the plane of critical under-saturation near the base of the tetrahedron, 

again a necessary consequence of an alkali-free composition.  Both the iron-free and the 

real Raton Basin basalt fall within the silica undersaturated field.  The iron-free basalt is 

slightly more silica-undersaturated. 

The normative minerals of a given melt can be useful for understanding the 

physical melt properties.  This will control the structure of a melt since it represents the 

degree of polymerization.  The degree of polymerization is described by the number of 

non-bridging oxygens to tetrahedrally coordinated cations (NBO/T).  This is referred to 

as the NBO/T ratio.  For example, a framework silicate such as quartz or feldspar has an 

NBO/T ratio equal to 0.  For an isolated silicate, where silica tetrahedra do not link, 

NBO/T is equal to 4.  Each composition used in this study has approximately the same 

degree of polymerization: the Raton Basin basalt has an NBO/T value of 1.15, the iron-

free basalt has an NBO/T value of 1.37, and the CMAS basalt has an NBO/T value of 

1.00. 

For all compositions and temperatures, the amount of dissolution slows over time.  

This is most likely due to the change in bulk composition of the melt.  As the melt 

composition approaches silica saturation, the dissolution rate slows.  The normative 

minerals of the bulk melt for both the iron-free and real basalt compositions after a 24 

hour experiment are shown in table 3.4.  After a 24 hour period the bulk composition of 

the CMAS basalt is quartz normative at both 1300˚C and 1350˚C.  The iron-free basalt is 

still slightly silica undersaturated at 1300˚C, containing 10 molar percent olivine.  At 

1350˚C the iron-free basalt is slightly quartz normative after 24 hours.     
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Normative Mineral Mineral Formula Iron-Free Basalt 
Raton Basin 
Basalt 

CMAS 
Basalt 

Quartz SiO2 0% 0% 0%

Plagioclase NaAlSi3O8/CaAl2Si2O8 25.40% 31.90% 63.20%

Orthoclase KAlSi3O8 0% 7.90% 0%

Nepheline (Na,K)AlSiO4 15.57% 10.70% 0%

Leucite KAlSi2O6 5.84% 0% 0%

Diopside CaMgSi2O6 14.11% 26.30% 0%

Hypersthene (Mg,Fe)SiO3 0% 0% 0%

Olivine (Mg,Fe)2SiO4 30.27% 17.60% 23.90%

Larnite Ca2SiO4 6.01% 0% 12.88%

Ilmenite FeTiO3 0.33% 2.25% 0%

Magnetite Fe3O4 0.00% 3.25% 0%

Perovskite CaTiO3 2.40% 0% 0%
Table 3.3: CIPW normative minerals for each composition of basalt prior to dissolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CMAS 
composition 

Approximate locations of  
Fe-Free Basalt and Iron-
Bearing Basalts 

 
Figure 3.49: Basalt tetrahedron modified from Morse (1980).  The CMAS composition is 
located directly on the plane of silica undersaturation while the Fe-Free and Iron-Bearing 
basalts are within the field of silica undersaturation. 
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Normative Mineral Iron-Free Basalt 
Iron-Free after 24 
hours CMAS Basalt 

CMAS after 
24 hours 

Quartz 0.00% 4.00% 63.20% 23.70%
Plagioclase 25.40% 49.60% 0.00% 41.70%
Orthoclase 0.00% 3.80% 0.00% 0.00%
Nepheline 15.57% 0.00% 0.00% 0.00%
Leucite 5.84% 0.00% 0.00%  0.00%
Diopside 14.11% 8.70% 0.00% 23.28%
Hypersthene 0.00% 31.00% 0.00% 11.65%
Olivine 30.27% 0.00% 23.90% 0.00%
Larnite 6.01% 0.00% 12.88% 0.00%
Ilmenite 0.33% 0.00% 0.00%  0.00%
Magnetite 0.00% 0.00% 0.00%  0.00%
Perovskite 2.40% 0.00% 0.00% 0.00%

Table 3.4: Normative minerals for both the Fe-Free and CMAS basalts after 24 hours at 
1350˚C.  The original compositions for both are presented as well. 
 

All experiments that display compositional gradients across the basalt/quartz 

interface are out of equilibrium.  This is the case for all compositions at all temperatures 

with the exception of the CMAS 24-hour experiments at 1300˚C and 1350˚C.  The 

CMAS 15 minute dissolution profile is a good example of this disequilibrium profile 

when compared to the 24-hour experiment.  After a 24 hour period a constant quartz-

normative melt composition beyond the quartz boundary is observed with no remaining 

reaction rim.  Figure 3.50 describes the dissolution profile for the 1300˚C 15 minute 

experiment relative to the percent normative minerals and the “equilibrium” composition 

observed in the 24-hour experiments.  The initial basalt composition is extremely silica 

undersaturated, containing a high percentage of olivine.  As silica content increases the 

melt becomes olivine and diopside normative.  Finally the melt becomes diopside, quartz 

and hypersthene normative.  The melt with the greatest concentration of SiO2 is observed 

at the contact between the basalt and the quartz during short duration experiments.  This 

melt composition is more quartz normative than the “equilibrium” composition observed 

after 24 hours. 
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  24-Hours Point 1 Point 2 Point 3 Point 4 
Quartz 18.30% 27.50% 2.82% 0% 0% 
Plagioclase 42.80% 30.70% 45.90% 52.54% 66.29% 
Diopside 28.98% 33.45% 38.80% 36.10% 0.00% 
Hypersthene 9.89% 8.36% 12.50% 0% 0% 
Olivine 0% 0% 0% 11% 23% 
Larnite 0% 0% 0% 1% 11% 

Figure 3.50: 15-minute 1300˚C Silica profile and the 24-hour 1300˚C silica profile.  The 
normative minerals for each numbered location along the 15-minute traverse are 
presented in the table.  The 24-hour composition is given for comparison. 
 

This type of concentration gradient is characteristic of a diffusion gradient, where 

the initial concentration gradient will be greatest at the contact between the two materials.  

Over time the compositional gradient will be eliminated and an equilibrium profile will 

be established.  After this time, no significant quartz dissolution should be observed.   

 If the process described above is controlled exclusively by diffusion then the 

compositional profile of silica should follow the diffusion equation: 

⎟
⎠
⎞

⎜
⎝
⎛ ⋅∆+∆−

=
RT

PVEDD exp0  

Where D is the diffusion constant, D0 is the pre-exponential constant, ∆E is the activation 

energy of diffusion, ∆V is the activation volume of diffusion, R is the gas constant, P is 
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the pressure and T is the temperature in Kelvin (Spear, 1993).  In order to determine this 

it is necessary to have microprobe traverses for a series of experiments that represent 

different time intervals.  While this data is not available for either the iron-free basalt or 

the CMAS basalt it is available for the real Raton Basin basalt.  While there will be some 

variation between the quantitative behavior of different compositions, the overall process 

should be similar. 

 

 

Figure 3.51: Silica profiles for real Raton Basin basalt at 1275˚C. Silica content at the 
boundary increases over time for short duration experiments. 
 

 Figure 3.51 shows the dissolution profiles for silica content for a series of 

experiments at 1275˚C using the real Raton Basin basalt.  Experiments shown in this 

figure are of 15, 30, 60 and 120 minute durations and a 2 hour experiment.  For pure 

diffusion to be the rate-controlling process for dissolution it is necessary to have a 

constant composition at the interface between the basalt and the quartz (Shaw, 2000).  
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This is not the case for the short-term experiments, because the silica concentration at the 

interface increases with time (Figure 3.51).  This indicates that over these short 

timescales, the experiments are limited by kinetics.  Since the quartz is in a crystalline 

state (β-quartz) at experimental temperatures, some kinetic limitations on the rate of 

dissolution must exist.  If dissolution is proportional to the square root of time 

(Figure3.28) then either kinetics or pure diffusion may be the controlling factor (Shaw, 

2000).  Figures 3.28, 3.35 and 3.41 show the amount of dissolution over time for each 

composition.  In all cases the amount of dissolution is proportional the square root of 

time, suggesting that dissolution in most of the experiments is controlled by kinetics. 

 These observations are consistent with previous work.  For example, Watson 

(1982) investigated the dissolution of quartz, granite and feldspar into a basaltic melt, and 

calculated the diffusivity of silica for the granite and feldspar dissolution experiments.  

The diffusivity of silica in the quartz dissolution experiments could not be calculated 

because the quartz was in a crystalline state.  The feldspar and granite should be molten 

at the experiment temperatures.  This would limit the effects of kinetics and allow for a 

true calculation of diffusivity. 

 While dissolution appears to slow as the bulk composition of the melt approaches 

silica saturation, dissolution does not appear to stop once the melt has reached theoretical 

silica saturation as calculated by the CIPW norm.  The CMAS basalt bulk composition 

after 24 hours is silica oversaturated, with 18 volume percent quartz present.  This 

suggests that while an increase in silica saturation does result in a reduced dissolution rate 

it is not necessary for the composition of the melt to be silica under-saturated in order to 

dissolve quartz.  Donaldson (1985) reported quartz dissolution rates for a tholeiitic basalt 
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that is just slightly quartz normative.  Watson (1982) used an initial basaltic composition 

that was just slightly silica undersaturated, and over time became saturated but still 

dissolved quartz.  

 The use of the CIPW norm to calculate silica saturation is somewhat simplified.  

While this tool is useful for comparing bulk rock compositions, it does not explain the 

behavior of liquid-crystal systems.  Figure 3.52 shows a phase diagram for the forsterite-

quartz system as a function of temperature.  At experimental temperatures, the basalt is 

above the liquidus.  As quartz dissolves into the basalt it results in an increase in the  

SiO2 content of the basalt.  As shown in figure 3.52 the bulk composition will move 

horizontally away from the enstatite field until it reaches the liquidus curve of the quartz 

plus liquid field.  At this point the melt will no longer dissolve quartz. 
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Figure 3.52: Phase diagram at atmospheric pressure for the phases forsterite, enstatite, 
quartz and liquid as a function of temperature.  This system was chosen since it is simpler 
than CMAS to illustrate, with only MgO and SiO2 components. As dissolution continues 
the bulk composition will move along the horizontal arrow.  Dissolution of quartz will 
continue until the liquidus is reached and quartz begins to crystallize.  Prior to this, once 
the bulk composition has crossed the enstatite composition line, if the experiment is 
cooled the final composition will be quartz-normative based on the CIPW norm. 

Point where 
bulk basalt will 
reach silica 
saturation 

Bulk composition 
during dissolution 

 

 The experimental geometry used in these quartz dissolution experiments was used 

to limit the effects of convection.  Shaw (2000) concluded that the effect of experiment 

geometry on observed dissolution rates can be dramatic.  In the case of experiments that 

consider dissolution rates of spheres, convective removal of the reaction rim occurs 

throughout the experiment.  As observed by Watson (1982), Donaldson (1985) and Shaw 

(2000) the reaction rim around a sphere is a steady-state feature, removed periodically by 

convection.  This results in new extremely silica-undersaturated melt constantly coming 

into contact with the quartz which results in high dissolution rates analogous to the 

extremely high dissolution rates observed in the short-duration experiments in this study. 
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Figure 3.53: Amount of quartz dissolution and the dissolution profile for silica as a 
function of distance from the quartz.  The quartz/basalt boundary retreats as quartz is 
dissolved into the basalt. 
 

The experiments in this study show rapid early dissolution that slows over time.  

This decrease in dissolution rate is due to both a change in bulk composition of the melt 

and the establishment of a thick dissolution rim.  Figure 3.53 shows the amount of quartz 

dissolution along with the presence of a dissolution profile over time for the real Raton 

Basin basalt at 1275˚C.  While these experiments all show an increase in silica content at 

the contact between the quartz and the basalt over time, there must be a point where the 

amount of silica at the contact between the two materials can not be exceeded (Figure 

3.52).  This critical concentration of silica must then result in a slowed dissolution rate, 

requiring the silica at the interface to be constantly removed.  At 1275˚C for the Iron-
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bearing Raton Basin basalt, dissolution rates remain constant for all time periods up to 

one hour.  After one hour dissolution appears to slow.  For both the one and two hour 

experiments the silica content is 64 weight percent at the interface between the basalt and 

the quartz, suggesting that the critical concentration of melt at the interface is 

approximately 64 weight percent.  The fact that the dissolution rate does not decrease 

until at least one hour suggests that it takes approximately one hour to establish this 

profile.  Dissolution measurements for the 2-hour experiment at 1275˚C did not provide 

reliable results so it is not known exactly when this decrease in dissolution occurs.     

Once a critical saturation of silica is established at the interface between the 

quartz and the basalt, dissolution slows.  The silica concentration gradient across the 

interface is no longer as great.  Originally the basalt in contact with the quartz was only 

44 wt. %, but after one hour dissolution this concentration is 64 wt %, resulting in a 

slower dissolution rate.  Over time, as diffusion-controlled dissolution continues, the 

compositional gradient begins to level off as the dissolution profile moves into the melt 

and an equilibrium state is achieved. 

 While these experiments were designed to minimize the likelihood of convection, 

convection appears to have occurred within some of the longer duration experiments.  

This is suggested by the broken and embayed quartz at the end of the 1350˚ C 24-hour 

CMAS experiment (Figure 3.43).  The 1-hour 1275˚C RB basalt experiment appears to 

show some evidence for convection as well, where a thin tongue of silica-rich material 

appears to be extending into the basalt (Figures 3.33 and 3.34).  For both the CMAS 

basalt and the real basalt compositional convection should be minimal because the silica-

rich melt is less dense than the basalt, but any convection in the melt can still drag the 
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diffusion rim away.  Density of each composition investigated in this study at 1300˚C 

should be approximately 2.85 g/cm3 and the density of crystalline quartz is 2.7g/cm3.  

Table 3.5 displays the viscosity of each composition over a range of temperatures.  

Values are based on Lange (1997).  This model fits best for data with molar silica 

contents of 50% or greater which may explain the lack of difference in density between 

the melts.  It is possible that they all have similar densities. 

Temp C Jen RBA1-3 Jen Fe-Free 
Jen 
CMAS 

700 3.05 2.98 3.03
900 3.00 2.94 2.99

1000 2.97 2.91 2.97
1050 2.96 2.90 2.96
1100 2.94 2.89 2.95
1150 2.93 2.88 2.94
1200 2.92 2.87 2.93
1250 2.90 2.86 2.93
1300 2.89 2.85 2.92
1350 2.88 2.84 2.91

Table 3.5: Densities for each experimental composition reported in grams per cubic 
centimeter.  Density values were calculated using Lange (1997). 
 
 Viscosity of the melt is likely to play a significant role in controlling convection.  

In experiments of all compositions some basalt was found between the quartz and the 

edge of the crucible, having flowed into that space during the experiment.  This most 

likely assisted the onset of convection by allowing the less dense silica-rich interface 

material to be removed.  The greatest evidence for convection occurs within the CMAS 

basalt.  In order to assess this role it is necessary to have a general idea of the viscosity of 

these samples.  Using the viscosity model of Shaw (1972) the Raton Basin basalt has the 

highest viscosity (20.9 Pa s at 1300˚C).  The iron-free basalt and CMAS basalt appear 

similar at 1300˚C (6.2 Pa s and 8.5 Pa s, respectively).  These values are only 
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approximations.  The behavior of the quartz within the CMAS basalt suggests that it is 

actually the least viscous but this could just be the result of rapid dissolution.   

 In summary, dissolution for all three compositions is initially controlled by 

interface kinetics.  As dissolution progresses the bulk composition of the melt changes.  

Once critical silica saturation of the melt is reached dissolution stops. This final bulk 

composition is quartz normative for the both the iron-free and CMAS basalt.  While the 

experimental geometry used in this study should eliminate convection, some evidence for 

convection was observed for both the Raton Basin basalt and the CMAS basalt.  This 

convection most likely increased the short-term dissolution rates, which were greatest for 

the CMAS.  

 
3.6 Comparison of Dissolution Rates Obtained in this Study with Other Studies 

 

Composition and 
Temperature 

Dissolution rates (in microns 
per hour) based on 

experiments up to two hours 
in duration 

Dissolution rates (in microns 
per hour) based on 

experiments with durations 
longer than 2 hours 

CMAS 1300°C 356 55 
CMAS 1350°C 470 52 

JFF 1300°C 40* 17* 
JFF 1350°C 290 136 

Raton Basin Basalt 
1300°C 184 58 

Raton Basin Basalt 
1275°C 139 42 

Raton Basin Basalt 
1225°C 136 37 

Table 3.6: Dissolution rates determined from this study for all three compositions.  Due 
to the time dependence of dissolution rates both short-duration and long-duration rates 
were determined.  The iron-free basalt 1300˚C dissolution rates are questionable. 
 

Dissolution rates reported in this study are rather high compared to previous 

studies for several reasons.  Both Watson (1982) and Donaldson (1985) used tholeiites 

with several more weight percent silica than the basalt used in this study.  These basalts 
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should dissolve quartz more slowly than the Raton Basin basalt.  However, they also used 

spheres which should increase the rate of dissolution in their study relative to this study.   

Author Composition Geometry Temperature

Rate in 
microns 
per 
hour Pressure 

Range of 
Experiment 
Duration in 
hours 

Donaldson 
(1985) tholeiite Sphere 1250  1 bar 1 to 5.3 
Donaldson 
(1985) tholeiite Sphere 1300 78 1 bar 0.5 to 3.66 
Watson 
(1982) tholeiite stirred sphere 1300 20 1 bar 28.5 to 100
Watson 
(1982) tholeiite stirred sphere 1400 44 1 bar 30.6 
Shaw (2000) basanite quartz on top 1350 87 5 Kbar 0 to 4.5 

Shaw (2000) basanite 
Quartz in the 
middle 1350 115 5 Kbar 0 to 1.33 

Shaw (2000) basanite 
Quartz on the 
bottom 1350 151 5 Kbar 0 to 1.4 

Shaw (2000) basanite 
Quartz 
spheres 1350 130 5 Kbar 0 to 1.4 

Table 3.7: Dissolution rates determined by other studies.  The compositions that were 
used for these experiments are listed in table 3.8. The column entitled “Range of 
Experiment Duration in hours” contains the duration of experiments used by each author 
to determine dissolution rates. 

 
 Dissolution rates in this study are time dependent.  For this reason, dissolution 

rates were calculated for both short-term experiments (2-hours and under) or longer 

duration experiments.  Watson (1982), Donaldson (1985) and Shaw (2000) report 

average dissolution rates.  Their dissolution rates are intermediate to the short term and 

long term rates of this study. 
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   Watson Tholeiite 
Shaw 2000 
Basanite Donaldson Tholeiite  

SiO2 49.5 41.15 51.91
TiO2 1.6 2.74 1.16
Al2O3 16 12.1 15.85
FeO 9.4 10.11 8.27
MnO 0 0.18 0.15
MgO 8.5 11.24 7.01
CaO 10.7 15.66 8.66
Na2O 2.9 2.76 3.03
K2O 0.2 3.04 0.75
P2O5 0.2 1.02 0.17
H2O not reported not reported 0.86
Cr2O3 not reported not reported 0.06
Fe2O3 not reported not reported 1.65
NBO/T 0.73 1.37 0.58
Quartz 0 0 2.58
Plagioclase 61.45 12.96 59.41
Orthoclase 1.4 0 5.21
Nepheline 0 15.18 0
Leucite 0 17.37 0
Diopside 17.03 23.78 10.61
Hypersthene 11.32 0 17.7
Olivine 4.21 14.19 0
Larnite 0 8 0
Ilmenite 1.94 3.36 1.4
Magnetite 2.65 2.89 2.73
Apatite 0 2.27 0.37

Table 3.8: Compositions and CIPW norm for other experiments.  Oxides are reported in 
weight percent and normative minerals are reported in volume percent. 
  

Shaw (2000) reported short-term dissolution rates for quartz in a basanite.  His 

dissolution rates are still slower than the dissolution rates obtained in this study.  This is 

most likely due to three factors.  First, Shaw (2000) completed his experiments at 5 kbars 

of pressure.  Second, Shaw (2000) always ran a “zero time” experiment which was the 

amount of time that the experiment took to heat up in the furnace.  Any dissolution 

 177



observed during this time could be taken out of dissolution rate calculations.  These 

corrections were not applied to this study even though it did take approximately 5 

minutes for the furnace to reach experimental temperature.  Experimental duration 

reported in this study does not include this initial period of heating. Third, Shaw 

calculated a single dissolution rate for his experiments based on times ranging from 0.5 

hours up to 4.5 hours. 

 

3.7 Experimental Dissolution Rates in Comparison to Natural Xenolith Samples 

 While experimentally determined dissolution rates provide useful constraints on 

the rates of chemical processes, they are not easily applied directly to the assimilation of 

actual xenoliths, which are usually polycrystalline.  As dissolution continues they tend to 

become rounded or embayed and may preferentially dissolve along grain boundaries or 

even melt.  As discussed by Shaw (2000) this near-spherical geometry will result in much 

greater surface area and much higher dissolution rates, due to continuous removal of the 

reaction rim between the xenolith and magma.   

 The initial goal of this study was to assess the possibility of using reaction rims 

around xenoliths to infer their residence time in the magma.  Depending on the location 

of the xenolith this residence time may be useful for assessing the amount of time an 

intrusion served as an open conduit, or the time taken for crystallization of a static 

intrusion. 

 Without additional information on the state of the xenolith prior to its 

incorporation into a magma, the quantitative application of this technique is extremely 

limited.  Observations about residence time can be used to make qualitative inferences.  
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For example, the sandstone xenoliths from outcrop JCRB 28 show very limited reaction 

with the magma (Figures 3.21 to 3.23).  This suggests that they spent very little time 

within the magma which is consistent with the outcrop observation that they came 

directly from the nearby host rock.  The xenocrysts observed in the Pinafloor sill are 

extremely embayed and corroded (Figure 3.13 to 3.18 ).  They must have spent a 

significant amount of time within the magma and their source is unknown.  The gneiss 

xenoliths show significant reaction with the magma and wide reaction rims, indicating 

that they spent a significant amount of time within the magma since they must have 

traveled up from the basement through the sedimentary sequence that is at least 1500 m 

thick.   

 Due to the likelihood of convection within an intrusion, it is likely that once a 

reaction rim has been established it is likely to be continually removed and never grow 

beyond a width of a few hundred microns.  Therefore there is no way to determine 

quantitatively how long the xenolith was within the magma although minimum residence 

times can be calculated.   

Some extrapolation of dissolution rates to actual emplacement temperatures can 

be made with the data collected in this study.  Figure 3.58 shows the dissolution rates at 

experimental conditions extrapolated to lower temperatures.  This is an extreme 

simplification since only three data points were used to fit this trend line.  It appears that 

dissolution rates at emplacement temperatures (around 1150˚C) will be 120 microns per 

hour.  Further experiments at these temperatures are needed.  
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Figure 3.58: Extrapolated dissolution rates to lower emplacement temperatures for the 
Raton Basin basalt.  The short term dissolution rates were used for this calculation.  The 
red diamond represents the dissolution rate for a temperature of 1150˚C based on a 
logarithmic fit to the data. 
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3.8 Summary 

• Textural observations can be made for all of these natural xenoliths but chemical 

compositions of reaction rims have not been preserved. The width of an observed 

reaction rim may be useful for estimating the minimum residence time within a 

magma. 

• Dissolution rates were determined for three different basalt compositions, one 

natural and two synthetic analogs based on the natural sample.  

• Dissolution rate increases with increasing temperature and at any given 

temperature dissolution rates are highest for the CMAS basalt which has the 

lowest weight percent silica and apparently the lowest viscosity. Dissolution was 

slowest for the iron-free basalt, however dissolution rates were difficult to 

measure for this composition due to the fracturing of the glass and quartz during 

cooling. 

• Dissolution rates observed in this study are higher than dissolution rates 

calculated by others in the past.  Many variables may contribute to this difference 

such as a larger basalt reservoir, variations in composition and degree of silica 

saturation and convective removal of the reaction zone. 

• Uphill diffusion of alkalies occurred in all experiments with the iron-free basalt 

and iron-bearing basalt. 

• Early dissolution is fastest, slowing down as a result of an established thick 

dissolution rim and changing bulk composition of the melt. 
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• Natural xenolith and xenocryst samples collected from the Raton Basin display 

evidence for a wide range of reaction textures within their host magma, ranging 

from sandstone xenocrysts that show no reaction with the magma to granite 

xenoliths that show strong evidence for dissolution. 

• These natural xenolith and xenocryst samples represent a wide range of residence 

times in the magma with the sandstone xenoliths representing the shortest 

residence time and the quartz xenocrysts representing the longest. 

• Xenolith and xenocryst samples collected from within sills show little to no 

reaction with the host magma which would suggest an instantaneous minimum 

residence time, since reaction rims of approximately 50 microns can form in only 

a couple of hours.  This minimal residence time within the magma is consistent 

with sills representing emplacement features and not serving as long-lived 

conduits. 

• Xenolith and xenocryst samples collected from within dikes show significant 

evidence for reaction with the host magma which is consistent with dikes serving 

as long-lived conduits.  Reaction rims up to 1 mm wide have been observed for 

two outcrops.  Assuming a reaction rim growth rate of 50 microns per hour then 

these reaction rims would have required a minimum of 20 hours to have formed.  

The actual residence time is most likely much higher since the rim may have been 

convectively removed on several occasions.   
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Chapter 4: Intrusions and Organic Maturation within the Raton Basin and 
Implications for Other Basins   

 
4.1 Introduction 

The previous chapters of this thesis have described two different approaches to 

studying the thermal effects of intrusions using very different techniques. Coal 

metamorphism using applications of coal geology is described in chapter 2.  Chapter 3 

discusses experimental constraints on magma residence times/emplacement duration 

from studies of xenolith dissolution, from an igneous petrology perspective.  The coal 

metamorphism results are most directly related to organic maturation of a sedimentary 

basin while chapter 3 explores alternative techniques that can be applied to the same 

problem. 

When considering many geological processes such as coal metamorphism, it is 

often useful and beneficial to approach the problem by applying techniques from several 

disciplines.  An understanding of both coal geology and igneous petrology is necessary to 

investigate the effects of intrusions on coal, including igneous intrusion mechanisms, the 

peak temperatures that occur within the country rock as a result of intrusion, and the 

metamorphic processes within coal. 

 This chapter will serve several purposes.  A brief summary of results from this 

study and the significance of these interpretations will be discussed and expanded to the 

basin scale.  The possible application of these techniques to other locations will be 

considered and suggestions for future research will be made.    
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4.2 Overview  

 Accurate assessment of the thermal maturity of sedimentary basins is important 

for economic exploration of natural resources.  These resources include petroleum, 

natural gas and even mineral deposits.  This study has focused specifically on the effects 

of intrusions on elevating the geothermal gradient within a sedimentary basin and their 

significance for generating methane. 

 Current techniques available for assessing the thermal maturity of a basin are 

useful but do not always provide clues about the source of increased thermal maturity.  

These techniques include vitrinite reflectance, mineralization studies such as illitization 

and thermal modeling.  The first two methods provide information about the rank of 

organic matter and its relationship to peak temperature.  Thermal modeling can provide 

information about the thermal history of an area but it requires knowledge of several 

parameters such as geothermal gradient, heat output from intrusions, timing of intrusions 

and thermal properties of the country rock which may be unknown or unknowable for a 

particular location. 

 Traditionally, only large intrusions have been considered significant in increasing 

the rank of organic matter, such as coal, on the scale of an entire sedimentary basin.  Few 

studies have suggested or investigated the possibility that thin multiple intrusions may be 

significant for increasing coal rank within a sedimentary basin beyond the outcrop scale.  

Previous studies that have explored the effects of multiple intrusions include Raymond 

and Murchison (1991) in the Midland Basin, Scotland and Mastalerz and Jones (1998) in 

the Intrasudetic Basin, Poland.  The intrusions studied by Mastalerz and Jones (1998) 

range from 10 to 50 meters thick, with approximately 6 sills over a 500 meter thick 

 184



sedimentary sequence as an example.  Raymond and Murchison (1991) studied sills that 

range from approximately 5 meters thick up to 300 meters thick. These intrusions are 

much thicker than the intrusions discussed in this study.  Sills within the Raton Basin are 

usually less than 5 meters thick, and at least 5 sills may occur within a 100-meter thick 

sedimentary sequence. 

 The Raton Basin, provides an excellent location to study the effects of intrusions 

on increasing coal rank on a basin scale.  Several investigations into the thermal history, 

methane potential and coal quality of the Raton Basin have noted the correlation between 

intrusion frequency and increased coal rank. Flores and Bader (1999) briefly suggested 

that thin multiple intrusions throughout the coal-bearing formations may have increased 

coal rank on a basin-scale.  Tyler et al. (1992) noted that while the vitrinite reflectance 

pattern of the Raton Basin does parallel the outline of the basin the area of increased coal 

rank within the center of the basin is too narrow and too sharply defined to be the result 

of just burial alone (Figure 4.1). 

As mentioned in previous chapters, mafic intrusions occur throughout the two 

coal-bearing formations within the Raton Basin (Figure 4.1).  Sill intrusions are laterally 

extensive and preferentially intrude coal beds.  Large volumes of coal have been altered 

to natural coke in areas distributed throughout the basin (Figure 4.1), and much more has 

probably been coked in the sub-surface (Pillmore, 1991). 
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Figure 4.1: Reflectance contour map for the Raton Basin along with major structural 
features of the basin and intrusion map of the Raton Basin.  The cross-hatched areas 
represent areas where large volumes of coal have been destroyed by igneous intrusions.  
The area with the highest rank is located within the center of the basin where the highest 
frequency of sills occurs. Figure is modified from Flores and Bader (1999) and Johnson 
and Finn (2001). 
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 Evidence for hydrothermal activity is present throughout the basin as calcite 

veins.  Many intrusions show signs of extreme alteration, with chlorite and calcite as the 

dominant alteration products.  This hydrothermal activity was likely important in 

elevating coal rank throughout the Raton Basin (Close and Dutcher, 1993). 

 Traditional thinking suggests that intrusions have a mostly negative effect on the 

economic potential of coal and should be avoided (Gurba and Weber, 2001).  This idea is 

well-founded and based on early research that explored the effects of intrusions on coal 

from a coal mining point of view.  It is well-known that coal in contact with an intrusion 

is converted to natural coke, decreasing the coal quality and making it economically 

unminable (Crelling and Dutcher, 1968). In some cases this coked coal is used for local 

fuel and energy applications (Carroll, 2004 Personal Communication). 

 Within recent years the coal industry and USGS have refocused their 

investigations on coal bed methane deposits, which are found in many sedimentary basins 

throughout the U.S (USGS, 2002).  Many geologic considerations dictate the overall 

feasibility of exploiting coal-bed methane, including intrusion in many cases. Gurba and 

Weber (2001) concluded that within the Gunnedah basin in Australia where sills intrude 

coal the effects were favorable for coal bed methane generation and exploitation.  The 

heat added to the system helped generate methane and the coking process decreased the 

porosity of the coal, allowing the coke to serve as an excellent reservoir. 

 This study uses a variety of techniques in order to assess the significance of 

intrusions on elevating coal rank within the Raton Basin.  These techniques include 

vitrinite reflectance profiles across intrusions, bulk coal carbon isotopic changes 

measured across the same intrusions, and coke petrography.  A new technique was tested 
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that investigated xenolith dissolution textures and whether or not they provide useful 

information about emplacement duration of these intrusions.  This better understanding of 

emplacement duration should provide some idea of the total heat transfer to the 

surrounding country rock. 

 Vitrinite reflectance patterns along with carbon isotopes display distinct 

differences in the style of metamorphism caused by dikes and sills.  Reflectance increases 

approaching all intrusion contacts, while carbon isotopic values vary for each intrusion.  

This is most likely related to the type of material intruded, either predominantly coal 

parallel to bedding in the case of a sill, or predominantly shale and sandstone with only 

minor coal, perpendicular to bedding, in the case of a dike.  These results are discussed 

farther in section 4.2.   

 Natural xenolith examples described in this study show a variety of dissolution 

textures and variations in the extent of dissolution within different intrusions.  These 

examples range from gneiss xenoliths that show evidence for extensive and reaction to 

the magma quartz xenocrysts that maintain sharp boundaries and have undergone 

virtually no dissolution.  Useful qualitative information about the residence time of these 

xenolith and xenocrysts can be gained.  

 A series of dissolution experiments for basalt and synthetic basalt analogs were 

conducted at super-liquidus temperatures and where used to determine dissolution rates 

of quartz.  These data are required in order to assess minimum residence time of xenoliths 

and therefore emplacement duration and heat supply to the country rocks. In addition to 

this, the results of these experiments are useful for understanding magma contaminations 
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processes and extent in a variety of tectonic settings.  These results are discussed further 

in section 4.3. 

 Results from this study provide significant new information about the style of coal 

metamorphism in the Raton Basin.  However, they do not answer the larger question of 

how significant methane generation was as a result of these intrusions on a basin scale.  

While the results of this study are a very important first step to addressing this question 

further work is needed. Some future research directions will be discussed at the end of 

sections 4.2 and 4.3.   

 

4.3 The effects of Intrusions on Coal based on Vitrinite Reflectance, Carbon 

Isotopes and Coke Petrography 

 Distinct differences were noted in chapter 2 between the style of metamorphism  

for dikes and sills.  These differences are evident in both reflectance patterns and carbon 

isotopic patterns. Extensive discussion of these patterns can be found in chapter 2.  

 The metamorphic signature at the contacts of dikes is a very simple pattern. 

Reflectance values increase rapidly approaching the contacts and the isotopic ratios show 

an increase in δ13C of approximately 1‰ approaching the contacts.  This pattern is 

consistent with the preferential loss of 12C as volatiles such as CO2 and CH4.    

 The metamorphic signature of sills is much more complex.  Reflectance still 

increases approaching the contacts of all sills, but reflectance values show a concave-

down pattern moving away from sills, in contrast to the concave-up pattern for dikes.  

Reflectance values remain elevated for approximately one half of an intrusion width 

away from sills.  Carbon isotopic values become slightly less negative (enriched in 13C) 
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approaching sills, but within one half of an intrusion width away carbon isotopic values 

become much more negative (depleted in 13C) relative to background values.  This 

pattern has to be the result of addition of some isotopically light component to the 

system, in the absence of a viable means of preferentially removing 13C. 

 Figure 4.2 displays the reflectance and isotopic patterns for both dikes and sills as 

a function of intrusion thickness.  As discussed in chapter 2, the isotopic pattern is the 

result of several different factors related to the type of material intruded and intrusion 

style.  First, a sill intrudes a coal seam and the coal flows to accommodate the sill.  This 

does not result in much fracturing of the surrounding country rock due to the plastic 

deformation of the coal.  This fluid nature of the coal makes it less permeable, and may 

trap volatiles rather than allowing them to escape.  Second, the thermal conductivity of 

coal compared to other country rocks is extremely low, especially perpendicular to 

bedding (Nunn and Lin, 2002).  This will result in longer heating durations for sill 

contacts than dike contacts.  Third, the sill itself will cool and fracture before the coal 

solidifies or cools significantly.  Evidence for this includes observations of coal dikes and 

sills throughout the Raton Basin (Podwysocki and Dutcher, 1971).  When this fracturing 

occurs volatiles such as methane can be transported to the contact zone of sills.  This may 

explain the addition of an isotopically light component to the system.  Fourth, the 

methane that is added to the contact of the sill can be cracked to form pyrolytic carbon, 

which is deposited within the porous coke zone.  This pyrolytic carbon should have an 

isotopically light signature, reflecting the isotopically light signature of the methane from 

which it is formed.    
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 This explanation for the isotopically light signature of bulk coal at the contacts of 

sills is based on extensive isotopic data, including two sill contacts from this study and 

one from Meyers and Simoneit (1999).  Petrographic observations support the idea that 

pyrolytic carbon may be contributing to this isotopic trend.  Distinct reflectance patterns 

for dikes versus sills indicate that the rate and duration of heating is different at the 

contact of sills than dikes. 

  
Figure 4.2: Reflectance and isotopic trends for both dikes and sills as a function of % 
intrusion thickness. 

Sills Dikes 

 
 
 Several questions about this process remain unanswered.  First of all, does this 

isotopic pattern at the contacts of sills occur in other sedimentary basins? It would also be 

useful to know the isotopic signature of pyrolytic carbon.  This may be possible using 

DGC (Density Gradient Centrifuation) techniques, which may possibly enable pure 

pyrolytic carbon to be separated from the coked coal and then analyzed separately for its 

isotopic signature.  This process will be tested in the next few months for four samples 
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from outcrop JCRB 25, the single sill example. Further laboratory studies on the isotopic 

signature of volatiles such as methane generated during contact metamorphism would be 

extremely useful for understanding this process.  This may allow for quantitative mass 

balance calculations to be completed.  The effect of water content within these coals at 

the time of intrusion is not well known but this may have a significant effect on heating 

style and volatile generation. 

In addition to further research into coal metamorphism around a single intrusion, 

further work is needed to address the basin-scale significance of these thin, ubiquitous 

and laterally extensive intrusions.  The best approach to this is more complex thermal 

modeling that incorporates both conductive and convective heat transfer.  Applications of 

such models would require comprehensive mapping of intrusions throughout the basin 

and an understanding of their age relationships.    

 

4.4 Xenoliths, xenocrysts and their implications for duration of magma 

emplacement within the Raton Basin 

 In order to accurately assess the thermal contribution of intrusions to the thermal 

history of a sedimentary basin it is necessary to know the thermal histories of individual 

intrusions.  Although small sheet intrusions are commonly regarded as being emplaced 

instantly, longer-lived conduits (such as dikes) may result in significantly greater heat 

transfer to surrounding rocks. This is the ultimate goal of exploring xenolith dissolution 

within the Raton Basin.  

 Xenoliths and xenocrysts found within the Raton Basin display a wide range of 

textures, corresponding to different residence times within the magma.  There appears to 
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be a systematic difference between xenoliths and xenocrysts found in dikes, versus those 

found in sills, which is consistent with the style of intrusion and emplacement.  Xenoliths 

observed within the dikes show the greatest amount of dissolution, due to the fact that 

these xenoliths must have traveled significant distances from the basement rock to their 

final location within the dike.  If the dike served as a long-lived conduit then greater time 

is available for dissolution to occur.  Xenocrysts found within sills show very little 

evidence of dissolution, suggesting that these sills were not long-lived conduits.  Once 

magma was emplaced, it cooled rather rapidly.  The one notable exception to this 

generalization is the extremely embayed and corroded quartz xenocrysts found within 

one of the Pinafloor sills in Vermejo Park.  All of the Pinafloor sills dip at an angle of 

60˚, although it is parallel to local bedding.  It is quite possible that this sill becomes a 

dike at depth, perhaps maintaining the same orientation and serving as a long-lived 

conduit. 

By measuring the width of reaction rims, some estimates of residence time in the 

magma may be made.  In cases where reliable estimates of the original size of xenocrysts 

can be made a quantitative value of residence time could be calculated.  One examples of 

this is quartz xenocrysts in sills that are sourced from the surrounding sandstone that is 

well sorted.  Another example may be quartz xenocrysts that come from granite with 

known grain size.  In both cases, measurements on many xenocrysts are probably 

necessary to get statistically significant results.  If measuring the width of the reaction 

rim then only a minimum residence time can be obtained due to periodic convective 

removal of this zone.  
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 Experiments exploring quartz dissolution within an alkali basalt from the Raton 

Basin provided quantitative dissolution rates which are essential for calculating minimum 

xenolith residence times.  Quartz dissolution at 1225˚C occurs at a rate of approximately 

130 microns per hour.  This rate of dissolution suggests that at emplacement temperatures 

between 1100˚C and 1200˚C some dissolution of xenoliths should be noticeable after just 

a few hours within the magma, in the form of reaction rims and rounded grain 

boundaries.  The complete lack of reaction rims or irregular boundaries of quartz 

sandstone xenoliths and xenocrysts suggests that very rapid cooling of the sill must have 

occurred, with the xenocrysts remaining at emplacement temperatures for less than a few 

hours.  This short residence time at emplacement temperatures is more likely to be closer 

to a few days.  Based on thermal modeling results of Jaeger (1959) the intrusion will cool 

below its solidus within three days and below 300˚C within 72 days. At emplacement 

temperatures dissolution rates are approximately two times slower than the experimental 

temperatures (Figure 3.58).   

 Basalts and lamprophyres within the Raton Basin are silica-poor (44 wt. % SiO2) 

and are nepheline, leucite and olivine normative.  Relative to tholeiites, that have a 

significantly higher silica content quartz dissolution should occur at an extremely rapid 

rate, resulting in extensive contamination.  This is not the case for the Raton Basin.  Little 

geochemical evidence of contamination exists (Lee, 2005).   

There are significant differences in the rate of quartz dissolution for the various 

compositions used in this study.  At 1300˚C the CMAS analog basalt has the highest 

dissolution rate of approximately 350 microns per hour.  As discussed in chapter 3 this 

CMAS basalt has a similar degree of silica undersaturation to the other compositions.  
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Based on observations of the behavior of the glass during cooling and during synthesis, it 

seems to have the lowest viscosity of all the compositions.  This is evident in some of the 

experimental products, where the quartz has been tilted, broken up or extremely 

embayed.  This is because this composition has the lowest viscosity which will result in 

more convection during experiments and higher measured dissolution rates. 

Further experiments are necessary to fully understand the processes that control 

dissolution in nature.  These experiments include viscosity measurements on the samples 

used in this study.  Some experiments using the iron-bearing Raton Basin Basalt should 

be run at lower temperatures, chosen to replicate actual magma emplacement and ascent 

temperatures.  However, since these experiments will be subliquidus the results may be 

very complex.  Since the basalt used for these experiments is an alkali basalt it has 

several weight percent sodium and potassium which is not the case for a tholeiite. As 

observed for previous quartz dissolution studies alkalis will diffuse uphill into the 

reaction rim where silica content is higher.   It would be extremely interesting to explore 

the role played by alkalis on dissolution rates since the presence of these alkalis has a 

control on melt structure, reducing the viscosity of the boundary layer and resulting in 

more convection. This could be done by designing a synthetic version of the Raton Basin 

basalt that has alkali concentrations closer to that of a tholeiitic basalt but keeping the 

degree of silica under-saturation as close as possible to the original composition.     
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4.5 The Effects of Intrusions on Elevating Coal Rank in the Raton Basin 

It is likely that a significant amount of methane was generated from the intrusions 

in the Raton Basin.  The majority of this methane generated during contact 

metamorphism most likely originated from the coked coal directly in contact with the 

intrusions.  How significant methane generation as a result of igneous intrusion was 

beyond the individual intrusion conductive aureole is not fully understood.   

Based on the vitrinite reflectance profiles for dikes it appears that xenolith 

evidence for dikes serving as long-lived conduits is much less important than the style of 

intrusion and the thermal conductivity of the host rock.  Since convection is more likely 

to occur in the contact zones of these dikes than sills it appears that heat moves away 

from the contacts extremely rapidly.  The potentially longer heating duration of dikes 

(associated with a long-lived conduit) does not result in an increased reflectance profile. 

Many of the igneous intrusions within the basin are extremely altered.  

Phenocrysts are rarely entirely preserved and frequently pseudomorphed by chlorite and 

carbonate.  The groundmass of these intrusions is usually heavily chloritized.  Calcite is 

present throughout, both in veins and the groundmass.  The pervasive nature of this 

alteration suggests that significant hydrothermal alteration has occurred, which 

undoubtedly had some effect on the rank of organic matter within the basin. 

 

4.6 Applications of this study to locations beyond the Raton Basin 

Since each geological setting is unique other basins need to be assessed for 

methane production potential individually.  Important factors that effect the potential of 
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specific basins include the hydrogeology of the area, fracture history and the level of 

exposure/depth of host rocks.  These factors will play an important role in the feasibility 

of methane extraction.  The hydrogeologic conditions of an area are not always favorable 

for production regardless of what was generated initially.  In other cases the host rocks 

may be too deep to mine economically or too shallow, having lost a good portion of their 

gas.  The formation of cleats and continuity of coal seams are both important for 

extracting reasonable amounts of methane from any given well. 

 The techniques used in this study are applicable to other sedimentary basins 

where igneous intrusions are common.  Not only will they provide insight into the 

thermal history of those basins but they will help build a better understanding of these 

processes over all. 

While vitrinite reflectance profiles have been completed for intrusions in many 

other basins little carbon isotopic data exists, especially for profiles across sills.  Based on 

the results of this study, that isotopically light pyrolysates are accumulated within the 

contacts of sills, it would be interesting to compare sill isotopic profiles across sills in 

other sedimentary basins to the Raton Basin. If the isotopic pattern is unique to the Raton 

Basin then it would be interesting to know what makes this basin different than others.  It 

is likely that the isotopic pattern observed at sills within the Raton Basin occurs 

elsewhere but it has not been reported. 

Considering the relatively thin nature of sills within the Raton Basin, it would be 

very interesting to compare isotopic results across the contact zones of sills of greater 

thickness (or more variable thickness) from other sedimentary basins.  The heating 

duration in the contact zones of very large sills should be much longer.  This may result 
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in even more accumulation of pyrolytic carbon at the contact zones and greater decreases 

in δ13C .   

Studies of xenolith dissolution textures in other sedimentary basins may be more 

useful for determining quantitative residence times within magmas.  It is likely that 

xenoliths and xenocrysts in other locations will not be as highly altered as those in the 

Raton Basin.  Exploration of the chemical composition of the reaction rims for these 

xenoliths may be useful for understanding the style of dissolution.  While this technique 

may not be quantitatively useful for accurately assessing residence time (obviously 

longer than 15 to 60 minutes) it may be very useful for xenocrysts where the original 

grain size is well known and many xenoliths exist, which is a rare occurrence.   

 

4.7: Summary of Conclusions  

• Methane generation within the immediate contact zone of igneous intrusions was 

significant, as demonstrated by isotopic shifts.  This is most important for sills 

that directly intrude substantial volumes of coal.  Dikes generate volatiles 

including methane that must be transported away from the contact based on the 

less negative δ13C pattern relative to background approaching the intrusion. 

• While methane and other volatiles are generated within the contacts of sills some 

of this material appears to be trapped at the contacts.  Volatiles are added to this 

contact zone through fractures within the sill and then cracked, resulting in an 

increasingly negative δ13C values approaching the intrusion. 

• Based on textural observations of xenoliths, dikes appear to serve as long-lived 

conduits relative to sills that are emplaced almost instantly. 
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• The low thermal conductivity of coal is extremely important for the style of 

metamorphism and the cooling history of a contact zone of an intrusion.  This is 

more important than the additional heat provided to a contact zone of a dike that 

is serving as a long-lived conduit. 

• The regional background rank of coal is not directly affected by the conductive 

effects of individual intrusions because reflectance drops off to background at 

approximately one intrusion width away.  However, hydrothermal circulation 

driven by these intrusions almost certainly increased coal rank on a basin-scale. 

• It is important to consider the hydrogeologic conditions when assessing the 

significance of intrusions on a regional scale.  This will control the extent of 

hydrothermal circulation as well as the transport history of volatiles such as 

methane.   
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Appendix 1: Quartz Dissolution Experiments Run By Others 
 

Author 
Material 
Dissolved Composition

Temp 
(˚C) 

Time 
(Hours) Geometry static/dynamic Pressure 

Watson 
‘82 quartz 

ocean 
tholeiite 1300 46.4 sphere stirred 1 Bar 

Watson 
‘82 quartz 

ocean 
tholeiite 1300 100.6 sphere stirred 1 Bar 

Watson 
‘82 quartz 

ocean 
tholeiite 1400 30.6 sphere stirred 1 Bar 

Watson 
‘82 quartz 

ocean 
tholeiite 1300 28.5 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1300 1.5 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1300 3.66 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1300 1.42 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1300 0.5 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1300 3.01 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 4.08 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 2 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 2.75 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 1.53 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 1 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 1 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 1 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 2.25 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 5.17 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1250 2.75 sphere static 1 Bar 

Donaldson 
quartz-clear 
crystal tholeiite 1250 2.75 sphere static 1 Bar 

Donaldson 
‘85 

quartz-
phenocrysts tholeiite 1250 2.25 sphere static 1 Bar 

Donaldson 
‘85 

quartz-
phenocrysts tholeiite 1250 5.05 sphere static 1 Bar 
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Author 
Material 
Dissolved Composition

Temp 
(˚C) 

Time 
(Hours) Geometry static/dynamic Pressure 

Donaldson 
‘85 

quartz-
phenocrysts tholeiite 1250 5.3 sphere static 1 Bar 

Donaldson 
‘85 

quartz-
strained tholeiite 1250 4.5 sphere static 1 Bar 

Donaldson 
‘85 

quartz-
strained tholeiite 1250 3.21 sphere static 1 Bar 

Donaldson 
‘85 

quartz-
strained tholeiite 1250 1.25 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 25.25 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 17 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 2.5 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 9.33 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 1.01 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 5.09 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1210 3.92 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1143 72 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1143 72 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1143 24.25 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1143 163 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1143 149.2 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1122 145.5 sphere static 1 Bar 

Donaldson 
‘85 

quartz-clear 
crystal tholeiite 1122 169.5 sphere static 1 Bar 

Shaw 
2000 quartz basanite 1350 0.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.33 qtz top static 1.5 GPa 
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Author 
Material 
Dissolved Composition

Temp  
(˚C) 

Time 
(Hours) Geometry static/dynamic Pressure 

Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 3.00 qtz top Static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 4.50 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.36 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.08 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.27 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.08 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.17 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.17 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.17 qtz top static 1.5 GPa 
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Author 
Material 
Dissolved Composition

Temp 
(˚C) 

Time 
(Hours) Geometry static/dynamic Pressure 

Shaw 
2000 quartz basanite 1350 0.50 qtz top Static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.50 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.50 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.00 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.33 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 0.67 qtz top static 1.5 GPa 
Shaw 
2000 quartz basanite 1350 1.33 qtz top static 1.5 GPa 
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Appendix 2: Vitrinite Reflectance Data 
 

Data is split up into sections for each outcrop, a total of 4 sections. 
 
 

2 A The table below contains all reflectance data collected for JCRB19, the two dikes 
outcrop.  Samples with high shale content only have one data set.  All other samples have 
two data sets.  Following the table are histograms for each individual sample. 

 
 

Sample 
Mean % 

Ro Median 
standard 
deviation

19N4run1 0.98 0.88 0.26
19N4run2 0.99 0.99 0.15
19N4 avg 0.99 0.93 0.20
19N3run1 4.37 4.25 0.81
19N3run2 4.37 4.15 0.91
19N3 avg 4.37 4.20 0.86
19N2run1 4.55 4.46 0.65
19N1run1 6.38 6.36 1.00
19M8run1 7.17 6.99 1.46
19M8run2 6.88 6.54 1.36
19M8 avg 7.02 6.76 1.41
19M9run1 4.28 4.16 0.58
19M10run1 2.71 2.66 0.36
19M7run1 1.17 1.20 0.20
19M6run1 1.23 1.24 0.25
19M5run1 1.57 1.56 0.18
19M5run2 1.21 1.20 0.12
19M5 avg 1.39 1.38 0.15
19M4run1 0.95 0.92 0.14
19M3run1 2.43 2.54 0.33
19M3run2 2.35 2.31 0.35
19M3 avg 2.39 2.43 0.34
19M2run1 4.51 4.30 0.99
19M1run1 6.11 6.02 0.96
19M1run2 5.40 5.29 1.08
19M1 avg 5.75 5.65 1.02
19S1 5.08 5.07 0.96
19S2run1 4.68 4.60 1.03
19S3run1 3.38 3.28 0.51
19S4run1 2.51 2.47 0.24
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2 B: Reflectance Data for JCRB 25, the single sill outcrop 
 
All data is listed in the table below.  Individual histograms for the data set are shown on 
the following pages.   
 
 
 

Sample Mean % Ro Median 
Standard 
Deviation 

25Arun1 1.15 1.15 0.08
25Arun2 0.87 0.84 0.14
25Brun1 0.74 0.73 0.08
25Crun1 1.08 1.11 0.19
25Crun2 0.84 0.80 0.17
25Drun1 6.93 6.91 1.03
25Erun1 6.18 5.79 1.20
25Erun2 6.05 6.05 0.91
25Frun1 5.30 5.29 0.80
25Frun2 5.06 5.06 0.86
25Grun1 2.93 2.85 0.47

 
 
 

25 A run 1 

0

5

10

15

20

25

30

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

%  Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 

 222



JCRB25Arun2

0

5

10

15

20

25

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 

JCRB25Brun1

0

5

10

15

20

25

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 
 
 
 

 223



25Crun1

0

5

10

15

20

25

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance 

Fr
eq

ue
nc

y

 
 
 
 
 
 
 
 
 
 

25Erun1

0

1

2

3

4

5

6

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 

 224



 
25E run2

0

1

2

3

4

5

6

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 
 

25Frun1

0

1

2

3

4

5

6

7

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 

 225



25Frun2

0

1

2

3

4

5

6

7

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 

25Grun1

0

1

2

3

4

5

6

7

8

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 

 226



25Grun2 

0

1

2

3

4

5

6

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 

25Hrun1 

0

5

10

15

20

25

30

35

40

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 

 227



JCRB25Hrun2

0

5

10

15

20

25

30

35

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 

JCRB25Irun1

0

2

4

6

8

10

12

14

16

18

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 
 

 228



JCRB25Irun2

0

5

10

15

20

25

30

0.1 0.5 0.9 1.3 1.7 2.1 2.5 2.9 3.3 3.7 4.1 4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.5 8.9 9.3 9.7 10
.1

10
.5

10
.9

11
.3

11
.7

% Random Reflectance

Fr
eq

ue
nc

y

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 229



2 C: Reflectance data from JCRB65, the multiple sill outcrop. 
 
All reflectance data for this outcrop is listed below.  Histograms for all  data are located 
on the following pages. 
 
 

Sample 
Mean % 
Ro Median 

Standard 
Deviation 

65A1run1 3.46 3.46 0.30
65A1run2 3.25 3.18 0.36
65A1 avg 3.35 3.32 0.33
65A4run1 4.73 4.73 0.54
65A4run2 4.81 4.72 0.76
65A4 avg 4.77 4.72 0.65
65B3run1 5.12 4.99 0.54
65B2run1 5.28 5.16 0.69
65B2run2 5.31 5.18 0.64
65B2 avg 5.30 5.17 0.67
65B1run1 5.88 5.90 0.99
65B1run2 5.88 5.72 0.68
65B1 avg 5.88 5.81 0.83
65Hrun1 1.35 1.39 0.18
65Jrun1 0.88 0.90 0.10
65K3run1 2.16 2.08 0.27
65K3run2 2.31 2.22 0.37
65K3 avg 2.23 2.15 0.32
65K2run1 2.59 2.50 0.40
65K2run2 2.44 2.38 0.21
65 K2 avg 2.52 2.44 0.30
65 K1run1 2.48 2.39 0.32
65 K1run2 2.56 2.53 0.49
65 K1 avg 2.52 2.46 0.41
65Lrun1 4.58 4.55 0.63
65Prun1 3.16 3.14 0.53
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2 D: Reflectance data from JCRB18, the single dike outcrop. 
 
All reflectance data for this outcrop is listed below.  Histograms for all data are located 
on the following pages. 

 
 

42Frun2 
mean 
reflectance median st dev 

  0.897616 0.91555 0.1187395

42Frun1 
mean 
reflectance median st dev 

  0.879574 0.8817 0.0977305

42Erun1 
mean 
reflectance median st dev 

  0.957696 0.98475 0.1275461

42Drun1 
mean 
reflectance median st dev 

  0.863842 0.8857 0.1068036

42Crun1 
mean 
reflectance median st dev 

  0.882368 0.88525 0.1074388

42Brun2 
mean 
reflectance median st dev 

  1.027484 0.9216 0.2272288

42Brun1 
mean 
reflectance median st dev 

  1.054144 0.9851 0.2016412

42Arun1 
mean 
reflectance median st dev 

  2.390558 2.36115 0.5361976
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Appendix 3: All Field Stop Locations 
 
 
Stop 
Number Zone Easting Northing 

Elev 
Meters Description 

JCRB1 13S 517158 4165136 1939   
JCRB2 13S 515941 4174280 1875 I-25 Dike 
JCRB3 13S 513409 4172368 1951 pods of baked sandstone 
JCRB4 13S 512600 4171555 1927 gneiss xenolith dikes 

JCRB5 13S 494211 4129828 2963 
Sills south of Cucharas 
Pass 

JCRB6 13S 538491 4109320 1939 sopris mine coal 
JCRB7 13S 538963 4109625 1928 baked pods of sandstone 
JCRB8 13S 539015 4109689 1942 Sopris two dikes and sill 
JCRB9 13S 539171 4111665 1929 reverse fault/ coal 
JCRB10 13S 537097 4112481 1946 sill 
JCRB11 13S 531996 4113001 1976 background 
JCRB12 13S 530189 4116008 2035 Delta 
JCRB13 13S 529845 4116457 NA coal background sample 
JCRB14 13S 526251 4119350 2132 background 
JCRB15 13S 533462 4110160 1975 background 
JCRB16 13S 518875 4108803 NA large shockcrete sill 
JCRB17 13S 542409 4109286 1926 dike 
JCRB18 13S 542622 4109188 1948 dike 
JCRB19 13S 544290 4098589 NA two dikes 
JCRB20 13S 537000 4071934 2127 VanHouten coal sample 
JCRB21 13S 547493 4070990 1916 calcite veins 
JCRB22 13S 538183 4079027 NA coal canyon sill 
JCRB23 13S 536330 4078716 2182   
JCRB24 13S 507814 4083318 NA coal background sample 
JCRB25 13S 538629 4082467 2079 sill along rt.555 
JCRB26 13S 504076 4048067 2039 organic shale bad sample 
JCRB27 13S 504449 4047790 2038 coal background sample 

JCRB28 13S 547336 4088712 2194 
sill with sandstone 
xenoliths 

JCRB29 13S 533756 4128320 2032 sill 
JCRB30 13S 528959 4125660 2167 background 
JCRB31 13S 527359 4126991 2202 Large dike 
JCRB32 13S 527347 4136190 2002   
JCRB33 13S 528226 4136987 1978 sill 
JCRB50 13S 518564 4165437 1918 Walsen Dike 
JCRB51 13S 497058 4121254 2590 North Lake Sills 
JCRB52 13S 540099 4109904 NA background east of Sopris 
JCRB53 13S 540024 4109863 1931 Eastern Sopris Dike 
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Stop 
Number Zone Easting Northing 

Elev 
Meters Description 

JCRB54 13S 535632 4112863 2009 background 
JCRB55 13S 532167 4109383 1916 background 
JCRB56 13S 526692 4109018 1970 background 

JCRB57 13S 520659 4110108 2047 
Sarcillo Canyon 
Background 

JCRB58 13S 518035 4109218 2050 background 
JCRB59 13S 509872 4105420 2201 Torres Canyon Background 
JCRB60 13S 509155 4103576 2256 background 
JCRB61 13S 511654 4106496 2143 sill 
JCRB62 13S 512999 4109440 2107 sill 

JCRB63 13S 505215 4110753 2249 
Apache Canyon 
Background 

JCRB64 13S 498402 4110975 2376 Sill south of Stonewall 
JCRB65 13S 539638 4109586 1942 Two sills east of Sopris 
JCRB66 13S 541741 4109301 1940 dike and sill 
JCRB67 13S 542284 4106665 1985 background 
JCRB68 13S 542593 4107703 1990 background 
JCRB69 13S 546702 4090963 2254 background 
JCRB70 13S 488069 4089226 2523 Pinafloor Sills 
JCRB71 13S 502892 4080587 2254 sill with big coal dike 
JCRB72 13S 537073 4083579 2091 Canadian River Sills 
JCRB73 13S 547168 4088979 2173 sill 
JCRB74 13S 546897 4089677 2200 background 
JCRB75 13S 528381 4112517 2014 background sample 
JCRB76 13S 533606 4108593 1955 background 
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Appendix 4: Summary of all Coal Data 
 
 

Sample 
Name 

Distance from 
dike contact 
(meters) 

Distance from contact as 
a function of percent 
intrusion thickness. TOC R0 (%) δ 13CPDB

18F 1.875 3.1   0.89   
18E 1.475 2.5 27.9 0.96 -26.4 
18D 1.125 1.9   0.86   
18C 0.775 1.3 36.6 0.88 -26.3 
18B 0.575 1.0 33.4 1.04 -26.4 
18A 0.235 0.4 26.0 2.39 -26.0 

 
 
 

Sample 
Name 

Distance along 
profile  (meters) 

Distance 
from contact 
(centimeters) TOC R0 (%) δ 13C PDB

19N1 15 2.5 1.2 6.38 -25.6 
19N2 14.9 3.8 1.5 4.55 -25.7 
19N3 14.7 23.4 22.9 2.68 -26.4 
19N4 6 491.3 46.2 0.99 -26.5 
19N5 0 1966.0 52.3   -26.6 
19M1 23.1 2.9 1.4 5.75 -26.1 
19M2 22.9 34.9 2.6 4.51 -26 
19M3 22.4 139.6 25.8 2.39 -26.4 
19M4 21.8 242.9 9.5 0.95 -26.5 
19M5 21.4 322.9 46.7 1.39 -26.3 
19M6 20.5 507.6 9 1.23 -26.5 
19M7 19.6 672.0 25 1.17 -26.4 
19M8 16.6 2.0 6.8 7.02 -26 
19M9 16.8 26.0 2 4.28 -25.9 
19M10 17.1 71.0 31.2 2.71 -26.4 
19S1 24.2 4.4 0.8 5.08 -25.3 
19S2 24.4 27.6 1.6 4.68 -25.7 
19S3 24.6 58.2 31.7 3.38 -26.5 
19S4 24.8 96.0 24.8 2.51 -26.3 
19S5 25.2 152.7 2.5   -26 
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Sample 
Name 

Distance 
along 
profile 

Distance from contact 
(meters) TOC R0 (%) δ 13CPDB

25A 0.0 4.55 53.3 0.87 -26.7 
25B 3.6 0.93 30.8   -26.4 
25C 3.7 0.83 31.5 0.84 -26.2 
25D 5.4 0.02 4.9 6.93 -27.5 
25E 5.6 0.23 38.8 6.12 -27.2 
25F 5.8 0.44 19.6 5.18 -26.5 
25G 5.9 0.51 24.2 3.07 -26.2 
25H 9.3 3.92 47.1 0.67 -26.5 
25I 10.2 4.83 48.3 0.68 -25.7 

 

Sample 
Name 

Distance 
along 
profile 
(m) 

Distance from contact 
(cm) TOC R0 (%) δ 13CPDB

65A1 3.32 29 65.6 3.4 -25.7 
65A2 3.3 27 61.2   -25.7 
65A3 3.275 24.5 53.1   -25.7 
65A4 3.2475 21.75 60.0 4.8 -25.8 
65B3 3.095 6.5 61.1 5.1 -26.6 
65B2 3.0725 4.25 39.5 5.3 -26.3 
65B1 3.0425 1.25 35.2 5.9 -27.0 
65H 1.2 21.75   1.4   
65J 1.095 11.25   0.9   
65K3 1.055 7.25 55.6 2.2 -26.4 
65K2 1.025 4.25 56.9 2.5 -26.3 
65K1 0.995 1.25 60.7 2.5 -26.4 
65L 0.82 0.75   4.6   
65P 0     3.2   
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