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ABSTRACT 

 

Helium, the lightest noble gas, is a valuable resource located on the Colorado Plateau 

southwestern US. Helium, a proven, useful noble gas, has many applications in modern 

technology for its chemical, physical, and thermodynamic properties. As of this writing, the price 

of crude helium is ~40% greater than CH4, rendering the economic grade for direct and 

secondary extraction at 0.3% helium. The helium systems in the Four Corners area (i.e., the 

study area) are characterized utilizing the geochemistry of noble gases, hydrocarbons, and non-

hydrocarbons (compositional and isotopic), as well as geologic mapping. The geochemistry 

delineates sources of gases, migration pathways, and potential trapping/sealing mechanisms of 

the helium system, which is a slight deviation from the petroleum system.  

 Economic helium (>0.3%) is primarily found in Paleozoic intervals structurally trapped 

on the Four Corners Platform, the edge of the Defiance Uplift, and the edge of the Holbrook 

Basin. Thirty-one gas samples, isotopically analyzed, are from actively producing Paleozoic 

formations within five fields: Tocito Dome, Dineh-Bi-Keyah, Ratherford, Pinta Dome, and 

Navajo Springs.  Helium concentrations range from 0.01% to >6.0% and incorporates a spectrum 

of other gas values associated with relatively similar Paleozoic formations.  

Noble gases along with hydrocarbon and non-hydrocarbon gas geochemistry are 

successfully used in genetically fingerprinting gas families. The source of helium is determined 

to be from the shallow crust, i.e., Precambrian granitic basement. Noted faults and attendant 

fracture systems serve as primary migration conduits (via fluid flow from advection). Observed 

gas-water reactions indicate groundwater involvement in the concentration of helium and 

extreme solubility fractionation (i.e., long secondary migration pathways). By investigating 
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migration pathways, N2 and CO2 are recognized as major, helium carrier gases, whereas CH4 is a 

helium dilutant. Geologic mapping illustrates dominant structural, stratigraphic, and combination 

structural-stratigraphic traps. The helium system definition is updated, as well as criteria 

developed to successfully explore for helium. Proper isotopic and geological analyses can 

improve helium system models that involve generation, migration, and trapping/sealing 

mechanisms. Improvements in the understanding of the helium system model are critical for 

more effective helium exploration. Native Americans Tribes of the Southwest and other 

economic sectors stand to benefit (economically and socially) from a more enhanced scientific 

knowledge of the helium system in the study area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



v 
 

 
TABLE OF CONTENTS 

 
 

ABSTRACT ................................................................................................................................... iii 

LIST OF FIGURES ...................................................................................................................... xii 

LIST OF TABLES ....................................................................................................................... xix 

ACKNOWLEDGEMENTS ......................................................................................................... xxi 

CHAPTER 1 INTRODUCTION .....................................................................................................1 

1.1 Objectives and Thesis Outline .......................................................................................1 

1.2 Brief History of Helium .................................................................................................3 

1.3 Helium Applications ......................................................................................................4 

1.4 Helium Supply and Demand ..........................................................................................6 

1.5 Helium’s Processing and Transport ...............................................................................9 

1.6.1 Helium’s Policies ........................................................................................................9 

1.6.2 Policy Summary ........................................................................................................13 

1.7 Helium’s Price .............................................................................................................14 

1.8.1 Helium’s Reservoirs..................................................................................................16 

1.8.2 N2-Rich Fields ...........................................................................................................17 

1.8.3 CH4-Rich Fields ........................................................................................................18 

1.8.4 CO2-Rich Fields ........................................................................................................19 

CHAPTER 2 NOBLE GAS GEOCHEMISTRY ...........................................................................21   

2.1 Review of Noble Gases ................................................................................................21 

2.2.1 Origins of Noble Gases and Their Isotopes ..............................................................23 

2.2.2 Helium.......................................................................................................................23 



vi 
 

2.2.3 Formation of Helium Isotopes ..................................................................................24 

2.2.4 Neon ..........................................................................................................................25 

2.2.5 Argon ........................................................................................................................26 

2.2.6 Krypton and Xenon ...................................................................................................27  

2.3.1 Noble Gases as Tracers .............................................................................................29  

2.3.2 Sources of Noble Gases ............................................................................................30 

2.3.3 Air Saturated Water ..................................................................................................33 

2.3.4 Crust ..........................................................................................................................35 

2.3.5 Mantle .......................................................................................................................37 

2.4.1 Noble Gas Recharge Processes .................................................................................38 

2.4.2 Phase Exchanges .......................................................................................................39 

2.4.3 Sorption Processes ....................................................................................................41 

2.4.4 Diffusion ...................................................................................................................42 

2.5 Noble Gas Applications ...............................................................................................43 

CHAPTER 3 LITERATURE REVIEW ........................................................................................46 

3.1 Generation of 4He ........................................................................................................46 

3.2 Primary Migration of 4He ............................................................................................52 

3.3 Secondary Migration of 4He ........................................................................................56 

3.4 Trapping and Sealing of 4He ........................................................................................61 

3.5 Generation Model Summary ........................................................................................66 

3.6.1 Variables to the Helium System ...............................................................................66 

3.6.2 Helium Saturation .....................................................................................................66 

3.6.3 Porosity .....................................................................................................................68 



vii 
 

3.6.4 Depth .........................................................................................................................70 

3.6.5 Age ............................................................................................................................75 

3.6.6 Tectonic Activity (Volcanism and Faulting) ............................................................76 

3.6.7 Hydrocarbons ............................................................................................................81 

3.6.8 Basement High ..........................................................................................................85 

3.6.9 Basement ...................................................................................................................86 

3.7.1 Exploration Models ...................................................................................................89 

3.7.2 Model 1 .....................................................................................................................89 

3.7.3 Model 2 .....................................................................................................................90 

3.7.4 Model 3 .....................................................................................................................91 

3.7.5 Model 4 .....................................................................................................................91 

3.7.6 Model 5 .....................................................................................................................92 

3.7.7 Model 6 .....................................................................................................................93 

3.7.8 Model 7 .....................................................................................................................93 

3.7.9 Model 8 .....................................................................................................................94 

3.7.10 Model 9 ...................................................................................................................95 

CHAPTER 4 GEOLOGIC HISTORY...........................................................................................99 

4.1 Regional Tectonic History of the Colorado Plateau ....................................................99 

4.2.1 San Juan Basin Structural Geologic History ...........................................................105 

4.2.2 Paradox Basin Structural Geologic History ............................................................107 

4.2.3 Holbrook Basin Structural Geologic History ..........................................................109 

4.3.1 Structural Framework of the Four Corners Platform ..............................................113 

4.3.2. Structural Framework of the Defiance Uplift ........................................................113 



viii 
 

4.3.3 Structural Framework of the Blanding Basin .........................................................114 

4.3.4 Structural Framework of the Mogollon Slope ........................................................115 

4.4.1 Structure of the Tocito Dome Field ........................................................................116 

4.4.2 Structure of the Dineh-Bi-Keyah Field ...................................................................118 

4.4.3 Structure of the Ratherford Field ............................................................................120 

4.4.4.1 General Structure of the Pinta Dome/ Navajo Springs area ................................120 

4.4.4.2 Structure of the Pinta Dome Field .......................................................................124 

4.4.4.3 Structure of the Navajo Springs Field ..................................................................124 

4.5.1 Generalized Stratigraphy ........................................................................................125 

4.5.2 Regional Stratigraphic Horizons .............................................................................127 

4.5.3 Helium Reservoirs by Field ....................................................................................129 

CHAPTER 5 METHODS ............................................................................................................133 

5.1 Field Planning and Sample Points .............................................................................133 

5.2 Producing Fields ........................................................................................................135 

5.3 Operators ....................................................................................................................135 

5.4 Sampling Background ................................................................................................136 

5.5 Sample Collection ......................................................................................................137 

5.6 Laboratory Analyses ..................................................................................................140 

5.7 Geologic Mapping .....................................................................................................144 

CHAPTER 6 DATA SYNTHESIS ..............................................................................................145 

6.1 Results ........................................................................................................................145 

6.2.1 Methane...................................................................................................................146 

6.2.2 Carbon Dioxide .......................................................................................................147 



ix 
 

6.2.3 Nitrogen ..................................................................................................................148 

6.2.4 Helium.....................................................................................................................149 

6.2.5 Neon ........................................................................................................................159 

6.2.6 Argon ......................................................................................................................161 

6.2.7 Krypton and Xenon .................................................................................................162 

6.3.1 Mantle Derived Noble Gases (3He) ........................................................................163 

6.3.2 Crust Derived Noble Gases (4He,21Ne,40Ar) ...........................................................164 

6.3.3 Crust Derived Isotopes, 20Ne, and 36Ar ...................................................................165 

6.4 General Relationships among He, N2, CO2, CH4, and Ar ..........................................168 

6.5 Geochemical Fingerprinting ......................................................................................174 

6.6 General Helium, Neon, and Argon Plots ...................................................................178 

6.7 Groundwater Derived Noble Gases (20Ne,36Ar,84Kr) ................................................182 

6.8.1 Nitrogen Relationships............................................................................................191 

6.8.2 Nitrogen and Noble Gases ......................................................................................194 

6.9 Radiogenic Isotopes Thermal Release .......................................................................202 

6.10.1 Investigating Migration Pathways via Nitrogen ...................................................207 

6.10.2 Investigating Migration Pathways via Hydrocarbons ...........................................211 

6.10.3 Investigating Migration Pathways via Carbon Dioxide ........................................217 

6.11 Summary ..................................................................................................................220 

CHAPTER 7 HELIUM SYSTEM PREDICTIONS ....................................................................223 

7.1 General Questions ......................................................................................................223 

7.2 Basics of the Petroleum System .................................................................................224 

7.3 Helium System History ..............................................................................................226 



x 
 

7.4.1 The Helium System.................................................................................................228 

7.4.2 Source .....................................................................................................................229 

7.4.3 Maturation ...............................................................................................................230 

7.4.4 Primary Migration ...................................................................................................231 

7.4.5 Secondary Migration ...............................................................................................233 

7.4.6 Accumulation ..........................................................................................................235 

7.4.7 Reservoir .................................................................................................................237 

7.4.8 Trap .........................................................................................................................237 

7.4.9 Seal ..........................................................................................................................238 

7.4.10 Overburden ...........................................................................................................239 

7.5.1 Helium Systems of Sampled Fields ........................................................................242 

7.5.2.1 Tocito Dome Field, San Juan County, New Mexico ...........................................242 

7.5.2.2 Summary ..............................................................................................................245 

7.5.3.1 Dineh-Bi-Keyah Field, Apache County, Arizona ................................................249 

7.5.3.2 Summary ..............................................................................................................252 

7.5.4.1 Ratherford Field, San Juan County, Utah ............................................................262 

7.5.4.2 Summary ..............................................................................................................264 

7.5.5.1 Pinta Dome and Navajo Springs Fields, Apache County, Arizona .....................268 

7.5.5.2 Summary ..............................................................................................................271 

7.6 Discussion ..................................................................................................................277 

CHAPTER 8 RECOMMENDATIONS FOR DEVELOPMENT ...............................................283 

8.1.1 Tohache Wash .........................................................................................................283 

8.1.2 Summary .................................................................................................................286 



xi 
 

8.2 Helium Potential ........................................................................................................291 

8.3 Tribal Significance .....................................................................................................292 

CHAPTER 9 CONCLUSIONS ...................................................................................................295 

CHAPTER 10 FUTURE WORK ................................................................................................299 

REFERENCES ............................................................................................................................304 

APPENDIX ..................................................................................................................................330 

A.1 Descriptions of Data Utilized ........................................................................330 

A.2.1 Sample Collection and Storage Methods ...................................................332 

A.2.2 Stainless Steel Cylinders ............................................................................332 

A.2.3 Copper Tubing ...........................................................................................334 

A.2.4 Storage and Handling .................................................................................335 

A.3 Initial ArcGIS Mapping Methods .................................................................335 

A.4.1 Constructing the Petra Project....................................................................336 

A.4.2 Importing Data ...........................................................................................336 

A.4.3 Cross-Sections ............................................................................................337 

A.4.4 Correlating Formation Tops .......................................................................338 

A.4.5 Picking Faults .............................................................................................339 

A.4.6 Generating Structural Contours .................................................................340 

A.5 Equations .......................................................................................................341  

A.6 Complete Geochemical Dataset ....................................................................342 

 

 

 

 



xii 
 

 

LIST OF FIGURES 

 

Figure 1.1       Diagram showing the primary uses of helium and its global producers ..................5 
 
Figure 1.2       Map showing the distribution of helium across the US. ..........................................7 
 
Figure 1.3       Actual (left of vertical black line) and projected (right of vertical black             

line) market demand for refined helium ..................................................................8 
 
Figure 1.4       Helium prices from 2000 to 2018 (fiscal year). .....................................................15 
 
Figure 1.5       Global distribution of helium in respect to various countries and helium-           

rich reservoirs by plotting helium percentages versus helium reserve            
quantity (Bcf). ........................................................................................................16 

 
Figure 2.1       Periodic table of elements showing noble gases ....................................................21 
 
Figure 2.2       Illustration of common decay schemes ..................................................................29 
 
Figure 2.3       Different isotopic components (atmosphere and air saturated water via          

aquifer recharge, crustal/radiogenic, and mantle) interacting with a            
petroleum system ...................................................................................................31 

 
Figure 2.4       Schematic showing the various sources of noble gases and how they            

interact with conventional and unconventional petroleum systems. .....................32 
 
Figure 3.1       Relationship between 4He generation and time for five rock groups  ....................47 

Figure 3.2       Schematic shows four possible mechanisms that can influence a noble gas’   
escape from crustal minerals ..................................................................................50 

Figure 3.3       Cross plot relating time (millions of years), temperature, and helium in             
pore water from an authigenic apatite ....................................................................55 

Figure 3.4       Henry’s constant versus temperature showing helium, nitrogen, and              
methane ..................................................................................................................58 

Figure 3.5       Plots showing helium fractions compared to depth and temperature .....................59 

Figure 3.6       Terrestrial 4He generation model showing generation, primary migration, 
secondary migration, and trapping/sealing mechanisms .......................................65 

Figure 3.7       The parameters (time, helium saturation concentration, and depth) that are   
required to saturate helium in water.......................................................................67 



xiii 
 

Figure 3.8       Cross plot showing the relationship between time, porosity, and helium      
fractions..................................................................................................................69 

Figure 3.9a     Plot of depth in ft versus helium % with power trendlines (A) Cenozoic ..............71 

Figure 3.9b,c  Plots of depth in ft versus helium % with power trendlines (B) Mesozoic           
and (C) Paleozoic. ..................................................................................................72 

Figure 3.10     Gas data from samples taken for this study (Ratherford, Tocito Dome,         
Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah Fields) plotted with          
depth and He %. Data from Brennan et al. (2016) are also plotted. ......................73 

Figure 3.11     Graph showing the relationship with He% and age from US data only .................74 

Figure 3.12     Regional map relating volcanism and high helium (>0.7%) shown as small      
dark blue circles .....................................................................................................77 

Figure 3.13     Map showing volcanic fields in and around the Colorado Plateau ........................78 

Figure 3.14     Map of the Four Corners area detailing the oil/gas fields, igneous                
activity, faulting, and their respective reservoirs along with helium %.................80 

Figure 3.15     Map showing >0.7% helium gas (blue points) with natural gas and oil             
fields .......................................................................................................................83 

Figure 3.16a-d Graphs of helium to (A) methane – inverse relationship, (B) BTU values –  
inverse relationship, (C) carbon dioxide – inverse relationship, and                    
(D) nitrogen – positive relationship .......................................................................84 

Figure 3.17     High helium gases (>0.7%) (blue circles), oil/gas fields, and basement        
structure east of the green line ...............................................................................85 

Figure 3.18     Map showing He gases (>0.7%) in blue circles, and basement geology ...............87 

Figure 3.19     Model 6 for 4He acquired during migration ...........................................................92 

Figure 3.20     Model 7 for 4He acquired after migration ..............................................................94 

Figure 3.21     Model 8 for 3He acquired during migration with CO2 ...........................................95 

Figure 3.22     Model 9 for He, N2, 
40Ar, and CO2 around volcanic centers ..................................96 

Figure 4.1       Tectonic division of the Colorado Plateau ...........................................................103 

Figure 4.2       Major structural elements and location of samples for this study in the             
Four Corners area .................................................................................................104 

 
Figure 4.3       The San Juan Basin Province showing the Four Corners Platform......................106 
 
Figure 4.4       Map of the major structural features of the Paradox Basin ..................................108 
 



xiv 
 

Figure 4.5       Map of the major structural features of northeastern Arizona. ............................111 
 
Figure 4.6       Map showing the Holbrook Salt Basin with helium concentrations in             

several wells, structural trends as well as the thickness of Permian salt .............112 
 
Figure 4.7       Structure map on the top of the Barker Creek for the Tocito Dome ....................117 
 
Figure 4.8       Structure map contoured on the lower Hermosa for the Dineh-Bi-Keyah           

Field .....................................................................................................................119 
 
Figure 4.9       Structure map based on the top of the Desert Creek Member of the Paradox          

Formation for the Ratherford Field ......................................................................121 
 
Figure 4.10     Structure map based on the top of the Permian Coconino for the Pinta            

Dome ....................................................................................................................122 
 
Figure 4.11     Structure map based on the top of the Permian Coconino for the Navajo      

Springs and Navajo Springs East fields ...............................................................123 
 
Figure 4.12     A generalized stratigraphic column from the Paradox Basin, which           

represents the sampled formations of this study ..................................................126 
 
Figure 5.1       Data comparing the helium retention percentage of steel cylinders versus    

isotubes from various storage field tests. .............................................................137 
 
Figure 5.2       Stainless-steel double ended cylinders being used to collect gas samples           

from actively producing natural gas wells ...........................................................138 
 
Figure 5.3       Sample collection of actively producing natural gas wells with field hand            

assistance..............................................................................................................139 
 
Figure 6.1       Plot depicting the distribution of gases for the hydrocarbon dominant          

samples from the Ratherford and Tocito Dome Fields ........................................152 
 
Figure 6.2       Plot presenting the distribution of gases for the nitrogen dominant samples       

from the Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah fields. ...................153 
 
Figure 6.3        Plot depicting the abundances of noble gases relative to samples from        

different fields ......................................................................................................154 
 
Figure 6.4       Map illustrating the distribution of helium gases from the historical              

sample wells around the Four Corners area .........................................................155 
 
Figure 6.5       Map portraying the distribution of helium gases from the historical                

sample wells and the new sampled wells (blue circles) around the            
Ratherford Field in the Four Corners area ...........................................................156 



xv 
 

Figure 6.6       Map highlighting the distribution of helium gases from historical sample        
wells and new sampled wells (blue circles) around the Dineh-Bi-Keyah            
and Tocito Dome fields in the Four Corners area ................................................157 

 
Figure 6.7       Map exhibiting the distribution of helium gases from historical sample            

wells and new sampled wells (blue circles) around the Pinta Dome and         
Navajo Springs fields in the Four Corners area ...................................................158 

 
Figure 6.8       Plot depicting 20Ne versus 4He .............................................................................166 
 
Figure 6.9       Plot outlining 36Ar versus 4He ..............................................................................166 
 
Figure 6.10     Cross plot exhibiting the positive relationship between 20Ne and 21Ne* .............167 
 
Figure 6.11     Cross plot depicting the positive relationship between 20Ne and 40Ar* ...............167 
 
Figure 6.12     Ternary plot showing the relationship between helium (multiplied by 10),      

carbon dioxide, and methane ...............................................................................171 
 
Figure 6.13     Tertiary plot showing the relationship between helium (multiplied by 10), 

nitrogen, and carbon dioxide................................................................................172 
 
Figure 6.14     Tertiary plot showing the relationship between helium (multiplied by 10),      

argon (multiplied by 100), and nitrogen ..............................................................173 
 
Figure 6.15     Cross plot of R/Ra versus CH4/N2 ........................................................................175 
 
Figure 6.16     Plot showing 4He/N2 versus CH4/N2 .....................................................................176 
 
Figure 6.17     Plot showing the 40Ar/36Ar versus 4He/N2 ............................................................176 
 
Figure 6.18     Plot showing R/Ra versus F 4He/20Ne ...................................................................177 
 
Figure 6.19     R/Ra versus 4He plot showing a strong crustal component of the samples ..........178 
 
Figure 6.20     R/Ra versus 40Ar/36Ar showing a strong crustal component for most            

samples .................................................................................................................179 
 
Figure 6.21     20Ne/22Ne versus 21Ne/22Ne supporting a strong crustal component for the    

samples .................................................................................................................181 
 
Figure 6.22     Plot comparing 84Kr/36Ar versus 20Ne/36Ar illustrating fractionation ..................186 
 
Figure 6.23     Plot of 84Kr versus 132Xe (normalized to air) illustrates the effect of the         

heavier noble gases being trapped in sediments rich in organics ........................188 
 



xvi 
 

Figure 6.24     Plot comparing 4He/40Ar* versus 20Ne/36Ar .........................................................190 
 
Figure 6.25     Plot comparing 4He/21Ne* versus 20Ne/36Ar ........................................................191 
 
Figure 6.26     Plot showing the relationship of N2/

40Ar versus 36Ar/40Ar ...................................192 
 
Figure 6.27     Plot showing 4He/36Ar versus 40Ar/36Ar ...............................................................193 
 
Figure 6.28     Plot showing N2 versus 4He ..................................................................................195 
 
Figure 6.29     Plot showing 4He /N2 versus δ15N (N2) ................................................................199 
 
Figure 6.30     Plot showing 40Ar*/21Ne* versus 4He/21Ne* ........................................................203 
 
Figure 6.31a,b Plots showing the relationship between 20Ne/N2 and (A) 4He/N2 and                

20Ne/N2 and (B) 21Ne*/N2 .....................................................................................210 
 
Figure 6.31c     Plot showing the relationship between 20Ne/N2 and (C) 40Ar*/N2 .......................211 
 
Figure 6.32a,b Plots showing (A) 20Ne vs 4He normalized by CH4 and (B) 20Ne vs 21Ne* 

normalized by CH4 ...............................................................................................212 
 
Figure 6.32c     Plot showing (C) 20Ne vs 40Ar* normalized by CH4 .............................................213 
 
Figure 6.33     Figure showing the approximate ranges of gas composition related to post –   

mature dry gas, post – mature wet gas, microbial gas, mixed gas, and              
mature gas formed with oil ..................................................................................214 

 
Figure 6.34     Bernard diagram showing the approximate distribution of gas samples ..............216 
 
Figure 6.35     Three component mixing plot showing CO2/

3He versus δ13C (CO2) .................218 
 
Figure 6.36     Plot showing CO2/

3He versus CO2 by volume .....................................................218 
 
Figure 7.1       Well log featuring gamma-ray and sonic type curves for the Tocito Dome    

focusing on the Pennsylvanian Barker Creek Member........................................246 
 
Figure 7.2       Structure map on the top of the Barker Creek (C.I. 50 ft/15 m) for the             

Tocito Dome using highly connected features contouring method with          
subsea values ........................................................................................................247 

 
Figure 7.3       Structural cross-section (with TVD values) of the Tocito Dome illustrates          

the main anticlinal structure presented in Figure 7.2 ...........................................248 
 
Figure 7.4       Well log showing the response of the sill (lithology denoted with a dotted      

pattern) within the Barker Creek Member for the Dineh-Bi-Keyah Field...........253 



xvii 
 

Figure 7.5       Well log showing the SP and resistivity signature of the Barker Creek              
Member in the Dineh-Bi-Keyah Field .................................................................254 

 
Figure 7.6       Well log illustrating gamma-ray and sonic curves typical of the              

McCracken Sandstone in the Dineh-Bi-Keyah Field ...........................................255 
 
Figure 7.7       Structure map on the top of the sill in the DBK Field (C.I. 100 ft/30 m)           

using the minimum curvature contouring method with subsea values ................256 
 
Figure 7.8       Structural cross-section (with TVD values) of the Dineh-Bi-Keyah            

illustrates the main structures and highlights the igneous sill (yellow)        
presented in Figure 7.7 .........................................................................................257 

 
Figure 7.9       Structure map on the top of the Barker Creek in the DBK Field                    

(C.I.100 ft/30 m) (minimum curvature contouring method)................................258 
 
Figure 7.10     Structural cross-section (with TVD values) of the Dineh-Bi-Keyah            

illustrates the main structures and highlights the Barker Creek Member          
(light pink) presented in Figure 7.9......................................................................259 

 
Figure 7.11     Structure map on the top of the McCracken in the DBK Field                            

(C.I. 100 ft/30 m) (minimum curvature contouring method). ..............................260 
 
Figure 7.12     Structural cross-section (with TVD values) of the Dineh-Bi-Keyah Field   

illustrates the main structures and highlights the McCracken (rose pink)  
presented in Figure 7.11 .......................................................................................261 

 
Figure 7.13     Well log with gamma-ray and sonic log curves from the Ratherford Field .........265 
 
Figure 7.14     Structure map on the top of the Desert Creek Member (C.I. 20 ft/6 m)         

intervals for the Ratherford Field with subsea values. The contouring           
method utilized is the highly connected features .................................................266 

 
Figure 7.15     Structural cross-section (with TVD values) of the Ratherford Field              

illustrates the main structures (reefs) presented in Figure 7.14. ..........................267 
 
Figure 7.16     Composite well log showing a self-potential and resistivity curve as well              

as illustrating the stratigraphic position of the Coconino Sandstone          
underlying the Moenkopi Formation and overlying the Supai Formation ..........272 

 
Figure 7.17     Structure map on the top of the Coconino in the Pinta Dome contoured            

using the highly connected features contouring method with subsea                
values (C.I. 25 ft/8 m) ..........................................................................................273 

 



xviii 
 

Figure 7.18     Structural cross-section (with TVD values) of the Pinta Dome Field          
illustrates the main structures and highlights the Coconino Sandstone        
presented in Figure 7.17 .......................................................................................274 

 
Figure 7.19     Structure map on the top of the Coconino in the Navajo Springs Field       

contoured (C.I. 25 ft/8 m) using the highly connected features contouring     
method with subsea values...................................................................................275 

 
Figure 7.20     Structural cross-section (with TVD values) of the Navajo Springs Field     

illustrates the main structures and highlights the Coconino Sandstone        
presented in Figure 7.19 .......................................................................................276 

 
Figure 7.21     Geologic model of helium systems in the Four Corners area, southwestern         

US ........................................................................................................................282 
 
Figure 8.1       General reference map showing the location of the Tohache Wash area .............284 
 
Figure 8.2       Composite log of the Tohache Wash area, illustrating distinctive log         

signatures of major formations with gamma-ray on the left tract and             
neutron density on the right .................................................................................288 

 
Figure 8.3       Structure map on the top of the Ismay Member (C.I. 50 ft/15 m) for the      

Tohache Wash area using the minimum curvature contouring method ..............289 
 
Figure 8.4       Structural cross-section of the Tohache Wash area illustrates the main            

domal structure presented in Figure 8.3 ...............................................................290 
 
Figure 8.5       The abandoned Navajo Z-1 Christmas tree, a resource waiting to be          

developed .............................................................................................................291 
 
Figure 8.6       Map depicting areas with helium potential and wells with reported helium 

percentages in the Four Corners region ...............................................................293 
 
Figure 10.1     Map illustrating the Four Corners area, southwestern US with helium data         

and magnetic data ................................................................................................302 
 
Figure 10.2     Map illustrating the Four Corners area, southwestern US with helium data          

and gravity data ....................................................................................................303 
 
 
 
 
 
 
 
 



xix 
 

 
LIST OF TABLES 

 

Table 2.1         Noble gas relative abundance (ppb), percentages, and relative               
abundances to other components of the atmosphere ..............................................22 

 
Table 2.2         3He/4He (R/Ra) ratios pertaining to various source inputs .....................................24 
 
Table 2.3         Isotope natural abundances and several reactions related to the origins                

for helium, neon, and argon ...................................................................................27 
 
Table 2.4         Summary of different noble gas signatures from different reservoirs ...................30 
 
Table 3.1         Relationship between 4He generation and time for five rock groups ....................47 
 
Table 3.2         Helium retentive minerals and their closure temperatures ....................................56 
 
Table 3.3         Different paraments affecting helium before and after it comes in contact        

with a methane-rich gas reservoir ..........................................................................62 
 
Table 3.4         Averages of several helium flow values from different lithology core                

plug samples...........................................................................................................64 
 
Table 4.1         Stratigraphy of the Pinta Dome and Navajo Springs fields, Arizona ..................127 
 
Table 4.2         Primary lithology, age, structural province, field, and helium% of wells               

in reservoirs of interest in this study ....................................................................130 
 
Table 6.1         Methane ranges for sampled fields and adjacent areas ........................................146 
 
Table 6.2         Carbon dioxide ranges for sampled fields and adjacent areas .............................147 
 
Table 6.3         Nitrogen ranges for sampled fields and adjacent areas ........................................148 
 
Table 6.4         Helium ranges for sampled fields and adjacent areas ..........................................151 
 
Table 6.5         Neon ranges for sampled fields ...........................................................................160 
 
Table 6.6         Calculated 21Ne* ranges, as well as calculated % of 21Ne* mantle and            

21Ne* crust for sampled fields..............................................................................160 
 
Table 6.7         Argon ranges and common ratios, as well as the calculated 40Ar* % for       

sampled fields ......................................................................................................162 
 
Table 6.8        84Kr and 132Xe ranges for sampled fields ..............................................................163 



xx 
 

Table 6.9         Averages calculated for 4He/21Ne*, 4He/40Ar*, and 40Ar*/21Ne* for             
sampled fields ......................................................................................................164 

 
Table 6.10       Relevant end members (air, mid-ocean ridge basalt, Precambrian Crust,             

and Archean crust) for the tri neon plot ...............................................................182 
 
Table 6.11       Ranges for 20Ne/36Ar, 84Kr/36Ar, and 132Xe/84Kr for sampled fields ...................183 
 
Table 7.1         Comparison of the similarities and differences between petroleum              

systems and helium systems ................................................................................240 
 
Table 8.1        Tohache Wash area’s reservoir properties and volumetric calculations ...............287 
 
Table A.1        Spacing and surface style used in Petra mapping ................................................341 
 
Table A.2        Hydrocarbon compositional data for C1-Ci4 with error values ............................343 
 
Table A.3        Hydrocarbon compositional data for Cn-4 to C6+ with error values ......................344 
 
Table A.4        Non-hydrocarbon compositional data with error values ......................................345 
 
Table A.5        δ values of methane, carbon dioxide, and nitrogen with error values .................346 
 
Table A.6        Noble gas isotopes for helium through neon with respective error values ..........347 
 
Table A.7        Noble gas isotopes for neon through argon with respective error values ............348 
 
Table A.8        Noble gas isotopes for argon through xenon with respective error values ..........349 
 
Table A.9        Common isotope ratios of noble gases with error values ....................................350 
 
Table A.10      Common isotope ratios of noble gases with propagated errors of ratios .............351 
 
Table A.11      Combined noble gas and non- hydrocarbon ratios with propagated errors              

of the ratios ..........................................................................................................352 
 
Table A.12      Combined noble gas and hydrocarbon ratios with propagated errors of the        

ratios .....................................................................................................................353 
 
 
 

 

 

 



xxi 
 

 

ACKNOWLEDGEMENTS 

 

All praise, honor, and glory to my Lord Jesus Christ for His richest provision in the 

accomplishment of this thesis. 

My sincerest thanks to my advisor, Dr. Stephen Sonnenberg, and my committee 

members, Dr. Mary Carr and Jerry Cuzella, for allowing me the opportunity to pursue my Master 

of Science degree in Geology at Colorado School of Mines.  

I thank my teachers, Dr. Wood, Dr. Sarg, Dr. Trudgill, Dr. Closs, and Dr. Lange at 

Colorado School of Mines for challenging me to broaden my horizons. 

I am especially thankful for the guidance and technical help provided by Dr. Thomas 

Darrah (OSU), Colin Whyte (OSU), Dr. Peter Barry (Oxford), Dr. Andy Hunt (USGS), Dr. 

Ballentine (Oxford), and Dr. Gluyas (Durham). 

I thank Scott Sears and Tony Hines (IACX Energy); Matt Silverman, John Thomas, Billy 

Schneider, and Helen Trujillo (Robert L. Bayless, Producer LLC); Dave Burns and Gary Wooten 

(Capital Operating Group LLC); Alfred Redhouse, Donnie Trimble, Jeff Roedell, Steve Hoppe, 

and Steven Sandoval (Elk Petroleum Limited formerly Resolute Energy), who allowed the 

sampling and data acquisition of natural gas from various privately owned and operated oil/gas 

fields. I would also like to thank all the geologists, engineers, safety officers, and field hands that 

aided in sampling. Additionally, I thank Wheeler M. “Bo” Sears (Weil Helium) for providing me 

with initial datasets and a pro bono copy of his book “Helium: The Disappearing Element”. 

I wish to express my deepest gratitude to Stephen Manydeeds and the Division of Energy 

and Mineral Development for their generous support of this study. I would also like to extend my 

sincerest thanks to the American Association of Petroleum Geologists (AAPG): John and Erika 



xxii 
 

Lockridge Fund; Kent, Barlow, and Haun Scholarship; Chevron Fellowship; Knight Foundation; 

Achievement Rewards for College Scientists (ARCS) Scholarship; Four Corners Geological 

Society Master’s Degree Thesis Fund; and the Society of Independent Professional Earth 

Scientists (SIPES) Scholarship.  

I extend my sincere and heartfelt gratitude to my coworkers, Jerry Cuzella, Paula 

Mohseni, Roger Knight, Bob Anderson, Paul Differding, Alan Emmendorfer, Jeff Hunt, Larry 

Shanabrook, and Dema Martinez for spending countless hours discussing helium and petroleum 

geology related matters. Also, thank you, Dave Hummer, Dave Head, and Alan Hergert, for 

talking with and praying for me through this experience. I will always be grateful for your help 

and encouragement. 

I would like to thank my sister (Cassidy Wolfe), parents (Dan and Sally Halford), 

grandparents (Leon and Edith Hallam; Jay and Anna Lee Halford), and great-grandmothers 

(Mariam Hallam and Herminia Olivos Marval) for their sacrifices, continued prayers, and 

support, which enabled me to pursue higher education. A special thanks to my aunt Kogee 

Thomas (Muscogee Creek) for the moral support and inspiration. 

Thank you to my friends, Cankut and Emin, for the good barbeques and many laughs. 

 
 

 

 

 

 

 

 



 1 

 

CHAPTER 1 

INTRODUCTION 

 

1.1 Objectives and Thesis Outline 

The purpose of this study is to more accurately characterize the helium resource on U.S. 

Native American Reservations utilizing geochemistry of noble gases, hydrocarbons, and non-

hydrocarbons (compositional and isotopic), and geologic mapping. This thesis covers principles 

needed for helium exploration using noble gas geochemistry and geology to delineate sources of 

gases, migration pathways, and potential trapping mechanisms.  

The area of interest was arrived upon by targeting the occurrence of high producing 

helium formations on or near American Indian reservation trust land. Using historical data sets 

from the United States Geological Survey (USGS) and Bureau of Land Management (BLM), 

maps containing helium values were generated throughout the entire US. The Four Corners area 

was ultimately decided as the prime location for a helium study because of the proximity of the 

area to tribal land and the anomalous high helium values. 

The primary sponsor of this study is the Department of the Interior, Office of the 

Assistant Secretary of Indian Affairs, Division of Energy and Mineral Development (DEMD) 

located in Lakewood, Colorado. DEMD’s mission is to advance the economic strength of Native 

American Tribes by developing and utilizing their respective natural resources such as solid 

minerals, fluid minerals, and renewable energies. DEMD’s sponsorship of the helium study is for 

the purpose to conduct a helium resource assessment and to generate outside interest in the 



 2 

private sector for helium, which might lead to development and revenue generation for Native 

American Tribes in terms of royalty payments, leases, bonus payments, and added jobs. 

Chapter 1 covers necessary information pertaining to helium: its discovery, applications, 

supply and demand, processing and transport, relevant policies, prices, and descriptions of the 

three types of helium reservoirs. Chapter 2 discusses how noble gases can be used as 

geochemical tracers beginning with descriptions and origins of each of the noble gases, followed 

with an examination of the different terrestrial sources and processes that input noble gases into 

petroleum systems.  Chapter 3 revolves around the significant theories involved in the helium 

system, which is similar to the petroleum system. The third chapter also covers proposed 

exploration models and the effects of several critical variables when exploring for helium.  

Chapter 4 contains a description of the tectonic history of the field area beginning with large 

structural elements and progressing to smaller features (Colorado Plateau basins fields) and 

brief stratigraphy of potential helium reservoirs.  

Chapter 5 is the methods portion, which covers the field planning, producing fields, 

operators, sample background, as well as a brief recapitulation of the sample collection and 

analytical techniques. Chapter 6 is the data analyses portion, which involves a complete 

discussion of gas analysis results and pertinent discussions related to sources of gases, thermal 

control of radiogenic gases and groundwater influences.  Chapter 7 focuses on defining a more 

accurate helium system predictions by comparing the helium system to the petroleum system. 

The basics of helium systems, updating exploration models and defining the helium systems of 

the field area are discussed as well in Chapter 7. Chapter 8 is a recommendation for future play 

development with geologic descriptions and maps. Chapter 8 also describes the tribal 

significance for the Native Americans and discusses past and recent helium events in the area.  
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Chapter 9 is the conclusions, and Chapter 10 is a discussion of potential future work. In 

addition, the references cited and appendix materials are listed. The appendix contains new 

geochemical data, descriptions of datasets used in the work, various sampling protocols, storage 

and handling procedures, and mapping methods. 

 

1.2 Brief History of Helium 

Helium (He) is the second lightest element on the periodic table and the lightest noble gas 

in the observable universe. It is composed of two protons, two neutrons, and two electrons. 

Helium was first discovered in space before it was discovered on Earth (Sears, 2015). Helium is 

present in two stable isotopic forms: 3He (primordial) and 4He (radiogenic decay). 4He is 

comprised of two protons and two neutrons; 3He is made up of two protons and one neutron. 

The first evidence for helium was first obtained in 1868 by a French astronomer, Jules 

Janssen, while studying the sun’s prominences. Jassen was observing a solar eclipse when he 

noticed a bright yellow spectral line from the chromosphere of our Sun at roughly 587.49 

nanometers, which he thought was sodium (Sears, 2015). Also in 1868, Sir Norman Lockyer, 

who was an English astronomer, observed a yellow line, realized it was a new element, and 

proceeded to name it helium from the Greek sun god, helios (Sears, 2015). Sir William Ramsay, 

who was a Scottish chemist, found helium on Earth in 1895 while conducting experiments on 

cleveite, which is a form of uraninite (UO2) (Sears, 2015). Several other Swedish chemists were 

conducting similar experiments at the same time as Ramsay and arrived at similar conclusions 

(Sears, 2015).  

Fast-forward several years to 1903 in Dexter, Kansas, US, where the first significant 

discovery of helium took place while looking for hydrocarbons (Sears, 2015). The gas was said 
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to be composed of 1.84% He, 82.70% N2 and 14.85% CH4 (Cady and McFarland, 1906, 1907a, 

1907b; Rogers, 1921). In the early days, helium was not recognized as a valuable resource and 

was often vented to the atmosphere because it did not burn. Once helium escapes the subsurface 

and enters the atmosphere, it circulates for ~1 million years before entering space as its escape 

velocity exceeds the Earth’s gravitation pull (Pepin and Porcelli, 2002; Torgersen, 1989). 

According to the USGS (2018) after the Kansas initial discovery, additional helium discoveries 

have been made across the US in Texas, Oklahoma, Wyoming, Kansas, New Mexico, Arizona, 

Utah, Colorado, and Montana. Fields within the Four Corners area (New Mexico and Arizona) 

contain helium up to ~ 10%, which is quite significant considering the economic threshold of 

helium is 0.3% (Brennan et al., 2016). Other world countries such as China, Indian, Pakistan, 

Romania, Qatar, Hungary, Germany, Canada, Poland, Algeria, Russia, and Kazakhstan, have 

also sought to develop helium accumulations (National Research Council, 2010; USGS, 2018).  

 

1.3 Helium Applications 

Although helium is the second most abundant element in the galaxy, it is relatively rare 

on Earth. It is not economically feasible yet to extract the air born helium (5.2 ppm) in Earth’s 

atmosphere, so geologists have turned to natural gas fields to be the primary source of terrestrial 

helium (Tilghman, 2011). Despite helium’s inherent rarity on Earth, people have managed to 

extract helium from the ground associated with natural gas and have developed various advanced 

applications for this noble gas due to its stable electron configuration and low atomic mass 

(Chan, 2013). Applications of helium include: MRIs, spectrometry, lifting, electronics, 

semiconductors, science, engineering, fiber optics, diving, welding, and controlled atmospheres 

(National Research Council, 2010) (Figure 1.1). Helium also has particular value to earth 
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scientists as it can be used to study the ages of groundwater, the origin of natural gases and the 

degree to which groundwater has interacted with hydrocarbons (Danabalan, 2017). 

 

 

Figure 1.1: Diagram showing the primary uses of helium and its global producers (Saudi, 2017). 
The US is the primary helium producer in the world. Cryogenics (e.g., MRIs) is how helium is 
primarily used. 
 

Considering all the elements, helium has the lowest boiling and melting points. At one 

atmosphere and 4.2 Kelvin (-268.95 °C), helium liquefies. Given extremely high pressures (~25 

atmospheres) and low temperatures 0.95 Kelvin (-272.2 °C), helium can solidify (Chan, 2013). 

Because of this particular temperature range, helium is specifically used in many cryogenic 

applications from magnetic resonance imaging devices to superconducting quantum interference 

devices (Sears, 2015). Helium is also used in pressurizing and purging systems by the 

Department of Defense (DOD) and the National Aeronautics and Space Administration (NASA). 
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Due to helium’s very light mass, it is lighter than air and has useful applications in its 

lifting capacity. NASA and the Department of Energy rely on helium to support weather-related 

projects. Helium can also be used in balloon and dirigible-based blimps (much like hydrogen, but 

without the explosive potential). High thermal conductivity, high ionization potential, and low 

viscosity, give helium an even wider range of useful applications. According to Chen (2013), a 

few of these applications target welding, leakage detection as well as providing controlled 

atmospheres in the manufacturing industry. 

 

1.4 Helium Supply and Demand 

Economically extractable helium in the US, is primarily found sequestered with natural 

gas in subsurface reservoirs and traps in the Hugoton Gas Field that spans parts of Texas, 

Oklahoma and Kansas as well as various fields scattered near the US Four Corners area, where 

the states of Arizona, Utah, Colorado and New Mexico meet (Malik, 2016) (Figure 1.2). 

Historically the US has been the largest producer of helium worldwide, but has been steadily 

declining recently as more foreign extraction/refinery facilities are coming online. Today, the US 

is the largest helium producer (55%), followed by Qatar (32%), and Algeria (6%) (Figure 1.1) 

(Saudi, 2017).  

Similarly, as domestic production has shifted to foreign powers, helium consumption has 

had a substantial shift to foreign powers as well. The National Research Council (2010) states 

that until the mid-1990’s, around 70 percent of all helium consumption was in the United States. 

In the last 25 years, consumption in the United States has remained relatively constant despite a 

sharp increase in global consumption. This global consumption is aided by the opening of more 

helium producing facilities in other industrialized countries, by increases in industrial 
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applications, and by improved handling and storage systems (National Research Council, 2010). 

While there are global shifts in helium production to more countries outside the US, the impact 

of political stability becomes increasingly essential. As we near the 2021 benchmark set by 

Congress (further discussed in the helium policy section below) when the US federal helium 

reserve will either be sold off, or effectively exhausted of helium, the global responsibility for 

foreign countries to produce more helium will significantly increase. 

 

  
 
Figure 1.2: Map showing the distribution of helium across the US. Orange color denotes helium 
with economic helium accumulations (>0.3%) represented in natural gas fields (Malik, 2016). 
High helium is concentrated within the mid- continental US. Study area (red rectangle) is shown. 
 
 

The National Research Council (2010) states the Americas’ demand is predicted to fall or 

plateau, while the Asian, European, and African/Middle Eastern/Indian demand are all forecasted 

Study Area 



 8 

to increase. Demand for helium globally has been steadily increasing (forecasted 3%/year) as 

helium applications increase (Figure 1.3). Danabalan (2017) states that based on calculations 

from the USGS (2017), there is only enough helium for ~230 years if current demand remains 

constant. Efforts have been made to instigate helium recycling apparatuses for laboratories, but 

the program is still in its infancy, as recycling machines are extremely expensive and funding 

opportunities are limited (Malik, 2016). For the very few enterprises that can afford such helium 

recycling apparatuses, the long-term benefits are said to be well worth the initial cost (Malik, 

2016). Despite this, the vast majority of helium users will most likely rely on future helium 

exploration work to ensure adequate supply levels. 

 

 

Figure 1.3: Chart is showing the actual (left of vertical black line) and projected (right of the 
vertical black line) market demand for refined helium. The blue denotes the U.S. demand, and 
the red denotes foreign demand or volume of consumption (National Research Council, 2010). 
The demand is projected to continue to increase globally.  
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1.5 Helium’s Processing and Transport 

 There are three methods of helium extraction: primary, secondary, and with liquefied 

natural gas (LNG) operations. Primary production is when there are incredibly high amounts of 

helium compared to other gases, which warrants direct helium extraction and processing 

(National Research Council, 2010). Secondary production refers to the secondary extraction of 

helium, which can be conducted during the primary production of methane and other natural gas 

liquids (National Research Council, 2010). The production of liquefied natural gas (primarily 

methane) also provides an opportunity for helium extraction (National Research Council, 2010). 

The economic threshold for the first two methods of helium processing is 0.3 molar %. In this 

report, high helium is that which is >0.3%.  For the third method, the economic threshold is 

much lower at 0.04%. Helium extraction during LNG operations is enabled because the helium is 

extracted from tail gases, which are gases that remain after methane has been liquefied. Helium 

has been concentrated in the tail gases has been concentrated and thus has much higher 

accumulations (National Research Council, 2010). According to Rauzi (2003), most helium is 

shipped in liquid form to distribution centers on trucks.  From these centers, helium can either be 

compressed as a gas and sold in tanks, or remain in liquid form for delivery.  

 

1.6.1 Helium’s Policies 

The US government has always been involved in the helium commodity market ever 

since commercially extractable amounts of helium gas were identified in the US (Sears, 2015). 

Initially, helium was sought after for its use as a lifting agent for military reconnaissance blimps 

during World War I because it is a far superior alternative to explosive hydrogen. In the early 

1900’s, the US began developing production facilities to further advance federal aviation 
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programs (National Research Council, 2010). Since the 1920’s, several policies have been 

influential in dictating the helium produced in the US.   

The Mineral Leasing Act of 1920 reserved all helium produced on federal land for use by 

the federal government according to Spisak (2013). This policy was intended to procure the 

needed helium for vital military operations. Although World War I ended before any helium 

could be utilized in the war effort, the Navy started working on a helium production plant for 

rigid airships near Fort Worth, Texas as the mid-continental helium potential of Texas, 

Oklahoma, and Kansas was more fully recognized (National Research Council, 2010). The 

Navy’s efforts led to the development of a federal helium program in that area, and in 1925 the 

Helium Conservation Act established the Federal Helium Reserve (FHR), which currently is an 

underground helium stockpile (Bush Dome Reservoir) near Amarillo, Texas (Sears, 2015).  Due 

to the Act declaring helium a critical war material, its exports were curtailed, and its production 

fiercely monitored (National Research Council, 2010). The policy transferred federal 

responsibility for the helium program from the Navy into the hands of the Bureau of Mines 

(BOM). The Cliffside gas facility and Amarillo helium plant were established in 1929 to produce 

natural gas with helium from the Bush Dome Reservoir (Spisak, 2013). The advent of World 

War II gave the helium program a boost as it saw an increase in production and expansion to five 

helium plants to support the Navy’s high-flying reconnaissance craft (National Research 

Council, 2010). 

There was a noticeable shift in the main applications from the early years as a military 

lifting agent to applications in space exploration (scientific research as well as rocket 

development) in the 1950’s to 1960’s (Spisak, 2013). In 1960 the Helium Acts incentivized 

producers to sell gas to the FHR (Sears, 2015). The 1960 Acts also called for the establishment 
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of the Bush Dome Reservoir (as it was already partially depleted) to be used as a strategic helium 

repository to increase the US supply of reserve helium and aid in helium’s conservation 

(National Research Council, 2010). As a direct result of the congressional act, several companies 

entered into long-term purchase agreements with the Bureau of Mines to supply them with crude 

helium and the existing helium pipeline was significantly extended to connect five major helium 

producing plants with the Bush Dome Reservoir (National Research Council, 2010). The Bureau 

of Mines ultimately secured a considerable loan from the federal government with which they 

procured helium from private plants (Sears, 2015). This borrowing was done with the hope that 

future (artificially inflated by the government) sales of helium would allow the repayment of the 

borrowed US treasury funds by 1985 and later altered to a 1995 deadline (Spisak, 2013). Nearly 

a decade later in 1973, it was recognized that overall helium demand was far less than what the 

private plants were supplying to the federal government (Sears, 2015). Thus, the federal 

government decided it was prudent to prematurely cancel their long-term supplier agreements, 

which unsurprisingly led to many years of lawsuits (National Research Council, 2010). Due to 

the lack of foresight, unfortunately, when the time came to repay the loan in 1995, the $252 

million had increased to $1.3 billion (Spisak, 2013). 

Massive debt led to the Helium Privatization Act (HPA) in 1996, which ended 

government procurement, refining, producing, and marketing of helium (Brossman, 2014; 

Garcia-Diaz, 2013). Due to the Act, the Bureau of Land Management (BLM), the predecessor of 

the BOM, started selling off the majority of the FHR, which was supposed to be completed by 

2015, to recoup taxpayer costs and cut down on the $1.4 billion debt (Brossman, 2014).  All but 

600 MMCf of helium gas was to be sold off (Spisak, 2013). As the BLM was tasked with selling 

helium, they were also charged with determining the sale price of helium every year. However, 
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the BLM decided not to base the price on market value, but instead on the amount of helium gas 

in storage and the remaining helium debt (Spisak, 2013). This pricing was so that the US 

Treasury could recoup the costs to operate the helium reserve (adjusted for inflation) (Brossman, 

2014). In order to try and prevent another fiasco, the Act called for a review report on all helium 

related activities to be published several years after (PL 104-273). It also established the in-kind 

program where government users were sold helium at a cheaper rate than private users, and it 

mandated the closing of BLM helium refineries (National Research Council, 2010; PL 104-273). 

This closing of BLM refineries meant that if a federal agency wanted to buy helium, they had to 

procure their helium from private producers, who were under contract to purchase equivalent 

amounts of crude helium from the BLM (National Research Council, 2010). This arrangement is 

a cost-plus basis program where the private company charges the government the in-kind rate for 

helium and costs for transporting and refining, plus a profit (National Research Council, 2010). 

Striving to privatize the FHR by selling off most of the reserves by 2015 was proceeding ahead 

of schedule and would require more legislation (National Research Council, 2010). 

As the FHR was on track to meet all the act stipulations in 2013, it would have 

terminated the helium program and caused a colossal market disruption and a global shortage of 

helium (US Senate Committee on Energy and Natural Resources, 2013). Fortunately, before the 

program’s termination in 2013, the Helium Stewardship Act (HSA) of 2013 extended the FHR to 

continue to sell crude helium until 2021 (PL 113-40). The goal was to obtain a competitive 

market for federal helium by using an auction sale system in lieu of the BLM selling helium at 

their fixed rate based on the remaining reserves (PL 113-40). The Act also required the USGS 

produce a national helium gas assessment report to aid in future helium extraction (expected to 

be completed in 2018) (PL 113-40).  
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The most recent policy proposed is the 2017 Helium Extraction Act, which would amend 

the Mineral Leasing Act and provide extraction of helium from natural gas and treat it as if it 

were oil and gas (House Committee on Natural Resources, 2017). The proposed Act stemmed 

from a false assumption that helium could never be extracted without the presence of 

commercially recoverable hydrocarbons, which is untrue as some of the most prolific 

accumulations of helium gas today are found in the absence of large amounts of hydrocarbons. 

This Act might be somewhat ineffective as there are oil/gas leases in production today where 

companies have found loopholes to develop helium without significant government involvement. 

 

1.6.2 Policy Summary 

The Helium Conservation Act of 1925 established the federal helium reserve (FHR), 

which is an underground stockpile near Amarillo, Texas (National Research Council, 2010). 

The 1960 Helium Acts incentivized producers to sell gas to the FHR. The U.S. BOM 

increased production and storage by arranging 5 private plants to recover helium and by building 

a 425-mile pipeline connecting the plants with the FHR (National Research Council, 2010). 

In 1996, the Helium Privatization Act ended government procurement of helium by 

selling off the majority of the reserves by 2015. This selling was to recoup taxpayer costs and cut 

down on the $1.4 billion debt. It also established the in-kind program where government users 

were sold helium at a cheaper rate than private users (National Research Council, 2010). At this 

time, the U.S. BOM closed and passed helium responsibilities to the BLM. 

The Helium Stewardship Act of 2013 extended the FHR to continue to sell crude helium 

until 2021. As the FHR was on track to meet all the federal stipulations in 2013, it would have 

permanently terminated the helium program (global shortage of helium). The goal was a 
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competitive market for federal helium. An auction system was introduced as a means of sale. It 

required the USGS to complete a national helium assessment (Spisak, 2013). 

In 2017 the Proposed Helium Extraction act would amend the Mineral Leasing Act and 

provide extraction of helium from natural gas and treat it as if it were a petroleum resource. It 

stemmed from a false assumption that helium could not be extracted without commercially 

recoverable hydrocarbons (House committee on Natural Resources, 2017). 

  

1.7 Helium’s Price 

The Helium Stewardship Act of 2013 mandates the price of government-owned helium 

gas. The price is largely determined through industry surveys and public auctions.  

According to the BLM (2018), 2018 fiscal year crude helium’s price for government 

entities was $86.00/ Mcf and $119.00/Mcf for non-government entities (Figure 1.4). These prices 

are averages at auction, meaning that depending on the bidding and market conditions, the price 

can fluctuate above the set price. Initial statements from the BLM reported that for the fiscal year 

2019 crude helium auction (held in August, 2018), the helium price jumped up to an average of 

$279.95/Mcf. This jump is due to aggressive bidding and the fact that fiscal year 2019 is the last 

year that the BLM is selling their federal helium supply to private companies until the BLM 

officially privatizes the remaining helium in the FHR (BLM, 2018; Kornbluth, 2018).  

A higher quality of pure helium (in private industry) is termed Grade A, and it commands 

a price of ~$200.00/Mcf plus surcharges (USGS, 2018). Grade A helium is 99.995% helium or 

better, while extracted crude helium can range in values of 50-80% helium (USGS, 2018). 

Helium’s cost and quality have a linear relationship such that high-quality helium costs 

substantially more than crude helium.  
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Figure 1.4: Graph showing helium prices, which have been on the rise from 2000 to 2018 (fiscal year). Helium has a much greater 
value than methane, which is priced around 3.00 per Mcf in 2018. USGS data shows government prices for crude helium 2000-2018 
with red bars. USGS data shows non-government prices for crude helium from 2011-2018 with light blue bars.  Private industry's 
Grade A gaseous helium is estimated from USGS data from 2000-2018 and is shown with dark blue bars. Polices of 1996 and 2013 
are overlain on prices. Data is taken from the USGS (2018). The * reflects projections from the Bureau of Land Management. 
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1.8.1 Helium’s Reservoirs 

Helium has been historically found serendipitously as a by-product of hydrocarbon 

exploration. Currently, explorationists are beginning to target helium as a primary target. The 

economic cut off for a helium-rich field is 0.3% for primary (standalone) and secondary (with 

other hydrocarbons) production, and 0.04% from the production of liquefied natural gas. Helium 

reservoirs are primarily found in (or in some combination of) three main types of reservoirs, 

named for their major gas component: N2 rich, CH4 rich, and CO2 rich.  

 

 

Figure 1.5: This graph represents the global distribution of helium in respect to various countries 
and helium-rich reservoirs by plotting helium percentages versus helium reserve quantity (Bcf). 
Blue color denotes a CH4 rich helium reservoir. Red color denotes a N2 rich helium reservoir. 
Green color denotes a CO2 rich helium reservoir. CH4-rich fields require larger volumes of gas to 
provide economic He. The graph is from modified from Helium One and Danabalan (2017). 

Yet to be proven 
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According to Danabalan (2017), some examples of the various categories of helium-rich 

fields are as follows: N2 rich (US: Pinta Dome, Navajo Springs, Harley Dome), CO2 rich (US: 

Doe Canyon and La Barge Dome), CH4 rich (US: Hugoton-Pandhandle, Algeria: Hassi R’Mel 

and Qatar/Iran: North Dome-South Pars). A visual guide is presented in Figure 1.5 showing 

helium concentrations in percentages graphed with reserve volume (Bcf). It is important to note 

that although Tanzania has high helium concentrations, as of date, no proven seals/ traps have 

been drilled for this system and as such the reserve volume (Bcf) should be regarded cautiously. 

 

1.8.2 N2 rich fields 

Nitrogen-rich fields have a significant N2 gas component, and they present a paradox to 

researchers. In all high helium fields (greater than the economic threshold of 0.3%), helium is 

related to nitrogen, but when examining nitrogen-rich fields, researchers have found that nitrogen 

is not always related to high helium concentrations (Ballentine et al., 2002; Barry et al., 2016; 

Craddock et al., 2017; Danabalan, 2017, Gilfillan et al., 2008; Hiyagon and Kennedy 1992; 

Kennedy et al., 2002; Merrill et al., 2014; Pinti and Marty 1995; Xu et al., 1995; and Zhou et al., 

2005). An example of this phenomenon is presented by Gerling et al. (1999) and Barnard and 

Cooper (1983), where they present nitrogen-rich fields in Germany with nitrogen values of 50%-

88% that have no economic helium. Danabalan (2017) reports that economic helium associated 

with nitrogen-rich fields usually falls in a range from 0.02 to 0.20 4He/N2. Nitrogen values of ~ 

10% have been found in nitrogen fields in the US (Brennan et al., 2016). Danabalan (2017) 

points out there is a surprising lack of nitrogen-rich fields found outside of the US, and is 

uncertain whether to credit this to a lack of geologic knowledge in exploration, a lack of geologic 

conditions to form the accumulations, or merely a lack of discoveries. Regarding, the origin of 
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nitrogen in nitrogen-rich fields with associated helium, authors Jenden et al. (1988a, 1988b) 

propose that crustal radiogenic helium and nitrogen have a deep crystalline or deep 

metasedimentary origin.  Ballentine and Sherwood-Lollar (2002) conclude that radiogenic 

helium associated nitrogen, is sourced from low-grade metamorphic rock’s devolatilization. 

Ballentine and Sherwood-Lollar (2002) arrived at this conclusion by examining the δ15N 

isotopes. Research by Danabalan (2017) corroborates the origin of helium associated nitrogen as 

low-grade metamorphism of basement material in the US mid-continent. 

 

1.8.3 CH4 rich fields 

CH4 rich fields have a significant methane gas component. Although helium of economic 

importance can be found in methane-rich fields, they do not have the same source or generation 

process. Methane and other hydrocarbons, which are generated from the cooking of organic 

kerogen, are often sourced much shallower and at lower thermal regimes than helium, which is 

primarily from the radioactive decay of uranium and thorium (Brown, 2010).  There are two 

distinct groupings of CH4 rich fields; both primarily produce hydrocarbons (Danabalan, 2017). 

The first group has helium above the economic cutoff of 0.3%, and exemplified at the Hugoton-

Panhandle Field in the central US. The second group has helium below the economic cutoff of 

0.3%. This grouping makes up for sub-par helium molar percentages, because of the sheer 

volume of gas in the fields. Examples of fields in group two are the North Dome-South Pars of 

Qatar and Iran and the Hassi R’Mel Field of Algeria. North Dome-South Pars Field has helium 

accumulations of only 0.04%, and the Hassi R’Mel Field has helium accumulations of 0.05%. 

The sheer volume of Algeria’s (8.2 billion cubic meters) and Qatar’s (10.1 billion cubic meters) 

reserves are presented by the USGS (2017). These fields have liquefied natural gas operations, 
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which help to concentrate the small and diluted amounts of helium found naturally in the fields 

(Air Liquide press release, 2010; National Research Council, 2000). The National Research 

Council (2010) states that fields with high volumes of low percentage helium can produce 

economic helium because it is extracted from gases that are mostly left over after liquefying 

CH4. The National Research Council (2010) refers to these gases as tail gases, in which the 

concentration helium is much greater than the helium found in the original natural gas. 

 

1.8.4 CO2 rich fields 

CO2 rich fields have a significant carbon dioxide gas component. Danabalan (2017) notes 

that CO2 rich fields are usually near N2 rich helium fields. Other researchers have extensively 

studied CO2 rich fields in the US Colorado Plateau such as Gilfillan et al. (2008). Other studies 

on CO2 rich fields have been conducted by Zhou (2004). It has been theorized by Brown (2010), 

that CO2 would make an ideal carrier gas for helium during its migration phase. Brown (2010) 

also states, that CO2 as a carrier gas in helium-rich systems, would tend to interact with the host 

rock as it is migrating in the subsurface and effectively react with the surrounding lithology to 

the point it disappears. CO2 derived from magmatic systems can leave behind a strong 3He 

signature indicative of the origin of the gases from the mantle (Danabalan 2017). Danabalan’s 

work (2017) corroborates Brown’s theory in that she noted an interesting relationship where CO2 

at a volcanic center was high whereas helium was low, and moving away from the volcanic 

center, CO2 was low, and helium concentrations were high. Weinlich et al. (1999), suggest a 

large magmatic CO2 influx of gas into reservoirs that have the capacity to substantially dilute any 

helium accumulations that might be present as well as dilute other crustal gases present in the 

reservoir. For these reasons, it is somewhat unusual and rare for CO2 rich fields to be also rich in 
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helium such as the LaBarge and Doe Canyon Fields in the US. This relationship can be 

explained because the CO2 and He most likely have different sources.  According to Barry et al. 

(2013), Brown (2010) and Danabalan (2017), state the CO2 from carbon dioxide-rich fields could 

originate from deeper magmatic sources, while most of the economic helium accumulations are 

from the radioactive decay of minerals (uranium and thorium) from the upper portions of the 

crust and not deep mantle accumulations (Ballentine et al., 2002; Barry et al., 2016; Craddock et 

al., 2017; Gilfillan et al., 2008; Hiyagon and Kennedy 1992; Kennedy et al., 2002; Merrill et al., 

2014; Pinti and Marty 1995; Xu et al., 1995; and Zhou et al., 2005).  
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CHAPTER 2 

NOBLE GAS GEOCHEMISTRY 

 

2.1 Review of Noble Gases 

 Noble gases are a collection of six elements, which are found on the extreme right 

column of the periodic table (group 18) (Figure 2.1), and are arranged from lightest to heaviest. 

The gases are helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe), and radon (Rn). 

Radon is not be included in further discussions due to its short half-life. Noble gases are 

categorized as chemically inert or highly unreactive. This inertness usually gives off the 

impression that the noble gases do not react with anything, but it has been observed that Van der 

Waals type interactions (which are weaker than normal chemical reactions) do occur. For 

simplicity purposes, it is easier to refer to these gases as inert (Ozima and Podosek, 2002).  

 

 

Figure 2.1: Periodic table of elements showing noble gases (mod. American Chemical Society). 
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Noble gases are often referred to as the rare gases; however, this synonym is very 

misleading on the cosmic scale. Helium along with hydrogen accounts for 98% of the matter in 

the universe. Regarding the relative amounts of noble gases on Earth, it is believed that noble 

gases make up about 1% volume of the atmosphere, Table 2.1. The extreme lack of noble gases 

on Earth can be attributed to their chemical inertness. Noble gases are essentially trace elements 

and are best measured in parts per million (ppm), except Ar. The origins of these small 

percentages of noble gases are shown to be both from radioactive decay schemes and from 

primordial (cosmogenic, nucleosynthesis) origin. Noble gases are present in the mantle, air 

saturated water, crust, and atmosphere with different origins and amounts (Prinzhofer, 2013). 

Noble gases have several identifying properties. They exist as monatomic gases. They 

have very low melting points and boiling points. Generally, the boiling points increase in the 

gases as one moves down group 18 on the periodic table. For example, helium has a boiling 

point of -268.9 °C, while xenon has a boiling point of -108.1 °C. The noble gases have a full 

valence shell of electrons. With these full valence shells, the noble gases have very little to no 

tendencies to exchange electrons (i.e., to react).  

 

Table 2.1: Noble gas relative abundance (ppb), percentages, and relative abundances to other 
components of the atmosphere (SAHRA, 2005). 
 
Noble Gas Relative abundance Percentage (%) Relative Abundance 

Helium 5.2 x 103 .00052 7th 

Neon 1.8 x 104 .0018 6th 

Argon 9.34 x 106 .934 4th 

Krypton 1.0 x 103 .0001 9th 

Xenon 9.0 x 101 .000009 15th 
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2.2.1  Origins of Noble Gases and Their Isotopes 

 On Earth, the noble gases have several sources, which can be modeled by a petroleum 

system, so it is imperative to understand how the noble gases originated and how they made their 

way into underground petroleum systems. Various reactions are discussed below shedding light 

on noble gases isotopic origin and formation. Only helium, neon, argon, krypton and xenon are 

be discussed below. Table 2.3 reviews common reactions related to the origin of the stable 

isotopes of helium, neon, and argon. Figure 2.2 illustrates the basics of decay schemes involving 

alpha decay, beta decay, positron emission, electron capture, gamma emission, and spontaneous 

fission. 

 

2.2.2 Helium 

 Helium is the second lightest element on the periodic table and the lightest noble gas in 

the observable universe. It is ubiquitous on Earth in trace amounts (generally less than 0.05 

ppm). Helium isotopes are often represented by a ratio of R/Ra. R/Ra relates the 3He/4He sample 

ratio as ‘R’ and the 3He/4He air ratio as ‘Ra’ (White, 2013). According to Danabalan (2017), 

values of 4He higher than the air values (5.24 x 10-6) are most associated with a variety of 

sources including but not limited to: natural gas, groundwater, ancient power water/brines, oil 

field brines, varies ore deposits, hydrothermal fluids, volcanic degassing, and more. The 

proportions of helium isotopes as seen in Table 2.2 yield clues to the source of the gas and if 

there is substantial mixing of different components. Helium found in economic levels have 

always been observed to be from crustal dominated sources (Ballentine and Sherwood- Lollar, 

2002; Danabalan, 2017; Gilfillan et al., 2008). 
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Table 2.2:  3He/4He (R/Ra) ratios pertaining to various source inputs (Porcelli et al., 2002). 
 

Isotope Range Source 

3He/4He (R/Ra) 0.01-0.1 Crustal 

5-50 Mantle 

120 Primordial 

336 Cosmogenic 

 

2.2.3  Formation of Helium Isotopes 

 Helium in space is formed by nuclear fusion of hydrogen in stars, which consists of 

roughly ¾ hydrogen, ¼ helium, and less than 1% other heavier elements. Nuclear fusion gives 

off a tremendous amount of energy and can be summarized by (Sears, 2015): 

 

Equation 2.1:  [1H + 1H → 2H + positron + neutrino] 

Equation 2.2:  [2H + 1H → 3He + energy] 

Equation 2.3:  [3He + 3He → 4He + 1H + 1H + energy] 

 

 3He is exceedingly rare on Earth and is only present in trace amounts making up 

0.000134 % percent of the total helium amount (Rosman and Taylor, 1997).  3He is thought to 

originate on Earth from several sources. The most accepted view is that the 3He is primordial 

helium trapped during planetary accretion (Anderson, 1993).  O’Nions and Oxburgh (1988) 

stipulate that areas of volcanic and tectonic activity are associated with 3He from the planetary 

accretion. Along with passive degassing of 3He from Earth (Danabalan, 2017), 3He is found at 

subduction volcanic zones and at mid-ocean ridges (Craig et al., 1975; Craig and Lupton, 1976; 

Torgersen, 1989). 3He is found in greater amounts in stars as the product of nuclear fusion. 
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Moreover, asteroids pelted with solar wind have also acted as vehicles to transport trace amounts 

of 3He to Earth. There is a theorized hypothesis that 3He delivered to Earth by means of the 

interplanetary dust particles have accumulated and have been recycled in the ocean sediments 

into the mantle (Anderson, 1993). On Earth, trace amounts of 3He in the upper few feet of the 

crust, are known to originate from the thermal neutron capture by lithium in clay-rich areas 

(Hiyagon and Kennedy, 1992). 

4He on earth is formed from the radioactive decay of uranium (238, 235) and thorium 

(232). The major lithologies associated with this isotope of helium are granite basement rocks or 

sedimentary rocks with shales and/or various igneous fragments (Danabalan, 2017).  The helium 

nucleus is essentially an alpha particle, which is expelled throughout time as the heavier and 

unstable uranium and thorium decay. After the alpha particle (2 protons) steals electrons, a 

helium atom is formed. This type of helium accounts for ~99.99% of all helium on Earth 

(Rosman and Taylor, 1997). A detailed description of 4He generation is discussed in Chapter 3. 

A small percentage of 4He is surmised to originate within the mantle because of the decay of 

uranium and thorium minerals in the asthenosphere (Danabalan, 2017). Several researchers have 

argued that a large portion of magmatic 4He in a system is strong evidence for a deep crustal 

source (Ballentine et al., 1991; Ozima, 1994; Tolstikhin, 1975). 

 

2.2.4 Neon 

 20Ne, 21Ne and 22Ne are the three stable isotopes of neon (Table 2.3). 20Ne is formed by 

stellar nucleosynthesis (Danabalan, 2017).  Ballentine et al. (1991); Ballentine and Burnard 

(2002); and Ozima and Podosek, (2002), state that 20Ne in shallow reservoirs, is highly indicative 

of introduction into the shallow groundwater reservoir because the crustal production of 20Ne is 
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negligible to that of 20Ne from the atmosphere. The reason for the high 20Ne in the atmosphere is 

because the earth trapped it there during planetary accretion (Clayton, 2007). Craig and Lupton 

(1976) state that in samples taken from mantle sources (volcanic gases and mid-ocean ridge 

basalt-MORB), 20Ne as well as nucleogenic 21Ne, were enriched relative to 22Ne. 

21Ne is found in both the crust and the mantle. The production of 21Ne in the crust is 

determined by magnesium (24,25Mg(n,α)21,22Ne)  and oxygen (17,18O(α,n)20,21Ne)  concentrations 

(Ballentine and Burnard, 2002). Danabalan (2017) states that for crustal nucleogenic 21Ne 

production, magnesium plays a minimal role (only <0.13%), while magnesium has a more 

significant role for mantle systems (3.37-65.35%) (Ballentine and Burnard, 2002; Yatsevich and 

Honda, 1997). According to the USGS (2004), cosmogenic production of 21Ne is the result of 

spallation reactions on Al, Si, Na, and Mg. 

Nucleogenic 22Ne is formed in the crust by several reactions involving magnesium 

(24,25Mg(n,α)21,22Ne)  and fluorine (19F(α,n)22Na(β+)22Ne and 19F(α,p)22Ne)  (Danabalan, 2017). 

 

2.2.5 Argon 

Argon has three main stable isotopes (Table 2.3): 36Ar, 38Ar, and 40Ar. 36Ar from the 

atmosphere dominates in systems that have groundwater contact. Although 36Ar is produced in 

the crust by beta decay of 36Cl, it is very minute compared to the dominant atmosphere sourced 

36Ar (Danabalan, 2017).  According to Ballentine and Burnard (2002),  38Ar in the crust can be 

formed through the decay of 37Cl (37Cl(n,γ)38Cl(β-)38Ar)  and  35Cl (35Cl(α,p)38Ar).  The crustal 

productions rates are often quite low. According to Ozima and Podosek (2002), 38Ar can also be 

formed by cosmic ray spallation of terrestrial surface materials. Although the processes listed 

above can produce 38Ar from the crust, often, the 38Ar found in shallow reservoirs are from the 
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atmosphere (Danabalan, 2017). 40Ar is a result of electron capture during the radioactive decay 

of potassium (40K) in crustal rocks and is thus directly proportional to the amounts of potassium 

(Ballentine and Burnard, 2002; Danabalan, 2017). 

 

2.2.6 Krypton and Xenon 

Both krypton and xenon have many isotopes, but only six of them are stable for krypton 

(78Kr, 80Kr, 82Kr, 83Kr, 84Kr, 86Kr) and nine isotopes are stable for xenon (124Xe, 126Xe, 

128Xe,129Xe, 130Xe, 131Xe, 132Xe, 134Xe, 136Xe) (Table 2.3) (Danabalan, 2017). 132Xe and 84Kr are 

the most abundant isotopes of each respectively (White, 2013).84Kr and 130Xe are believed to 

represent an atmospheric component (Ballentine et al., 2002; Bryne et al., 2017). 124Xe, 126Xe, 

128Xe, and 130Xe are non-radiogenic isotopes (USGS, 2004). 131Xe-136Xe are thought to be the 

results of spontaneous fission of 244Pu and 238U (USGS, 2004; White, 2013). 129Xe, the daughter 

product of extinct 129I (129I →129Xe + β-), is mostly associated with a mantle source (USGS, 

2004; Avice et al., 2017). Danabalan (2017) further states that fission of uranium (238U) produces 

131Xe,132Xe,134Xe, 136Xe, as well as 83Kr, 84Kr and 86Kr. 

 

Table 2.3: Table showing isotope natural abundances and several reactions related to the origins 
for helium, neon, and argon (Ballantine and Burnard, 2002; Boles et al., 2005; Danabalan, 2017; 
Hiyagon and Kennedy, 1992; Hunt et al., 2012; Ozima and Podosek, 2002; Periodic Table, 2017; 
Porcelli et al., 2002; USGS, 2004; White, 2013; Yatsevich and Honda, 1997). 
 

Isotope Natural 

Abundance 

Origin 

4He 99.999866% 

 

Radioactive (α) alpha decay from U and Th found primarily in 

the crust. 238U→ 234Th +4He, 235U→ 231Th +4He, and 232Th → 

228Ra + 4He. 
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Table 2.3: Continued 
 

Isotope
 

Abundance Origin 

3He 0.000134% 

 

Primordial product of nuclear fusion in stars found primarily in 

the mantle. 2H(p, γ) →3He. Lithium spallation: 6 Li (n, α) 3 H (β-) 

→3He. Minor amounts are from beta decay of tritium. 

22Ne 9.25% 

 

Primordial and nucleogenic (terrestrial crustal reactions of 18O 

and 19F found in minerals with alpha particles and neutrons 

discharged from the decay of U and Th).Nucleogenic crustal: 

19F(α,n) 22Na(β+)→22Ne and 19F(α,p) →22Ne; 25Mg (n, α) → 

22Ne. Note: (α,n) notation means that an alpha particle collided 

with and was absorbed by the reactant, and the reaction 

subsequently produced a neutron. 

21Ne 0.27% 

 

Nucleogenic (i.e., crustal nucleogenic 18O (α, n) → 21Ne and 

24Mg (n, α) → 21Ne). 21Ne is more significant in mantle systems. 

20Ne 90.48% 

 

Primordial isotope made in stellar nucleosynthesis (solar neon): 

(12C + 12C →20Ne + 4He+ γ). Atmosphere derived.  

Crust: 23Na (n, α) → 20Ne. (17O (α, n) → 20Ne). 
40Ar 99.6035% 

 

Radioactive decay of 40K by electron capture. 40K (E.C.)→ 40Ar. 

38Ar 0.0629% 

 

Primordial and cosmic ray spallation of terrestrial surface 

materials. Decay of 37Cl (37Cl(n,γ)38Cl(β-)→38Ar)  and  35Cl 

(35Cl(α,p) →38Ar). 
36Ar 0.3336% 

 

Primordial from stellar nucleosynthesis (alpha process nuclide). 

Atmosphere derived. Crustal: 35Cl(n,γ)36Cl(β-)→36Ar. 
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Figure 2.2:  Illustration of common decay schemes (UC Davis, 2018). 

 

2.3.1  Noble Gases as Tracers 

  Noble gases are unique in that they are inert and this can be an extremely useful feature 

when studying natural gas reservoirs. The noble gases are not be affected by the usual chemical 



 30 

reactions that alter other gases within the reservoir.  Because scientists have documented the 

noble gases’ inert nature, they are confident that only physical processes such as diffusion or 

fractionation are able to significantly affect their concentrations. An exception would be if the 

system is not closed, further radiogenic addition such as from the crust could alter the noble gas’ 

concentrations in the subsurface. According to Darrah (2018) (personal communication), the 

brilliant aspect of noble gases is to help delineate the origin of gases, monitor any water 

dominant gas reactions, and to infer details about the gas’ migration (Ballentine et al., 2002; 

Gilfillan et al., 2008; Hiyagon and Kennedy, 1992; Pinti and Marty, 1995; Prinzhofer, 2013; 

Torgersen and Kennedy, 1999). 

 
Table 2.4: Table showing a summary of different noble gas signatures from different reservoirs  
(Ballentine and Burnard, 2002; Moreira and Allegre, 1998; Porcelli et al., 2002). ASW is fresh 
water) µmol/m3 at 20°C. 
 

Sources 
4
He 

20
Ne 

36
Ar 

84
Kr 

132
Xe R/Ra 

20
Ne/

22
Ne 

21
Ne/

22
Ne 

40
Ar/

36
Ar 

Air 5.24 16.5 31.4 0.65 0.023 1 9.8 0.029 295.5 

ASW 

(20°C)  

2.04 7.67 47.8 1.83 0.039 1 9.8 0.029 295.5 

MORB 

Mantle 

36,600 1.04 1 0.02

9 

0.004 8 12.5-13.8 0.06-

0.063 

40,000 

Cont. 

Crust 

- - - - - 0.02 0.08-0.10 0.4-0.52 3,000 

 

2.3.2 Sources of Noble Gases 

The literature (Table 2.4) has broken noble gas sources on Earth into several subsets 

involving: the Earth’s mantle, atmosphere, oceans, sedimentary lithologies, depleted mantle 

basalts, bulk mantle and other minor iterations (Pinti and Marty, 2000). Each can provide 

insights into the origin and movements of associated fluids.  The distribution and amounts of 
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several noble gases depend on crustal abundances of uranium (U), thorium (Th) and potassium 

(K) in source rocks, how much exchange between the source rocks and water occurs, and relative 

age of the formation (Hunt et al., 2012).  The three main terrestrial reservoirs (Figures 2.3 and 

2.4), which are mostly applied to petroleum basins are: air-saturated water, crustal and mantle 

sources as referred to in 2.3.3. Prinzhofer (2013) advocates that with the proper isotopic 

calculations, one can determine the amount of atmospheric, crustal, and mantle contributions to a 

particular reservoir. 

 

 

Figure 2.3: Diagram showing different isotopic components (atmosphere and air saturated water 
via aquifer recharge, crustal/radiogenic and mantle) interacting with a petroleum system 
(Ballentine et al., 2002) (modified from Pinti and Marty, 2000). Noble gases act as geochemical 
tracers in the subsurface. By understanding the primary components contributing noble gases 
into the system, the sources of various gases, migration pathways, and mixing of gases can be 
inferred.
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Figure 2.4: Schematic showing the various sources of noble gases and how they interact with geologic elements and processes of 
petroleum systems, from Byrne et al. (2017). Noble gases act as geochemical tracers for both conventional and unconventional gas 
systems. 
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2.3.3 Air Saturated Water 

The first reservoir is air saturated water (ASW), which describes subsurface meteoric 

waters that bear dissolved noble gases as the result of the equilibration of noble gases in the 

atmosphere. Atmospheric component gases are primarily from degassing of the mantle and 

through crustal weathering reactions (Pinti and Marty, 2000). The atmosphere is the primary 

reservoir on Earth of neon, argon, krypton, and xenon, which are the heavier noble gases (Sano 

et al., 2013).  Kennedy et al. (2002) present evidence that ASW is most affected by strong 

overprinting, suggesting it is subordinate to noble gases derived from other reservoirs. Kennedy 

et al. (2002) also argues that a simple ASW component is not realistic and a more accurate 

description of the atmospheric components is: 1) ASW, 2) heavy noble gases of krypton and 

xenon derived from hydrocarbons, and 3) Ne enriched components either from excess air or 

degassed from the reservoir or underlying lithologies. 

The mechanism for atmospheric gas to equilibrate with subsurface groundwater is 

thought to occur where there are sufficient recharge zones into the basin associated with aquifers 

along groundwater flow paths (Prinzhofer, 2013). ASW gases can also result from sedimentation 

pore water that is entrained during deposition (Ballentine et al., 2001; Battani et al., 2000).  

According to Barry et al. (2016), the major ASW noble gases are 20Ne, 36Ar, 84 Kr, 132Xe while 

Kennedy et al. (2002) argue that 20,22 Ne, 36Ar, 84 Kr, and 130Xe are the major noble gases from 

ASW. Danabalan (2017) states that 38Ar should be included as well. Hunt et al., (2012) states 

that because 20Ne, 36Ar, 84 Kr have no radiogenic and/or nucleogenic sources in the crust, their 

isotopic ratios should imply ASW, diffusion, or phase separation (involving solubility 

coefficients). 
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Regarding noble gas’ solubilities in ASW, Henry’s Law controls how the noble gases 

partition from the air to water and is influenced by temperature, pressure, and salinity. Crovetto 

et al., (1982) describes how the noble gases are fractionated related to their solubilities in water 

(Xe>Kr>Ar>Ne>He). Kipfer et al., (2002) state the volume of air trapped in the meteoric water 

affects the noble gases concentration in the groundwater. Increases in lithostatic and/or 

hydrostatic pressure (after the fluids enter the crust) mitigate the loss of noble gases from fluids 

(Ballentine et al., 2002). This phenomenon relating the increase of pressure to the prevention of 

noble gas loss occurs despite the level of salinity or temperature of the groundwater (Danabalan, 

2017).  Noble gases not only can exchange from air to water, but also from water to 

hydrocarbons. 

As noble gases are less soluble in water than in oil, this has significant implications for 

petroleum geochemistry. When noble gases encounter hydrocarbons, they have the potential to 

partition into two (water, oil) or three (water, oil, gas) phases. Utilizing the hydrocarbon-water 

interactions from the atmospheric input signal, researchers can measure volumes of the different 

phases involved (Mazor and Bosch, 1987). The oil-water interaction illustrates the preferred 

partitioning of the noble gas components into oil, which ultimately provides insights into the 

relative water flow into a hydrocarbon reservoir (Pinti and Marty, 2000). Using the oil-water 

contact is of great importance when studying the secondary migration of hydrocarbons and 

possibly degradation of hydrocarbons (Dahlberg, 1995; Lafargue and Barker, 1988).  

Furthermore, one can back-calculate the composition of the ASW by knowing solubility 

coefficients (of the gases and aqueous solution) and by knowing the compositional/ isotopic 

concentration of the atmosphere (Prinzhofer, 2013). An unknown for ASW is the temperature at 

which recharge occurs, which is useful for calculating paleo-temperatures (Kipfer et al., 2002; 
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Weis and Kyser, 1978; Weis, 1970, 1971). Despite the importance of knowing the equilibration 

temperature for calculating paleotemperatures, the oil industry generally neglects the variation in 

concentrations as it is often sufficiently small in petroleum geochemistry compared to other 

processes which result in larger fractionations (Prinzhofer, 2013). Additional calculations 

involving estimations of the epoch of water recharge can be attempted (Pinti and Marty, 2000). 

A main goal with ASW systems is to calculate a hydrocarbon gas/water equilibrium ratio by 

using mass balance equations with solubility coefficients. According to Prinzhofer (2013), this is 

illustrated as Equation 2.4: 

 

Equation 2.4: [G/W = CASW/Cg- B] 

 

G/W is the gas water ratio, CASW is the concentration of the noble gas in air saturated 

water, Cg is the concentration of the noble gas in the gas phase, and B is the solubility of the 

noble gas isotope in water (Prinzhofer, 2013). 

 

2.3.4 Crust 

The next reservoir of noble gases is largely derived from the radiogenic and/or 

nucleogenic contribution from certain minerals within the crust of the Earth (Prinzhofer, 2013). 

A radiogenic nuclide is produced by radioactive decay. Nucleogenic nuclides are produced by 

terrestrial natural nuclear reactions with the exception of reactions beginning with cosmic rays, 

as those are termed cosmogenic nuclides. Two prominent examples of radioactive decay are the 

alpha decay of 235, 238U and 232 Th, which produces 4He, and the decay of 40K into 40Ar. Pinti and 

Marty (2000) state 131-136Xe isotopes are also produced by natural radioactivity. According to 
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Ballentine and Burnard (2002), Kennedy et al. (1990), Moreira and Allegre (1998), Morrison and 

Pine (1955), and Sarda et al. (1988), the main noble gas isotopes generated by nucleogenic 

means are 3He, 21Ne and 22Ne. Overall, the most well-known noble gases derived from crustal 

sources are 4He, 21Ne, 40Ar and 136Xe.  

When considering the crustal source contribution of noble gases to a system, there are 

several notable factors to be aware of: the available parent minerals, release mechanisms, their 

decay schemes and the location of the parent minerals. The ratios of crustal isotopes depend on 

the amount of radioactive parents in the rock and the noble gas release/transfer mechanism from 

the host rock to the subsurface fluids (Pinti and Marty, 2000). According to Hunt et al., (2012) 

the interaction of gases with migrating fluids and the release of noble gases from mineral grains 

depend on the diffusion constants of the gas and their physicochemical conditions. Subsurface 

temperatures directly affect noble gas release efficiency, for example, 40Ar is retained until 250-

300 °C, while 4He can be extracted at lower temperatures. Establishing decay schemes for certain 

parent minerals is a critical endeavor in quantifying potential radioactive decay input into any 

given system. The actual location of the parent minerals varies from sedimentary sequences to 

igneous basement rocks, and even to metamorphic horizons. Rudnick and Fountain (1995), 

calculate that 66% of the radiogenic/nucleogenic budget is concentrated in the 10-15 top 

kilometers of the crust, 28% at intermediate depths of 10-15 km to 20-25 km and that only 6% is 

generated in the deeper part of the crust below 25 km (Prinzhofer, 2013). Sometimes excesses of 

noble gas isotopes are a direct result of a closed system accumulation in the reservoir and/or 

addition of a separate gas source (Danabalan, 2017).  

 Crustal derived noble gases have several useful applications to scientists. Radiogenic 

noble gas isotopes can ideally be used to calculate the geologic residence times of fluids (fluid 
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chronometers) in the subsurface (Prinzhofer, 2013). These calculations are often simplified and 

only for closed systems because open systems have mixing between sources, which makes it 

challenging to ascertain age information. Researchers can also correlate higher 21Ne/22Ne and 

40Ar/36Ar ratios and low 3He/4He ratios to reflect additions of crustal noble gases into the system 

(Danabalan, 2017).  Pinti and Marty (2000) reiterate that large-scale crustal processes can be 

reflected through 4He/40Ar crustal production ratios and yield information on transport and 

release phenomena (Ballentine et al., 1991). Hunt et al. (2012) states that by knowing the 

production of decay products, thermal maturity and fluid-rock interactions can be calculated. 

Lastly, noble gas isotopes can provide insight into the geochemical nature of crustal fluids 

evolving away from recent magmatism (Pinti and Marty, 2000).  

 

2.3.5 Mantle 

 Mantle fluids are the third source of noble gases found in sedimentary basins (O’Nions 

and Oxburg, 1988; Oxburg et al., 1986). A majority of the noble gases on Earth were excluded 

from solid materials when the planet formed (Porcelli et al., 2002). The remaining noble gases 

from the time of planetary formation are termed primordial noble gases and found mainly within 

the mantle.  

For sedimentary basins, which have had extensive igneous activity, which are located in 

an extensional basin, or those, which overlie a mantle intrusion or mantle hotspot, there can be a 

significant contribution of mantle noble gases. The generation of magma and mantle melting are 

usually required to move mantle-derived noble gases (and other mantle-derived volatiles) into 

the petroleum system (Prinzhofer, 2013). O’Nions and Oxburgh (1988) suggest that tectonic 

history and thermal structure are critical in controlling the presence of mantle noble gases.  
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Due to the fact noble gases from the mantle are largely trapped in minerals, diffusion at 

geologic time with the hot mantle temperatures would not generate displacement observed today 

(Lupton, 1983); thus magma generation and transport are required (Pinti and Marty, 2000). Fluid 

flow, which can span large geographic areas, is a means of transport of the mantle-derived noble 

gases in the subsurface (Pinti and Marty, 2000).  Mantle noble gases can aid in the research of 

mantle-derived heat and of mantle sourced CO2 to hydrocarbon fields (Pinti and Marty, 2000).  

One of the most common ratios to determine the presence of mantle contributions is the 

3He/4He ratio (Figure 2).  The mantle is highly enriched in 3He, so the 3He/4He ratio for a mantle 

source is much higher (6-8 Ra) compared to the value of crustal rocks (sedimentary or basement) 

which is around 0.02 Ra (Prinzhofer, 2013). Normal air value of 3He/4He is 1.4 x 10-6 or 1 Ra. In 

instances where the Ra value is low one might first assume a purely crustal radiogenic source, but 

there can be an overprinting with cosmogenic 3He implantation and subsequent release of high 

lithium concentrations (Danabalan, 2017). This overprinting can ultimately lower the Ra value 

and make it more challenging to resolve mantle helium (Danabalan, 2017). 

 Ratios of neon and argon are also used to differentiate the mantle component as they 

have extremely depleted or enriched fractions resulting in different values for different sources. 

An example is argon’s extremely depleted nature in the mantle causing 40Ar/36Ar ratios as high 

as 30,000-40,000 (Burnard et al., 1997; Staudacher et al., 1989). Danabalan (2017) also states 

there should be high 20Ne/22Ne and 21Ne/22Ne ratios with a mantle component. 

 

2.4.1 Noble Gas Recharge Processes 

  Understanding how noble gases originate is crucial to fully grasp how the noble gas 

isotopes can act as tracers in petroleum systems (Prinzhofer, 2013).  The three major processes 
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(phase exchanges, sorption processes, and diffusion) that affect noble gas’ geochemical 

signature, recharge potential and migration into petroleum systems is discussed below. An 

assumption was made that the processes involved with the petroleum system are generally 

transferable to helium systems. 

 

2.4.2 Phase Exchanges  

  The term phase exchanges in this usage refer to the fact that noble gases are present in 

gas phases, liquid phases, and solid phases. These different phases and how the exchange of 

noble gases occurs between them is the first method of the recharge processes. Gas phases are 

largely from natural gas accumulations and atmospheric contributions. Liquid phases involve the 

dissolution of noble gases in an aqueous environment (either oil or water). Solid phases of noble 

gases refer to those trapped in minerals and released upon radioactive decay. Other solid phase 

scenarios include surface adsorption common in the heavier noble gases and in hydrates 

(Prinzhofer, 2013).  

  Regarding the interaction of noble gases with gas hydrates, Prinzhofer (2013) mentions 

that hydrates have the potential to fractionate heavy noble gases, which are stable in the hydrate 

solid phase. Light noble gases are not stable in hydrate solid conditions. Further studies of 

hydrates and noble gas phase exchange are needed to quantitatively understand the processes, but 

they have yet to be undertaken. 

  A scenario that explains the phase interactions between noble gases and petroleum 

systems can be explained when examining black organic-rich shales. These shales are often very 

rich in high concentrations of uranium and thorium (Brown, 2010), which upon radioactive 

decay introduces noble gases into the system. Water, other gases or even mantle components 
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may interact with the hydrocarbon system, which gives the noble gases more opportunities to 

exchange between phases and migrate in the subsurface (Prinzhofer, 2013). The exchange 

between phases in this instance is controlled by the solubility coefficients (Prinzhofer, 2013).  

  Solubility coefficients are critical in understanding gas to liquid or liquid to liquid (oil-

water) interactions. Temperature and pressure have been used as constraints by many researchers 

to study the solubility coefficients of noble gases with water (Crovetto et al., 1981; Smith and 

Kennedy, 1983; Smith 1985 and Harvey, 1998). Several studies have indicated that noble gases 

are more soluble in oil than water, which explains why the noble gases (especially heavy ones) 

always seem to be in higher concentrations in oil (Torgersen and Kennedy, 1999). Introducing 

liquid hydrocarbons causes much more uncertainty, as oil composition can be highly variable 

and is often divided into light and heavy oil (Prinzhofer, 2013). In order to quantify the 

solubilities when liquid hydrocarbons are introduced in the system, the solubilities of noble gases 

are calculated by combining the solubilities of water and gas and those between oil and gas 

(Prinzhofer, 2013). 

  Generally, the physical and chemical natures of noble gases are well known. These 

natures allow the prediction of how the noble gases partition in the various phases (Pinti and 

Marty, 2000).  These predictions allow researchers to constrain the respective volume of 

partitioning fluids (Prinzhofer, 2013). Lafargue and Barker (1998) state volume calculations 

offer insight into how the hydrocarbons are distributed spatially within a basin and also elucidate 

the effects of hydrocarbon degradation by means of water washing (Pinti and Marty, 2000).  

Furthermore, due to noble gas’ preferential partitioning into oil, the degree of water flow in 

hydrocarbon reservoirs can be ascertained by the concentration of the noble gas in oil (Pinti and 
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Marty, 2000). According to Dahlberg (1995), secondary migration of hydrocarbons can also be 

constrained and traced in this manner. 

 

2.4.3 Sorption Processes 

  Sorption processes refer to processes influenced by adsorption or desorption of noble 

gases on solid surfaces (mineral or organic). Preferential adsorption of xenon and krypton 

(lesser) on kerogens and shales has been shown by Frick and Chang (1977). Frick and Chang 

(1977) also revealed that kerogens have a higher adsorption rate compared to shales. In this 

manner, it appears that kerogens fractionate heavier noble gases from lighter noble gases. 

According to Prinzhofer (2013), it is important to remember to consider the absolute 

concentrations, as they influence noble gas mass balance equations. For example, if an absolute 

concentration of the heavy noble gases is lower in kerogens compared to that in water and shale, 

their influence on the mass balance equation is undoubtedly less (Prinzhofer, 2013). 

  Frick and Chang’s (1977) work was corroborated in 1982 by Podosek et al., they 

predicted that the fractionation of light and heavy gases could be observed as a byproduct of 

noble gas sorption in sedimentary basins. Prinzhofer (2013) comments there are little 

experimental data on adsorption properties for the inert gases on solid surfaces for geological 

conditions. Torgersen and Kennedy (1999) studied hydrocarbons, which were enriched in heavy 

noble gases and concluded there was preferential adsorption of heavy noble gas isotopes onto 

organic-rich shales of the Elk Hills Field, California. Zhou et al. (2005) studied noble gases in 

relation to groundwater in the San Juan Basin and found that krypton and xenon were 

considerably enriched in coalbed methane accumulations. Zhou et al., (2005), concluded the 

enrichment is due to the preferential adsorption onto coal macerals.  
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2.4.4 Diffusion 

  Diffusion in gas or liquid phases reflects a heterogeneous environment where kinetic 

processes play a role in noble gas concentrations. In geologic conditions, pure Darcy flow, which 

is a mathematical expression of fluid flow through a porous medium, does not fractionate 

dissolved species according to Prinzhofer (2013). Only diffusion can significantly alter the 

concentrations of noble gases in a petroleum system. This diffusion is best understood by 

studying different gas solubility coefficients in different mediums such as gas, water, and oil.  

  Different mixtures of oil composition, water percentages, and saline conditions 

undoubtedly influence the rate at which the diffusion of the various noble gases can and do 

occur. The exact properties of the lithology, in which diffusion is or is not occurring, can also 

drastically affect the diffusion. For example, an increase in permeability or an increase in 

fractures increase the diffusion potential. On the other hand, a decrease in permeability serves to 

decrease diffusion. Atomic size influences diffusion, with generally larger molecules showing 

decreases in mobility (Harvey, 1998; Jahne et al., 1987; and Reid et al., 1977). Giannesini (2008) 

and Magnier et al., (2011) have noticed that diffusion reduction is not the same for all noble 

gases. According to Giannesini (2008) and Magnier et al., (2011), a larger flux reduction was 

observed for heavier noble gases, which illustrates the concept that not all reductions or increases 

are homogeneous for all noble gases. Prinzhofer (2013) states uneven flux reductions have been 

hypothesized to be the result of sorption processes involved with heavier noble gases described 

in the previous section (2.4.3). Additionally, Prinzhofer (2013) states that in a water membrane 

helium is not the most mobile noble gas; instead neon is (Crank, 1975). 

  Modeling diffusion parameters of the different components involved in a petroleum 

system are critical in petroleum exploration. Unfortunately, it is extremely challenging for 
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geochemists given the difficulty in isolating single-phase diffusion and that migration processes 

often involve multiple physical processes such as advection, adsorption and water diffusion 

(Prinzhofer, 2013). 

 

2.5 Noble Gas Applications 

Scientists study noble gas isotopes by comparing ratios and constructing cross plots. 

Ratios of the noble gas isotopes provide clues as to timing, mixing, and mass balance constraints 

(Pinti and Marty, 1995). Despite the large number of isotopes associated with noble gases seen in 

Tables 2.3 and 2.4, there are generally only four isotopic ratios (3He/4He, 20Ne/22Ne, 21Ne/22Ne 

and 40Ar/36Ar), which are utilized in oil and gas exploration according to Prinzhofer (2013). 

Despite the literature being heavily focused on using noble gases for petroleum systems, the 

author is making the assumption that some of the general principles described are applicable to 

helium systems as well. 

By using different isotopic analyses in conjunction with hydrocarbon type and carbon 

isotopes, one can better constrain the origin of natural gas and petroleum (personal 

communication, Darrah, 2018). Utilizing the various methods of noble gas migration (i.e., phase 

exchange flow, adsorption/desorption, or diffusion) can lead to clues regarding migration and 

storage mechanisms (sorbed or free phase). Atmospheric noble gas isotopes allow possible mass 

balance scenarios between water, oil and gas phases (Prinzhofer, 2013). Radiogenic or 

nucleogenic noble gases, which constitute parts of the crust and mantle, allow for estimates of 

geological residence times of fluids in the subsurface (Prinzhofer, 2013). Deviations from the 

known crustal production rates also give information about transport and release phenomena 

(Ballantine et al., 1991). Thermal maturity and fluid-rock interactions can be calculated based on 
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the predictable and constant mineral phase dependent production of decay products (Hunt et al., 

2012).  Mantle derived noble gases can aid in the research of mantle-derived heat and of mantle 

sourced CO2 to hydrocarbon fields (Pinti and Marty, 2000).  

Noble gases have several applications concerning oil/gas production. Several questions 

that have plagued the oil/gas industry revolve around attempts to characterize the heterogeneity 

of reservoirs and how to best monitor reservoir production. These issues concern both 

unconventional reservoirs with low permeabilities and conventional reservoirs with higher 

permeabilities. According to Prinzhofer (2013) as tracers to physical processes and largely 

insensitive to chemical effects, noble gas isotopes are potentially excellent tracers (although 

mostly undeveloped) and have great potential to improve predictions concerning oil and gas 

production. Noble gases within hydrocarbon systems are subject to over several orders of 

variation and can be used in sensitivity studies for heterogeneity characterization within the 

reservoir (Prinzhofer, 2013). Thus, noble gases are a promising candidate to tackle 

heterogeneities characterization and production monitoring when the techniques of organic 

geochemistry or geophysics fall short to provide accurate predictions (Prinzhofer, 2013). 

  Noble gases offer some degree of control on migration processes (personal 

communication, Darrah, 2018).  According to Prinzhofer (2013), the efficiency with which noble 

gases migrate should be studied and applied to tracing hydrocarbons both conventional and 

unconventional through sedimentary basins. Using noble gas isotopes alone is very challenging 

and should be combined with other isotopes (N, CO2, H), which react with biologic and chemical 

processes, to determine migration pathways and potential source rocks (personal communication 

Hunt, 2017; Darrah, 2018). The best methods to quantify a source integrate multiple techniques 

to finitely characterize a petroleum or helium system, and this is no exception. 
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  Several researchers such as Giannesini (2008), Magnier et al. (2011), and Vacquand et al. 

(2011) have modeled migration using nitrogen, methane and carbon dioxide with traces of noble 

gases. The release of crustal noble gas is largely controlled by temperature and by atomic radius 

(Ballentine and Burnard, 2002; Ma et al., 2009). Based on how much crustal noble gas has been 

released, one can back calculate the closure temperature, which is the temperature at which there 

is no longer any significant release of isotopes, to allow the release of crustal noble gas into the 

system. Therefore, using isotope ratios (noble and carbon), total gas and diffusion coefficients, 

atomic radii, and permeability, to construct diffusion profiles or degassing profiles, migration 

pathways can be investigated for various petroleum systems and potentially helium systems 

(personal communication, Darrah, 2018; Hunt et al., 2012). Although relatively new, the 

experimental modeling results have great potential when combined with observations of natural 

gas fractionation to quantify migration processes of and related to hydrocarbons and helium 

(Prinzhofer, 2013). 
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CHAPTER 3 

LITERATURE REVIEW 

 

3.1 Generation of 
4
He 

The first step in the generation of 4He involves the radioactive decay of uranium (U) and 

thorium (Th), which releases alpha (α) particles (i.e., helium nuclei of protons and neutrons, 

devoid of electrons). Once α particles obtain electrons from the surrounding lithology, they 

become helium (4He) atoms. The amount of helium formed in this manner relies on how much 

time has passed (as helium generation rates are low) and how much original U and Th the rocks 

have (Ballentine and Burnard, 2002; Brown, 2010) (Figure 3.1), rather than constraints on 

organic matter, pressure, and temperature (like hydrocarbons). An equation (3.1) from Brown 

(2010) for calculating the empirical relationship of He generation from the initial uranium and 

thorium concentrations and T (time) at STP = 0 oC, 0.1 MPa is:  

 

Equation 3.1: He (STP cc He/g rk) = (1.22*10-13*ppm U+0.292*10-13*ppm Th)*T 

 

Brown (2010) shows the relationship between several rock types’ U and Th average 

concentrations (Table 3.1). Hot shales or black shales (rich in U), regular shales and granites 

show the highest generation potential. It is important to note that the amount of hydrocarbon gas 

that an organic-rich shale can produce vastly outstrips the amount of helium gas, which can be 

generated from shales (Brown, 2010), thus potentially making granites more auspicious as a 

source rock in a sense there would be less helium dilution by hydrocarbons. Theoretically, 
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helium can be sourced from both granite basement and sedimentary rocks in a shallow crustal 

environment.  

 

Figure 3.1: Relationship between 4He generation and time for five rock groups (Brown, 2010). 
Hot shales have the most He potential, while sandstones have the least He potential. 
 

Table 3.1: Different rock types’ U and Th ppm (Turekian and Wedepohl, 1961; Brown, 2010) 
 
Lithology Uranium (ppm) Thorium (ppm) 

Hot Shale 50 12 
Granite 3 13 
Limestone 2.2 1.7 
Sandstone 0.45 1.7 
 

Crustal rocks that are mostly metamorphic-granitic (rich in U and Th) range from the 

Proterozoic to Archean in age (Danabalan, 2017). These ancient rocks are found in the basement 

in the Four Corners area. If the ancient cratonic/crustal rocks act as a closed system, they should 

increase 4He concentrations over time (Reimer, 1976; Bottomley et al., 1984; Zadnik and Jeffrey, 



 48 

1985; Lippmann-Pipke et al., 2011; Holland et al., 2013). According to Torgersen and Clarke 

(1987), helium is controlled by the radioactive decay of uranium and thorium matching what 

Brown (2010) stated, but for the long-time scales, they argue 4He accumulations are controlled 

by the in-situ rates plus the vertical 4He degassing flux. 

As the exact systematics of the helium system are not fully understood, there is most 

certainly some degree of overlap in the processes involved in the generation and later migration 

of helium in the subsurface. Figure 3.2 illustrates mechanisms involved in the initial generation 

and release of helium from minerals in the source rocks. The processes described below 

(diffusion and fracturing) likely play a role in the primary and secondary migration pathways of 

helium. Ballentine and Burnard (2002) state the mechanisms for noble gas release from the crust 

during/after initial generation are recoil loss, diffusion, fracturing, and mineral transformation.  

Recoil loss occurs as the elevated kinetic energies of the released alpha particles from 

uranium and thorium decay causing the alpha particles to be expelled from their host minerals 

and create damage fission tracks (Figure 3.2a) (Ballentine and Burnard, 2002). This ejection can 

result in the alpha particles moving within its original grain, moving into an adjacent grain or 

moving into pore space (Ballentine and Burnard, 2002). Due to a variety of factors including 

mineral grain size, the density of minerals, mineral chemistry, the stopping distance of the alpha 

particle will undoubtedly vary. The presence of low-density fluids in the space between grains 

according to Rama and Moore (1984), imply that any helium being ejected has a high likelihood 

of being lodged in an adjacent mineral grain. This ejection can yield a situation where one end of 

the damage fission track is located in an adjacent mineral grain, and the other end is open to a 

pore (Ballentine and Burnard, 2002). The helium can escape from the open pore end of the 

damage track in this manner as helium’s diffusivity is unsurprisingly higher along said tracks 
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(Hurley, 1950). Ballentine and Burnard (2002) and common laws of classical physics state that 

water filled porosity is more effective than dry rock at stopping the alpha particle’s path. 

A scenario which will preclude the escape of helium along the fission tracks, is that if 

temperatures become increasingly hot, the damage fission track will begin to anneal. This 

annealing will significantly reduce helium’s chance at escaping the host mineral and the 4He will 

no longer be able to migrate through the alpha track pathways and will most likely be subject to 

diffusion (Brown, 2010; Ballentine and Burnard, 2002). For example, the temperature at which 

annealing occurs in apatite (common host mineral for U and Th) is ~110°C (230°F), which is 

slightly higher than the average closure temperature (temperature at which the helium would be 

released from the host mineral) of 75°C (167°F) for apatite (Ballentine and Burnard, 2002). 

 Ballentine and Burnard (2002) state that the fission tracks are on the order of ~20 

microns long in sedimentary minerals, but vary with mineral chemistry and density.  Brown 

(2010) states that fission tracks generally span to grain surfaces of mud to medium-sized grains 

giving helium a plausible and moderately rapid rate to escape due to the diminutive grains. More 

specifically, the portion of helium lost during recoil is governed by surface to volume ratio 

(Martel et al., 1990; Farley et al., 1996). Ballentine and Burnard (2002) state that surface/volume 

ratios of less than 0.03μm-1 results in more than 90% of 4He being retained (with the exception of 

the most acicular or planar crystals). According to Danabalan (2017), helium’s recoil loss rate 

should decrease as the crustal depth and metamorphic grade increase because of the average 

grain size increases, which agrees with Brown’s (2010) stipulations.  Additionally, the 

redistribution of U and Th on grain boundaries and/or chemical breakdown/dissolution will allow 

4He recoil loss to be a very dominant mechanism for releasing 4He (Andrews et al., 1989a; 

Torgersen and Clarke, 1985; Torgersen, 1989). 
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Figure 3.2: Schematic shows four possible mechanisms that can influence a noble gas’ escape 
from crustal minerals (Ballentine and Burnard, 2002). 
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Other possible mechanisms that could affect helium are diffusion, fracturing, and mineral 

transformations. Diffusion is influenced by the effectiveness of noble gas release, which is 

dependent on D/a2 where ‘D’ is diffusivity, and ‘a’ is the radius of the diffusion domain 

(Ballentine and Burnard, 2002). The rate of noble gas loss by means of diffusion can be affected 

by altering the temperature and effective diffusion domain size (Figure 3.2.b) (Ballentine and 

Burnard, 2002). Helium’s escape from minerals is due to a helium chemical potential (high to 

low concentration), which is when the helium gas equilibrium concentration is greater in the 

mineral than the concentration in the fluid.  

Ballentine and Burnard (2002) state that diffusion can be an underlying force involved in 

weathering or fracturing. Brown (2010) states that through diffusion and mineral 

recrystallization, helium is able to move to pore water. As a mineral that is holding uranium such 

as zircon, apatite, or uraninite, is undergoing changes either from dissolution or recrystallization, 

helium has an opportunity to escape by means of diffusion (Brown, 2010). As stated earlier, the 

alpha particles from U’s and Th’s radioactive decay can create alpha particle damage fission 

tracks, which according to Brown (2010) are areas with higher diffusion coefficients and areas of 

crystal damage (i.e., fracturing).   

Fracturing can provide pathways with which the alpha particles (helium nuclei) can 

migrate out from the mineral within which it was generated (Figure 3.2c) (Ballentine and 

Burnard, 2002). Fracturing has the potential to circumvent the role of closure temperatures in 

releasing helium where it makes the system open rather than closed allowing helium to escape.  

Honda et al. (1982) conducted experiments showing that dilatant fracturing of various 

lithologies has the capacity to release noble gases. Honda et al. (1982) showed that the release of 

noble gases from generation minerals is largely controlled by microfractures created by 



 52 

compression. Compressional stresses can be the result of various tectonic movements. 

Depending on the degree of fracturing, helium can travel into adjacent pore space in the source 

rocks and even out of the source rocks in primary migration.  

Similarly, mineral transformations have the potential to release helium from its 

crystalline host mineral, which can subsequently lead to helium escaping into pore space and 

potentially even out of the sources rocks during primary migration (Figure 3.2d) (Brown, 2010; 

Ballentine and Burnard, 2002). Examples of mineral transformations can be seen with 

metamorphism, diagenesis, mineral dissolution, or various other alterations. This process heavily 

relies on the availability of pathways for the noble gas to effectively break free from the location 

of recrystallization (Ballentine and Burnard, 2002). Torgersen et al., (1989) proposes that this 

mechanism of mineral transformation is not significant enough to effect degassing of noble gases 

on a large scale from the crust. Moreover, Ballentine and Burnard (2002) state that mineral 

transformation likely cannot fraction noble gases like recoil processes or diffusion can.  

 
 
3.2 Primary Migration of 

4
He  

The second step, which is the primary migration (vertical movement) of 4He, focuses on 

the transfer of helium from the solid mineral grains out of the source rocks into pore water. 

Primary migration is a recondite and convoluted process as the helium must migrate out of its 

host minerals (with uranium and thorium) and vertically migrate out of the source rock (Brown, 

2010; Danabalan, 2017). Several noteworthy observations are made by Ballentine and Burnard 

(2002), Brown (2010), and Danabalan (2017) regarding the geochemical processes involved as 

helium is generated from minerals and moves to pore water and out of the source rock (primary 

migration) will be presented below. Two major processes, which have been heavily debated as 



 53 

the main mechanism for primary migration, are diffusion (concentration gradient) and advection 

(pressure gradient). Brown (2010) supports a diffusion model for helium’s primary migration 

while Ballentine and Burnard (2002) and Danabalan (2017) support an advection model. Factors 

influencing bulk diffusion are as follows: temperature, tortuosity, permeability, and the pore 

space fluid. Carrier fluids influencing the movement of the helium in pore fluid (i.e., advection) 

are from chemical changes (metamorphism or hydrocarbon generation) and/or external sources 

(magmatic fluids or aquifers) (Ballentine and Burnard, 2002; Brown, 2010).  In the author’s 

opinion, primary migration is most likely a combination of diffusion and advection. Diffusion 

might dictate the immediate mechanism facilitating the initial transport after mineral release 

prior to the helium dissolved in pore water while advection processes govern the helium atoms’ 

subsequent transport by fluid flow (i.e., N2 or CO2 carrier gas). 

Ballentine and Burnard (2002) conclude that diffusion alone, as a mechanism for 

releasing radiogenic helium from the deep crust to shallower systems, is insignificant (i.e., can be 

neglected) and much slower than bulk transport by fluids. According to Ballentine and Burnard 

(2002), they advocate for single phase transport. In 1982, Walther and Orville conducted 

research in which they concluded that during episodes of dehydration, carbonization, and 

metamorphism, fluid was produced that flowed upwards in the subsurface. This upward flow 

(lower density than country rock) was surmised to be from either convection or ‘single pass 

flow’, which describes the vertical one-way migration of fluid (Walther and Orville, 1982).  

Keeping an established hydrostatic gradient is critical in allowing fluids to convect. If the 

fractures and pores cannot be held open (poor rock strength), the openings will close, and 

convection will be highly improbable. This scenario of failure to maintain a hydrostatic gradient 

along with weak rock strength, would favor single pass flow (Danabalan, 2017). Therefore, 
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Danabalan (2017) argues that advection, which is defined as the passive transport of matter (i.e., 

helium) by a moving fluid, must be the major mechanism for primary migration (Cushman-

Roisin, 2018). The facilitation of advection requires two main events: 1) temperatures that 

exceed the closure temperatures of helium retentive minerals, and 2) fluids (i.e., N2 or CO2) to 

enable bulk movement away from the source rock (Danabalan, 2017). Fracturing and heating of 

basement rocks by means of an extensional event, orogenic event, or deep burial is a possible 

mechanism to explain how helium can be released from source rocks (Salah and Alsharhan, 

1998; Danabalan, 2017). A change in thermal gradient is a prerequisite to facilitate the two 

conditions of advection, and this change can be observed as volcanic activity, orogenies, or 

rifting events (Danabalan, 2017). According to Bebout and Carlson (1986), fluids can move 

vertically by means of faults into various pore networks and fracture networks of shallow crustal 

reservoirs.  Danabalan (2017) states there is the capacity to migrate 4He over vast distances if 

there is the mobilization of a carrier fluid in the vertical direction related to 4He transport. 

According to Moore and Esfandiari (1971), Wolf et al. (1996), Brown (2010), and 

Danabalan (2017), temperature is a critical variable in the release of helium as it is noted that an 

increase in temperature will increase helium release not by generation (as radioactivity cannot be 

altered by temperature), but instead by breaching the host mineral’s closure temperature for 

helium (Figure 3.3).  Closure temperature is a crucial factor in controlling the migration rate of 

helium for a geologically closed system. Minerals are usually retentive of their generated helium 

until their closure temperatures are reached. Danabalan (2017) states high 4He can found over 

long periods of time in the basement, either in the interstitial fluid or producing minerals. As 

such, helium requires a method for mass release (possibly advection) especially when there are 

low original concentrations and when thermal regimes are cool enough to allow minerals such as 
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zircon, monazite, and titanite to hold helium in place (Table 3.2) (Danabalan, 2017).  Closure 

temperatures are influenced by a variety of factors impacting their temperature ranges; some of 

the most well-known are cooling rates and grain sizes (Danabalan, 2017). Although closure 

temperatures are useful in estimating when in a basin’s geologic history, helium could have been 

released, it assumes a closed system and should be regarded cautiously. Theoretically, for an 

open system, fracturing or mineral destruction prior to closure temperatures being reached could 

accelerate the release of helium. 

 

 

Figure 3.3: This cross plot relates time (millions of years), temperature, and helium in pore water 
from an authigenic apatite and it assumes diffusion and generation are simultaneous (Brown, 
2010). This model is built with the conditions of 3 ppm for uranium, 10 ppm for thorium, a 50- 
micron grain radius, and constant temperature (Wolf et al., 1996). The model shows that greater 
amounts of time are required to accumulate high He in colder temperature regimes, while less 
time is required to accumulate high He for hotter temperature regimes. 
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Table 3.2: Helium retentive minerals and their closure temperatures are listed (Danabalan, 2017). 
As the closure temperature is reached, helium is released from its host. 
 

Mineral Closure Temperature References 

Apatite 55-100 (°C), 131-212 (°F) 

 

Lippolt et al., 1994; Wolf et al., 1996; Farley, 

2000; Farley, 2002; Shuster et al., 2006 

Hematite 90-250 (°C), 194-482 (°F) Bähr et al., 1994; Farley, 2002 

Titanite 150-200 (°C), 302-392 (°F) Reiners and Farley, 1999; Farley, 2002 

Zircon 180-200 (°C), 356-392 (°F) Farley, 2002; Reiners, 2005; Reich et al., 2007 

Monazite 182-299 (°C), 360-570 (°F) Boyce et al., 2005 

Uraninite ~200 (°C), 200 (°F) Martel et al., 1990; Stuart et al., 1994 

Garnet 590-630 (°C), 1094-1166 (°F) Dunai and Roselieb, 1996; Farley, 2002  

 
 
 
 
3.3 Secondary Migration of 

4
He  

The third step is termed secondary migration. It involves the helium gas that is dissolved 

in groundwater moving laterally in a carrier bed. According to Brown (2010), old stagnant water 

is more preferential than young hydrodynamic water in this step as more ancient solutions 

(>100Ma) should have a more significant percentage of dissolved He in the solution without 

being overly diluted. This step involves enrichment of helium by means of partitioning out of 

water (due to a decrease in He partial pressure) into the gas phase by being stripped by other 

carrier gases (Brown, 2010; Li et al., 2017). Danabalan (2017) argues that depending on the 

degrees of saturation of the pore-water, helium may not need a carrier gas to come out of a 

dissolved solution. For example, if the solution were oversaturated (or other parameter changes 
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such as pressure decrease, water temperature changes, and salinity changes), He would exsolve 

independently. Conversely, another instance is that if helium is not so enriched, a migrating gas 

phase would be required to aid in the partitioning of helium from the pore-water to the gas phase 

(Li et al., 2017). Specifically, the partitioning of helium out of solution occurs when a gas comes 

in contact with helium dissolved in pore water and due to phase differentials, the helium 

partitions into the gas stream (Li et al., 2017).  

The concentrations of helium in a gas phase, as well as helium dissolved in water, are 

governed by Henry’s law (Equation 3.2). Henry’s law is the quantitative representation of how 

helium partitions between the gaseous state and water. 

 

Equation 3.2: 𝑋𝑋𝐻𝐻𝑠𝑠 = lim
                  𝑓𝑓𝐻𝐻𝑠𝑠→0 𝑓𝑓𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  (Brown, 2010)  

 

XHe refers to the molar fraction of He in an aqueous solution (water), and fHe refers to 

helium fugacity (Brown, 2010). HHe is referred to as Henry’s constant, a function of water 

salinity and temperature, that largely controls helium’s partitioning into the gas phase. As one 

can see in Figure 3.4, Henry’s constant for helium is >1, meaning helium will be concentrated 

into the gaseous state (Brown, 2010; Li et al., 2017).  Brown (2010) also states that for helium, 

the greater Henry’s constant is, the less soluble the species is, and thus the greater amount of the 

helium will be in the gas phase (Figure 3.4). In Figure 3.4, there is a cross-over where nitrogen 

becomes less soluble than helium at very high (metamorphic level) temperatures (Brown, 2010). 

Illustrated in Figure 3.4, helium in a saline solution does not dissolve very readily, whereas 

methane is much more soluble.  Brown (2010) states that the principle of salinity lowering gas 

solubilities holds true for helium, nitrogen, and methane (Figure 3.4). 
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Models such as Figure 3.5 can be utilized as a tool to predict the ratio of helium in gas to 

helium in water-related to variations of thermal gradients, depths, and salinities (Brown, 2010). 

The higher the salinity, the more helium is in the gaseous state (Figure 3.4 and 3.5) (Brown, 

2010). Several other stipulations related to helium distribution and migration by Brown (2010) 

are that lower pressures of shallow reservoirs (major effect) favor a greater amount of helium in 

the gas phase.  A minor effect related to helium distribution and migration, noted by Brown 

(2010), is that cooler temperatures (lower thermal gradient) result in more helium in the gas 

phase (Figure 3.5). Moore and Esfandiari’s (1971) work provides credibility to Brown’s (2010) 

claims by stating with increasing salinity, and decreasing temperatures, the solubility of helium 

in seawater will decrease. 

 

 
Figure 3.4: Henry’s constant vs temperature showing He, N2, and CH4 (Brown, 2010). Helium in 
a saline solution is displayed with an orange line, while He in a freshwater solution is portrayed 
as a black line. Temperature, salinity, and the gas type influence Henry’s constant. 
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Figure 3.5: Plots showing helium fractions compared to depth and temperature (Brown, 2010). 
Salinity is shown by a dashed orange line, while solid freshwater curves are portrayed in black, 
orange and blue each with differing temperature gradients. Mole fraction He is controlled by 
depth, salinity, and temperature. 
 

According to Brown’s calculations (Brown 2010), the first portion of migrating gas will 

gather the majority of the dissolved helium in pore water, and later subsequent gas migrations 

will pick up less and less He. Subsequent gas migrations through the water saturated units will 

yield lower concentrations of helium in the gas phase as there are not as many helium atoms to 

exsolve or pick up (Brown, 2010). Because Henry’s law is based on the concentration 

equilibrium with two non-dynamic static phases, it cannot be blindly applied to the scenario 

where there are dynamic phases such as when gas migrates through stationary water (Brown, 

2010). Brown’s (2010) calculations assume that helium will not recharge the system at a rapid 

enough pace to keep up with migration. Brown (2010) states that helium concentrations in the 

gas phases will be greater given there is less gas compared to water in the system. Furthermore, 
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the migrating gas does not exsolve the helium out of solution by direct contact; a more accurate 

description is as helium is extracted from the pore water, diffusion occurs as helium in adjacent 

areas (several hundred meters above and below) migrates towards the gas stream (Brown, 2010; 

Li et al., 2017).   

Carrier gases for helium can be nitrogen (N2), carbon dioxide (CO2) and methane (CH4) 

gas, which are all from a different and buoyancy driven free gas phase (Danabalan, 2017). 

Because helium occurs in such minute quantities, if it is present and migrating in a prolific 

petroleum system, the hydrocarbons will essentially dilute out a potential economic 

accumulation of helium. Carbon dioxide is a unique carrier gas as the CO2 will react with the 

surrounding lithology as the gas migrates leaving less and less of itself and effectively 

concentrating the helium and nitrogen. Long distance lateral migration could allow groundwater 

focusing of noble gases, but this requires significant faults, and fracture networks that would 

bisect groundwater flow (Ciotoli et al., 2005; Ballentine and Sherwood- Lollar, 2002). The 

concept of carrier gases’ contributions in bulk advection for helium from depth to a shallow 

crustal reservoir is backed up with evidence regarding admixtures of 4He and N2 which can be 

sourced from the same region in the crust, and the fact that there are separate systems for 

hydrocarbon transport and for noble gas transport (Jenden et al., 1988a; Gold and Held, 1987; 

Giggenbach and Poreda, 1993, Gilfillan et al., 2008, Li et al., 2017). This is corroborated by Li et 

al. (2017) as they state helium and nitrogen are both from different sources, and have different 

transport systems, yet they can be sourced from the same region in the crust, implying a strong 

carrier gas relationship (see chapter 6 of this thesis).  

Unsurprisingly there are several variations of secondary migration. The most prominent 

of those variations are presented below from Danabalan (2017).  



 61 

(1) Helium produced from the radioactive decay of uranium and thorium in minerals 

never comes in contact with groundwater and migrates as a free gas phase directly into traps. For 

this option, the free gas phase is largely controlled by faulting, fracture networks, and buoyancy. 

Ultimately this theory seems insignificant for this thesis, in that there seems to be groundwater 

interaction with helium to some degree in the samples.  

(2) Helium as a free gas contacts groundwater, that already holds helium, and the free 

helium gas degasses the helium saturated groundwater (overly sanguine). Literature review 

suggests that helium being dissolved in groundwater and being exsolved by a non-He carrier gas 

is the leading theory, but it is entirely possible that some portion of helium as a free gas could 

strip groundwater that has helium dissolved in it.  

(3) Although there are slight differences in theories, both Brown (2010), Li et al. (2017) 

and Danabalan (2017) agree on the general principles that helium is at some point most likely 

dissolved in the groundwater while migration occurs and that a gas phase passing near the 

groundwater exsolves the helium. The migration is assumed to be subject to factors such as 

lithostatic and hydrostatic pressure, permeability, porosity, and capillary pressure (Danabalan, 

2017). As mentioned earlier, Danabalan (2017) proposes that for a carrier gas to exsolve helium 

dissolved in groundwater, it might not be necessary if the solution is oversaturated, or has 

substantial alterations in temperature, salinity, or pressure.  

 

3.4 Trapping and Sealing of 
4
He  

Step four, which can happen simultaneously with step three, describes the final migration 

of helium to a trap. Once the helium is in the gas phase, it behaves similar to other hydrocarbon 

(HC) gases, with the exception that helium’s diameter is only 0.93 Å (i.e., microscopic compared 
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to other HC gases). Li et al. (2017) mention that because of helium’s low partial pressures when 

it enters the gas reservoir and trap, helium becomes significantly more incapable to re-dissolve 

back into water found in the cap layer (Table 3.3). This lack of redissolution may lead to better 

helium preservation in a trap.  Furthermore, according to Torgersen and Ivey (1985), there are 

several accompanying factors which influence the rate of 4He accumulation in crustal rocks, 

namely: tectonics and compressive stress, porosity, and local diffusion/advection. 

 

Table 3.3: Table from Li et al., (2017) showing different parameters affecting helium before and 
after it comes in contact with a methane-rich gas reservoir. 
 
Parameters Before Methane

 
reservoir After Methane reservoir 

 Helium (H2O) Methane (reservoir) Helium Methane 

Content % 100 100 0.1 99.9 

Partial Pressure/MPa 20 20 0.02 19.98 

Henry’s coefficient  11892 7136 11892 7136 

Solubility/ (L/L) 2.09 3.488 0.002 3.484 

 

The helium-bearing gas can be trapped by conventional natural gas traps such as 

structural domes or stratigraphic pinch-outs (like traditional hydrocarbon plays), with the main 

difference being the requirement of a significantly more impermeable cap rock for a seal 

(Brown, 2010; Danabalan, 2017, Li et al., 2017). Plugged faulting against an impermeable 

lithologic unit would suffice as well. Without a very tight seal, helium atoms can diffuse to the 

surface and eventually escape Earth’s atmosphere. Of course, there will always be some leakage, 

but the most effective seals mitigate helium’s potential escape to allow significant accumulation.  
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Moore and Esfandiari (1971) studied the helium flow rates of several different rock types, 

and the averages can be found in Table 3.4. A few examples of such seals are tight shales 

(possibly kerogen-rich or clay-rich shale), salts, anhydrites, plugged dense crystalline carbonate 

intervals (with micritic mud), and non-fractured igneous rocks (Moore and Esfandiari, 1971; 

Broadhead and Gillard, 2004; Broadhead, 2012; personal communication, Darrah, 2018).  Moore 

and Esfandiari (1971) postulate that highly compacted or dense rocks (even dense sandstones) 

can become helium seals given the proper geologic conditions. Downey (1984) states that 

anhydrites and salts do not have pore waters which are interconnected. This lack of 

interconnected pore waters translates to gases not readily migrating through salt and anhydrite, 

making anhydrites and salts one of the most effective seals (Broadhead and Gillard, 2004). 

Moore and Esfandiari (1971) make a groundbreaking observation in that increasing temperature 

and pressures could increase the diffusive (and possibly advective) nature of helium, which 

would advocate a seal at greater depth, might be required to be more effective at blocking helium 

(less permeable) than a seal at shallower depths (less pressure and temperature).  

As with the petroleum system, the timing of the trapping and sealing are critical as there 

can be no significant helium accumulation if one of the helium system components is not present 

or the timing is not favorable. In most cases, the presence of economic amounts of helium found 

at the surface (hot springs and groundwater), is a good indicator that there is not a proficient seal, 

thus negating a substantial economic helium discovery. An unlikely yet possible exception could 

be if the helium charge was believed to be inconceivably gargantuan that there could be 

significant accumulations of helium regardless of a leaky or non-existent tight seal. 
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Table 3.4: Table showing the averages of several helium flow values from different lithology 
core plug samples (modified from Moore and Esfandiari, 1971). Depth is in feet and meters. 
Helium flow is in ml/sec. Lower flow values indicate a more effective helium seal. 

 
Location Depth (Ft, M) Lithology Average 

Helium 

flow 

Avg. 

φ   

Dineh-Bi-Keyah, AZ - Syenite 0.000 7.3% 

     

Dineh-Bi-Keyah, AZ - Gabbro 0.000 1.1% 

Dineh-Bi-Keyah, AZ - Alkali granite 0.000 0.7% 

Dineh-Bi-Keyah, AZ - Biotite granite 0.000 1.2% 

Norfolk, MA - Gneiss 0.000 1.6% 

Norfolk, MA - Pyritic schist 0.102 5.5% 

N.W. Oklahoma ~9100, ~2773 Calcareous sandy shale 0.000 1.6% 

N.W. Oklahoma ~6000, ~1829 Gray calcareous shale 0.005 3.1% 

N.W. Oklahoma ~8,700, ~2652 Gray shale 0.090 5.53% 

N.W. Oklahoma ~9,100, ~2773 Dark gray calcareous shale 0.600 5.6% 

N.W. Oklahoma ~8,200, ~2500 Fine dense sandstone 0.000 3.3% 

N.W. Oklahoma ~7700, ~2347 Calcareous sandstone 0.000 3.23% 

N.W. Oklahoma ~4600, ~1402 Light gray dense sandstone 0.004 9.35% 

N.W. Oklahoma ~7000, ~2134 Light gray sandstone 1.350 16.1% 

N.W. Oklahoma ~5500, ~1676 White course sand 2.42 18.7% 

N.W. Oklahoma ~7000, ~2134 Gray sandy limestone 0.000 3.5% 
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Table 3.4: Continued  
 

Location Depth (Ft, M) 

 

Lithology Average 

Helium flow 

Avg. φ 

N.W. Oklahoma ~8600, ~2621 Dense crystalline limestone 0.000 0.5% 

N.W. Oklahoma ~8700, ~2651 Light dense limestone 0.000 2.6 

N.W. Oklahoma ~9200, ~2804 Gray crystalline limestone 0.000 3.85 

 
 
 

 

Figure 3.6: Terrestrial 4He generation model showing generation, primary migration, secondary 
migration and trapping/sealing mechanisms (Brown, 2010). 
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3.5 Generation Model Summary 

The overall helium formation, migration, and accumulation model, is laid out by Brown 

in a succinct and ingenious fashion (2010). Figure 3.6 summarizes the four main areas involving: 

1) formation – where helium is generated in minerals by the radioactive decay of U and Th  and 

moves out of minerals by recoil loss, fractures, mineral transformation and/or diffusion, 2) 

primary migration – as helium migrates out of the source rock vertically into pore water 

(advection, possibly diffusion, fracturing), 3) secondary migration – as helium migrates laterally 

in a carrier bed  (fluid flow and gas-water reactions) and 4) accumulation and entrapment – 

where helium accumulates to economic levels under a trap and effective (impermeable) seal. 

 

3.6.1 Variables to the Helium System 

Brown (2010) and Danabalan (2017) present information related to additional geologic 

constraints on helium systems outside of the four major divisions of helium system presented 

above (i.e., generation, primary migration, secondary migration, and trapping/sealing). Brown’s 

(2010) work must be taken cautiously as Brown purposely excluded all data from southwest US 

Permian and Pennsylvanian samples (which are the intervals tested during this thesis) when 

testing his hypotheses to avoid an oversaturation of abnormally high helium data potentially 

skewing results. It is paramount to note that compositional gas data was utilized in Brown 

(2010), while compositional and isotopic analyses were conducted by Danabalan (2017). 

 

3.6.2 Helium Saturation 

Regarding the relationship between migration, depth, and the time necessary to saturate 

helium in water, Li et al., (2017) meticulously calculated several models. In their models, the 
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parameters used are: porosity is 0.5%, uranium is 5.13 ppm, thorium is 18.75 ppm, and density is 

2.5g/cm3. It is also assumed that roughly 90% of helium is able to be dissolved in pore water and 

that the rocks and groundwater are a closed system (Li et al., 2017). The model (based on 

Brown, 2010) implies that the time axis represents the time needed to saturate helium in water is 

the time needed to form helium in a gas phase (from the saturated solution). While observing 

Figure 3.7 one can observe that without any external factors, at roughly the age of the Earth, 

helium will be saturated at roughly 2300 meters (10,498 ft). Likewise, for a timescale of only 

450 million years, the depth required to reach helium saturation in water is roughly 300 meters. 

This model yields preliminary insights that helium will not be able to form a free state gas above 

roughly 300 meters (984 ft) in depth, when in actuality Li et al. (2017) states helium-rich gas in 

the Weihe Basin in China occurs below 2,000 meters in depth, causing quite the conundrum.  

 

 
 

Figure 3.7: The parameters (time, helium saturation concentration and depth) that are required to 
saturate helium in water (modified from Li et al., 2017). 
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This discrepancy between reality and the model suggests there are more variables in 

relation to secondary migration for helium, possibly gas-water exsolution reactions proposed by 

Brown (2010) and Danabalan (2017). Although the parameters used for this model are for a 

geologic setting in China, the general takeaway is that it would take an extremely long time to 

saturate and form a free He gas phase without any other significant migration mechanisms. A 

limitation of the model is it does not consider the effects of migrating gas phases on He in 

solution, instead bases its predictions off of He’s generation rate, He’s solubility, and saturation 

equilibrium in a closed system, which is likely why results are skewed (Li et al., 2017).  

Brown (2010) uses a similar model to argue that helium cannot form in a gas phase in the 

deep basement and thus helium cannot migrate from the deep crust to shallow reservoirs in a gas 

phase. Brown (2010) supports his proposition by advocating that for the deep basement; the 

generation time is greater than the age of the basement in the midcontinent US. The model of Li 

et al., (2017) and Brown’s (2010) models (not shown) are likely flawed, and interpretations 

should be regarded cautiously. The only scenario Brown (2010) states that could support helium 

migration from the deep basement is if there is a zone of high heat flow (immiscible CO2-rich 

fluid or magmas) such as a rift or arc environment. This migration could involve two-phase flow, 

instead of diffusion and bulk fluid flow (Brown, 2010). Although plausible, as to date rift and arc 

environments do not host economic helium accumulations. This according to Brown (2010) 

negates the importance of helium migration from the deep crustal basement. 

 

3.6.3 Porosity 

Regarding the diffusive gradient and the mineral-fluid system, porosity is a controlling 

variable on the rate of helium diffusion from the helium host mineral to the adjacent pore spaces 
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(Ballentine and Burnard, 2002). Although studies have not been conducted on the distribution of 

helium and diffusional loss, 40Ar has been studied. Kelley and Wartho (2000) state that if 

diffusional gradients are not present, 40Ar will not adequately migrate from the host mineral. 40Ar 

can become ‘parentless’ 40Ar and be distributed among different minerals in the rocks related to 

their mineral-fluid partition coefficient values (Kd). The ‘parentless’ argon in low porosity 

systems represents a scenario where argon diffusion is slower than argon production (Ballentine 

and Burnard, 2002). This phenomenon can occur when temperatures exceed the closure 

temperatures of the host minerals (Ballentine and Burnard, 2002). Because argon and helium’s 

Kd values are similar, it is hypothesized that ‘parentless’ helium in low porosity environments 

can be trapped in host minerals above closure temperatures, because there is not a strong 

diffusional chemical gradient (Ballentine and Burnard, 2002; personal comm., Darrah, 2018).  

 

 

Figure 3.8: Cross plot showing the relationship between time, porosity and helium fractions from 
Brown (2010). The model has closed system conditions with 3 ppm of uranium and 10 ppm of 
thorium, along with 1 km (.6 mile) of burial at 50°C (122°F), 10Mpa, and 4 molar NaCl brine. 
Smaller porosity values correlate to longer times to form He. 
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Time constraints on helium generation can also be approximated with porosity data 

(Figure 3.8). A side note involving porosity is that it is not a function of the total helium 

generation, but only the maximum concentration that is possible within a system where there is 

water-gas equilibrium (Brown, 2010).  With a 0.1 or 10% porosity value, Figure 3.4. suggests it 

would theoretically take ~22 million years to generate 1% helium fraction in the gas.  A 

comparison of the same 0.01 or 1.0% helium gas with a 0.05 or 5% porosity value yields a 

generation time of 5 million years (Brown, 2010). Brown (2010) advocates that large pores do 

not accumulate significant amounts of helium without a substantial amount of time, 

consequentially small pores are capable of accumulating helium gas at a more rapid pace. The 

reasoning is as follows: helium should be concentrated to greater degrees if the volume of pore 

water in which the helium is dissolving into is minimal. Smaller pore water volumes indicate 

smaller pores, thus smaller pore sizes should indicate that helium will be concentrated to a higher 

degree in pore water (Brown, 2010).  

 

3.6.4 Depth 

While examining several age ranges (presented in Figure 3.9) in relation to helium values 

from the compilation of a worldwide helium dataset (Sears, 2015), there are several noteworthy 

conspicuous correlations. The current economic helium cutoff is visualized in Figure 3.9 as a 

black vertical line. Trendlines (power function) have been added to represent any possible 

fortuitous causalities or correlations or merely esoteric occurrences.  

For Cenozoic economic He samples (Figure 3.9a), the maximum sample collected is from 

a depth of ~17,000 ft (5180 m). Cenozoic He samples only show two gas samples above the 

economic cut off for He (0.3%), which occur at a depth of ~2200 ft (670 m) below the surface. 
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As there are only two samples above 0.3%, this prevents significant ascertainments. Overall, the 

He concentrations seem to decrease with depth (moderate inverse relationship). 

For Mesozoic samples (Figure 3.9b), the maximum depth with He sampled is ~22,000 ft 

(6705 m). The maximum depth for economic helium samples is ~ 7000 ft (2133 m) (with the 

exclusion of a deeper 12,000 ft or 3657 m sample), and the maximum helium % is observed 

around ~1000 ft (305 m). There are a significant number of samples from Mesozoic intervals that 

lie above the economic helium threshold, and they stretch from about 100-7000 ft (30-2133 m) 

below the surface. Observing all the Mesozoic samples, there is a similar moderate inverse 

relationship between depth and He%.  

For Paleozoic samples (Figure 3.9c), the maximum helium values are ~25,000 ft (7620 

m) and, the maximum helium% is observed around 5400 ft (1645 m). Paleozoic economic 

helium samples range from several hundred feet down to ~ 19,000 ft (5791 m) with the bulk of 

economic grade samples lying from the surface down to ~10,000 ft (3048 m). The older 

Paleozoic samples report a prolific amount of samples above the economic He cut off (0.3%). 

Overall, there is a moderate inverse relationship between increasing depth and decreasing He %. 

 

 
Figure 3.9a: Plots of depth in ft versus helium % with power trendlines for the Cenozoic. 
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Figure 3.9 b,c: Plots of depth in ft versus helium % with power trendlines (B) Mesozoic and (C) 
Paleozoic. Shallower samples in older reservoirs (Mesozoic and Paleozoic) report higher He 
values. Raw data are from a variety of unpublished sources (personal communication, Sears). 
Raw data is not limited to the US, but also includes foreign countries. 
 
 

Figure 3.10 is plotted with the new sample points taken for this thesis, and older USGS 

published data from close proximity gas fields in the Four Corners region, especially the counties 

of Apache, Arizona, San Juan, New Mexico and San Juan, Utah. The larger USGS dataset is not 

filtered by age as Figure 3.9 is, but instead on geographic location. As one can see, all the new 
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samples lie above the economic threshold with the exception of the Ratherford samples.  

Economic helium ranges from several hundred feet down to roughly 8000 ft (2438 m) below the 

surface with some deeper outliers. The maximum helium concentration is achieved at roughly 

1000 ft (305 m) below the surface, and helium concentrations decrease with depth (inverse 

relationship). 

 

 

Figure 3.10: Gas data from samples taken for this thesis (Ratherford, Tocito Dome, Navajo 
Springs, Pinta Dome, and Dineh-Bi-Keyah Fields) plotted with depth and He %. New He values 
span a wide depth range. Data from Brennan et al. (2016) are also plotted in the Four Corners 
area especially from Apache County, AZ, San Juan Country, NM, and San Juan County, UT. 

 

Although helium accumulations do not have a precise restriction in terms of depth, on 

average, there appears to be more abundant helium-rich ages with older samples. This 

relationship could be due to many plausible reasons, several postulations include: older 

reservoirs are closer to helium source rocks, older reservoirs yield older pore waters (i.e., more 

time to accumulate He), preferential bias when sampling, or providential sampling on helium-
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rich intervals. Generally speaking, age is directly correlated with depth, as the oldest samples 

(Paleozoic) are observed with the deepest gas samples. Helium % seem to have an indirect 

correlation with depth supported arguments stipulating that helium accumulations of economic 

value (>0.3%) occur at relatively shallow depths (lower pressures and cooler temperatures) due 

to solubility and equilibrium controls, which is corroborated by Li et al. (2017), Brown (2010) 

and Danabalan, (2017). Analyzing depth data solely without other substantial data sources is 

advised against as scientists can easily prevaricate to support their interpretations. 

 

 

Figure 3.11: Graph showing the relationship with He% and age from US data only. Older 
samples report a higher average He%. Ages are separated into three time periods with the blue 
line representing the Cenozoic (mean He 0.0097%), the orange line represents the Mesozoic 
(mean He 0.1315%) and the black line represents the Devonian-Cambrian (mean He 0.375%). A 
vertical red line shows the economic He threshold of 0.3% (modified from Brown, 2010). 
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3.6.5 Age 

Helium is an ubiquitous element on Earth, albeit, it is usually restricted to trace amounts. 

This distribution can be ascertained with Brown’s (2010) plot (Figure 3.11) as the majority of 

gases have very low amounts of helium. The majority of Cenozoic gases contains below the 

economic threshold of 0.3%, while the older gases (Mesozoic to the Cambrian – Devonian 

samples) yield relatively higher amounts. The majority of the Cambrian-Devonian samples lie 

above 0.3%. Brown (2010) notes that as gases become older, the mean and median helium 

concentrations increase. Moore and Esfandiari (1971) state similarly, that long periods of time 

are often necessary for high accumulations of helium to exist. Additionally, although Permian-

Mississippian ages are not shown, their curve is comparable to the Cambrian-Devonian curve.  

 
The increase in age correlates with an increase in helium and could be attributed to 1) the 

age of the lithology in the reservoirs, or 2) the age of the pore water in those reservoirs. Brown 

(2010) states that the second option (age of the pore water) is the most significant because in 

general, most reservoirs seem to have a low potential to generate helium compared to 

argillaceous rocks. There are instances where higher accumulations of helium are found in 

shallow reservoirs of younger age, but the majority of higher helium concentrations seem to be 

sampled from older Paleozoic reservoir rocks (Moore and Esfandiari, 1971). Because porosity 

can theoretically affect the amount of time required to generate helium, one might be observing a 

relationship in the geochemical data favoring a skewed representation of samples with higher 

porosity, and thus longer generation times. In theory, older reservoirs should have older pore 

water unless there were multifaceted disruptions to the system. Helium does not seem to fit into 

the mold of unconventional systems where the source and reservoir rock are the same. 
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Predictions related to source rock age should not be arbitrarily coupled with the age of the 

reservoir.  

 

3.6.6 Tectonic Activity (Volcanism and Faulting) 

On a regional scale, there does not seem to be as strong a correlation between high 

helium and volcanism. Figure 3.12, which is modified from Brown (2010) and Christiansen 

(1992), shows volcanic rocks from the Cretaceous to the Late Miocene – Holocene. Younger 

volcanic rocks seem to be completely absent in parts of Kansas, Oklahoma, and Texas. 

Examining the area around the Hugoton-Panhandle Field, which is the largest volume of helium 

reserves in the US, there is no obvious connection between volcanism and helium. A substantial 

number of the blue points (which are where helium is greater than 0.7%) lie to the east of the 

Laramide orogeny.  

Regarding the Colorado Plateau, there does not seem to be a strong correlation relating 

volcanism to episodes of high helium gas occurrences. Figure 3.13, shows the Navajo Volcanic 

Field (represented by N) in the middle of the Colorado Plateau; a more detailed representation of 

the Paleogene – early Miocene volcanism (55-21 million years) polygon is shown in Figure 3.12. 

Considering the regional history of the Colorado Plateau, volcanic activity within the central 

portion of the Plateau is somewhat rare as the majority of volcanism is observed surrounding the 

Plateau (Figure 3.13).  

However, on a local scale (Figure 3.14), volcanism is more significant for the Four 

Corners helium. Volcanic sills and dikes likely transport helium from source to reservoir, 

provide fractures in the rock allowing migration and helium accumulation, and elevate the 

closure temperatures of minerals holding helium (Broadhead and Gillard, 2004). This could 
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explain the very high helium (~6%) for the Dineh-Bi-Keyah Field (Figure 3.14) samples as they 

lie in/adjacent to the Navajo Volcanic Field. Curiously, the Pinta Dome/ Navajo Springs samples 

(southern blue point - Figure 3.13) do not lie near known volcanism, but have reported He values 

of ~8%. Igneous intrusions not only have the capacity to allow helium to migrate efficiently, but 

they can also be reservoir rocks and seals for a helium system depending on their mineralogy.  

 

 

Figure 3.12: Regional map relating shallow volcanism and high helium (>0.7%) shown as small 
dark blue circles. Field area is outlined with a transparent blue circle (modified from Brown, 
2010). Oil (green) and gas (red) fields are shown. Volcanism is locally important for helium in 
the Four Corners area, while not important for helium fields in Texas, Kansas, and Okalahoma. 
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Figure 3.13: Map showing volcanic fields in and around the Colorado Plateau indicated the 
importance of volcanics. Blue dots are locations of new samples for this thesis. All samples have 
economic levels of helium except the northernmost point (modified from Re, 2017). Specific 
areas of interest are: N = Navajo Volcanic Field, TD= Tocito Dome, PD/NS = Pinta Dome and 
Navajo Springs, R = Ratherford and DBK = Dineh-Bi-Keyah. Other notable volcanic fields are: 
SF – San Francisco and Mormon, SP – Springerville, T – Tuba City, U – Uinkaret, SR – San 
Rafael Swell, W- Wasatch Plateau, HBVF – Hopi Buttes Volcanic Field, and LC – Lunar Crater. 

 

In the immediate vicinity of the Four Corners historic data points (Figure 3.14) are a large 

number of Neogene ultrabasic necks, sills, dikes, late Cretaceous/Tertiary intrusive rocks and 

faults. Specifically, the highest correlation of faulting and volcanism occurs in the Four Corners 

platform (Figure 3.14), which is an uplifted area bounded by the Blanding Basin of the Paradox 

Basin, the San Juan Basin, and the Defiance Uplift. Figure 3.14 is from Global Venture’s 

TD 

R 

DBK 

PD/NS 
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unpublished report in 2017, and modified with updated economic helium average values from 

Brennan et al. (2016). In Figure 3.14, where igneous plugs and faults are combined, helium 

values tend to be elevated. This relationship is logical if volcanism and faulting are positively 

related as faulting could be a direct result of magma moving in the subsurface or magma could 

be preferentially following preexisting zones of weakness (i.e., faults). Moreover, this scenario 

only fits two new sample groups (Dineh-Bi-Keyah and the Tocito Dome). Although volcanism is 

not associated with the Pinta Dome/ Navajo Springs samples, there could be hidden deep-seated 

faults, which have not been thoroughly investigated yet, which could aid in contributing helium 

into the reservoirs. Spotty well control and old well logs which do not penetrate past 1500 ft (457 

m) in the subsurface do not provide advantageous tools to determine the existence of faults.  

Faults are high-risk variables for helium systems; they either form pathways for possible 

migration of compromise traps and seals. Faults can hinder the migrations of molecules if the 

proper cementation or mineralogy is present. Basement faults are of interest in the Four Corners 

area as they are considered to extend from basement source rocks to reservoirs (Broadhead and 

Gillard, 2004). However, the basement has not fully been delineated in this locality, making 

interpreting faults penetrating the basement rather arduous. There are most likely additional 

basement faults, which amalgamate helium source beds to helium reservoir beds. Future work 

involving a very systematic and detailed basement mapping of the area could introduce much 

smaller faults, thus increasing the fracture network and possible migration pathways for He. 

Broadhead and Gillard (2004) postulate that major fold axes may be cored by deep faults; thus if 

one knows the location of the folds, it is possible to project into the subsurface and surmise the 

generalized location of deep-seated faults. Folds could also provide concentrated fracture 

networks in areas of maximum fold curvature (Broadhead and Gillard, 2004). 
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Figure 3.14: Map of the Four Corners area relating the significance of oil/gas fields, igneous activity, and faulting, to historical helium 
percentages from Brennan et al. (2016) (modified from Global Ventures, 2009, 2017). 



 81 

3.6.7 Hydrocarbons 

Despite helium migrating as a gas phase with natural hydrocarbon gases, it is very 

dissimilar from hydrocarbons (i.e., they are not co-genetically associated with each other). 

Helium in economic amounts can be found on the edges of prolific petroleum basins (San Juan, 

Anadarko, Delaware, Piceance), but usually not within the center of said basins (Figure 3.15) 

(Brown, 2010; Danabalan, 2017). This observation is likely due to hydrocarbons diluting out the 

helium to the point of it becoming uneconomic in the gas system. Brown (2010) makes the 

following observations when he noticed several instances where helium is found in rich 

petroleum basins: 1) there is abnormally high nitrogen gas with the helium samples and 2) the 

helium gases are found in areas with less hydrocarbon production despite being within the basin. 

In Figure 3.16, data was visualized with helium plotted against various carrier gases such as 

methane, carbon dioxide, and nitrogen as well as BTU values from the BLM (BLM, 2004).  

Methane and helium have a strong inverse relationship (Figure 3.16a). BTU values and 

helium as well have a strong inverse relationship (Figure 3.16b). This relationship can be 

explained by the fact that a strong hydrocarbon presence will most likely drown out any residual 

helium in the system. Furthermore, as helium migrates updip along the path of least resistance, it 

would be found less diluted on the edges of systems (Figure 3.15) that have been heavily charged 

with hydrocarbons (Danabalan, 2017). According to Brown (2010), the fact that economic levels 

of helium have been found on the edges of prolific hydrocarbon basins could mean that during 

migration the marginal basin gases are the first to interact with pore water, exsolve the dissolved 

helium from the pore water solution, and migrate with it updip to the basin margin. All the while 

helium would become more concentrated due to the length of migration, the volume of pore 

water (gas-water reactions) and the lack of significant amounts of hydrocarbons.  
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Brown (2010) attributes the young age of the Denver-Julesburg basin (Figure 3.15) as the 

sole reason why there are no high helium gases found there, which is erroneous because there 

could be many factors affecting the lack of high helium gases. Several factors could include a 

permeable seal, lack of source rock, or inadequate migration pathways. Further, isotopic studies 

would be required to determine why high helium gases are not present.  

Helium plotted with carbon dioxide shows a moderate inverse relationship (Figure 

3.16c). This relationship should be regarded cautiously as carbon dioxide is very reactive with 

the surrounding lithology in the subsurface and most likely reacts with said lithology as it 

migrates with helium as a carrier gas. Thus, regarding carbon dioxide, the distance would be a 

very paramount variable to constrain. The longer the migration, the more the carbon dioxide will 

react, the more the carbon dioxide concentration will decrease, the more helium will become 

enriched, hence the inverse relationship (Brown, 2010). 

 When plotting nitrogen versus helium (Figure 3.16d), there is a strong positive 

relationship. Nitrogen is also considered to be a superb carrier gas with helium, and unlike 

carbon dioxide it does not react out of the solution, leaving the possibility that both nitrogen and 

helium could be enriched in the subsurface through long migration distances and large-ground 

water interactions (Danabalan, 2017). High nitrogen correlation to helium also could suggest that 

helium has multiple possible carrier gases (nitrogen and carbon dioxide). Although nitrogen and 

helium have different formation processes, the strong association of the two gases has been 

proposed as evidence linking them to a common source (i.e., the shallow basement) (Ballentine 

and Sherwood – Lollar, 2002; Broadhead and Gillard, 2004; Brown, 2010; Li et al., 2017; 

Danabalan, 2017; personal communication, Dr. Hunt and Dr. Darrah, 2018). Nitrogen associated 

helium will be further explored in chapter 6 of this thesis. 
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Figure 3.15: Map showing >0.7% helium gas (blue points) with natural gas (red)  and oil (green) 
fields (Mast et al., 1998; modified from Brown 2010). The oil fields are represented by green, 
and the gas fields are represented by red. The large transparent blue circle is the thesis field area. 
Four Corners samples are not diluted by large amounts of hydrocarbons. This allows for very 
high helium percentages in Four Corners fields. 
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Figure 3.16 a,b,c,d: Graphs of helium to (A) methane – inverse relationship, (B) BTU values – 
inverse relationship, (C) carbon dioxide – inverse relationship and (D) nitrogen – positive 
relationship. BLM (2004) data is from Apache County, AZ, San Juan County, NM and UT. 
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3.6.8 Basement High 

Brown (2010) compares high helium concentrations (>0.7%) to structural basement highs 

(thousands of feet below sea level) in the area surrounding the Hugoton-Panhandle Field (Figure 

3.17). His observations show that in central Kansas, there is a moderate correlation between 

basement highs and high helium gases. Brown (2010) then assumes that overall basement highs 

are structures that will be ultimately reflected in the overlying sediment packages, and thus may 

give some insight into the gas migration and trapping patterns.  

 

 

Figure 3.17: High He gases (>0.7%) (blue circles), oil(green)/gas(red) fields, and basement 
structure east of the green line (Rocky Mountain Front) are shown. Red lines are basement faults, 
and the blue line is the location of the Basin–Range front (Brown, 2010). Field area is the large 
circle. Structural reflection may help understand where He could be trapped in various closures. 

AZ 

UT 

CO 

NM 

OK 

TX 

KS 



 86 

It is important to remember that helium in the basement is largely immobile (i.e., trapped) 

within the impermeable granite (Yurkowski, 2016). Helium remains trapped in the crystal 

structures of minerals such as zircon, apatite, and titanite, until their closure temperature is 

reached or a geologic event (faulting or igneous activity) releases the helium atoms from the 

impermeable granite.  So, because the helium is not known to be overly mobile within the 

granite, projecting basement highs to possible migration and trapping mechanisms seem 

superfluous at this point and should only be considered as possible reflections to younger 

sedimentary packages acting as reservoirs. This structural reflection may also help understand 

where helium could be trapped in various closures. If there has been significant faulting in the 

basement, Brown (2010) would be correct in attempting to use basement highs as a predictive 

method to constrain migration and trapping mechanisms. Although unintended from Brown 

(2010), a possible benefit from understanding basement highs is that a higher portion of the 

basement could shorten the distance from a potential source to a potential reservoir; mitigating 

the risk, that the helium atoms could encounter unideal circumstances. 

 

3.6.9 Basement  

Brown’s (2010) research into whether or not the basement had any geospatial correlation 

to high helium gases did not yield direct and localized correlations. In an obfuscatory manner, 

Brown (2010) never defined what he was referring to by deep basement and shallow basement, 

for which an assumption has been made that the deep basement refers to mantle input, and 

shallow basement refers to that proximal to overlying sedimentary sections. With regard to the 

Brown’s ‘deep crust’, Brown (2010) states that helium generated from this source is not likely to 

form economic accumulations because helium usually needs a migrating fluid to move from 
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source to reservoir and the deep basement is mostly devolatilized. This devolatilization leaves 

few scenarios where fluid can be available for the needed transport of helium in the deep crust to 

helium reservoirs (Brown, 2010). Several authors namely Fu et al. (2005), Hong et al. (2010), 

Etiope and Lombardi (1996), Etiope and Martinelli (2002), Fu et al. (2008), Ballentine and 

Burnard (2002), and Walia et al. (2009), indicate that N2 might act as a helium carrier gas, which 

could hypothetically support advection from a deeper crustal regime to a more shallow crustal 

region (Danabalan, 2017). Regarding deep basement origins, Danabalan (2017) states that large 

amounts of magmatic 4He can indicate a deep crustal gas source. 

 

 

Figure 3.18: Map showing He gases (>0.7%) in blue circles, and basement geology taken from 
Van Schmus et al. (1993). Oil (green) and gas (red) fields are shown. Deep basement faults are 
shown in red lines, and the green line marks the location of the Rocky Mountain front. Faults not 
shown are Rio Grande Graben faults and Tertiary Basin and Range faults (modified from Brown, 
2010). Large blue circle is the field area. There is a geospatial relationship to samples of high 
helium gases where there are varying degrees of underlying Proterozoic crust. 
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Due to the basement being largely devolatilized, Brown (2010) seems to disregard any 

potential from the deep basement (mantle), which the isotopic evidence agrees with (for new 

samples in this thesis) as they do not yield a strong mantle signature. Brown (2010) proposes 

through a series of helium migration models that helium found in sedimentary pore water can be 

rationalized and sourced from sediments without any basement input (shallow or deep). 

Although Brown’s (2010) mass balance calculations, migration model work, discussions of 

diffusion (usually ineffective), bulk fluid flow (water and melt), two-phase flow (buoyancy 

driven), and heat flow (involving immiscible CO2 enriched fluids and magmas) are scientifically 

sound, Brown (2010) did not have isotopes at his disposal, but only molecular compositions to 

test his theories. Work by Ballentine and Sherwood-Lollar (2002), as well as this thesis, use 

isotopes to distinguish a very likely shallow crustal basement source with possible sedimentary 

input for helium in direct opposition to Brown’s (2010) claims that helium can be sourced 

entirely from the sedimentary section. After strongly advocating for a sedimentary helium source 

only, Brown (2010) vacillates and states that helium formation predominately is from 

sedimentary strata and shallow basement material. 

 From the lens of isotope geochemistry, Figure 3.18 tells a story of a general geospatial 

relationship to samples of high helium gases where there are varying degrees of underlying 

Proterozoic crust. In Figure 3.18, one can observe that there is an absence of high helium gases 

in the Paleozoic accreted terrane, located southeast of the Ouachita front. Brown (2010) 

attributes this phenomenon as a function of the age of the sediment; however, it could also be a 

function of a non-existent source area. Brown (2010) provides evidence of faulting (Van Schmus 

et al., 1993) where red lines are major deep basement faults (bounding inversion of the 

Oklahoma aulacogen), which seems to have high values of helium in, or adjacent to them. Brown 



 89 

(2010) states that there is no correlation between the basement faults straddling the Llano 

province and the early Proterozoic province and subsequently uses that as evidence to disprove 

any basement involvement, completely ignoring the possibility and potential of unfavorable 

factors for a helium system (i.e., no seal) in this area. Other scenarios which could possibly 

influence Brown’s (2010) lack of correlations are: 1) migration pathways taking gas away from 

original source beds, and 2) there is a widespread potential to generate helium in Proterozoic 

rocks. Further studies are needed to definitively prove the role of basement involvement as 

source rocks, which is outside the scope of this thesis. 

 

3.7.1 Exploration Models 

Broadhead and Gillard (2004) present five helium exploration models for all of New 

Mexico, US; Brown (2010) presents three helium exploration models for the continental US; and 

Weinlich et al. (1999) and Danabalan (2017) present one helium exploration model for a play in 

Tanzania. Li et al. (2017) by examining data from China, corroborates several of Broadhead and 

Gillard’s (2004) models. The models by Brown must be taken cautiously as Brown purposely 

excluded all data from southwest US Permian and Pennsylvanian samples when testing his 

hypotheses to avoid oversaturation of abnormally high helium data skewing the results. Isotopic 

analyses were only conducted for the Danabalan (2017) Tanzania model. 

 

3.7.2 Model 1 (Broadhead and Gillard, 2004)  

This model, which is 4He derived from basement rocks, focuses on the generation of 

radioactive helium from uranium and thorium in the basement. A granitic basement is assumed 

which would cause the generated helium to remain within the granite, as granites are generally 
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impermeable to helium (unless fractured). This model relies heavily on the presence of fractures 

to provide conduits for the helium to escape the granite and migrate updip by buoyancy into the 

overlying sediment and traps. Once the helium is free from the granite, it acts much like natural 

gas following updip paths of least resistance. Updip migration will be driven by the density 

differences between pore water and helium. Helium will migrate until it encounters a tight 

(impermeable) seal, then laterally to an adjacent reservoir bed. There must be a sufficient seal 

(shales, evaporites) to stop the 0.2 nanometer helium molecule (Broadhead and Gillard, 2004). 

Theories of groundwater involvement within the reservoir bed are vaguely mentioned. 

 

3.7.3 Model 2 (Broadhead and Gillard, 2004) (Li et al., 2017) 

This model, which is 4He derived from sedimentary ore deposit rocks, relies on uranium 

and thorium to be present in the sedimentary column as sedimentary ore deposits (Broadhead and 

Gillard, 2004).  Li et al. (2017) add that U6+ cations can migrate in water in the subsurface and 

form sandstones with uranium-rich pockets. The presence of substantially concentrated ore 

deposits in the subsurface is debated because there are relatively few ways to definitively prove a 

massive ore deposit exists thousands of feet below the surface using only gamma-ray logs and 

advanced magnetic and gravity geophysical techniques. Ore deposits cannot be too near the 

surface because the diffusion potential of helium would allow the molecule to escape. Other 

problems of having uranium ore deposits sourcing 4He near the surface are: 1) gas trap/seal 

breaching by weathering or erosion, which would lead to helium escape, and/or 2) reservoirs 

could be inundated with water (oversaturated with young freshwater) (Broadhead and Gillard, 

2004). 
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3.7.4 Model 3 (Broadhead and Gillard, 2004)   

The model describes 3He derived from the mantle transported via volcanism. This model 

asserts that there could be mantle-derived helium in place due to the presence of tertiary age 

volcanism (Broadhead and Gillard, 2004). The model uses the rising magma as a conduit to 

transport the primordial helium into the shallower subsurface and subsequently degassing 3He. 

Problems with this model are numerous, as faults from the Cenozoic and Tertiary could 

potentially act as helium escape pathways given their proximity to the surface. Thus, finding 

traps that have not been cross-cut by faulting or other tectonic activity could prove difficult. The 

significant presence of CO2 from the volcanic activity could be fortuitous, as CO2 has been 

shown to be a plausible helium carrier gas (see model 8 by Brown, 2010). Without proper 

isotopic analysis, this model is mostly speculation. 

 

3.7.5 Model 4 (Broadhead and Gillard, 2004)  

This model details 3He derived from the mantle transported via deep extensional 

fractures. The mega faults (on which the model relies) must be developed amalgamating the 

helium source to migration pathways leading to the reservoir (Broadhead and Gillard, 2004). The 

model depends on timing, location, and magnitude of the fault network to be able to transport 

primordial helium. CO2 is also proposed to be a carrier gas, as it would be degassed as the 

magmas move to areas of lower pressure (most likely associated with the deep mega faults). 

Problems arise if there are no large-scale extension events (i.e., rifting) to transport the helium or 

traps and seals to allow 3He to accumulate (Broadhead and Gillard, 2004). Additionally, this 

model would require some degree of fluid interaction to help move helium from depth to shallow 

reservoirs. Without proper isotopic analysis, this model is mostly speculation.  
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3.7.6 Model 5 (Broadhead and Gillard, 2004)  

The model describes 3He derived from the beta decay of tritium (3H). This reaction is a 

lesser-understood and recondite process and one that is not known to produce substantial He 

amounts. For this model to work, there need to be strata deposited in evaporitic settings where 

there are lithium-rich clays. Clays are essential because lithium can replace magnesium or iron in 

certain octahedral locations. The basic chemistry of these processes is: Lithium gets bombarded 

by neutrons (spallation), and 3He and tritium are produced (Periodic Table, 2017). Tritium then 

decays to 3He by beta emission decay.  As an aside, additional tritium could be present in 

groundwater from nuclear bomb testing. Adequate sealing and timing constraints are required, or 

no substantial helium accumulation would develop (Broadhead and Gillard, 2004). 

 

 

Figure 3.19: Model 6 for 4He acquired during migration (Brown, 2010). Helium is moving from 
mudrocks into a reservoir, and then being exsolved from the reservoir into a migrating gas phase. 
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3.7.7 Model 6 (Brown, 2010) 

This model details 4He acquired during migration, Figure 3.19. This model from Brown 

(2010) is a very generic type scenario much like model 1 from Broadhead and Gillard (2004). 

Brown proposes that the helium will be generated from radioactive uranium and thorium, be 

dissolved in old pore water (>100My), be pulled from the water by a migrating gas into the gas 

phase, and the helium will migrate with the natural gas stream. A moderate to low porosity and 

low gas volume would allow helium to theoretically become concentrated to economic levels. 

Brown (2010) argues against the need for deep basement source rocks and insists on shales as a 

suitable source for 4He, which is debatable. Brown (2010) states this model explains helium 

systems in Central Kansas, US. 

 

3.7.8 Model 7 (Brown, 2010) 

 The model describes 4He acquired after migration, Figure 3.20. This model utilizes 

hydrodynamics to provide a mechanism to move sizeable amounts of old helium-rich pore water 

into contact with a preexisting trapped gas phase (Brown, 2010). In this scenario, helium has 

already been generated and has been dissolved into the pore water. The model assumes that 

updip meteoric water will push older helium-rich water down dip into contact with a gas 

accumulation. Once in contact with the gas accumulation, the helium would exsolve out in the 

gas phase. Brown (2010) theorizes that most helium will be exsolved at the upper end of the gas 

accumulation pictured in Figure 3.20. The model calls for large volumes of water (with high 

dissolved helium) to be moving under gas accumulations, long durations of the hydrodynamics, 

and a thick reservoir unit. Brown (2010) states this model explains helium systems in the 

Hugoton-Panhandle Field, US. 
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Figure 3.20: Model 7 for 4He acquired after migration via hydrodynamics (Brown, 2010). 
 
 
3.7.9 Model 8 (Brown, 2010) 

This model, which is a CO2 carrier gas for 4He, is similar to Broadhead and Gillard’s 

(2004) model 3 and 4, in that it relies on the presence of igneous intrusives.  The process in 

Model 8 is identical to Model 6 except that the generic gas that causes the dissolved helium to 

transfer out of the water solution and into the gas phase is now CO2 supplied from magmatic 

sources (mantle) or a carbonate source (Brown, 2010). Following the path of least resistance, the 

CO2 could migrate through fractures or updip and effectively pick up helium, nitrogen, and 

methane. Brown (2010) argues that the CO2 would essentially dissolve out of the system, given 

enough material as it passes through, which would reduce the gas size, further concentrating 

helium. Brown (2010) postulates this model requires a long migration distance (to allow CO2 gas 

to dissolve out and for helium to become enriched) and igneous activity near or into old 
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sedimentary rocks, which is debatable as a helium source. Brown (2010) states this model 

explains helium systems in the Four Corners region, US. 

 

 

Figure 3.21: Model 8 for He acquired during the migration with CO2 (Brown, 2010). Helium is 
moving from mudrocks into a reservoir, and then being exsolved into a migrating CO2 gas phase. 
 
 
3.7.10 Model 9 (Weinlich et al., 1999; Danabalan, 2017) 

 This model advocates a sweet spot surrounding volcanic centers where economic helium 

accumulates. The main factors are the distance from the volcano, and CO2 as a migrating carrier 

gas, which concentrates the nitrogen and helium. The premise is that CO2 values at the volcanic 

center will be high, and as one moves away from the volcanic depot CO2 will decrease (Weinlich 

et al., 1999). This decrease in CO2 moving away from the volcano should correlate with an 

increase in the helium content much like Model 8 from Brown (2010). The difference with 

Brown’s model is that Danabalan (2017) conducted an isotopic study, which appears to validate 

the model in Tanzania. Danabalan’s (2017) model incorporated distance as a vital factor, which 
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Brown’s (2010) model did not. Faulting is portrayed as conduits to allow helium to migrate in 

the subsurface. Also stripping of nitrogen and helium is presented during secondary migration. 

 

 

Figure 3.22: Model 9 for He, N2, 
40Ar and CO2 around volcanic centers (Danabalan, 2017). 

Model indicates that distance is a critical component to economic helium accumuation. 
 
 
3.7.11 Brief Exploration Models Discussion 

Regarding the various models of helium migration proposed in the literature, the author is 

hypothesizing that in the case of the Four Corners Area in the American southwest (which seems 

to be an anomalous area), a combination of models 1 and 6 (most dominant), models 3,8, and 9 

(dominant), and models 2, 4, 5 and 7 (least dominant) could explain high helium occurrences.  

The mechanism in models 1 and 6 is probably the most dominant model in play in the 

Four Corners area. The author also argues that the source for the radiogenic helium in the Four 
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Corners area is derived primarily from granites and secondarily from sedimentary rocks, due to 

isotopic analyses (thesis chapter 6). Although geochemical isotopes will not be able to definitely 

distinguish a granitic helium source from a shale helium source, the results provide sufficient 

information to produce an estimation as to the origins of helium by comparing numerous noble 

gas isotopes along with isotopes of carbon, nitrogen, and hydrogen. Isotopic studies of air 

saturated water noble gases support the model’s (1 and 6) postulation of the significance of gas-

water reactions. Solubility studies add credence to the mechanisms of helium’s exchange 

between phases (water and gas) (Brown, 2010). Structural traps positioned updip in the Four 

Corners area supports helium’s updip migration. The likely presence of deep-seated faults 

(migration conduits) possibly connecting the granitic source to or near the helium reservoirs in 

the area is also evidence for a shallow basement helium source (Broadhead and Gillard, 2004). 

Outcrop studies, gamma-ray log analyses, or geophysical magnetic/gravity studies, could be 

possible methods to study source rocks in addition to isotopic analyses. In addition, future 

studies on the time required for pore water to become enriched in dissolved helium would 

provide useful information, which might prove or disprove the stipulation that pore water must 

be greater than 100 million years old (Brown, 2010). 

 Models 3,8, and 9 seem plausible given the area’s extensive volcanic history, which 

would supply CO2 to the system, and is an ideal carrier gas for helium. The presence of 3He can 

be validated or disproven with the proper isotopic analysis. The presence of smaller amounts of 

CO2 in well samples often provides evidence of an inverse relationship with CO2 and He. The 

inverse relationship can be best described as one where the carbon dioxide migrates and reacts 

with the host rock essentially becoming less and less, all the while the helium, nitrogen and other 

gases are becoming more and more concentrated in the gas phase due to various phase exchanges 
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and gas water reactions (Brown, 2010). Magmatic activity in the form of sills or dikes could 

provide the needed conduits for helium to be transported from an impermeable granitic source 

rock into a helium reservoir. The movement of magma through the subsurface could also very 

easily provide adequate fracture networks needed to aid helium migration, and it could provide a 

tight seal based on the mineralogy of the melt. Regarding model 9, in the Four Corners area is 

more challenging to constrain the geospatial location of the main volcanic center than it is in 

Tanzania (Ngozi caldera is very prominent), thus making it rather difficult to produce ‘sweet 

spot’ zones where magmatic gases such as CO2 have not diluted helium (Danabalan, 2017). 

Model 2 cannot be definitely ruled out (sedimentary ore deposits), but testing it would 

require core and the examination of well logs for high gamma radiation spikes, which could be 

indicative of large uranium/thorium-rich units. A combination of high-quality gravity and 

magnetics surveys might be able to delineate possible anomalies in the deep subsurface. Model 4 

seems not as likely due to the fact that there is not a large enough extensional faulting system as 

proposed in the Four Corners area with high accumulations of helium. Model 4 might have more 

significance in an area with large rifting, if there are seals present to trap the released helium 

adequately. Model 5 needs further extensive research to calculate the exact conditions needed for 

the chemical reactions to take place, but theoretically, it is plausible and could add a rare isotope 

of helium into the system. However, compared to the vast volume of crustal rocks, the 

contribution is at best minimal. As the literature has not highlighted large-scale active 

hydrodynamic traps in the Four Corners area compared to the Hugoton-Panhandle area, Model 7 

likely plays a very minimal role. Noble gas isotopes, particularly air saturated water sourced 

isotopes (20Ne, 36Ar, 84Kr), provide some insight as to the degree of water-gas reactions and thus 

infer the significance or insignificance of groundwater in the system. 
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CHAPTER 4 

GEOLOGIC HISTORY 

 

4.1 Regional Tectonic History of the Colorado Plateau 

The Colorado Plateau, which is an elevated crustal block of relatively undeformed 

lithology, straddles Colorado, Utah, New Mexico, and Arizona (Foos, 1999; Gilfillan et al., 

2008). The Colorado Plateau is bounded by the Basin and Range province to the northwest, the 

Rocky Mountains to the northeast, the Rio Grande Rift to the southeast, and the Mogollon Rim 

to the southwest (Figure 4.1). The Colorado Plateau, which through its history has experienced 

uplift and subsidence, encompasses a physiographic and tectonic region that spans roughly 

~500,000 km2 (310,686 miles2) (Trexler, 2014). 

The Colorado Plateau is part of a geanticline that extends from California to Kansas 

(Hunt, 1956). It is composed of generally flat to slightly dipping (1° to NW) sedimentary rocks 

(3-5 km or 1.8-3 miles), which uncomfortably overlie metamorphic and igneous 

Paleoproterozoic basement rocks (Condie, 1986; Tingey et al., 1991; Re, 2017). The Mazatzal 

and Yavapai accretionary terranes make up the Paleoproterozoic basement (Karlstrom and 

Bowring, 1988). Hunt (1967) describes the lithology as being tilted to the northeast into 

Colorado and Utah, where the Colorado Plateau meets the Rocky Mountains. Notably, there are 

no structural mountain ranges on the plateau, only volcanic mountains. Volcanism is present 

around the peripherals of the plateau with minor occurrences within the plateau’s boundaries, 

most likely influencing the low heat flow of the plateau (Gilbert et al., 2007). Although relatively 

undeformed (possibly due to a thick crust), zones of weakness in the basement rocks have 
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localized deformation in the form of folds and faults. A regional structural map (Figure 4.2) 

shows the location of gas samples acquired for this study. Structural events throughout the 

plateau’s history (Precambrian- Paleozoic, Mesozoic, Cenozoic), are described below. 

During Precambrian times, state the fabric of the region was ultimately fixed around 1.7 

billion years and later rejuvenations only modified the original framework (Baars and Stevenson, 

1981). Foos (1999) states that Precambrian continental scale lineaments (NE and NW trending) 

were formed as the result of a 1.7 billion year old north-south compressional regime, which 

produced wrench fault zones. Fast-forwarding to the Paleozoic, a majority of the sediment 

deposition took place in shallow warm seas (Baars, 2000). During Paleozoic time, there are 

unconformities representing the removal of Silurian and Middle to Upper Ordovician lithologies 

from the sedimentological record (Foos, 1999). Furthermore, deep-seated faults were reactivated 

during the late Paleozoic to early Mesozoic, which aided in the formation of basins and broad 

uplifts (Foos, 1999).  

The separation of Pangea began in the Mesozoic era (mid Triassic). Subsequently, during 

the Jurassic and Cretaceous, there were several orogenic events, which shed material onto the 

Colorado Plateau, namely the Nevadan and Sevier (Baars, 2000). During the beginning of the 

Cretaceous (~140 Ma), the depositional environment of the Colorado Plateau was that of shallow 

marine or coastal terrestrial depositional settings in the Cretaceous Interior Seaway (Trexler, 

2014). Additionally, this time in the early Mesozoic correlates to the approximate period when 

the Farallon plate began to subduct underneath the western portion of the North American plate. 

Initially, the subduction of the Farallon plate occurred at a relatively steep angle, but over 

time in the early Cretaceous (~70 Ma) the angle drastically shallowed. This shallowing, 

according to Coney and Reynolds (1977), is the reason deformation related to plate convergence 
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began to migrate eastward. Due to this deformation moving east, there were widespread uplifts 

and deformation across the interior western parts of North America. This phase of deformation is 

referred to as Laramide and its geographic area spans from Canada to Mexico. At this time, 

magmatism was produced due to the shallow subduction of the Farallon plate along the plateau 

borders (Lipman et al., 1972; Snyder et al., 1976). Re (2017) notes that minor magmatism was 

produced within the plateau. The Laramide orogeny event, which formed the Rocky Mountains, 

came to a cessation around ~40 Ma when the subduction angle of the Farallon plate steepened 

(Coney and Reynolds, 1977). After the Laramide, extensional tectonism began to form around 

the plateau due to the retreating western margin of compression deformation (thrust faulting and 

folding) (Trexler, 2014; Re, 2017). The plateau escaped copious amounts of deformation during 

and after the Laramide deformation (Cretaceous–Eocene) (Baars, 2000; Trexler, 2014). 

 According to Huntoon (1974b), between Cretaceous and Eocene time, the Colorado 

Plateau experienced regional uplift. The uplift ceased around middle Eocene and left the plateau 

~1.6 km (1 mile) above sea level (Damon, 1971). During the Oligocene, magmas were 

introduced into the sedimentary sections through deep-seated faults resulting in laccoliths of 

intermediate composition (Foos, 1999; Fitton et al., 1991; Gilfillan et al., 2008; Re, 2017). More 

recent (mid to early Cenozoic) volcanism has produced basaltic flows (Foos, 1999). Around 20 

Ma tectonic activity resumed in the Cenozoic and unevenly uplifted and tilted the plateau (Baars, 

2000). Around 5 million years ago, the Colorado Plateau experienced epeirogenic uplift, and was 

lifted 4000-6000 feet (1219-1829 m) (Baars, 2000). As an aside, epeirogenic uplift does not 

involve deformation and affects large areas. According to Foos (1999), this uplift was facilitated 

by tilting of the plateau to the north and by the reactivation of preexisting faults. According to 

the Levander et al. (2011), the latest uplift of the plateau was aided in part by the dipping of the 
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lithosphere underneath the plateau, which is replaced by rising/expanding partially molten 

material from the asthenosphere.  

The Colorado Plateaus’ major structures were not created during the Laramide 

compressional regime, but merely enhanced from rejuvenated basement structure (Baars and 

Stevenson, 1981). The tectonic mold was set ~1,700 Ma and what is observed today is merely a 

continuation of the original tectonic structure. Authors such as McKee et al. (1967), Hunt (1969), 

Lucchitta (1972) and Breed and Roat (1974) summarize the episodes of structural evolution of 

the Colorado Plateau in detail, which will not be covered in this thesis. 

Although unique due to lack of large-scale deformation, the plateau has a series of 

structural features. The Colorado Plateau’s most striking features are its various basins and 

uplifts (Figure 4.2), which define major tectonic divisions within the plateau. As an aside, Foos 

(1999) notes features related to salt tectonics are present especially within the Paradox Basin. 

Additional geologic structures include 1) monoclines and broad flexures, 2) faults, and 3) 

igneous laccoliths and volcanism (Foos, 1999).   

1) The most distinctive features of the plateau are its monoclines, which account for the 

majority of deformation (Kelley, 1955). These monoclines, which can persist for hundreds of 

miles, form where the relatively flat lying sedimentary beds are draped over deep-seated 

Precambrian basement faults (Baars and Stevenson, 1981). Broad flexures refer to open folds 

(i.e., Kaibab Uplift), which are different from tight folds related to orogenic belts (Foos, 1999). 

2) North-south trending normal faults cut across the Colorado Plateau (Re, 2017). On the 

easternmost extension of the Colorado Plateau near the Basin and Range province, faults 

represent a zone of transitional, northward trending fault blocks of the High Plateaus (Hewett, 

1956). Faults are more common to the west, and monoclines are more prevalent to the east. 
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Figure 4.1: Tectonic division of the Colorado Plateau showing different structural provinces 
around the Four Corners area (modified Kelley, 1955, 1957, 1958; IEED, 2018).
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Figure 4.2: Major structural elements and location of samples for this thesis in the Four Corners Area, which is a small subset of the 
Colorado Plateau where the states of Colorado, Utah, New Mexico, and Arizona join (Global Ventures, 2009). 
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It is paramount to note the presence of northwestward trending anticlines associated with faults 

in some areas such as east-central Utah (Baars and Stevenson, 1981). 

3) Oligocene to Miocene laccoliths have mostly intermediate compositions (Foos, 1999). 

Younger still are the volcanics, which were extruded 5-7 Ma years ago (Crow et al., 2011; Fitton 

et al., 1991; Tingey et al., 1991). The youngest of the volcanics are basaltic, whilst the older 

volcanics are andesitic (Lipman and Mehnert, 1975). Regional volcanism has had a sporadic 

history across the Colorado Plateau over the last 30 Ma (Re, 2017). The most recent volcanism is 

situated along the margins of the plateau (Brown, 2010). This igneous activity along with 

faulting could potentially serve as a critical component in the migration of helium (Ch. 3 and 7). 

 

4.2.1 San Juan Basin Structural Geologic History 

The San Juan Basin Province (Figure 4.3), which includes the central basin and its 

surrounding major structural features is located east of the Four Corners area in New Mexico 

(Craigg, 2001; USGS, 2002).  It is roughly bound by the San Juan Dome Uplift in the north, the 

Nacimiento Uplift on the east, the Defiance Uplift in the west, and the Zuni Uplift in the south 

(Fassett, 2010). The major structural boundaries consist of domal uplifts, abrupt monoclines, and 

platforms (Kelley, 1951). Cambrian, Devonian, Mississippian, Pennsylvanian, Permian, Triassic, 

Jurassic, Cretaceous, Tertiary and Quaternary rocks are found in the province (Fassett, 2010). 

The actual San Juan Basin, which is a result of slow growth along old mobile belts, is an 

asymmetrical Laramide structural depression (Craigg, 2001; USGS, 2002).  During the late 

Paleozoic time, tectonism was active along the bordering area of the current San Juan Basin 

(Kelley, 1951). Areas such as the Uncompahgre geanticline was regenerated more than once, 

while other areas such as the Defiance Uplift was much less tectonically active (Kelley, 1951).  
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Craigg (2001) states minor deformation, and recurrent uplift persisted in the Mesozoic (Kelley, 

1951). A controlling factor for Cretaceous and Cenozoic deformation was the position of early 

arches (Kelley, 1951). The basin’s current structural configuration was reached during the Late 

Cretaceous to Oligocene Laramide orogeny (Huffman, 1993). Kelley (1951) asserts that an 

upward bulge and spread of uplifts outward (active in the Cenozoic) is the reason the basin 

down-warp was generated. 

 

 
 
Figure 4.3: The San Juan Basin Province showing the Four Corners Platform (Fassett, 2010). 
The approximate location of Tocito Dome Field is shown with the orange circle. 
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Minor doming due to the intrusions of igneous bodies after the Laramide orogeny 

resulted in fault reactivation and modification of older structures (Woodward and Callender, 

1977). According to Kelley (1951), probable sporadic uplift occurred around the San Juan Basin 

in the middle Tertiary.  The late Tertiary was a period of additional down warping and accented 

uplifting (an example being the Nacimiento Uplift). 

 

4.2.2 Paradox Basin Structural Geologic History 

Geographically the Paradox Basin (Figure 4.4) is located in southwestern Colorado and 

southeastern Utah with minor portions extending into Arizona and New Mexico (Chidsey, 2010). 

The basin is northwest to southeast trending and elongate in nature. The following summary of 

the tectonic evolution of the Paradox Basin is mostly from Baars and Stevenson (1981) 

supplemented by other authors mentioned below.  

Relative compression from the north was brought about due to a conjugate set of shear 

zones across the Paradox Basin around 1,700 million years ago (Baars and Stevenson, 1981).  

Episodes of compression and extension produced a variety of faults and folds. Basement normal 

faults, which were extension related, tended to be north trending (Baars and Stevenson, 1981). 

Compression related basement normal folds tended to be in the eastern direction (Baars and 

Stevenson, 1981). This network of fractures was repeatedly rejuvenated through the Cambrian 

and into the Paleozoic (Devonian and Mississippian), which produced high blocks (Baars and 

Stevenson, 1981). Extreme east-west crustal extension on the northwest shear zone lineament 

(from the initial conjugate set) produced the Uncompahgre Uplift and the initial Paradox Basin in 

the Pennsylvanian (Baars, 2000). As the Uncompahgre Uplift arose, a secondary depression 

(foreland basin) formed, which is the Paradox Basin (Baars and Stevenson, 1981; Chidsey, 
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2010). During the Cambrian to Mississippian, according to Hintze (1993), the region had thin 

marine deposits on the craton and thick deposits in the passive margin. 

 

 

Figure 4.4: Map of the major structural features of the Paradox Basin (Chidsey, 2010). The 
Ratherford Field is the southern portion of the Greater Aneth Field. The approximate location of 
the Ratherford Field is located with a light blue circle.  
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During the Pennsylvanian through Jurassic, due to how the Paradox Basin was 

positioned, large amounts of salt were deposited (Kelley, 1955; Baars, 2000; Giles et al., 2017). 

Rapid subsidence in the Pennsylvanian also aided in the deposition of large evaporitic sequences 

(Trudgill, 2011; Nuccio and Condon, 2000). Evaporites were inter-tongued with material being 

eroded from the highland areas and marine sediments (Hintze, 1993). Over time, the salt deposits 

thickened and formed salt anticlines, which trend to the northwest, are strongly elongated, and 

are positioned over basement faults (Joesting and Byerly, 1958; Carter and Elstone, 1963). The 

salt began to flow laterally along the zones of weakness until the salt encountered basement 

faults, which served as buttresses forcing salt upwards (Baars and Stevenson, 1981). Hence, salt 

flow produced a complex system of salt diapirs and salt tectonics (Baars and Stevenson, 1981). 

During the Cretaceous to Eocene, Laramide forces were exerting compression from the 

west (Baars, 2000). This compression caused monoclines to form over north oriented basement 

normal faults (Baars and Stevenson, 1981). Salt structures were not affected drastically during 

this time period, and other structures of the basin such as the Uinta Mountain arch were 

enhanced (Baars and Stevenson, 1981). The early Tertiary period was a time of regional tilting of 

the plateau province (Baars, 2000).  During Laramide and middle Tertiary time, igneous activity 

was abundant and large laccolithic magmas were being intruded into zones of weakness 

(intersection of basement lineaments) (Baars and Stevenson, 1981). 

 
 
4.2.3 Holbrook Basin Structural Geologic History 

The Holbrook Basin, which is a part of a regional syncline in the southern portion of the 

Colorado Plateau tectonic province, is situated in eastern Arizona (Figure 4.5) (Rauzi, 2003).  



110 
 

The Holbrook Basin is south of the Black Mesa Basin and the Defiance Uplift, and is bounded 

by the Mogollon Rim to the south and the Coconino Plateau to the west (Olukoga, 2016).    

According to Ballard (2018), a vast majority of the rocks within the basin are from the 

Paleozoic and Mesozoic intervals deposited over a large unconformity, which overlies the 

deformed Proterozoic rocks (Dunlap, 1969). The depositional environment in the early Paleozoic 

was that of a passive margin, which had continental to shallow marine depositional environments 

at a low elevation (Baars, 2000). Depositional trends began to change later in the Paleozoic as 

various uplifting began (i.e., ancestral Rocky Mountain formation), which introduced more 

erosional events and the formation of thinner sedimentary packages (Ballard, 2018). An example 

of these structural developments in the Pennsylvanian and Permian is the regional uplift and 

subsequent erosion of the Defiance Uplift, which is evident in the rock record of the Holbrook 

Basin as thinner lithologic packages compared to deposition at the same time in the Paradox 

Basin (Aiken and Sumner, 1972; Blakey and Knepp, 1989; Ballard, 2018). During the Permian, 

large-scale evaporites were deposited (Figure 4.6). According to Bahr (1962), dissolution of 

these Permian evaporites might control or modify surface structures. Collapse of overlying beds 

could be one possibility of evaporite dissolution. 

  Regional structural development, as well as the uplift of the Colorado Plateau, is evident 

with the Cordilleran orogeny (late Cretaceous/early Tertiary) (Ballard, 2018). Several of the 

structural events from the end of the Cretaceous include the reactivation of the Defiance Uplift 

and the Holbrook Syncline (Ballard, 2018; Baars, 2000). Presently, there are folds trending 

predominately to the North West according to Dunlap (1969), which suggests tectonic 

disturbance of the Laramide Revolution. In the mid-Tertiary, a large-scale event, which affected 

the Holbrook basin significantly, was the structural collapse along the Transition Zone, which is 
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the area between the Basin and Range provinces today and the Colorado Plateau (Ballard, 2018). 

This collapse resulted in major normal faults essentially cutting the southern portion of the 

Holbrook Basin (Ballard, 2018). This collapse later followed by Tertiary extension aided in the 

production of many outcrops of the Holbrook Basin lithologic packages along the Mogollon Rim 

to the south (Ballard, 2018). North of the transition zone, most of the Holbrook Basin region was 

resistant to the extension and normal faulting (Ballard, 2018). 

  

 

Figure 4.5: Map of the major structural features of northeastern Arizona. The Pinta Dome, 
Navajo Springs, and Dineh-Bi-Keyah Fields are shown along with others (Rauzi, 2003).
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Figure 4.6: Map showing the Holbrook Salt Basin with helium concentrations in several wells, structural trends as well as the 
thickness of Permian salt (Rauzi, 2003). 
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4.3.1 Structural Framework of the Four Corners Platform 

The Four Corners Platform is a structural element in the northwest portion of the San 

Juan Structural Basin province (Figure 4.3), in which the Defiance Uplift delineates the 

southwest boundary, the San Juan Uplift represents the northern boundary, and the Blanding 

Basin defines the west boundary (Fassett, 2010). The Four Corners platform does not have a 

drastic relief difference between its adjoining basins or geologic structures. Moreover, the whole 

platform, which is intermediate in height in comparison to its surrounding tectonic structures 

(uplifts and basins), possesses only a several hundred feet of relief compared to the deepest part 

of the Blanding Basin (Woodward, 1973). The maximum structural relief is roughly 4000 feet 

(1219 m) between the platform and the central portion of the San Juan Basin (Craigg, 2001).  

The Four Corners Platform runs in a northeastern trend, and is buttressed by the Hogback 

Monocline to the east (Kelley, 1955).  The Hogback Monocline, which is an elongated and 

partially elliptical structural feature, extends from the Four Corner Platform area to the San Juan 

Uplift and down to the Rio Grande Rift (USGS, 2002). The dips of the lithology on the Four 

Corners Platform tend to steepen as it amalgamates with the Central San Juan Basin along the 

Hogback Monocline (Craigg, 2001). Domes and small-scale folds are observed over the 

platform. Most folds’ axial traces trend northeast to north (Woodward, 1973). According to 

Kelley (1955), most folds persist parallel to the Hogback Monocline. 

 

4.3.2 Structural Framework of the Defiance Uplift 

Rising above the landscape, at its highest the Defiance Uplift boasts ~7000 feet (2133 m) 

of structural relief to the adjacent Gallop Sag (Kelley, 1967). The uplift is asymmetric, and its 

dimensions are roughly 100 miles by 30 miles (161 km by 48 km) lying mostly in Arizona, but 
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extending a minor distance into New Mexico (Figure 4.5) (Kelley, 1967). The uplift bounds the 

San Juan Basin structural province on the western side, which ultimately divides the Black Mesa 

Basin to the west and the San Juan Basin to the east (Craigg, 2001).  

The uplift trends generally to the North and has a rather steep eastern margin, which is a 

part of the Defiance Monocline at 20-90° (Gregory, 1917). The eastern margin appears rather 

sinuous due to a plethora of folds intersecting the margin.  The Defiance Monocline is modified 

by southeastern trending anticlinal and synclinal features (Kelley, 1967). These structural 

features influenced and constructed the Defiance Monocline into a right echeloned monocline 

(Kelley, 1967). Minor folds with low amplitude within the uplift trend northwest or northeast 

according to Kelley (1967). Bounding the uplift to the northeast is the Chuska-Toadlena Buckle, 

the most distinguishable of the folds within the uplift trend (Kelley, 1967). The western margin 

of the uplift dips more gradually around 3° and is comprised mostly of three main monoclines 

(Woodward, 1973). Although reported faults are abnormal and minor in occurrence according to 

Kelley (1967), several fault zones are observed on the uplift. East to northeast trending faults 

near the southern part of the uplift are the Wide Ruins fault zone (Woodward, 1973). The 

northern half of the uplift is the locality of high angle northeast trending faults in the Tsaile 

Graben (Woodward, 1973). 

 

4.3.3 Structural Framework of the Blanding Basin 

The Blanding Basin, which occupies the southern portion of the Paradox Basin, is a fairly 

shallow and diminutive basin on the Colorado Plateau (Figure 4.4) that developed on a shallow 

marine shelf (Chidsey, 2002). The Blading Basin is delineated in Chidsey’s work into the 

Blanding sub-basin and the Aneth Platform. Despite Chidsey’s nomenclature, the IHS Enerdeq 
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database does not refer to the “Aneth Platform” but only mentions the Blanding Basin. For this 

reason, the author will hereinafter continue to refer to the area as the Blanding Basin.  

The Basin merges with the Four Corners Platform, the Defiance Uplift, Paradox Belt, and 

the Tyende Saddle almost without notice (Woodward, 1973). Unlike elongate basins such as the 

nearby Kaiparowits Basin, the Blanding is rather equidimensional (Kelley 1955). The only very 

well pronounced boundary of the basin is with the Monument Uplift to the northwest (Kelley, 

1955; Kelley, 1958; Woodward, 1973). Other boundaries include the Comb Monocline, which 

has approximately 3000 feet (914 m) of structural relief on the west, and the Rattlesnake 

Monocline to the southeast (Woodward, 1973). 

The Blanding Basin has several broad, open folds, which trend west to northwest (Kelley, 

1955; Woodward, 1973). A prominent fold in this area is the Boundary Butte Anticline, which is 

asymmetrical and sharply curvilinear (Spragg, 1952; Kelley, 1955). According to Kelley (1955), 

the Blanding Basin is the result of deformation from surrounding areas and not necessarily a 

basin that formed due to its own mechanisms and stress regimes. 

 

4.3.4 Structural Framework of the Mogollon Slope 

The Mogollon Slope is an extensive geographic province that makes up the southern 

portion of the Colorado Plateau and bounds the Black Mesa to the south (Figure 4.1) (Kelley, 

1958; Fitsimmons, 1959; Nuss Dodge, 1973).   According to Darton (1925), the Mogollon Slope 

has a broad gentle dip in the northeast direction. Volcanic rocks are observed to sporadically dot 

the slope, while sedimentary rocks dip slightly southward (Fitsimmons, 1959).  The general 

dimensions of the Mogollon Slope are as follows: 65 miles wide by 200 miles (105 km by 322 



116 
 

km) long and it trends to the west-northwestern direction (Kelley, 1958). Unsurprisingly, the 

majority of the fold axes related to the Mogollon slope are northwesterly as well (Kelley, 1958).  

According to Kelley (1958), there are about 2000 feet (610 m) of structural relief related 

to the Mogollon Slope.  The Chevelon Creek – Holbrook buckle, which is modified by the 

Richard Lake anticline (north trending) and a cross fault, has actively modified the Mogollon 

slope’s western section (Kelley, 1958). The volcanic rocks, which are located on the northern 

portion of the slope, can be observed as singular mountains or local ranges (Fitsimmons, 1959). 

More ancient sedimentary lithologic packages are located on the north end of the slope as well. 

Few faults are very apparent or exposed on the Mogollon Slope and are deemed inconsequential 

to the overall structure. However, there is one major fault, which appears paramount to the 

tectonic framework, the Atarque Fault (Kelley, 1958). The Atarque Fault, trends to the northwest 

and lies near the New Mexico Arizona border (Kelley, 1958). The Atarque Fault has been 

downthrown 2000 feet (610 m) to the southwest and is observed with a parallel fault forming a 

minor graben in New Mexico (Kelley, 1958). Further south, faulting at the Mogollon Rim, has 

resulted in a very evident escarpment feature (Fitsimmons, 1959). Borders of the Mogollon slope 

are arduous to pinpoint, with the exception of where the slope converges with the Defiance 

Uplift and the Zuni uplift (Kelley, 1958). 

 

4.4.1 Structure of the Tocito Dome Field 

 Tocito Dome, which is ~ 20 miles (~32 km) southward of Shiprock, New Mexico, is 

located directly west of the Hogback Monocline in New Mexico (Figure 4.3) (Spencer 1978; 

Riggs, 1978).  The Tocito Dome’s structural location is on the margin of the Four Corners 

Platform (Kelley, 1958). The Tocito Dome as the name implies, is a doubly plugging anticlinal 
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structure trending to the northwest (Figure 4.7) (Spencer, 1978).  Unlike its neighbor, the Dineh-

Bi-Keyah Field, the Tocito Dome’s structure is well defined, and has surface expression. 

  
 

Figure 4.7: Structure map with (C.I.50 ft/15 m) on the top of the Barker Creek (Spencer, 1978). 
 
 

Riggs (1978) states that faulting on the Tocito Dome is likely more convoluted than 

previously reported, and; likewise, the faulting is potentially significant on the domal structural 
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and surrounding localized geology. There is also a north-northeast plunging anticlinal nose 

called the Tocito Dome North on the eastern portion of the field. The Tocito Dome North has 

inferred a zone of faulting bounding the field to the south (Figure 4.7).  The New Mexico Oil 

Conservation hearing in 1977 theorized the approximate location of a high angle normal fault, 

which is bounding the eastern portion of the Tocito Dome (Spencer, 1978).  Spencer (1978) 

estimates that this high angle normal fault has <2000 feet (<610 m) of throw related to the 

plausible eastern dips observed on either side of the fault.  According to O’Sullivan and Beikman 

(1963), steep dips are observed in the Upper Cretaceous section. Furthermore, the steep dips are 

theorized to represent drape over the fault, which cuts the upper portion of the Barker Creek 

interval within the Hermosa Formation. Additionally, the dome has ~300 feet (~91 m) of surface 

closure (O’Sullivan et al., 1957). 

 

4.4.2 Structure of the Dineh-Bi-Keyah Field 

The Dineh-Bi-Keyah (DBK) Field is located on the northwestern portion of the Toadlena 

Anticline (Danie, 1978, McKenny and Masters, 1968). Structurally, the Toadlena Anticline is a 

double plunging asymmetrical fold (O’Sullivan and Beikman, 1963). Although the Dineh-Bi-

Keyah Field is near the larger Defiance Uplift, the field is ultimately disjoined from the Uplift by 

the Chuska Syncline, which borders the Toadlena Anticline to the southwest (McKenny and 

Masters, 1968).  The Toadlena Anticline structure spans for 35 miles (56 km) in length and about 

3-6 miles (5-10 km) in width (McKenny and Masters, 1968; Global Ventures, 2016).  Although 

it is an immense structure, it is covered by a vast section of sedimentary rocks and eluded the 

eyes of explorationists for a multitude of years (Masters, 2000). 
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Figure 4.8: Structure map contoured on the lower Hermosa (C.I. 1000 ft/305m) (McKenny and 
Masters, 1968). 
 
 

Originally the Laramide orogeny created the Defiance Uplift as well as the Toadlena 

Anticline, but due to ensuing erosion on the fold, a significant unconformity developed, which 

was subsequently overlain by the Chuska Sandstone (McKenney and Masters, 1968; Masters, 

2000).  There is roughly 450 ft (137 m) of structural closure in the Dineh-Bi-Keyah Field 

(McKenny and Masters, 1968). Structural closures are present throughout the Toadlena Anticline 

and not exclusively in the Dineh-Bi-Keyah locality (Global Ventures, 2016). There is a striking 

maximum 5000 feet (1524 m) of structural relief, which persists for five miles (8km) on the 

eastern portion of the fold (McKenny and Masters, 1968). 
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4.4.3 Structure of the Ratherford Field 

The Ratherford Field, which hosts several algal mound domal structures, is a subset of 

the Greater Aneth Field, which is located on the southern portion of the Paradox Basin in 

southeastern Utah (Chidsey, 2010). The field lies ~20 miles (~32 km) to the northwest of the 

Four Corners (Freeman, 1978). Within the Ratherford Field there is a regionally high area, which 

has been subsequently folded (Freeman, 1978). Consequentially, the folding has produced a 

number of minor structures. On the left side of Figure 4.9, there are two northwest-trending 

anticlines, while a fold trending to the northeast is observed in the right portion of the map 

(Freeman, 1978). Structural relief ranges from 40-50 feet (12-15 m) (from the localized folding) 

to ~150 feet (45m) (considering the regionally high field area) (Freeman, 1978). Considering the 

left portion of the field, a normal fault is present, which probably limited the production of 

hydrocarbons. According to Freeman (1978), there is down folding on the north flank that places 

porosity below the oil-water contact. 

 

4.4.4.1 General Structure of the Pinta Dome/Navajo Springs area 

The majority of structures are overlain by Tertiary and Quaternary sediments effectively 

masking bedrock structure. Most of the structural features (anticlines, synclines, faults) trend to 

the northwest (Rauzi, 2003), although there are several exceptions trending to the northeast. 

Dunlap (1969) describes anticlinal folds with low structural relief with closure on structures less 

than 50 feet (15 m) and synclinal folds discovered between structural highs. Uplifts are stated to 

be generally irregular, and not continuous (thought to be associated with compressional force 

folding) (Dunlap, 1969). As an aside, Dunlap (1969) documents that the stratigraphy in the area 

has a regional dip to the northeast of less than one degree.
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Figure 4.9: Structure map (C.I. 20ft/ 6m) based on the top of the Desert Creek interval of the Paradox Formation for Ratherford Field 
(Freeman, 1978). 



122 
 

 
Figure 4.10: Structure map (C.I. 50ft/ 15m) based on the top of the Permian Coconino for the Pinta Dome Field (Rauzi, 2003). The 
field is bounded by faults. 
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Figure 4.11: Structure map (C.I. 50ft/ 15m) based on the top of the Permian Coconino for the Navajo Springs and Navajo Springs East 
Fields (Rauzi, 2003). The fields are bounded by faults. 
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4.4.4.2 Structure of the Pinta Dome Field 

A conspicuous anticline is the asymmetrical Pinta Dome Anticline, which has a 

topographic expression that resembles the subsurface structure (Figure, 4.10) (Rauzi, 2003). The 

Pinta Anticline also adheres to the structural trend to the northwest and has approximately 100 

feet (30 m) of structural relief (Rauzi, 2003).  According to Dunlap (1969), this anticline consists 

of three domal structures with the northernmost being the ‘Pinta Dome’. Dunlap (1969) states 

‘Pinta Dome’ has roughly 50 feet (15 m) of structural closure and boasts the most dip on the 

north-northeastern portion of the structure. The ‘Pinta Dome’ is bisected by several faults, 

namely: the Pinta Dome Fault (northwestern striking and ~ 100 feet (~30 m) of displacement) 

and the Navajo Springs Fault (northeastern striking and ~300 feet (~91 m) of displacement at its 

greatest) (Rauzi, 2003; Ballard, 2018). The Pinta Dome Fault bisects the northeastern portion of 

the Pinta Dome, while the Navajo Springs Fault bisects the southern end of the dome (Figure 

4.10) (Dunlap, 1969). Regarding the southern portion of the Pinta Anticline, it is separated from 

the ‘Pinta Dome’ by a syncline (Rauzi, 2003; Ballard, 2018). Furthermore, the southern portion 

of the Pinta Anticline can be divided into two smaller domes (~25 feet/ ~8m structural closure), 

isolated with a syncline (Dunlap, 1969; Ballard, 2018). 

 

4.4.4.3 Structure of the Navajo Springs Field 

 A structure in the Navajo Springs Field is named the Navajo Springs Anticline. It trends 

to the northwest and is intersected by the Navajo Springs Fault in the north (Figure 4.11) (Rauzi, 

2003; Ballard, 2018). The Navajo Springs Anticline, which is asymmetrical, is obscured on the 

surface, and has roughly 50 feet (15 m) of structural closure and 75 feet (23 m) of relief (Dunlap, 

1969). Apparently, no viable closures have been discovered on the Navajo Springs Anticline as it 
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persists to the southeast as a plunging elongated structural nose (Dunlap, 1969; Rauzi, 2003; 

Ballard, 2018). The northern portion of the Navajo Springs Anticline yields the steepest dips 

(Dunlap, 1969). A minor structure to the northeast of the Navajo Springs feature has <25 feet (<8 

m) of closure and is bisected by the Kirby Fault (northwest trending and around 200 feet (61 m) 

of displacement) (Dunlap, 1969).  A fault wedge is observed (Figure 4.10) as the Kirby Fault 

intersects a northeast trending Salt Springs Fault, which has roughly 50 feet (15 m) of 

displacement (Dunlap, 1969). Dunlap (1969) suggests that the high angle normal faulting are 

representations of fracture and joint patterns, which are ultimately controlled by preexisting 

fractures (zones of weakness) in the basement.  Kelly and Clinton (1960) describe the directions 

of a significant joint systems on the Colorado Plateau, and those in the Pinta Dome/ Navajo 

Springs area tend to be close approximations. The folds in the fields were likely formed in 

response to the observed faulting.  

 

4.5.1 Generalized Stratigraphy 

The stratigraphy of the Colorado Plateau extends from Proterozoic through Tertiary aged 

sediments (Figure 4.12) and shows most sedimentary rocks were deposited in a passive margin 

(i.e., coastal terrestrial or shallow marine origin) (Trexler, 2014). On the plateau, episodes of 

volcanism have also contributed to the lithologic record from Paleogene to early Miocene time.  

Within the Colorado Plateau’s stratigraphic record, the Paleozoic rocks in the Four 

Corners region are of particular interest, as they have produced some of the most historically 

high He % in the world. Paleozoic rocks with helium potential in the Four Corners region consist 

of Devonian, Mississippian, Pennsylvanian, and Permian units. The Devonian section includes 

carbonates (limestones, dolomites), glauconitic sandstones, and black shales. The Mississippian 
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section is predominately limestones. Carbonates (limestones), sandstones, and black shales 

comprise the Pennsylvanian, whereas the Permian section is mostly sandstones (Fasset, 2010).  

Additionally, Oligocene sills within Pennsylvanian strata have been documented producing 

helium in the Four Corners. 

 

 

Figure 4.12: A generalized stratigraphic column from the Paradox Basin, which represents the 
sampled formations of this study (McCracken Sandstone Member, Barker Creek and Desert 
Creek zones of the Paradox Formation, and the Coconino Sandstone) and the recommended 
future exploration formation (Mississippian Leadville Limestone) (Clem and Brown, 1984). The 
igneous sill that intruded the Barker Creek is represented by a red dot.
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In this study, gas samples were obtained from the McCracken Sandstone, the Barker 

Creek, a sill intruding the Barker Creek, the Desert Creek, and the Coconino Sandstone. The 

previously sampled Leadville Limestone is discussed for future exploration potential (Ch. 8). 

 
 
Table 4.1: Stratigraphy of the Pinta Dome and Navajo Springs Fields, Arizona (Dunlap, 1969). 
 

System or Series Formation Thickness Lithologic Characteristics 

  Unconformity   

Triassic 
Lower to 
Middle 

(?) 

Moenkopi 
Formation 

125-150 ft, 
38-46 m 

Brown to gray calcareous siltstone 
and mudstone; slightly 
gypsiferous; very silty 

 Unconformity   

Permian- 
Lower 

Coconino 
Sandstone 

250-325 ft, 
76-99 m 

Light gray to buff, fine to medium 
grained sandstone loosely to 
firmly cemented with silica 

Supai Formation 
1,700? ft, 
518? m 

Reddish-brown sandstone, 
siltstone, and mudstone; some 

dolomitic limestone; thick 
interbedded evaporitic sequence in 

the upper portion 

Pennsylvanian (?) 

 Unconformity   
Precambrian   Crystalline basement rocks 

 

4.5.2 Regional Stratigraphic Horizons 

 The following describes the stratigraphic horizons and depositional environments of the 

McCracken Sandstone, Leadville Limestone, Barker Creek zone, sill intruding the Barker Creek 

zone, Desert Creek zone, and the Coconino Sandstone from oldest to youngest (Figure 4.12).  

The Upper Devonian McCracken Sandstone Member of the Elbert formation records an 

early transgression across basement rocks (McBride, 2016). The Elbert Formation overlies the 

Aneth Formation and below the Ouray Limestone. The Elbert Formation is comprised of the 

lower McCracken Member and the upper dolomite member (Knight and Cooper, 1955). The 
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McCracken Sandstones were likely deposited on the flank of Devonian paleo structures in a local 

basin (Baars and Campbell, 1968). Kashfi (1983) states the sandstones might represent a neritic 

environment from the westward prograding channel sands and deltaic complexes.  

Mississippian Leadville limestones were deposited on an open marine shelf with 

peliodal/oolitic shoals, some small Waulsortian mounds, and crinoid banks (Chidsey, 2005). 

Cooper (1955) states the Leadville is most likely the result of early Mississippian widespread 

marine transgression. The Leadville disconformably overlays the Devonian Ouray Limestone 

and is based on faunal differences between the Devonian and Mississippian beds. A large 

unconformity marks the transition from the Leadville to the overlying Molas Formation (Cooper, 

1955). The Leadville is only present in the northern part of the San Juan Basin Province and 

some adjacent Four Corners areas due to pre-Pennsylvanian erosion (Beaumont and Read, 1950).  

The Paradox Formation represents multiple cycles of deposition involving carbonates, 

marine evaporites, and siliciclastic rocks deposited in a shallow-shelf and shelf-margin marine 

environment during the Pennsylvanian (Chidsey, 2007). Although the extensive evaporitic facies 

are evident from deposition in landlocked seas in the Paradox Basin, they are not observed in the 

Dineh-Bi-Keyah and Tocito Dome area (Wengerd and Matheny, 1958; Huffman and Condon, 

1993).  The Paradox Formation lies conformably below the Honaker Trail Formation and above 

the Pinkerton Trail Formation. The Paradox Formation is subdivided into zones bounded by 

black shales: Alkali Gulch, Barker Creek, Akah, Desert Creek, and Ismay (Baars et al., 1967). 

The Coconino Sandstone is an eolian sandstone, which represents deposition in a colossal 

dune sea or desert erg, that stretched across the Four Corners area during the Permian (Bartlett, 

2011).  McKee (1934) states concluded the source for the sands was a Precambrian quartzite. 

The Coconino overlies conformably the Supai Formation (Table 4.1) (Dunlap, 1969). A 
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significant unconformity marks the transition of Permian Coconino to the overlying Triassic 

Moenkopi Formation (Read and Wanek, 1961; Rauzi, 2003; Ballard, 2018).  

Within the Barker Creek zone of the Paradox formation, lies an intrusive sill, which 

represents a larger episode of volcanism on the Colorado Platea from Paleogene to early 

Miocene (55-21 Ma). The sill was injected into the carbonate section during the Oligocene 

(roughly 31-35 Ma) and is observed immediately below a prominent black shale in most of the 

field. In the southwest portion of the Dineh-Bi-Keyah Field, the sill is observed in multiple 

horizons (within the Paradox Formation), suggesting the igneous source (feeder channel) is close 

in proximity. 

 

4.5.3 Helium Reservoirs by Field 

The following describes the lithologies, thicknesses, and geometries of the McCracken 

Sandstone, Leadville Limestone, Barker Creek, sill intruding the Barker Creek, Desert Creek, 

and the Coconino Sandstone reservoirs delineated fist by their respective fields in alphabetical 

order and secondly by their age (Table 4.2). 

In the Dineh-Bi-Keyah Field, the Devonian McCracken Sandstones in range from poorly-

sorted to well-sorted glauconitic sandstones with small amounts of sandy dolomites (Butler, 

1988). The McCracken has a thickness of ~100 feet (30 m) with the lower 25 feet (8 m) being 

composed of sandy brown to red shales, whereas the upper 75 feet (23 m) are composed of 

medium to coarse-grained, gray to tan sandstones (McKenny and Masters, 1968). McKenny and 

Masters (1968) further comment that the upper 75 feet (23 m) are quarzitic in portions, and are 

composed of several beds of dolomites, which are dense and reddish brown in appearance. 
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Table 4.2: Table shows the primary lithology, age, structural province, field, and helium% of 
wells in reservoirs of interest in this study. Sampled reservoirs (S) and recommend development 
reservoirs (R) are marked. 
 

Field Reservoir Age Lithology Province He % 

Dine-Bi-Keyah McCracken 

(S) 

Devonian Sandstones Defiance 

Uplift 

7 

Dine-Bi-Keyah Barker Creek  

(S) 

Pennsylvanian Carbonates Defiance 

Uplift 

5 

Dine-Bi-Keyah Intruded Sill 

(S) 

Oligocene Igneous rocks Defiance 

Uplift 

5-6 

Navajo Springs, 

Pinta Dome 

Coconino (S) Permian Sandstones Mogollon 

Slope 

6-8 

Ratherford Desert Creek 

(S) 

Pennsylvanian Carbonates Blanding 

Basin 

.01-.1 

Tocito Dome Barker Creek 

(S) 

Pennsylvanian Carbonates  Four Corners 

Platform 

.3-.6 

Tohache Wash/ 

Teec Nos Pos 

Leadville (R)  Mississippian Carbonates Blanding 

Basin 

6 

 

In the Dineh-Bi-Keyah Field, the Pennsylvanian Barker Creek zone contains finely 

crystalline, dense and dark grey limestones with interbedded calcareous grey shales (McKenny 

and Masters, 1968). The thickness of the Barker Creek zone ranges from 150-250 feet (46-76 m). 

The geometry of the reservoir rocks is not well understood, but appear relatively uniform from 

well logs.  
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The major pay zone of the Dineh-Bi-Keyah Field is located at the top of the Barker Creek 

where an Oligoene syenite sill, which ranges from 60-166 feet (18-51 m) in thickness, intruded 

the Pennsylvanian carbonates (Danie, 1978). The sill is composed of mostly biotite, glass, 

sanidine and diopsidic augite (McKenny and Masters, 1968).  The geometry of the reservoir 

rocks is primarily lenticular -tabular (Danie, 1978). 

In the Navajo Springs and Pinta Dome areas, the Permian Coconino ranges from 250-325 

feet (76 – 99 m) in thickness (Rauzi, 2003). The Coconino is a well sorted, sub-angular to sub-

rounded, fine to medium grained cross-bedded sandstone that is pale orange to gray-orange pink 

(Dunlap, 1969). Detrital grains are observed with abundant quartz overgrowths (Dunlap, 1969).  

The reservoir is continuous with faulted blocks (Allen, 1978). 

In the Ratherford Field, the Pennsylvanian Desert Creek zone consists primarily of large-

grained to microcrystalline, fossiliferous algal limestones with smaller amounts of dolomites and 

oolitic limestones (Huffman, 1987).  The thickness of the Desert Creek zone in the Ratherford 

Field ranges from 120-200 ft (37-61 m). The reservoir geometry is a reef, which thins laterally 

towards the outer margins of the field. 

In the Tocito Dome Field, the Pennsylvanian Barker Creek zone consists of primarily 

calcareous, fossiliferous limestones with interbedded siltstones and claystones (Spencer, 1978; 

Huffman, 1987). The thickness of the Barker Creek zone is roughly 100-120 ft (30-36 m).  The 

reservoir geometry is dictated by limestone bioherms (Spencer, 1978). The Barker Creek zone 

correlates with the interval in which an igneous sill intruded the carbonate section 20 miles (32 

km) to the east in the Dineh-Bi-Keyah Field (McKenny and Masters, 1968). 

The Leadville has produced from several fields in the Four Corners Platform and 

Blanding Basin, but has not been fully explored or developed in the Tohache Wash/Teec Nos 
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Pos area (Chapter 8). The Leadville in the Four Corners area consists of chalky, white, cream, 

and yellow, massive limestones that contain oolites and crinoidal fragments (Cooper, 1955). The 

Leadville is dense and has a texture ranging from finely to coarsely crystalline (Copper, 1955). 

The thickness of the Leadville limestones varies greatly, but is rarely >280 feet (85 m) adjacent 

to the San Juan Basin Province area (Beaumont and Read, 1950).  Large-scale subaerial erosion, 

which caused karstic surfaces to develop on the Leadville, could explain varying post- 

depositional thicknesses (Armstrong and Mamet, 1977). The Leadville reservoir rocks are 

considered to be relatively uniform in geometry (Spencer, 1978). 
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CHAPTER 5 

METHODS 

 

5.1     Field Planning and Sample Points  

Spatially the geographic area of the field area (Four Corners area) spans a rather vast 

distance, that covers around 7500 miles2 (12,070 km2). The initial attempt to conduct a case 

study on several local helium fields was met with the problem that there were simply not enough 

active wells that might have helium to sample.  The study was revised so as to cover a larger 

regional area as a result of the sporadic nature of helium occurrences. There are four principle 

steps, which describe how this study arrived at the current sample points. 

The first step in establishing the wells to sample was plotting all of the wells, which have 

helium values using ArcGIS. Well data were gathered from various USGS and BLM historical or 

legacy databases. While considering the current economic threshold for economic helium 

accumulations (0.3%) and using the range of historical helium values from the databases, the 

values were divided into five major intervals. The divisions are as follows going from low to 

high: 0.01-0.04, .0.4-0.3, 0.3-3, 3-6, and 6-11 percent helium.  

The second step, using the USGS and BLM datasets, was determining the historical 

helium producing formations and fields. Paleozoic intervals were identified as containing high 

helium, which was confirmed through extensive literature review. Using the Paleozoic wells as 

constant parameters, a search for active producing wells with high to low helium values was 

sought.  
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For the third step, IHS Enerdeq was utilized to search and cross-reference active 

producing wells in the field area with the same historical Paleozoic helium producing formations. 

Unfortunately, IHS cross-referencing showed that the majority of the high historical wells from 

the USGS and BLM datasets were plugged and abandoned. For a study involving isotopic 

analysis of natural gas samples from wellheads, active wells are essential. The very few wells, 

which were still in production, were added to the sample point list.  

The fourth step involves creating proxies since the majority of historical helium wells 

were no longer in production. Once again IHS was utilized in the plotting of all active wells from 

the same Paleozoic producing intervals. Wells were analyzed to determine which wells were 

closest in distance from the historical helium producing formations and fields. Active well points 

were picked as proxies nearest to historical well points. Proxies make up a majority of the well 

sample picks because the majority of historical wells have been plugged and abandoned.  

With these steps, a sample list was compiled with active producing wells. Additionally, 

oil company operators were consulted in order to provide more up to date insight as to whether 

wells could be feasibility accessed and sampled. Having completed these steps, several 

producing fields with high to low helium values were chosen for sampling. 

The risk with using so many proxies is that the natural gas samples taken could, in fact, 

yield very little helium data because of slight differences in faulting, stratigraphy, or other 

mechanisms controlling the helium system. Also, areas with high helium in active production are 

relatively few with much more activity in wells associated with low helium.  
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5.2    Producing Fields 

The fields, which were chosen for sampling, have been separated into three general 

divisions, namely low, moderate, and high helium concentrations. As a result of the limited 

number of potential sample points, the initial division of helium into five categories had to be 

abandoned. The low helium case refers to concentrations below the economic threshold of 0.3%, 

moderate concentrations refers to 0.3-3% and the high case refers to a value above 3%. High 

producing fields are the Dineh-Bi-Keyah (DBK), Pinta Dome, and Navajo Springs Fields in 

Apache County, Arizona. The moderately producing field is the Tocito Dome in San Juan 

County, New Mexico, and the low producing field is the Ratherford in San Juan County, Utah.   

 

5.3    Operators 

Considering that this study has evolved into a regional study, there are multiple working 

parties involved, which complicate the logistics of obtaining the gas samples. At the time of 

sample collection, Bayless was the operator of the majority of the targeted wells in the Tocito 

Dome Field. NASCO is the controlling shareholder of the DBK Field (NASCO, 2018). NASCO 

controls the majority of Capital Operating Group, which is the service company that is operating 

the DBK Field. Elk Petroleum Limited (formerly Resolute Energy) is the operator of the 

Ratherford Field. IACX Energy is the operator for the Pinta Dome and Navajo Springs Fields.  

Agreements were arranged for the fields operated by Bayless, Capital Operating Group, 

IACX, and Elk Petroleum to conduct this study. Budgetary restrictions and the buying/selling of 

fields, were hindrances prior to any substantial work being completed. Despite the plethora of 

obstructions in the securing the proper permissions and the collection of samples, this helium 

study provides a unique and elusive window into the Four Corners area helium resources. 
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5.4   Sampling Background 

Prior to discussing the actual sampling that took place, it is important to briefly document 

the steps of how the majority of the analytical funding for the work was acquired. Funding was 

acquired through the Division of Energy and Mineral Development (DEMD). The first step of 

securing funding through the DEMD was to compile extensive documents regarding relevant 

geochemical companies/laboratories, projected total budget, detailed statement of work, and 

market research. This background work was compiled in a series of government procurement 

forms and submitted to the Bureau of Indian Affairs (DEMD parent agency) in Washington D.C. 

After the posting of a helium work order, and several bidding processes on the work that needed 

to be completed, Dr. Thomas Darrah of Ohio State University, was selected and awarded a 

procurement grant to sample and conduct gas analyses.  

Because of the conditions of the federal government procurement contract, the sampling 

was carried out by a sub-contractor, Dr. Darrah (Ohio State University professor) and Colin 

Whyte (Ohio State University geology graduate student), who were supervised by the operators 

while on-site. Natural gas was sampled from existing wellheads (i.e., no land disturbance) on and 

near the Navajo Nation from helium producing Paleozoic formations to procure a range of low to 

high helium values. Steel cylinders were utilized for non-noble gases, and copper tubing was 

utilized for noble gases. After sampling was completed Thomas Darrah and Colin Whyte 

transported the filled sample containers to the Ohio State University for complete geochemical 

analyses. These analyses include analyzing noble gases for their isotopic percentages and 

elemental compositions, analyzing compositions of hydrocarbons and non-hydrocarbons within 

the samples, and analyzing isotopic components of hydrocarbons and non-hydrocarbons such as 

CO2, H, N2, and S.  
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5.5    Sample Collection 

Sampling containers best suited for this study were determined to be stainless steel 

cylinders with copper tubes, which were connected in-line to the targeted active producing wells. 

 Stainless steel cylinders are ideal for the sample collection and provide a much higher chance of 

retaining the smaller gas particles compared to the traditional isotube. This decision was reached 

based on consultation from Colorado School of Mines professors, USGS noble gas geochemists, 

and Weatherford geochemists (personal communication, Curtis, Hunt, and Laughrey, 2016). 

Empirical evidence (Figure 5.1) shows there can be at least ~10% loss of helium with isotubes 

compared to stainless-steel cylinders. As a result of the work involving helium isotopes, 

diffusion fractionation is a major concern for this particular type of study. Also, isotubes are 

composed of mainly aluminum, and if there is water vapor in the sample, the vapor can react 

with the aluminum to alter the composition of the sample (personal communication, Curtis, 

Hunt, and Laughrey, 2016). For these reasons, steel cylinders were selected to be the optimal 

container over isotubes.  

      

 

Figure 5.1: Data comparing the helium retention percentage of steel cylinders versus isotubes 
from various storage field tests. Steel cylinders are slightly more effective at retaining He. Lab 
tests are comparable across the points with the black representing steel cylinders and the red 
representing isotubes (Laughrey, communication, 2017). 
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The containers selected for the isolation of noble gases were decided to be copper tubes. 

Refrigeration-grade clamped copper tubing drastically slows/prevents the diffusion processes of 

the smaller noble gases (i.e., helium) and provides a much more accurate reading when 

performing composition and isotopic analyses (personal communication, Curtis, Hunt, and 

Laughrey, 2016). 

 

  

Figure 5.2: Stainless-steel double ended cylinders being used to collect gas samples from 
actively producing natural gas wells. 
 

 Duplicate gas samples were collected in the field from 31 actively producing wells from 

Utah, New Mexico, and Arizona with stainless-steel cylinders and copper tubes to negate air 

contamination (Figures 5.2 and 5.3). The cylinders were evacuated and pre-baked stainless-steel 

cylinders and thick-walled refrigerator grade copper tubes, which are 40.6 cm (15.98 in) long, 

and have a 0.95 cm (.374 in) outside diameter (Darrah et al., 2018). These cylinders were fitted 
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with vacuum modified Swagelok valves. To further minimize contamination, once the stainless-

steel cylinders and copper tubes were connected in-line to the producing well, they were purged 

for approximately 10 minutes each (greater than 50 tube volumes of gas). The purging with 

production fluids is critical to ensuring an accurate and representative sample is obtained. To 

clarify, copper tubing was connected to the in-line system as well, allowing the simultaneous 

collection of stainless steel and copper tubes (personal communication, Darrah, 2018). Once the 

sample was successfully collected, the stainless-steel cylinders were sealed using vacuum in-line 

modified valves while the copper tubes were sealed with brass refrigeration clamps with a 0.762 

mm gap (Darrah et al., 2013; Darrah et al., 2015; Kang et al., 2016). 

 

 
Figure 5.3: Sample collection of actively producing natural gas wells with field hand assistance. 
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Dr. Darrah followed the federal government mandated protocols detailing a project 

description and statement of work supplemented along with the Ohio State Noble Gas 

Laboratory (dissolved gas and gas sampling/storage protocol using cylinders or tubing) protocol 

and Isotech Laboratories (double ended stainless-steel cylinders) protocol. The sampling 

collection procedures are calibrated to ensure a reproducible sample, which contains natural gas 

at in-situ conditions from the producing wells (personal communication, Darrah, 2018). The 

sampling steps are located in the appendix, and all credit goes to the Ohio State University Noble 

Gas Laboratory and Isotech Laboratories.  

 

5.6    Laboratory Analyses 

Once the samples were returned to the Ohio State Noble Gas Laboratory in Columbus, 

Ohio, the stainless-steel cylinders and copper tubes, which held gas samples, were split into 

additional copper tubing by cold welding ~2.5 cm (~.98 in) splits using stainless steel clamps 

(personal communication, Darrah, 2018).  This was the first major step in preparation for the gas 

samples geochemical analyses. Next, the copper tubes and stainless-steel cylinders were attached 

to an ultra-high vacuum steel line (~1-3 x 10-9 torr) (Darrah, 2018). The ultra-high vacuum steel 

line is constructed so that an isolated ion gauge with a 0.64 cm (0.25 in) VCR connection and a 

0.20 torr MKS capacitance monometer are able to continuously monitor the system (Darrah, 

2018). According to the methodology provided by Darrah (2018), noble gas analyses were 

conducted as an aliquot of the gas sample that was input into the vacuum line.  Similar gas 

sample introductions to the vacuum line were conducted for isotope ratio mass spectrometry (IR-

MS) and gas chromatography analyses (Darrah, 2018).   This allowed Darrah’s OSU lab to 

analyze the gas samples for their isotopic composition as well as gas composition. A total of 
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three replicate sample splits (replicate analyses, noble gas sample analyses, and sampling 

archiving) are currently archived at OSU in copper tubes until further notice.  Similarly, any 

residual gas was archived for further analyses at OSU (personal communication, Darrah, 2018).  

Sequentially a gas sample was input into the vacuum line for noble gases analyses, gas 

chromatography, and isotope ratio mass spectrometry analyses (personal communication, 

Darrah, 2018). The laboratory analyses can be divided into three main groupings: 1) noble gas 

(elemental and isotopic percentages), 2) hydrocarbon and non-hydrocarbon composition, and 3) 

hydrocarbon and non-hydrocarbon isotopic percentages. As an aside, individual errors were 

calculated for gas data using the provided average error data, and errors for ratios of interest 

were also generated using the propagation of uncertainty method (+/- err of a/b = √a2 + b2). 

1.) For the noble gas analyses a Thermo Fisher Helix Split Flight Tube (SFT) Noble Gas 

mass spectrometer was utilized at the Ohio State University Noble Gas Laboratory (OSU NGL). 

Darrah and Poreda (2012) cover the noble gas procedures for the purification and analyses of gas 

samples. According to Darrah (2018), the running average for noble gas external (2σ) precision 

based on “known-unknown” standards is within +/- 1.61%. Darrah (2018) states precision values 

for concentrations of specific noble gases are as follows: 4He (0.69%), 22Ne (1.09%), 36Ar 

(0.31%), 84Kr (1.51%) and 130Xe (1.58%). Utilizing established atmospheric air standards from 

Lake Erie, Ohio air, several synthetic natural gas standards from Praxair, which include 

referenced/cross-validated laboratory standards of N2, CO2, O2, C1-C5, and the Yellowstone MM 

standard, exact precision values were determined (Tedesco et al., 2010; Harkness et al., 2017). 

Darrah (2018) states the following in concern of the noble gas isotopic standard errors: 3He/4He 

had an error ~±0.00891 times the 1.384 x 10-6 ratio of air at 1.233 x 10-8, 20Ne/22Ne and 

21Ne/22Ne had errors < ±0.296% and ±0.411% respectively, 38Ar/36Ar and 40Ar/36Ar had errors   



 142 

< ± 0.421% and ±0.287%, 83Kr/84Kr and 86Kr/84Kr had errors < 0.399% and 0.296%. and 

130Xe/132Xe and 136Xe/132Xe had errors of 0.367% and 0.357%. In regards to the argon ratios, 

Darrah (2018) state the values are slightly larger than normal as a result of propane interferences 

on mass = 36 and 38. 

From the data, excess 21Ne and excess 40Ar were calculated. Excess 21Ne or 21Ne* is neon 

that is from mainly nucleogenic reactions, and 40Ar or 40Ar* is argon that is derived from mostly 

radiogenic production. It is important to note that although the excess calculations are primarily 

nucleogenic (21Ne*) and radiogenic (40Ar*), small mantle contributions should not be 

discounted. In order to calculate the excess neon and argon, one must utilize the atmospheric 

ratios of 21Ne/22Ne, which is (0.0289) and that of 40Ar/36Ar, which is (295.5). 22Ne measured and 

36Ar measured refer to the data that was actively measured from the samples in the field. The 

formulas to arrive at these excess noble gases are listed below (personal communication, Hunt 

and Darrah, 2018):  

 

Equation. 5.1. 21Ne*= (21Ne/22Nemeasured – 0.0289) x 22Ne measured 

Equation. 5.2. 40Ar*= (40Ar/36Ar measured – 295.5) x 36Ar measured 

 

2.) To measure the major gas components (the hydrocarbon and non-hydrocarbon 

compositions), an SRS Quadrupole mass spectrometer and the SRI 8610C Multi-Gas 3+ gas 

chromatograph with a flame ionization detector and thermal conductivity detector were utilized 

(Hunt et al., 2012; Darrah and Poreda, 2012; Kang et al., 2016). The standard errors were all 

<±2.97% for major gas concentrations (greater than the detection limit). According to Darrah 

(2018), an atmospheric air standard from Lake Erie, Ohio and several synthetic natural gas 
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standards (from Praxair) determined the average external precision (2σ). Darrah (2018) states the 

average results of the external precision analyses are: CH4 (1.34%), C2H6 (1.57%), C3H8 

(1.44%), C4H10-i (2.84%), C4H10-n (2.86%), C5H12-i (2.97%), C5H12-n (2.91%), H2 (2.97%), H2S 

(5.71%), CO2 (1.21%), O2 (1.29%), N2 (0.98%), and Ar (0.63%). These values were arrived at 

based on daily replicate measurement figures (Darrah, 2018). 

3.) Darrah et al. (2013), Jackson et al. (2013), Darrah et al. (2015b), and Harkness et al., 

(2017), describe the procedures for obtaining stable isotopic values for C and H in CH4. For the 

hydrocarbon and non-hydrocarbon isotopic percentages, firstly a Thermo Finnigan Trace Ultra 

gas chromatograph was used and secondly a Thermo Fisher Delta V Plus with combustion and 

dual inlet isotope ratio mass spectrometer was utilized (Darrah, 2018).  These methods produced 

detection limits of 0.001 cc/STP/cc for CO2, hydrocarbons (C1 to C3) and δ13C-CH4.   Detection 

limits of 0.005 ccSTP/cc were produced for δ2H-CH4 and hydrocarbons (C1 to C3). The δ2H-

CH4 values are calculated versus the Vienna Standard mean Ocean Water (VSMOW) with 

reproducibility for CH4 (± 0.5‰), C2H6 (± 1.0‰), C3H8 (± 1.0‰), C4H10-i (± 1.5‰), C4H10-n (± 

1.5‰), C5H12-i (± 1.5‰), and C5H12-n (± 1.5‰) (Darrah, 2018). The δ13C-CH4 are calculated 

versus the Vienna Peedee belemnite (VPDB) with a reproducibility for CH4 (± 0.1‰), C2H6 (± 

0.2‰), C3H8 (± 0.25‰), C4H10-i (± 0.5‰), C4H10-n (± 0.5‰), C5H12-i (± 0.5‰), and C5H12-n (± 

0.5‰). (Darrah, 2018). The δ2H-CH4 and the δ13C-CH4 values are shown in per mil (‰). The 

δ13C-CO2 values (versus VPDB) have a reproducibility for CO2 of ± 0.1‰ (Darrah, 2018). 

The methods of the stable isotopic analyses of sulfur and nitrogen in N2 and H2S are fully 

described in Darrah et al. (2013), Darrah et al. (2105b), Harkness et al. (2017), and Jackson et al. 

(2013).  Using the same methods as described above in Darrah (2018) (Thermo Finnigan Trace 

Ultra gas chromatographic separation, followed by using the Thermo Fisher Delta V Plus with 
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dual inlet isotope ratio mass spectrometry), the detection limits of nitrogen and sulfur isotopes 

are 0.001 ccSTP/cc for δ15N-N2 and 0.01 ccSTP/cc for δ34S-H2S respectively. δ15N-N2 values 

(versus air) have a N2 reproducibility of ± 0.3‰ (Darrah, 2018). The δ34S-H2S values (versus 

troilite from the Canyon Diablo meteorite) have a H2S reproducibility of ± 2.5‰ (Darrah, 2018). 

 

5.7   Geologic Mapping  

Geologic mapping with Petra was incorporated with the isotopic analyses to produce 

structural maps of lithologic units of importance to the helium system. Upwards of ~350 raster 

logs were imported into Petra from IHS for six fields: Tocito Dome Field, Dineh-Bi-Keyah 

Field, Pinta Dome Field, Navajo Springs Field, the Ratherford Field and the Tohache Wash/Teec 

Nos Pos area. The first five fields represent actual geochemical samples, while the last is a 

recommendation for future development. State oil and gas commission websites were utilized to 

check field data for questionable information (KB, elevations, and tops).  

Prominent formation tops were picked (mostly using resistivity and gamma-ray logs) 

representing helium reservoirs and seals. As an aside, gamma-ray logs were examined to 

determine source beds if present, although results were negligible. From the tops picked, 

structural and stratigraphic cross sections were created to aid in the visualization of the helium 

systems. Tops are based on IHS information and literature reviews to mitigate improper picking. 

Faults were subsequently added to the project from the literature review. In conjunction with 

geochemical isotope data and well log information from IHS, multiple structural maps were 

created detailing Paleozoic helium reservoir rocks and potential helium reservoirs.  A more 

thorough list of methods involving Petra geologic mapping is available in the appendix. 
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                                                                 CHAPTER 6 

DATA SYNTHESIS 

 

6.1 Results 

The complete bulk gas components are presented in the Appendix, but Figures 6.1 and 

6.2 illustrate a general sense of the gas geochemistry and helium concentrations (economic or 

non-economic) for the new gas samples collected for this study in the Four Corners area. The 

economic threshold is 0.3%. When the terms economic or non-economic helium as used they are 

referring to strictly the molar percentage of helium found in the gas stream and do not in any 

capacity refer to the reservoir’s gas volume, producibility, and/or feasibility. 

Firstly, several initial observations regarding the fields are: 1) the Ratherford Field is 

mostly composed of methane, propane, and ethane rich with trace amounts of helium (non-

economic <0.3%). 2) The Tocito Dome Field has economic levels of helium (>0.3%) along with 

considerable methane contributions. Thus, the Ratherford and Tocito Dome are classified as 

CH4-rich fields.  

3) The Navajo Springs and Pinta Dome samples have minute amounts of methane, are 

extremely rich in nitrogen, and have the highest helium concentrations in the study area. 4) The 

Dineh-Bi-Keyah (DBK) samples are also very rich in nitrogen, have high levels of economic 

helium and also high levels of CO2. Thus, Dineh-Bi-Keyah, Pinta Dome, and Navajo Springs are 

classified as N2-rich fields.  

Noble gases were also compiled for the new gas samples and presented in Figure 6.3. 4He 

and 40Ar, both of which are produced from radiogenic decay in the crust, are the most abundant. 

3He is present in the lowest concentration hinting at a very weak and insignificant amount of 
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mantle contribution. Groundwater influence (discussed in Chapter 3 of this study) could be a 

significant factor in these fields as increases in 20Ne and 36Ar, which have a correlation with 

groundwater, seem to correlate with elevated values of helium. Lesser values of 84Kr and 132Xe 

are also present and are discussed later in this chapter. 

 

6.2.1 Methane 

As to be expected methane, ethane, and propane are present in large concentrations for 

the CH4-rich fields with helium (Ratherford, Tocito Dome) and in minor traces for the nitrogen-

rich helium fields. Hydrocarbon distribution by field is listed in Table 6.1. More detailed 

information about the hydrocarbons measured and their respective isotopes can be found in the 

appendix of this study. 

 
Table 6.1: Table showing methane ranges for sampled fields. Ratherford and the Tocito Dome 
fields are hydrocarbon-rich, while the Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah fields 
are hydrocarbon poor. Hydrocarbon-rich locations have enriched δ13CCH4 values compared to 
hydrocarbon poor locations. Data is from the new gas analyses (full data available in the 
appendix) presented in this study. 
 
Location Methane (%) Ethane (%) Propane (%) δ13CCH4 (‰) 

Ratherford 51.8-78.0 12.7-22.1 4.18-12.5 -53.63 to -46.24 

Tocito Dome 75.7-78.9 9.42-10.6 3.74-4.38 -46.85 to -43.00 

Navajo Springs 0.909 0.00191 0.00133 -34.71 

Pinta Dome 0.021-1.1 0.0000296-0.00188 0.00185 -33.74 to -31.12 

Dineh-Bi-Keyah 0.3-2.7 0.00203-0.0198 0.00793-0.0121 -36.19 to -30.57 

 

When comparing to the literature data on Colorado Plateau data, methane values range 

from 0.012 to 3.94% and ethane values range from 0.0013% to 0.0077% (Gilfillan et al., 2007) 

(mostly CO2-enriched fields). Methane values vary from .05% to 94.26 % and ethane values 
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range from 0.01% to 8.55% (Craddock et al., 2017) (interspersed CO2-rich fields). The new data 

from N2-rich fields are comparable to the Gilfillan et al. (2008) data. The San Juan Basin data 

from Zhou et al., (2005) exhibit methane values from 81.37 to 95.96%, ethane values from 

0.11% to 7.43% and propane values from 0.0039% to 3.2%.  The new gas data used in this study 

from CH4-rich fields are comparable to the San Juan Basin data.  

San Juan Basin isotopic analyses of δ13CCH4 (from equation A.1 in the appendix) range 

from -47.87‰ to -42.43‰ while those of the Colorado Plateau from Craddock et al. (2017) vary 

from -50.36‰ to -23.9‰.  They are generally comparable to the ranges of the new samples. 

 

6.2.2 Carbon Dioxide 

Carbon dioxide is present in minor amounts in methane and nitrogen-rich fields, but is 

found in more significant amounts in the Dineh-Bi-Keyah Field samples. The Ratherford Field 

has a 13.3% value (outlier) that is most likely from sampling contamination or CO2 flooding of 

nearby wells. Carbon dioxide distribution by field is listed in Table 6.2. 

 

Table 6.2: Table showing carbon dioxide ranges for sampled fields. Dineh-Bi-Keyah has the 
highest CO2 at 11-14%, while the other fields have less than 4% CO2.  δ13CCO2 values are lighter 
for Ratherford samples, while all other new samples cluster near -10‰. Data is from the new gas 
analyses (full data available in the appendix) presented in this study. 
 
Location Carbon Dioxide (%) δ13C (CO2) (‰) 

Ratherford 0.5-3.6 -21.57 to -10.33 

Tocito Dome 1.7- 2.0 -10.86 to -8.28 

Navajo Springs 1.2 -7.67 

Pinta Dome 0.18-0.7 -7.69 to -5.6 

Dineh-Bi-Keyah 11.4-14.8 -11.65 to -7.04 
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The Colorado Plateau CO2 data range from 73.30% to 98.90% for Gilfillan et al., (2007) 

and from 0.57% to 97% for Craddock et al. (2017). The San Juan Basin’s CO2 values range from 

0.07% to 18.01% (Zhou et al., 2005) and are comparable to the DBK samples. 

δ13C (CO2) values (equation A.1 – appendix) from the San Juan Basin range from -12.65‰ 

to 18.16‰ (Zhou et al., 2005). δ13C (CO2) values from the Colorado Plateau range from -18.80‰ 

to 0.72‰ (Craddock et al., 2017). New samples lie within both Zhou’s and Craddock’s ranges. 

 

6.2.3 Nitrogen 

N2 is present in large amounts in the N2-rich fields (Navajo Springs, Pinta Dome, and 

Dineh-Bi-Keyah). N2 distribution by field is listed in Table 6.3.  

According to Craddock et al., (2017), the Colorado Plateau has N2 from .34% to 86.5%, 

while Gilfillan et al., (2007) reports N2 values from 1.00% to 19.7%.  Craddock’s ranges are 

comparable to the new nitrogen-rich samples. The San Juan Basin has N2 from 0.01% to 1.21% 

(Zhou et al., 2005) and is comparable to the new hydrocarbon-rich fields. 

 
Table 6.3: Table showing nitrogen ranges for sampled fields. Navajo Springs, Pinta Dome, and 
Dineh-Bi-Keyah have the highest N2 >75%, while the other new fields have less than 5% N2. 
N2/

40Ar ratios span a broad range for the new samples, except Tocito Dome samples, which have 
the narrowest range. δ15N(N2) values show the Ratherford and Tocito Dome samples are 
enriched, while the Pinta Dome, Navajo Springs, and Dineh-Bi-Keyah samples are depleted. 
Data is from the new gas analyses (full data available in the appendix) presented in this study. 
 
Location Nitrogen (%) N2/

40Ar δ15N(N2) (‰) 

Ratherford 0.7-8.0 32.56-398.47 -11.68 to -2.48 

Tocito Dome 2.2-4.7 27.46-50.53 -8.03 to -3.16 

Navajo Springs 89.5 142.42 3.17 

Pinta Dome 90.8- 91.3 38.92-215.75 4.65 to 5.99 

Dineh-Bi-Keyah 76.6-79.0 33.30-115.09 2.97 to 7.64 
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The N2/
40Ar ratio for air is 84, and the value for ASW is 44.0 (Danabalan, 2017). The 

bulk of the Ratherford data varies from ~30 to ~100. The Tocito Dome samples lie closest to the 

N2/
40Ar ratio for ASW (44). The high economic helium accumulations in nitrogen-rich fields 

have undoubtedly higher N2/
40Ar ratios than the air value, and this suggests that there have been 

negligible additions of nitrogen sourced from the atmosphere (Danabalan, 2017). 

δ15N(N2) values (equation A.1 in the appendix) from the Colorado Plateau are reported to 

range from -6.2 to 3.2‰ (Craddock et al., 2017). These values are similar to new samples. 

 

6.2.4 Helium 

Helium varies across the Four Corners region (Figure 6.4). Crustal and mantle end 

members have been assumed as 0.02 R/Ra and 6.2 R/Ra respectively from literature review 

specific to the Colorado Plateau (Moreira and Allegre, 1998; Ballentine and Burnard, 2002; 

personal communication, Darrah, 2018).  The helium ratio (3He/4He) portrayed as R/Ra  

[(3He/4He) R/Ra = (3He/4He)measured /(
3He/4He) atmosphere)] exemplifies that Ratherford, Tocito 

Dome, and Dineh-Bi-Keyah samples are mostly crustal in origin as their R/Ra values range in 

between 0.02 and 0.1 R/Ra. The Navajo Springs and the Pinta Dome boast higher R/Ra values 

around 0.2 which yield a slightly larger mantle contribution although still very minuscule. 

Helium distribution by field is listed in Table 6.4. 

Legacy samples from the San Juan Basin are reported ranging from 0.0987-0.318 R/Ra 

(Zhou et al., 2005) and 0.111-0.415 R/Ra (Craddock et al., 2017), which are relatively 

comparable to new samples in the Four Corners area in this study. However, legacy samples 

from Gilfillan et al., (2008) show values with a much greater mantle contribution at .065-3.784 

than new samples in this study. 
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Most new gas samples from the Tocito Dome along with legacy samples (Brennan et al., 

2016), which are rich with helium, are located on the north and western portion of the field 

(Figure 6.6). Conversely, samples from Ratherford show no obvious spatial trends as there is 

very minimal helium present in the field (Figure 6.5). Most Dineh-Bi-Keyah samples rich with 

helium are relatively evenly distributed through the field with the exception of several 

abnormally high values on the northwestern end and eastern side of the field (Figure 6.6).  While 

comparing new samples from the Navajo Springs and Pinta Dome with legacy samples (Brennan 

et al., 2016), it is apparent that Navajo Springs has a relatively homogenous high helium (>0.3%) 

distribution, whereas the Pinta Dome has higher helium accumulations on the northwestern 

portion of the field which lessens southward (Figure 6.7). 

Although Ratherford, Tocito Dome and Dineh-Bi-Keyah reservoirs are similar in 

lithology and age (Pennsylvanian carbonates), the Dineh-Bi-Keyah samples boast higher helium 

concentrations most likely because the majority of gas samples obtained from the Dineh-Bi-

Keyah are from an igneous sill which intruded the Pennsylvanian carbonate beds.  Besides the 

sill, the Dineh-Bi-Keyah Field was sampled in the deeper McCracken Sandstone reservoir 

yielding high helium. Navajo Springs and Pinta Dome reservoirs occur in Permian sandstones.   

Ratherford samples range in depth from 5349 to 5822 feet (1630-1774 m). Tocito Dome 

samples range in depth from 6182 to 6376 (1884-1943) feet. The Dineh-Bi-Keyah, Navajo 

Springs, and Pinta Dome samples have economic helium at relatively shallow depth 2898 to 

4134 feet (883-1260 m) for Dine-Bi-Keyah, and just under 880-920 feet (268-280 m) for the 

Pinta Dome and Navajo Springs fields. Depth alone is not a very influential controlling factor for 

an economic helium system; however, it is likely that the distance to a helium source is a more 

important variable (Chapter 7). 
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Most of the helium sampled is 4He sourced from radiogenic decay of U and Th bearing 

minerals in the crust with a very small percentage of mantle derived 3He. Concentrations of 

helium span a broad range which indicates that the helium gas was not relatively well mixed.  

Although the 3He/4He ratios indicate the majority of 4He is crustal-radiogenic, there is a 

minor portion of magmatic 4He. Magmatic contributions of 4He are calculated based on the 

mantle (6.2 R/Ra) and crustal endmembers (0.02 R/Ra) both normalized to the 3He/4He air ratio, 

which is 1.384E-06. This corresponds with lower values from previous works in the area which 

exhibit 4He magmatic contributions on the Colorado Plateau .3%-6.6%, (Craddock et al., 2017), 

1%-61% (Gilfillan et al., 2008), as well as the San Juan Basin 1.3%-5.1% (Zhou et al., 2005).  

The Tocito Dome Field, which is barely above the economic threshold (0.3%), contains 

helium at 0.3-0.6%. The Ratherford Field contains He that ranges from 0.01-0.1% and is the only 

sub-economic field studied. The Navajo Springs and Pinta Dome Fields were the most helium-

rich ranging from 6-8%, which is above the economic threshold of 0.3%. The Dineh-Bi-Keyah 

Field, which is also above the economic threshold for helium, has helium ranging from 5 - 7%. 

 

Table 6.4: Table showing helium ranges for sampled fields. Navajo Springs, Pinta Dome, and 
Dineh-Bi-Keyah have the highest 4He >60,000 µcc/cc or 6%. The magmatic contribution of 4He 
is insignificant. Although minute, the samples from Pinta Dome report the highest magmatic 
contribution of 4He. Data is from the new gas analyses (full data available in the appendix) 
presented in this study. 
 

Location R/Ra 
4He (µcc/cc) 4He (magmatic) % 

Ratherford 0.0215-0.0926 146.0-1057.6  0.6 

Tocito Dome 0.0750-0.0918 3533.1-6071.3  1.3 

Navajo Springs 0.1820 63,983.9  2.9 

Pinta Dome 0.1988-0.2166 63,086.6- 79,200.3  3.3 

Dineh-Bi-Keyah 0.0544-0.0737 50,390.1-73,308.2  1.0 
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Figure 6.1: Plot depicting the distribution of gases for the hydrocarbon dominant samples from the Ratherford and Tocito Dome 
Fields. The values listed above each bar are the helium% of each sample. Ratherford samples are well below the economic threshold 
of 0.3%, while the Tocito Dome has helium slightly above the economic threshold. 
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Figure 6.2: Plot presenting the distribution of gases for the nitrogen dominant samples from the Navajo Springs, Pinta Dome, and 
Dineh-Bi-Keyah Fields. The values listed within the light green portion of the bars represent the helium% of each sample. All samples 
are well above the helium economic threshold of 0.3%. 
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Figure 6.3: Plot depicting the abundances of noble gases relative to samples from different fields.4He and 40Ar comprise the largest 
percentage of the noble gases. There is an increase in all noble gases in fields as the helium concentrations rise. 
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Figure 6.4: Distribution of He gases from the historical sample wells around the Four Corners area (Brennan et al., 2016). High He 
>0.3% is reported beyond the extent of the San Juan Basin, inferring an inverse relationship between He and hydrocarbons. 

San Juan Basin 
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Figure 6.5: Map portraying the distribution of helium gases from the historical sample wells and the new sampled wells (blue circles) 
around the Ratherford Field in the Four Corners area (Brennan et al., 2016). 

Reservation 
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Figure 6.6: Map highlighting the distribution of helium gases from historical sample wells and new sampled wells (blue circles) 
around the Dineh-Bi-Keyah and Tocito Dome Fields in the Four Corners area (Brennan et al., 2016). 
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Figure 6.7: Map exhibiting the distribution of helium gases from historical sample wells and new sampled wells (blue circles) around 

the Pinta Dome and Navajo Springs Fields in the Four Corners area (Brennan et al., 2016). 
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6.2.5 Neon 

Neon concentrations across the Four Corners region vary tremendously. There are three 

isotopes of neon that are of interest, namely 20Ne, 21Ne, and 22Ne. The neon distribution by field 

is listed in Table 6.5.  

According to multiple sources the air value for 20Ne/22Ne ratio is 9.8 (Porcelli and 

Ballentine, 2002). These new values, which are all comparable to the air value of 9.8, are lower 

but comparable to 20Ne/22Ne ratios found within the Colorado Plateau, 11.88 to 8.42 (Gilfillan et 

al., 2008), 8.88 to 10.093 (Craddock et al., 2017), 9.84 to 11.85 (Ballentine and Holland, 2008) 

as well as the San Juan Basin 7.51 to 10.58 (Zhou et al., 2005). 

According to Ozima and Podosek (2002), the air value for 21Ne/22Ne is 0.029. Because 

the majority of the samples (with the exclusion of several Ratherford samples) are distinct from 

air, 21Ne* can be calculated. 21Ne* is also known as a resolvable excess of 21Ne (Danabalan, 

2017). Ratios from the new samples (except Dineh-Bi-Keyah) fall nearest to the San Juan Basin 

0.0254 to 0.0343 (Zhou et al., 2005) and the Colorado Plateau 0.05 to 0.0582 (Ballentine and 

Holland, 2008). Other works in the vicinity yield higher ratio ranges within the Colorado Plateau 

0.0311 to 0.1147 (Gilfillan et al., 2008), and 0.0325 to 0.1031(Craddock et al., 2017). These high 

ratio ranges are relatively comparable to the Dineh-Bi-Keyah samples. 

When examining resolvable excess of 21Ne, the 21Ne*, which is mainly derived from 

nucleogenic reactions, is calculated (Table 6.6). The equation is described in Chapter 5 [21 Ne*= 

(21Ne/22 Ne measured – 0.0289) x 22 Ne measured]. Furthermore, the 21Ne* contributions to 21Ne 

concentrations are calculated by dividing 21Ne*/21Ne. Comparable values from studies in the 

near vicinity on the Colorado Plateau are: 7 to 74% (Gilfillan et al., 2008), 38 to 62% (Craddock 

et al., 2017), and 42 to 50% (Ballentine and Holland, 2008). Values from the San Juan Basin, 1 
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to 16%, are lower than most new gas samples (Zhou et al., 2005). Unfortunately, 21Ne and 22Ne 

were not reported in published literature, which was conducted around the area of interest (Four 

Corners). The values listed above are the result of subsequent calculations and 1ơ error control.  

 
Table 6.5: Table showing neon ranges for sampled fields. Navajo Springs, Pinta Dome, and 
Dineh-Bi-Keyah samples are enriched in 20Ne, 21Ne, and 22Ne. 20Ne/22Ne ratios are relatively 
constant near the air ratio of 9.8 for the Ratherford and Tocito Dome, while the Navajo Springs, 
Pinta Dome, and Dineh-Bi-Keyah fields report values lower than the air value.  21Ne/22Ne ratios 
are relatively uniform as well above the air value (0.029). Data is from the new gas analyses (full 
data available in the appendix) presented in this study. 
 
Location 20Ne(µcc/cc) 21Ne(µcc/cc) 22Ne(µcc/cc)  20Ne/22Ne 21Ne/22Ne 

Ratherford 0.013- 0.222 0.0001 -0.0007 0.001-0.023 9.6671-9.7967 0.02901-

0.04960 

Tocito Dome 0.031- 0.119 0.0002- 0.0006 0.003- .013 9.4845-9.8188 0.04172-

0.05941 

Navajo Springs 5.682 0.0263 0.608 9.3385 0.04323 

Pinta Dome 3.067-3.175 0.0131 -0.0155 0.327- 0.333 9.2122-9.7229 0.03947-

0.04740 

Dineh-Bi-

Keyah 

0.287-3.691 0.0016 -0.0225 0.031- 0.393 9.2101- 9.5846 0.05182-

0.08353 

 
 

Table 6.6: Table showing calculated 21Ne* ranges, as well as calculated % of 21Ne* mantle and 
21Ne* crust for sampled fields. Dineh-Bi-Keyah has the highest 21Ne* % values. The magmatic 
and crustal contributions of 21Ne* and 22Ne* respectively span within a narrow range and do not 
comprise the majority % for any sampled field. 20Ne was sourced entirely from air. Data is from 
the new gas analyses (full data available in the appendix) presented in this study. 
 
Location 21Ne* (%) 21Ne* mantle (%) 22Ne* crust (%) 

Ratherford 0.379- 41.738 13.5 3.8 

Tocito Dome 30.733-51.352 16.2 5.6 

Navajo Springs 33.143 -- 3.5 

Pinta Dome 26.774-39.036 11 3.5 

Dineh-Bi-Keyah 44.232-65.403 15.3 11 
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Contributions of Ne can also be determined from (20Ne) air, (21Ne) mantle, and (22Ne) 

rad/crustal sources by using the equations (A.2-A.4) located in the appendix (Ballentine and 

O’Nions, 1992). End member values utilized are 9.80 and 0.0290 for (20/22) air and (21/22) air; 

13.2 and 0.0697 for (20/22) mntl and (21/22) mntl; and 0.3 and 0.47 for (20/22) rad and (21/22) 

rad (Ballentine and O’Nions, 1992). Only 21Ne mantle and 22Ne rad/crustal contributions are 

directly stated for the new gas sample fields. All samples had ~100% of 20Ne sourced from air. 

In all fields, the crustal sourced portion of 21Ne* dominates. The Navajo Springs sample has 

21Ne* that is sourced almost entirely from the crust. Furthermore, the lack of clear 21Ne and 22Ne 

values, which are not reported in previously published literature in the vicinity, hinders accurate 

calculations of these isotopes without extensive calculations, which is outside of the scope of this 

study.  

 
 

6.2.6 Argon  

The argon ranges by field are listed in Table 6.7. Argon isotopes of interest are 40Ar, 38Ar, 

and 36Ar. 

All new gas samples average 40Ar/36Ar ratios that lie considerably above the known air 

ratio for 40Ar/36Ar, which is 295.5 (Ozima and Podosek (2002).   

Atmospheric contributions can be inferred by understanding the 38Ar/36Ar ratios. The 

average air value for 38Ar/36Ar is 0.188 (Zhou et al., 2005).  The majority of samples plot 

extremely close to the average air value. Other published works in the Colorado Plateau vicinity 

show similar findings with 38Ar/36Ar ratios from: 0.186 to 0.204 (Gilfillan et al., 2008), 0.172 to 

0.196 (Craddock et al., 2017), and 0.1874 to 0.1897 (Ballentine and Holland, 2008). Zhou et al. 

(2005) also presents values ranging from 0.183 to 0.199 in the San Juan Basin. 
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The samples have a resolvable 40Ar*, which is a 40Ar excess mainly derived from 

radiogenic production. 40Ar* is calculated with the following equation previously described in 

Chapter 5: [40Ar*= (40Ar/ 36Ar measured – 295.5) x 36Ar measured]. Additionally, the 40Ar* 

fluctuates from 46% to 98% of 40Ar concentrations for the Colorado Plateau samples analyzed by 

Gilfillan et al. (2008). 

 

Table 6.7: Table showing argon ranges and common ratios as well as the calculated 40Ar* % for 
sampled fields. The highest argon contributions are from the Navajo Springs, Pinta Dome, and 
Dineh-Bi-Keyah fields. Samples lie close to the 38Ar/36Ar air ratio of 0.188. 40Ar/36Ar ratios from 
Dineh-Bi-Keyah are the highest. Data is from the new gas analyses (full data available in the 
appendix) presented in this study. 
 
Location 40Ar 

(µcc/cc) 

38Ar 

(µcc/cc) 

36Ar 

(µcc/cc) 

40Ar/36Ar 38Ar/36Ar 40Ar* 

(%) 

Ratherford 46.2- 

859.1 

0.02- 0.20 0.09-1.04 355.8- 

823.9 

0.1827-0.2 17-88 

Tocito Dome 794.2- 

1106.4 

0.04- 0.07 0.19-0.37 2550.4- 

5177.4 

0.1875- 

0.1991 

52-95 

Navajo Springs 6369 0.56 2.94 2167.5 0.1906 86.37 

Pinta Dome 4230.1 -

22,999.8 

0.61- 0.91 3.27 -4.86 1291.9- 

4730.6 

0.1866- 

0.1873 

77.13- 

93.75 

Dineh-Bi-Keyah 6783.6- 

23,204.8 

0.09 -0.32 0.45-1.67 12,217.4- 

17,083.2 

0.1848-

0.1978 

97.58- 

98.17 

 

6.2.7 Krypton and Xenon 

The krypton and xenon distribution by field is listed in Table 6.8. Gases of interest are 

84Kr and 132Xe. 

Within the San Juan Basin, 84 Kr values differ from 0.262 ncc/cc to 40.6 ncc/cc (Zhou et 

al., 2005). Ballentine and Holland (2008) report 84Kr from .0346 ncc/cc to .627 ncc/cc and 132Xe 
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from .00669 ncc/cc to .0656 ncc/cc.  Ballentine and Holland’s (2008) values for 84Kr and 132Xe 

are below the new samples. Gilfillan et al. (2008) report 84Kr values, which are comparable to 

the Ratherford and Tocito Dome samples from 0.0455 ncc/cc to 64.1 ncc/cc, but more miniscule 

than the maximum ranges for the Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah samples.  

 

Table 6.8: Table showing 84Kr and 132Xe ranges for sampled fields. The highest Kr and Xe 
contributions are from the Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah fields. Data is from 
the new gas analyses (full data available in the appendix) presented in this study. 
 
Location 84Kr (ncc/cc) 132Xe (ncc/cc) 

Ratherford 1.2 -48.35 0.04-2.80 

Tocito Dome 3.69-17.11 0.52-3.03 

Navajo Springs 72.65 6.64 

Pinta Dome 74.39-120.89 5.97-11.38 

Dineh-Bi-Keyah 17.45-72.35 3.3-18.20 

 

6.3.1 Mantle Derived Noble Gases (
3
He) 

Several smaller portions of 4He and Ne are sourced from the mantle, but a reliable 

method to discern a potential mantle source is noted by the presence of 3He compared to 4He 

values (Table 6.4). 3He values for the Ratherford Field samples vary between 5.0 pcc/cc to 135.5 

pcc/cc. 3He values for the Tocito Dome samples range from 370.6 pcc/cc to 644.7 pcc/cc. The 

3He value for the Navajo Springs sample is 16,117.4 pcc/cc. 3He values for the Pinta Dome 

samples fluctuate from 17,355.9 pcc/cc to 23,744.7 pcc/cc. 3He values for the Dineh-Bi-Keyah 

samples extend from 3795.6 pcc/cc to 6059.9 pcc/cc. The response of 3He usually corresponds to 

various degrees of melting and lithospheric extension (Oxburgh and O’Nions 1987; O’Nions and 

Oxburgh 1988). 
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6.3.2 Crust Derived Noble Gases (
4
He, 

21
Ne, 

40
Ar) 

The crustal derived noble gas distribution by field is listed in Table 6.9.  The crustal 

derived noble gases of interest are 4He, 21Ne, and 40Ar.  

The average value observed for the crust is 17.0E+06, which is less than the Ratherford 

and Tocito Dome samples (Ballentine and Burnard, 2002). The Navajo Springs sample is less 

than the average crustal ratio, while the Pinta Dome and Dineh-Bi-Keyah samples are roughly 

equivalent to the observed average crustal ratio. 

Ratherford, Tocito Dome, and Dineh-Bi-Keyah’s averages are approximately equivalent 

to the average crustal 4He/40Ar* production ratio of 5 (Ballentine and Burnard (2002). Regarding 

noble gas data from the Colorado Plateau and San Juan Basin, 4He/40Ar* data are not calculated. 

 
Table 6.9: Table showing averages calculated for 4He/21Ne*, 4He/40Ar*, and 40Ar*/21Ne* for 
sampled fields. Ratherford and Tocito Dome record the highest 4He/21Ne* and 
40Ar*/21Ne*values. Navajo Springs and Pinta Dome samples record the highest 4He/40Ar* values. 
Data is from the new gas analyses (full data available in the appendix) presented in this study. 
 
Location 4He/21Ne* 4He/40Ar* 40Ar*/21Ne* 

Ratherford 77.2E+06 4.85 1.61417E+07 

Tocito Dome 43.2E+06 5.46 7.65E+06 

Navajo Springs 7.34E+06 11.63 6.31E+05 

Pinta Dome 15.52E+06 11.5 2.25E+06 

Dineh-Bi-Keyah 17.59E+06 4.46 2.87E+06 

 

The Ratherford average is above the observed upper crust 40Ar*/21Ne* average of 

3.60E+06 (Ballentine and Burnard, 2002), while the Tocito Dome, Pinta Dome and Dineh-Bi-

Keyah’s average is closer to the values predicted. The Navajo Springs value is below the 

observed upper crust 40Ar*/21Ne* average of 3.60E+06 (Ballentine and Burnard, 2002). Noble 

gas data from the Colorado Plateau and San Juan Basin, 4He/40Ar* data were not calculated. 
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6.3.3 Crust Derived Isotopes, 
20

Ne, and 
36

Ar 

Ballentine and Sherwood-Lollar (2002) suggest that a strong positive correlation between 

20Ne and 4He would indicate that there had been mixing before groundwater essentially degassed 

the noble gases into the subsurface reservoirs. Examining the source of 20Ne more closely, it is 

evident in the subsurface that 20Ne is from air saturated water (ASW). ASW is the result of noble 

gases from the atmosphere dissolving into groundwater. Upon close examination of the 

Ratherford samples, a positive correlation between 4He and 20Ne is recognized.  However, all 

other samples show a relatively negative correlation. This inverse relationship is also very 

apparent in the Craddock et al., (2017) samples from the Colorado Plateau. There is a possibility 

that this negative relationship suggests that the differently sourced isotopes were not mixed prior 

to the degassing of groundwater. Possibly, a later flux of helium or neon migrated into the 

reservoir after the initial degassing of groundwater. 

Although the new sample data collected for this study does not preferentially indicate the 

strong correlation between 20Ne and 4He (Figure 6.8) that Ballentine and Sherwood-Lollar 

(2002) refer to, there is a moderate correlation between 36Ar and radiogenically produced 4He for 

the new gas samples despite 36Ar and 4He having different sources (Figure 6.9). 36Ar like 20Ne is 

sourced primarily from the atmosphere and introduced via ASW (air saturated water) into the 

subsurface. Thus, the 36Ar should theoretically track similar gas-water interactions and 

migrations as 20Ne.  If 36Ar (as a proxy for 20Ne) is correlated positively with 4He, one can 

assume that groundwater plays a significant role in the migration of helium. Likewise, the longer 

the migration pathways, the higher amounts of 36Ar should be observed in the system (personal 

communication, Barry, 2018). This is substantial evidence suggesting that groundwater plays a 

paramount role in the transport and migration of 4He to reservoirs. 
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Figure 6.8: Plot depicting 20Ne versus 4He. A strong positive correlation is nonexistent.  Error 
bars are smaller than printed symbols. The red circle denotes the McCracken Sandstone and the 
blue circle denotes the Barker Creek sample. 
 
 

 
 
Figure 6.9: Plot outlining 36Ar versus 4He. A moderate correlation is observed and is fitted with a 
linear trendline indicating mixing prior to degassing. This also indicates groundwater is likely a 
key mechanism in concentrating helium. Error bars are smaller than printed symbols. The red 
circle denotes the McCracken Sandstone and the blue circle denotes the Barker Creek sample.  
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Figure 6.10: Cross plot exhibiting the positive relationship between 20Ne and 21Ne*. This 
indicates various degrees of mixing via groundwater prior to degassing. Red circle denotes the 
McCracken Sandstone and the blue circle denotes the Barker Creek sample. 
 
 

Figure 6.11: Cross plot depicting the positive relationship between 20Ne and 40Ar*. This indicates 
various degrees of mixing via groundwater prior to degassing. The red circle denotes the 
McCracken Sandstone and the blue circle denotes the Barker Creek sample. Error bars are 
smaller than printed symbols. One Pinta Dome sample is an outlier and is circled. 
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In reference to Figures 6.8 and 6.9, it is evident that two distinct general groupings of 

gases are present, one with high helium values and one with lower helium values. There is no 

significant mixing between these two sample groupings. Because of the lack of mixing, it can be 

postulated that depth and strata are relevant in these helium systems to some degree.  

Other crustal noble gases such as 21Ne* and 40Ar* also emphasize a positive correlation 

while plotted with 20Ne. The 20Ne and the 21Ne* plot implies a strong positive slope for all 

samples. The Pinta Dome and Navajo Springs samples are grouped together because of the close 

field proximity and the scarcity of samples available. The maximal degree of groundwater 

contact is associated with the Ratherford samples, and the minimal is associated with the Dineh-

Bi-Keyah samples.  

The 20Ne and the 40Ar* plot illuminates positive correlations as well with the Pinta Dome/ 

Navajo Springs (outlier excluded) samples showing the greatest groundwater interaction and the 

Tocito Dome with the least groundwater interaction. The differences from the 21Ne* and 40Ar* 

plots are explained by the inefficient release of 40Ar* compared to the release of 4He and 21Ne* 

from minerals (Ballentine and Burnard, 2002; Danabalan, 2017). 

 

6.4 General Relationships among He, N2, CO2, CH4, and Ar 

Ternary diagrams constructed with the free software ProSim, illustrate significant 

relationships between helium, nitrogen, carbon dioxide, and argon (Figures 6.12. 6.13, and 6.14). 

Data points highlight the new Four Corners gas data (colored points) along with older legacy 

points (hollow black circles) in the Four Corners area from the BLM database (BLM, 2004). 

BLM points encompass data from the immediate surrounding counties in the Four Corners 

region, namely, Apache County, Arizona, San Juan County, New Mexico, and San Juan County, 
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Utah. Additional points (portrayed as hollow black circles) from the Colorado Plateau and its 

outer boundaries are included from Craddock et al., (2017), Gilfillan et al., (2008) and Zhou et 

al., (2005). Points are presented in molar values and normalized to 1. Helium concentrations are 

multiplied by 10 and argon concentrations by 100 to aid in data visualization according to 

methodologies employed by Gilfillan et al. (2008) and Craddock et al. (2017). Thus, the ternary 

diagrams should not be utilized to ascertain accurate geochemical percentages several of the 

components have been exaggerated. 

The first diagram (Figure 6.12) has nodes of helium*10 mol%, carbon dioxide mol% and 

methane mol% modeled after Craddock et al. (2017) and depicts in the Four Corners area, many 

gases dominated by methane in the system. The data encapsulates various degrees of mixing 

between the endmembers, specifically; mixing between helium and methane appears to be the 

most common. There is a prominent and observable inverse relationship with helium and 

methane such that, the highest helium points correlate to several of the lowest methane 

concentrations, and the lowest methane values correlate to the highest helium concentrations. 

Additionally, high methane values also relate to lower carbon dioxide concentrations. Carbon 

dioxide-rich data points tend to correlate with points that are lower in helium and lower in 

methane. One should be cautious with carbon dioxide data because carbon dioxide has a unique 

geochemical characteristic in that it has the potential to react with lithology in the subsurface 

over geologic time and eventually disappear from the gas stream. Furthermore, it is plausible to 

interpret the lack of carbon dioxide from the ternary diagram, as a scenario which might suggest 

high helium accumulation potential. The data points, which lie directly on an axis, correspond to 

a zero value being recorded. 
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The second diagram (Figure 6.13) is comprised of nodes of helium*10 mol%, carbon 

dioxide mol% and nitrogen mol% which represent the non-hydrocarbon gases. There is 

considerable mixing between carbon dioxide and nitrogen endmembers accompanied with low 

value helium samples. There is also an inverse relationship with carbon dioxide and helium, and 

carbon dioxide and nitrogen. As samples increase in carbon dioxide, there is a decrease in the 

molar % of helium and nitrogen. Helium and nitrogen values appear to have a direct relationship. 

As very high helium values are observed with zero CO2 for the Navajo and Pinta Dome samples; 

this could be evidence for CO2 that completely reacted with subsurface lithology while acting as 

a carrier gas for helium. The majority of points lie in the lower quadrant of the plot. Points from 

the BLM dataset that lie on the very bottom of the ternary plot indicate a zero value for CO2’s 

molar%. 

Figure 6.14 depicts nodes of helium*10 mol%, nitrogen, and argon *100 mol%, which 

represent the non-hydrocarbon gases. A considerable portion of BLM legacy samples contain 

zero argon and plot at the very base of the ternary diagram. The majority of points lie near the 

middle of the plot with roughly .35, .35,.3 points between nitrogen, argon, and helium. There is 

minor mixing that occurs between these three endmembers. The only notable mixing is from the 

Ratherford Field samples between the argon and nitrogen endmembers. Generally, as one 

endmember increases, the other two decrease. For example, as nitrogen increases, argon and 

helium decrease and vice versa. As argon increases, helium and nitrogen decrease and vice versa.  

As helium increases, argon and nitrogen decreases and vice versa. Moreover, no other significant 

trends are observed with the new Four Corners data, legacy BLM data or the points from around 

the Colorado Plateau (BLM, 2004, Zhou et al., 2005, Gilfillan et al., 2008, and Craddock et al., 

2017).
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Figure 6.12: Ternary plot showing the relationship between He (multiplied by 10), CO2 and CH4. CH4 and CO2 have inverse 
relationships with He. CH4 is a dilutant to He. CO2 is very reactive and when it dissolves out, He is concentrated. Colored data is from 
new gas samples and non-colored is from other published sources, BLM (2004), Zhou et al. (2005), Gilfillan et al. (2008) and 
Craddock et al., (2017), to show regional trends. The BLM dataset represents samples from the counties of the Four Corners area, 
specifically Apache County, Arizona, San Juan County, New Mexico, and San Juan County, Utah. Zhou et al (2005) data are from the 
San Juan Basin. Gilfillan et al. (2008) and Craddock et al. (2017) data are from several different localities on the Colorado Plateau.

Other 

published 

local data 
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Figure 6.13: Ternary plot showing the relationship between helium (multiplied by 10), nitrogen, and carbon dioxide. CO2 has an 
inverse relationship with He, while N2 has a direct relationship. N2 is a strong carrier gas for helium. Colored data is from new gas 
samples and non-colored is from BLM (2004), Zhou et al. (2005), Gilfillan et al. (2008) and Craddock et al., (2017) to show regional 
trends. The BLM dataset represents samples from the counties of the Four Corners area, specifically Apache County, Arizona, San 
Juan County, New Mexico, and San Juan County, Utah. Zhou et al (2005) data are from the San Juan Basin. Gilfillan et al. (2008) and 
Craddock et al. (2017) data are from several different localities on the Colorado Plateau. 

Other 
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Figure 6.14: Ternary plot showing the relationship between helium (multiplied by 10), argon (multiplied by 100), and nitrogen. 
Colored data is from new gas samples and non-colored is from BLM (2004), Zhou et al. (2005), Gilfillan et al. (2008) and Craddock et 
al., (2017) to show regional trends. The BLM dataset represents samples from the counties of the Four Corners area, specifically 
Apache County, Arizona, San Juan County, New Mexico, and San Juan County, Utah. Zhou et al (2005) data are from the San Juan 
Basin. Gilfillan et al. (2008) and Craddock et al. (2017) data are from several different localities on the Colorado Plateau.

Other 
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6.5      Geochemical Fingerprinting 

Not only can noble gases be utilized for their abilities to monitor subsurface gas 

migration and delineate sources of gas system, modern applications of noble gases also include 

utilizing them to genetically fingerprint natural gas, and to create distinguishable gas families. In 

the Appalachian Basin, noble gases and their unique properties as geochemical tracers can be 

used to effectively source (finger print) different gas families (Hunt et al., 2012). Hunt et al 

(2012) also state that noble gases function as an external variable in the gas systems, which have 

the capacity to record geochemical fingerprints of thermal history. Similar to Hunt et al. (2012), 

combining noble gas isotopes, with carbon isotopes, the author is able to clearly distinguish four 

different source families within the samples from the Four Corners region.  

Figure 6.15 illustrates groupings of the gas samples utilizing noble gas isotopes (3He, 

4He), bulk composition of hydrocarbons (CH4) and non-hydrocarbons (N2). Broadly, the gas 

samples can be delineated based on their helium concentrations (Pinta Dome, Navajo Springs, 

and Dineh-Bi-Keyah) and their hydrocarbon signatures (Ratherford and Tocito Dome). Upon 

closer examination, four distinct groups or families can be distinguished. The Navajo Springs 

and Pinta Dome samples are considered to be one family as the nature of their gas constituents 

are very similar and their physical field locations are very close in proximity. The Ratherford 

samples cluster in the bottom right (with the exception of one sample which plots near the Tocito 

Dome samples) and represent a hydrocarbon-rich gas. The Tocito Dome samples are slightly 

elevated above the Ratherford samples from the addition of helium (Increased R/Ra). The Dineh-

Bi-Keyah samples have relatively lower CH4 values are clearly observed as a different group. 

The R/Ra values for the Dineh-Bi-Keyah, Tocito Dome, and Ratherford samples all lie near the 

crustal R/Ra endmember of 0.02. The three points from the Navajo Springs and Pinta Dome 
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fields have a slightly more mantle component for R/Ra and are relatively low in CH4. They 

represent a crustal non- hydrocarbon gas family. These three points could represent an 

endmember indicative of a deeper crustal (deeper basement) source possibly controlled by 

faulting (personal communication, Hunt, 2018). 

Figure 6.16 plots 4He/N2 (normalized) to CH4/N
2 in order to differentiate the 

hydrocarbon-rich endmembers. In the figure, there is a clearer separation in the Tocito Dome and 

Ratherford samples, but more of a clustering effect on the crustal non-hydrocarbon samples 

(Navajo Springs, Pinta Dome and Dineh-Bi-Keyah samples). Although the same principles apply 

for using the noble gas isotopes and bulk compositions of hydrocarbons and non-hydrocarbons, 

different pairings yield slightly different results. In order to show the variability of working with 

these isotopes Figures 6.16, 6.17, and 6.18 are displayed below. Each is the result of an attempt 

to define gas families. 

Figure 6.15: Cross plot of R/Ra versus CH4/N2. The plot illustrates four unique groupings of gas 
families, which correlate to the individual gas fields sampled. Crustal non-hydrocarbon members 
are on the left side of the graph, and more hydrocarbon dominant samples plot on the right side 
of the graph. This is the clearest clustering for gas families compared to Figures 6.16 – 6.18. 
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Figure 6.16: Plot showing 4He/N2 versus CH4/N2. Two families are clearly displayed (Tocito 
Dome and Ratherford) and two have moderate overlap (Dineh-Bi-Keyah and Navajo Springs/ 
Pinta Dome). The He and N2 ratios have been normalized (F) by dividing the noble gas 
components by their respective air values (from equation A.5 in the appendix). 
 

 

Figure 6.17: Plot showing the 40Ar/36Ar versus 4He/N2. Two families are clearly displayed 
(Dineh-Bi- Keyah and Ratherford) and two have moderate overlap. (Tocito Dome and Navajo 
Springs/ Pinta Dome). The helium and nitrogen ratios have been normalized (F) by dividing the 
noble gas components by their respective air values (from equation A.5 in the appendix). Error 
bars are smaller than printed symbols. 
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Figure 6.18: Plot showing R/Ra versus F 4He/20Ne.  Two families are clearly displayed (Navajo 
Springs/ Pinta Dome and Ratherford) and two have moderate overlap (Dineh-Bi-Keyah and 
Tocito Dome). The helium and nitrogen ratios have been normalized (F) by dividing the noble 
gas components by their respective air values (from equation A.5 in the appendix). 
 

 

Although there is a plethora of cross-plots that can be computed, noble gases are a very 

useful tool in that they can be used to determine the genetic fingerprint of natural gases (Hunt et 

al., 2012). Because noble gas geochemistry is used to evaluate natural gas sources, analyze 

degrees of mixing, and determine if significant migration has occurred within the subsurface, 

individuals working in oil/gas exploration or production would benefit from utilizing noble gas 

geochemistry. Understanding the sources of gas and established genetic gas families has many 

implications, a few of which are fugitive gas monitoring, reservoir characterizing, production 

monitoring, and exploration geology (Hunt et al., 2012; Prinzhofer, 2013; Darrah et al., 2014). 
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6.6 General Helium, Neon, and Argon Plots 

The purpose of this section is to establish where the new gas samples are originating from 

with several helium, neon, and argon isotope plots. By examining the graph showing R/Ra verses 

4He% (Figure 6.19) and R/Ra verses 40Ar/36Ar (Figure 6.20), the data indicates that most of the 

new Four Corners data is derived from the continental crust with minimal input from mantle 

sources.  

 

Figure 6.19: R/Ra versus 4He plot showing the strong crustal component of the samples. Error 
bars are smaller than printed symbols for 4He. 
 

In Figure 6.19, the Ratherford, Tocito Dome, and Dineh-Bi-Keyah helium all plot within 
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although very minute. According to the R/Ra, the average R/Ra values for continental crust are 

0.02, and those for the mantle average 6.2 in the Colorado Plateau (personal communication, 

Darrah, 2018). Generally, if a sample plots closer to an endmember, there is a substantial 

contribution of that endmember to the geochemical composition of the sample. Previous studies 

by Zhou et al. (2005); Gilfillan et al. (2008); Craddock et al. (2017) in the Colorado Plateau 

vicinity define a much higher mantle contribution compared to the new gas sample data in this 

study.  

 

Figure 6.20: R/Ra versus 40Ar/36Ar showing a strong crustal component for most samples. Error 
bars are smaller than printed symbols for 40Ar/36Ar. 
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the trend is relatively comparable to the San Juan Basin legacy samples (not shown) (Zhou et al., 

2005). They have very low to trace amounts of helium in the gas stream and low values of argon, 

versus the samples of the Colorado Plateau which depict enriched 40Ar as well as enriched 4He. 

These plots (Figure 6.19 and 6.20) authenticate the claim that the majority of the new samples 

helium is derived from continental crust sources with very insignificant additions of mantle 

material. 

Utilizing the 20Ne/22Ne and 21Ne/22Ne ratios, a tri-neon plot is constructed (Figure 6.21). 

Crustal, mantle, and air endmembers for these ratios are well constrained Table 6.10. The ratios 

are affected by varying degrees of mixing and mass fractionation. According to Ballentine 

(1997), the tri-neon plot can unambiguously resolve mantle, crustal, and atmospheric 

components with neon isotopes alone because each endmember is well defined and unique. The 

tri-neon plot (Figure 6.21) provides further evidence that constrains the majority of the new 

samples to the crustal regime with very minuscule amounts of mantle influence.  

From the tri-neon isotope plot, the majority of new isotopic data falls between the air-

average Precambrian crust and the air-average Archean crust mixing line.  The Ratherford 

samples are very close in proximity to the air end member indicating a considerable air saturated 

water influence. The majority of the Tocito Dome and Dineh-Bi-Keyah points lay in-between the 

air-average Archean crust and air-average Precambrian crust mixing lines. The Dineh-Bi-Keyah 

points are the most crustal rich samples. The Pinta Dome and Navajo Springs samples plot closer 

to the air-average Precambrian crust mixing line, but as there are only three samples, it is 

challenging to accurately assess where the average should plot.  

Mass fraction is one plausible explanation for the mixing between the two crustal lines, 

evidenced by the samples apparent movement away from the air endmember. This is illustrated 
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with a dashed arrow in Figure 6.21. According to Danabalan (2017), a minor mantle addition can 

also result in the mixing between the two crustal lines. 

 

 

Figure 6.21: Tri neon plot supporting a strong crustal component for the samples. The red circle 
denotes the McCracken Sandstone and the blue circle denotes the Barker Creek sample. Error 
bars are smaller than printed symbols for 21Ne/22Ne. 
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Table 6.10: Relevant end members (air, mid-ocean ridge basalt, Precambrian Crust, and Archean 
crust) for the tri-neon plot (Ballentine and O’Nions, 1992; Ballentine and Holland, 2008; 
Danabalan, 2017). 
 

End Member 20Ne/22Ne 21Ne/22Ne Source 

Air 9.8 0.029 Ballentine and O’Nions, 1992 

MORB 12.5 0.0677 Ballentine and Holland, 2008 

Precambrian Crust .3 .47 Ballentine and O’Nions, 1992 

Archean Crust .3 3.3 Ballentine and O’Nions, 1992 

 

6.7 Groundwater derived Noble Gases (
20

Ne, 
36

Ar, 
84

Kr) 

Noble gas geochemistry primarily atmospheric noble gases highlight the interaction of 

gas systems and groundwater. The primary noble gases of interest, which are dissolved into the 

groundwater, are: 20Ne, 36Ar, 84Kr, and 130Xe (Table 6.11). As the atmospheric gases are 

incorporated into the groundwater, they have the potential to partition into oil or gas. These 

noble gases can be harnessed as geochemical tracers and used as a gauge to measure the degree 

of reservoir and groundwater interaction (Gilfillan et al., 2007; Zhou et al., 2012).  

According to Kipfer et al., (2002) the air saturated water (ASW) ratio for 20Ne/36Ar is 

0.154 assuming a pressure of 1 atm, an equilibration temperature of 10°C, freshwater, and an 

excess neon air component of 10% (Danabalan, 2017). Ratherford and Tocito Dome samples are 

near the ASW ratio, but lower than the air ratio for 20Ne/36Ar (0.524) (Moreira and Allegre, 

1998; Porcelli et al., 2002; and Ballentine and Burnard, 2002). The Dineh-Bi-Keyah, Navajo 

Springs and Pinta Dome samples are elevated above the ASW and air ratio. According to Hunt et 

al. (2012), 20Ne/36Ar serves as a proxy for gas migration in fluids because 20Ne and 36Ar have no 

significant crustal sources. Notably, there is a correlation between increased proximity to the 



 183 

ASW point when examining the Ratherford 20Ne/36Ar ratios, which represents the gas-water 

contact, and increased values of 20Ne (Gilfillan et al., 2008).   

The ASW for 84Kr/36Ar ratio is 0.040 and generally matches the new samples (Porcelli et 

al., 2002, Moreira and Allegre, 1998 and Ballentine and Burnard, 2002).  The air ratio for 

84Kr/36Ar is 0.021, which is in the range of the Ratherford and Tocito Dome samples, and 

roughly matches the Navajo Springs, Pinta Dome and Dineh-Bi-Keyah samples (Porcelli et al., 

2002). 

 
Table 6.11: Table showing ranges for 20Ne/36Ar, 84Kr/36Ar, and 132Xe/84Kr for sampled fields. 
Navajo Springs and Pinta Dome samples record the highest 20Ne/36Ar and 84Kr/36Ar values. For 
20Ne/36Ar, the air saturated water (ASW) ratio is 0.154, and the air ratio is 0.524. For 84Kr/36Ar 
the ASW ratio is 0.040, and it generally matches the new samples.  The air ratio is 0.021 for 
84Kr/36Ar. For 132Xe/84Kr, the ASW ratio value is 0.021, and the air ratio is 0.035. Data is from 
the new gas analyses (full data available in the appendix) presented in this study. 
 

Location 20Ne/36Ar 84Kr/36Ar 132Xe/84Kr 

Ratherford 0.119 to 0.363 0.0136 to 0.0543 0.004 and 0.146 

Tocito Dome 0.105 to 0.375 0.0139 to 0.0619 0.037 and 0.249 

Navajo Springs 1.934 0.0247 0.091 

Pinta Dome 0.653 to 0.937 0.0227 to 0.0249 0.080 to 0.094 

Dineh-Bi-Keyah 0.517 to 3.453 0.0224 to 0.0444 0.159 to 0.319 
 

The ASW ratio value for 132Xe/84Kr is 0.021, and the air ratio for132Xe/84Kr is 0.035 

according to Moreira and Allegre, (1998), Porcelli et al., (2002), and Ballentine and Burnard, 

(2002). The Ratherford samples extend from below the ASW and air ratio to significantly above 

it, while the Tocito Dome’s range from above air values and continues considerably above the air 

component.  The Navajo Springs and Pinta Dome samples plot above the ASW and air values. 

The Dineh-Bi-Keyah’s values are significantly above the air value.  
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When examining the relationships between 20Ne and 4He, there is a positive correlation 

between the nucleogenically and radiogenically derived components for only the Ratherford 

samples, which suggests there was mixing prior to degassing.  Contrary to previous published 

work by Ballentine and Sherwood-Lollar (2002) and Danabalan (2017) advocating an inherent 

relationship of positive correlations between 4He and 20Ne, the economic helium level 

accumulations of the new samples (Tocito Dome, Dineh-Bi-Keyah, Navajo Springs and Pinta 

Dome) all show moderately to weakly inverse relationships between 4He and 20Ne. However, 

with respect to the new gas samples, relationships are challenging to accurately quantify due to 

the scarcity of points and the points do have similar values.  

The perplexing relationship between 4He and 20Ne could also mean: 1) mixing with 

groundwater is not very significant, 2) there has been a more recent geologic event, which has 

disrupted helium and neon values (overprinting), 3) another migration gas phase has diluted the 

system by either enriching one endmember over another, or 4) there has been substantial 

contamination by faulty sampling.  

Because the Tocito Dome, Pinta Dome, Navajo Springs and Dineh-Bi-Keyah sample 

showing elevated values above the known air value in relation to 20Ne/36Ar and 132Xe/84Kr ratios, 

contamination may be discounted. Point 1 can be discounted as well, as the plotting (not shown) 

of various other noble gas data from the Texas Panhandle and Hugoton fields (Ballentine and 

Sherwood-Lollar, 2002) produce the same positive correlation found in Danabalan (2017). The 

most likely scenario revolves around option 2 (i.e., that the neon systematics are vastly more 

complicated than other fields). Craig and Lupton (1976) propose that elevated 20Ne similar to 

xenon is observed in contents of volcanic gases and MORB (mid ocean ridge basalt) samples. 
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There is a resolvable increase in most samples for 20Ne and 132 Xe associated with the Dineh-Bi-

Keyah, Navajo Springs and Pinta Dome samples.  

A plot of 36Ar and 4He, illustrates a more concise positive relationship for the Ratherford 

samples as well as the Dineh-Bi-Keyah, Pinta Dome, and Navajo Springs samples, which also 

suggests there was mixing prior to degassing. 36Ar and 4He trends are more compelling and seem 

to agree with Danabalan’s (2017) assertions of a positive connection with radiogenic helium and 

air saturated noble gases in the subsurface. Overall, the positive relationships between 36Ar and 

4He show varying degrees of groundwater interaction with radioisotopes and validate the idea 

there is a connection between 4He and groundwater (Danabalan, 2017).  

When looking at the plot of 84Kr/36Ar verses 20Ne/36Ar (Figure 6.22), the majority of the 

samples plot between the ASW and Air members for 20Ne/36Ar, with the exception of the Dineh-

Bi-Keyah, Navajo Springs and Pinta Dome samples. The Tocito Dome samples display a 

moderate increase from the near air values to the ASW values indicating a mixing between the 

two endmembers.  This confirms that the 84Kr has been sourced from air and the dissolved air 

component of groundwater (air saturated water). The Ratherford samples fall uniformly along 

the 20Ne/36Ar ASW line. The bulk of the Dineh-Bi-Keyah samples lie along the line of 84Kr 

ASW values. The Pinta Dome and Navajo Springs samples might be fractionated from the ASW 

endmember too, but it is challenging to discern as there are so few samples from these fields. 

According to Hunt et al. (2012), fractionation concerning the 20Ne/36Ar ratio away from ASW 

solubility ratios can be the result of migration (chromatographic separation). This relationship is 

clearly observed suggesting significant migration for the Dineh-Bi-Keyah samples.  

 



 186 

 

Figure 6.22: Plot comparing 84Kr/36Ar versus 20Ne/36Ar. Considerable fractionation can be 
observed between the air and air saturated water (ASW) endmembers in the Dineh-Bi-Keyah 
samples indicating significant groundwater involvement and longer migration pathways. Blue 
transparent boxes are positioned to show the ranges between air and ASW endmembers. Red 
circled point is from the McCracken Sandstone and the blue circled point is from the Barker 
Creek. Error bars are smaller than printed symbols. 
 

When examining the 132Xe/84Kr ratios, however, a large number of samples considerably 
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merit. Danabalan (2017) also suggests that if ratios present which are higher than ASW ratios, 

their presence could indicate multiple stage solubility fractionation. In this fractionation event, 

the original gas has most likely had an enrichment of 20Ne to 36Ar as the result of dissolution -

exsolution events (Danabalan, 2017). 

While more closely examining the plot of 84Kr/36Ar and 20Ne/36Ar (Figure 6.22), there are 

several samples exhibiting patterns of multiple stage partitioning. Furthermore, in Figure 6.22, 

there is a greater degree of fractionation than simple single stage partitioning (personal 

communication, Darrah, 2018).  Gilfillan et al., (2008) presents five possible scenarios that 

would result in the fractionation of 20Ne/36Ar and 84Kr/36Ar beyond a simple gas/water phase 

equilibrium.  

 1) Equilibration with an oil phase and groundwater scenario depends on whether or not 

there is evidence of significant oil interaction in the reservoirs. All of the new samples were 

taken from intervals with known hydrocarbons with the exclusion of the Pinta Dome and Navajo 

Springs samples. This model is based on the fact that argon is more soluble compared to neon in 

oil than water, and further equilibration of the groundwater into the oil phase could increase the 

20Ne/36Ar ratio in groundwater (Gilfillan et al., 2008). 

 2) Organic-rich sediments/oil which have essentially adsorbed and trapped atmospheric 

krypton and xenon, are capable of causing resolvable increases in 84Kr/36Ar, 130Xe/36Ar, and 

132Xe/36Ar values (in excess of the groundwater water values) by releasing the atmospheric 

krypton and xenon (Frick and Chang, 1997; personal communication, Hunt, 2018). The trapped 

heavier noble gases (krypton and xenon) are illustrated with Figure 6.23, which is a plot 

depicting 84Kr versus 132Xe (both normalized to their respective air values). Darrah also states 

that 84Kr/36Ar, and 132Xe/36Ar values both experience a decrease in gas/water partitioning, and 
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that if a factor of 1-3 times ASW is observed in sediments, there is a strong possibility that oil 

has interacted with the noble gases (personal communication, Darrah, 2018). By studying gas 

samples from coal’s biogenic gas breakdown in the San Juan Basin, Zhou et al. (2005) provides 

evidence that excess of krypton and xenon can survive low degrees of thermal alteration and 

sedimentary consolidation. This option might have a substantial impact on the new gas samples, 

as the Ratherford, Tocito Dome, and Dineh-Bi-Keyah reservoirs are adjacent to organic-rich 

source rocks for hydrocarbons.  

3) Non-equilibrium diffusion is another method that could fractionate 20Ne/36Ar and 

84Kr/36Ar beyond gas/water phase equilibrium.  Although because no significant fractionation 

(mass related) is observed in relation to the 38Ar/36Ar, this method is probably not extremely 

significant for the reservoirs (Gilfillan et al., 2008). Pertaining to other gas reservoirs, Gilfillan et 

al. (2008) further notes that in situations where groundwater gases’ mass dependent fraction is 

observable for 38Ar/36Ar and 20Ne/22Ne values, the fractionation has been largely controlled by 

solubility (Zhou et al., 2005). 

 

Figure 6.23: Plot of 84Kr vs 132Xe (normalized to air using equation A.5 in the appendix) 
illustrates the effect of the heavier noble gases being trapped in sediments rich in organics (Frick 
and Chang, 1977). Red circled point is from the McCracken Sandstone and the blue circled point 
is from the Barker Creek. Error bars are smaller than printed symbols. 
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4) An exsolution and dissolution model is presented as a mechanism to elevate the 

20Ne/36Ar ratio. This method requires fluctuating temperature and pressure regimes (Gilfillan et 

al., 2008). Ballantine et al., (2002) states the usual resulting fractionated gas volume is too minor 

(in relation to the fluid water volume) to produce large-scale fractionation patterns that can be 

concisely recognized. Despite this, correspondences with Dr. Darrah have revealed Option 4 is 

the closest fit to the patterns observed in the data in Figure 6.22. Additionally, a more precise fit 

conceptually might be a gas phase dynamic migration mentioned in Darrah et al. (2014), rather 

than multiple episodes of exsolution and dissolution discussed by Gilfillan et al (2008) (personal 

communication, Darrah, 2018).  

5) The last proposed scenario involves a partial exsolution-dissolution model, which 

encompasses a complete degassing of the components into the gas phase and then followed by a 

partial dissolution of the noble gases into the fluid (noble gas stripped groundwater) (Gilfillan et 

al., 2008).  In theory this scenario can either be a Raleigh open system or a partial re-equilibrated 

closed system. Validating option 5 would require additional modeling, which is beyond the 

scope of this study. However, option 5 should not be discounted until it is very rigorously 

examined. 

Therefore option 4 (exsolution and dissolution model) or a derivation of option 4 (gas 

phase dynamic migration model) provide plausible reasoning as to why there is an observable 

fractionation of the major atmospheric derived noble gases beyond a simple single stage 

partitioning. 

Plots of groundwater derived noble gases (20Ne/36Ar) versus crustal isotopic ratios such 

as 4He/21Ne* and 4He/40Ar* (Figure 6.24 and 6.25), indicate there are not many clear 

relationships besides the apparent fractionation of the Dineh-Bi-Keyah samples. The samples 
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plot higher and lower than the average crustal production ratio (5) of 4He/40Ar*. All the new gas 

samples are significantly above the production ratio for 4He/21Ne*. A lack of clear relationships 

according to Danabalan (2017) might indicate that fractionation of the groundwater sourced 

component happened before mixing with crustal gases in the reservoir. Another possibility 

Danabalan (2017) states, is that the fractionation process of the noble gases derived from 

groundwater in itself was not significant or of large enough scale to affect the crustal noble 

gases.  A more thorough examination and discussion of the crustal controlled noble gases (4He, 

40Ar, 21Ne) is presented later in this chapter in section 6.9, however, the exact scientific theory 

involved is outside of the scope of this study. 

 

Figure 6.24: Plot comparing 4He/40Ar* versus 20Ne/36Ar. Considerable fractionation can be 
observed in the Dineh-Bi-Keyah samples indicating significant groundwater involvement (i.e., 
long migration distances). Blue transparent boxes are positioned to show the ranges between air 
and ASW endmembers. The red circled point is from the McCracken Formation and the blue 
circled point is from the Barker Creek Member. Error bars are smaller than printed symbols. 
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Figure 6.25: Plot comparing 4He/21Ne* versus 20Ne/36Ar. Considerable fractionation can be 
observed in the Dineh-Bi-Keyah samples indicating significant groundwater involvement (i.e., 
long migration distances). Blue transparent boxes are positioned to show the ranges between air 
and ASW endmembers. The red circled point is from the McCracken Formation and the blue 
circled point is from the Barker Creek Member. Error bars are smaller than printed symbols. 
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must be another source contributing the N2. 
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Other possible sources for the nitrogen in the field area are either the mantle, the crust 

(released from the basement during low temperature metamorphism) or from the thermal 

cracking of hydrocarbons (post – mature). Determining exactly what the source of nitrogen is 

challenging because the endmembers are often poorly defined and they often overlap 

(Danabalan, 2017). First tackling the potential mantle source, N2/
3He is examined because 3He is 

a well-known mantle component. According to Ballentine and Sherwood-Lollar (2002), the 

mantle (MORB like) component should consist of a N2/
3He ratio of 6E+06. By using this 

information along with the values of 3He from our new data in ccSTP/cc, the mantle N2 

contribution has been calculated with relative certainty.  

The N2 mantle component is: Ratherford has values from 0.002988% to .081%. Tocito 

Dome has values from .22% to .38%. Navajo Springs has a value of 9.67% Pinta Dome has 

values from 10.41% to 14.3%. Dineh-Bi-Keyah has values from 2.27 to 3.63%. 

 

Figure 6.26: Plot showing the relationship of N2/
40Ar versus 36Ar/40Ar.  The diagram illustrates 

that samples rest on a separate mixing line and cannot be fully explained by dissolved air 
component mixing with the exception of several of the Ratherford samples.  
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Using these calculations, it is assumed that only a maximum of 15% (usually much less 

for CH4-rich fields with helium) of N2 concentrations are orginally sourced from mantle 

contributions. This supports the assumption that the bulk of nitrogen found in the samples, must 

be originating from a combination of either hydrocarbons (thermal cracking) or from the thermal 

release from crustal rocks (personal communication, Hunt, 2018; Darrah, 2018).   

Similarly, in Figure 6.27 (4He/36Ar versus 40Ar/36Ar), it is difficult to explain the helium 

component by air or air saturated water exclusive mixing, and thus there must be another force at 

work in the system. Most likely the helium migrated with the nitrogen in the gas stream hinting 

at a similar migration mechanism (Danabalan, 2017; personal communication, Hunt, 2018; 

Darrah, 2018; Barry, 2018).  

 

Figure 6.27: Plot showing 4He/36Ar versus 40Ar/36Ar. Groundwater and air points are plotted 
close to 0. Similar to the nitrogen component, the helium component cannot be readily explained 
by ASW or air mixing. Red circled point is from the McCracken Sandstone, and the blue circled 
point is from the Barker Creek Member. Error bars are smaller than printed symbols. 
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6.8.2 Nitrogen and Noble Gases 

When plotting N2 with 4He, a strong positive correlation exists (Figure 6.28). A line of 

best fit has been plotted with all the new data showing a slope of ~12 N2/
4He.  Within each data 

group, there are no strong resolvable spatial trends present. The data shows significant 

differentiation for the Ratherford, Tocito Dome, and Dineh-Bi-Keyah fields. There is overlap 

between the Navajo Springs and Pinta Dome samples which indicates they might share possible 

transport mechanisms and sources. Also, the fields are very close spatially, which also points 

towards similar charge and sourcing mechanisms. The samples which have economic amounts of 

helium all fall within the boundaries described in Danabalan (2017), which are from 0.02 to 0.2 

4He/N2. The only samples that plot outside of this range are the Ratherford samples, which have 

below economic levels of helium.  

When economic levels of helium are discovered, helium is more often than not found 

with high levels of nitrogen. But conversely, high levels of nitrogen do not necessarily indicate 

that there will be high helium levels (Brennan et al., 2016). This provides insight as to how 

varied nitrogen sources are. Using the strong correlation between crustal 4He and N2, leading 

ideas are that since 4He is derived mostly from the crust, the N2 which is positively correlated to 

the 4He, must also be derived from a crustal endmember, which has been suggested to be a 

crystalline or metasedimentary endmember (Ballentine and Sherwood-Lollar, 2002; Jenden et 

al., 1988b) . Nitrogen isotopes combined with helium isotopes are proposed as a method to 

delineate helium’s sources from sedimentary derived nitrogen, crustal nitrogen from low 

temperature metamorphism, and mantle derived nitrogen (Danabalan, 2017). 
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Figure 6.28: Plot showing N2 versus 4He. Values exhibit a positive correlation and fall within the 
4He/N2 slopes of 0.02 and 0.2. The strong positive relationship between N2 and 4He indicates that 
they likely share a similar source and migration pathways. The red circled point is the 
McCracken and the blue circled point is the Barker Creek. Error bars are smaller than symbols. 
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preferential loss of 4He and other gases (Haendel et al., 1986; Ballentine and Sherwood-Lollar, 

2002).  This scenario is very plausible in the Dineh-Bi-Keyah Field, in which one of the 

reservoirs is an intruded igneous sill. 

 When comparing 4He/N2 with δ15N (N2) (Figure 6.29), a negative correlation exists 

among the samples with economic amounts of helium present.  According to Ballentine and 

Sherwood-Lollar (2002), this correlation between nitrogen and helium indicates a link between 

4He and N2 even though they are differently sourced gas components. Individual trend line slopes 

(not graphed) are as follows: Ratherford (0.003), Tocito Dome (-0.0038), Pinta Dome (-0.0069), 

and the Dineh-Bi-Keyah samples (-0.0024). The first (upper) trendline incorporates Tocito Dome 

samples and the second (lower) trendline incorporates the Navajo Springs, Pinta Dome, and 

Dineh-Bi-Keyah samples. The exclusion of the Ratherford points is because the low helium 

values are well below the economic threshold. By examining the trendlines of each of the new 

data groups, the two mixing lines, one with a slope of -0.0038 and another with the slope of -

0.0024 are selected. 

These two mixing lines utilize three nitrogen endmembers. Because several data points 

fall in between the two lines, there are likely varying degrees of mixing between all three 

nitrogen endmembers. Two endmembers consist of high helium and low δN2, and one 

endmember is comprised of high δN2 with low helium. The proposed mixing lines intersect at a 

point containing low helium and high δN2 with is termed the low He associated N endmember.  

Other authors such as Danabalan (2017) when employing this method have concluded 

this intersection of two mixing lines is a direct comparison to Ballentine and Sherwood-Lollar’s 

(2002) non- 4He associated point of +13.00‰. This roughly corroborates with this study’s 

interpretation of the low 4He associate endmember at ~16.5‰ δ15N(N2) and .05 4He/N2 (where 
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the two mixing lines intersect). Danabalan (2017) stipulates that low 4He associated nitrogen has 

narrower endmember ranges due to a common source. The estimated low 4He associated 

endmember’s δ15N(N2) value of ~16.5‰ falls into the range (+4.00‰ to +18.00‰) of δ15N(N2), 

derived from the late stage denitrification of post – mature organics (Zhu et al., 2000). It is 

possible that an elevated δ15N(N2) could be originated from a mantle source via magmatic 

activity (Javoy, 1997; Sadofsky and Bebout, 2004), however in this study, this option is excluded 

because of the low mantle input concluded by examining 3He isotopes as discussed previously. 

Possible reasons to explain any values lower than the lower mixing line are mixing (with a lower 

4He/N2 member) or dilution with hydrocarbons (Danabalan, 2017). Especially, for the Ratherford 

and Tocito Dome samples, which are in a mature oil zone, the dilution postulation should be 

further considered. With establishment of the source for the low helium associated nitrogen 

endmember (organic N), it is vital to understand the sources of the high helium endmembers. 

The high helium endmembers could be sourced from low temperature metamorphism of 

the crust with values δ15N near (-5‰ to +4‰) (Kreulen et al., 1982, Haendel et al., 1986, Bebout 

and Fogel, 1992; Bebout et al., 1999; and Zhu et al., 2000). The abundance of points beyond this 

range suggests that unlike the narrow range of δ15N values associated with high helium 

endmembers (-5.00‰ to -3.00‰) presented in Ballentine and Sherwood-Lollar (2002), this study 

encompasses a much broader range of data. Additionally, the high endmembers could also be 

sourcing nitrogen from the metamorphism of ammonium clay minerals in the subsurface. The 

values most closely associated with this ammonium clay sourcing are δ15N values of +1‰ to 

+4‰ (Danabalan, 2017). This differentiation gets more challenging according to Zhu et al. 

(2000) and Boyd, (2001), because unfortunately both metamorphosed rocks (up to greenschist) 

and modern sediments shows similar δ15N approximate values (Danabalan. 2017). 
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The influence of ammonium (NH4
+) ions held in clays can be significant if the correct 

geologic conditions are present. According to Danabalan (2017), <60% of sedimentary bound 

nitrogen is in clays as NH4
+ ions. The temperature must be greater than 500°C (932°F) to allow 

the highly thermal stable NH4
+ held in clays to be released. This high temperature requirement is 

the reason that under normal geologic conditions, NH4
+ held in clays cannot readily escape. 

Studies by Williams et al., (1995); Mingram et al., (2005); Ader et al., (2016); concluded that in 

a closed system even burial diagenesis does not greatly modify the nitrogen of kerogens or bulk 

sediments compared to that of the clay minerals. The Dineh-Bi-Keyah Field had a recent (31-35 

MA) episode of igneous activity (intruded sill), which could have possibly increased its nitrogen 

gas component sourced from the thermal release of NH4
+ held in clays or the extreme thermal 

cooking of an adjacent black shale. 

Fluid rock chemical interactions with highly saline brines is another possible explanation 

for releasing NH4
+ from clays (Mingram et al., 2005; Danabalan, 2017). Previous work by 

Williams et al., (1995) report how NH4
+ with highly saline brines can be very soluble in 

groundwater. Williams et al. (1995) also shows that if hydrocarbons are moving through strata 

rich in authigenic illite, they usually become enriched in 15N. There are many unknowns related 

to NH4
+ sourced nitrogen to the field area of this study. A shortcoming is that in order to more 

accurately determine ammonium sourced nitrogen, one would be advised to gather δ15N and N2  

whole rock measurements for all parts of the study area. Without this information, there may be a 

myriad of questions influencing the nitrogen presence as sourced from clays such as:  What 

rocks is the nitrogen coming from? Was there nitrogen enrichment with another gas component? 

Was there some degree of mixing, or significant migration? 
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Figure 6.29:  Plot showing 4He /N2 versus δ15N (N2) per mil (‰). Crustal nitrogen is the primary source of nitrogen in the Four 
Corners samples. DBK samples might have N2 from clays due to igneous activity. Values for helium-rich samples exhibit a negative 
correlation and intersect at roughly (16.5, 0.05), which has been termed the low 4He associated N2 endmember (organic). The low 
helium Ratherford samples are not incorporated.  The potential of the mantle component with +δ15N ‰ is discounted upon examining 
3He values. The red circled point is from the McCracken Sandstone, and the blue circled point is from the Barker Creek. Error bars are 
smaller than printed symbols for 4He/N2 values.
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When examining the high helium members on the left portion of Figure 6.29, they 

occupy a narrow range of 4He/N2 values and a narrow range of δ15N values. According to 

Danabalan (2017) these ranges as well as variances in the mixing lines are influenced by 

differing amounts of radioactive source material (i.e., uranium, thorium) in the source lithology 

relative to N2, dilution of the 4He/N2 ratio by hydrocarbons (helium and nitrogen were degassed 

before a hydrocarbon gas phase diluted the system), differing nitrogen content in the source rock, 

or varying accumulation times before gas release. Several authors (Haendel et al., 1986; Boyd, 

2001) postulated that high nitrogen endmembers could be progressively enriched in 15N because 

the nitrogen was sourced by a devolatilized crust, which was degassed 4He.   

By examining the high helium/nitrogen endmembers, they are mostly represented by 

Tocito Dome samples, which exhibit an unusually large variation and are likely from the shallow 

crust based on δ15N (N2) per mil (‰). The radiogenic isotopes of the Tocito Dome samples show 

high 4He/21Ne* and high 40Ar*/21Ne* (Figure 6.30). Danabalan (2017) states that if high pressure 

and heat was facilitating the release of the radiogenic isotopes, ratios should exhibit values close 

to the average crustal radiogenic ratio values. This suggests that high pressure and heat probably 

did not orchestrate the release of radiogenic helium (4He) in this area, and instead the high He 

and N2 are from the shallow crust. Much more analytical work is needed to investigate the 

pressure and temperature regimes for these systems, which is outside of the scope of this study. 

Concerning Figure 6.29, the author proposes several scenarios. If one assumes that the 

low 4He associated nitrogen end member has a value of ~ -16.00‰ and 4He/N2 value of 0.05, 

then one can also assume the high 4He associated nitrogen endmembers have a 4He/N2 ratio 0.15 

for the upper mixing line and 0.10 for the lower mixing line. Furthermore, if one assumes the 

high helium associated nitrogen endmembers has a value of ~ -8.00‰, it would place the 
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endmembers near the range for low metamorphosed crustal release. If for instance, one was only 

to examine the lower range of the high 4He associate nitrogen, it would be ~ -3.00‰, which is in 

the low temperature metamorphism zone. This would provide the 4He/N2 value for the upper 

mixing line at 0.13 and the lower line at 0.09. Excluding the values of the Ratherford samples, 

which have no economic helium (< 0.3%), there is a strong indication of two mixing lines with 

samples containing economic levels of helium.  This demonstrates that 4He and N2 might have a 

similar mechanism of release due to their correlation.  

The interpretation of this study is that the new gas samples are sourcing nitrogen 

predominantly from intervals within the crust. Specifically, the nitrogen observed related to high 

helium samples, is inferred to not be sourced from sedimentary rocks with organic material, but 

instead from low temperature metamorphic deep rocks such as nitrogen fixed in K feldspar and 

biotite in the shallow crystalline basement rocks, and supplemented with minor nitrogen fixed as 

ammonium in clay-rich sediments and very minor mantle contributions. The depth of the wells 

near basement rocks also suggests the basement as a source (Danabalan, 2017). It is plausible 

that the Dineh-Bi-Keyah Field due to the thermal influence of igneous activity, experienced an 

inflation of nitrogen values. Laughrey (2017) states that the denitrification of organic material 

and magmatic material can yield elevated δ15N values; however, the mantle source has been 

dismissed based after examining 3He isotope concentrations. Further evidence is that the new gas 

samples δ15N percentages are not sufficiently elevated, and do not fall near our assumed low 4He 

associated endmember of (~16‰). This suggests its nitrogen source associated with high helium 

is most likely not predominantly from denitrification of organic-rich sedimentary rocks. 
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6.9 Radiogenic Isotopes Thermal Release  

With the exclusion of outliers, the new data can be partially represented by a solubility-

controlled fractionation trend originating through the average crustal composition point in Figure 

6.30. There appears to be three-component mixing. The first point is characterized by relatively 

low argon, helium, and neon values. The second point is characterized near the average crustal 

point, which the bulk of the data points are clustered near (Ozima and Podosek, 2001; Ballentine 

and Burnard, 2002). The third is represented by elevated helium values relative to argon and 

neon (i.e., several Tocito Dome and one Dineh-Bi-Keyah point). The majority of the high helium 

samples of the Dineh-Bi-Keyah, Pinta Dome, and Navajo Springs fields are depleted having low 

40Ar*/21Ne* and low 4He/21Ne* values near endmember one, while Tocito Dome samples are 

plotted with high 40Ar*/21Ne* and high 4He/21Ne* values near endmember two. The Ratherford 

and Tocito Dome samples have a wide range from low to high for both 40Ar*/21Ne* and  

4He/21Ne* values. Overall, the proximity of the majority of points around average crustal point 

strongly suggests a substantial crustal contribution. It is important to note that there are only two 

points for Pinta Dome and one for Navajo Springs, so interpretations as to their origins or 

average calculations might be skewed if the samples are outliers.  Compared to the dataset in its 

entirety, most of the Dineh-Bi-Keyah, Navajo Springs, and Pinta Dome samples, which have the 

highest He% of the study area, are lower in both radiogenic 40Ar* and 4He ratios.  

 Several points (most of the Tocito Dome samples) are shown with an increase in the 

helium component to the right of the mixing line, and this is interpreted as 4He addition to the 

average crustal values. The Ratherford samples exhibit minor 4He addition.  The helium enriched 

Tocito Dome samples (and few Ratherford enriched samples) cannot be the result of high 

uranium and thorium relative to potassium in a specific locality as this would not result in the 

4He being enriched preferentially over the 21Ne*. This is because the production of 21Ne via [18O 
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(α, n) 21Ne] yields a proportional amount of 4He as uranium and thorium produce alpha particles, 

which eventually acquire electrons in the subsurface and stabilize to form 4He  (Ballentine and 

Sherwood – Lollar, 2002). Variation observed within the Ratherford and Tocito Dome samples is 

poorly understood and requires further investigating, which is outside of the scope of this study.  

 

 
 
Figure 6.30: Plot showing 40Ar*/21Ne* verses 4He/21Ne*.  Potential endmembers are label 1, 2, 
and 3 are estimated with clear circles. An average upper crustal value is plotted as well as an 
approximate mixing line (solubility fractionation) that fits most samples and the average crustal 
value. Error bars are smaller than printed symbols. 
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6.30, the main mixing line is indeed very constant so the 21Ne* component must be the 

governing factor for the gas systems relative to 4He and 40Ar*. This makes it challenging to 

explain the presence of both low 40Ar*/21Ne* and low 4He/21Ne* values (endmember 1) because 

the known mechanism ([18O(α,n)21Ne]) that produces 21Ne* produces 4He proportionally. Thus, 

there must be another process, which is governing the neon and helium systematics. 

Points that are below the average crust (near endmember 1) most likely represent a 

mechanism where there was preferential loss or release of 4He and 21Ne*.  Several of the 

Ratherford samples, Dineh-Bi-Keyah, and one Pinta Dome sample, show preferential 4He and 

21Ne release. Data points to the bottom left of the average crust point show a depletion of 40Ar* 

relative to 4He and 20Ne*. The values surrounding the low endmember 1, which depict the 

depletion of both argon and helium, can be explained by solubility fractionation. 

Ballentine et al. (1991), Ballentine and O’Nions (1994), Ballentine and Sherwood-Lollar 

(2002), Ballentine and Burnard (2002), and Gilfillan (2008) state that due to a similarity between 

helium and neon’s solubility, solubility fractionation has the potential to fractionate 40Ar*/21Ne* 

more than 4He/21Ne*. This solubility fractionation between oil, gas, and water phases might be 

causing the samples to fall below the average crustal value and exhibit the depleted argon and 

neon values near the bottom left corner of Figure 6.30. Ballentine et al. (1991) and O’Nions 

(1994) state that solubility fractionation would be evident in the relationship of 20Ne/36Ar and 

crustal derived noble gases. In the previous section (Figure 6.24 and 6.25), a very strong 

fractionation pattern was observed with 20Ne/36Ar and crustal noble gases. This suggests that low 

4He/21Ne* and low 40Ar/21Ne* values might be the result of solubility fractionation (Ballentine 

and Sherwood- Lollar, 2002), but the exact details are beyond the scope of this study. 
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Another theory by Ballentine and Sherwood-Lollar (2002) states that preferential thermal 

release could be the mechanism that is partially controlling the presence of the low 40Ar*/21Ne* 

endmember. Theoretically, if the closure temperature (relatively low temperature) of helium is 

reached, helium will preferentially begin to diffuse through the subsurface. If higher 

temperatures are reached, 21Ne will begin to be released. However, if the subsurface 

temperatures do not transition into the high temperature regime, 40Ar release should be 

inefficient. This should result in ratios where the 40Ar component is relatively small (Ballentine 

et al., 1994). Thermal release could also impact the high helium values plotted in Figure 6.30 in 

that it could result in an enriched pure 4He gas to be added into the system. This scenario is 

feasible if temperatures are only high enough to release helium, but low enough to adequately 

contain the 21Ne and 40Ar.  

Helium’s closure temperature is roughly 70°C (158°F) in apatite.  Argon’s closure 

temperature in quartz is roughly 200°C (392°F) (Ballentine et al., 1994; Ballentine and 

Sherwood-Lollar, 2002, Hunt et al., 2012).  The presence of smaller amounts of 40Ar in the 

samples is evidence for a shallow crustal thermal source, whereas the helium (and potentially 

neon in the previous figure 6.29) was released before argon as temperatures were not sufficient 

to release the argon (higher closure temperature).  

Ballentine and Sherwood – Lollar (2002) state that preferential release by a thermal 

regime occurs in the relatively shallow crust. Decoupling 4He from 40Ar, occurs at depths of less 

than 8 km (26,246 ft) with a surface temperature of 15°C (59°F) and a thermal gradient of 

30°C/km (138°F/mile). It is also inferred that because 21Ne diffusion and release from minerals 

are considered to be intermediate between that of 40Ar and 4He, even shallower depths than 8 km 

(26,246 ft) can facilitate considerable contributions of gas to subsurface systems (Ballentine and 
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Sherwood- Lollar, 2002). Additionally, Danabalan (2017) states that 4He and 21Ne* are typically 

decoupled from 40Ar* above a depth of 6 km (19,685 ft) at regular geothermal conditions. 

Notably, the Four Corners samples do not exceed 8,000 feet or ~2.4 km. Also, the grain size and 

the retention characteristic of the minerals that contain the radioactive elements are significant 

factors in determining accurate closure temperatures (Ballentine and Burnard, 2002; Danabalan, 

2017) (discussed more in Chapter 3 of this study).   

Kyser and Rison (1982) argue a possible reason why there are 4He/21Ne* crustal ratios, 

which are lower than average, is because of mafic lavas. They propose that mafic lavas (from 

fractionated melts) underwent metasomatism and lost their 4He preferentially and retained 40Ar 

and 21Ne. This theory does not hold much credence for the study area in that there is insufficient 

evidence of mafic lavas in the helium-rich fields. Other geologic scenarios that would yield an 

excess 21Ne*, which could explain the higher 21Ne* values are: 1) if there was an episode of 

metasomatism that affected the 4He endmember, which caused a preferential release of helium, 

thus lowering the helium/neon ratio. This option would only work if there had been mixing with 

another helium-rich endmember to help replenish/recharge the helium resulting in the higher 

than average helium molar % found in the Four Corners area. 2) The helium endmember 

originates from a different source (different than the average crust value) as a result of some 

form of magmatism. 3) The presence of a higher level of nucleogenic 21Ne* in fractionated 

solidified melts in the underlying basement (Kyser and Rison, 1982; Ballentine, 1991; Ballentine 

et al., 2001; Ballentine and Burnard, 2002; Danabalan, 2017). Detailed basement studies would 

be a necessity to reveal if the basement, which is mostly granitic, is also composed of rapidly 

cooled fractionated melts. This could answer the question if the lowered helium/neon ratios are 

localized, or potentially sourced and mixed from a different locality. 
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Potentially Figure 6.30 is showing a scenario where temperatures have exceeded neon’s 

closure temperature and thus allowed large amounts of neon to be released into the gas stream. 

This would substantially lower the samples plotted in Figure 6.30, and might explain why the 

majority of the samples plot in the lower left-hand corner. This postulation has some credence as 

the Navajo Springs, Pinta Dome, and Dineh-Bi-Keyah samples are enriched in neon relative to 

the other fields. Solubility fractionation also has the potential to explain the samples near 

endmember 1 (depletion of 40Ar* and 4He). Unexplained is the large covariance between the 

Tocito Dome and Ratherford samples. 

Although Figure 6.30 is not entirely clear, the author hypothesizes that most of the data 

for helium-rich fields present evidence for a shallower cooler crustal thermal regime with some 

contribution from a deeper and hotter crustal source as 21Ne* and 4He are preferentially released 

over 40Ar* (Ballentine and Burnard, 2002). Figure 6.30 assumes that the noble gases are being 

retained in minerals, when they could be retained in a solution. Solution retained helium, neon, 

or argon would require much less heat to be thermally released. Thus, interpretations must be 

treated cautiously as there are many assumptions involved; and these ideas presented should be 

rigorously tested outside of this study.  

 

6.10.1 Investigating Migration Pathways via Nitrogen 

Migration pathways are investigated by understanding how N2 and CH4 interact with 

20Ne and various crustal derived radiogenic isotopes. Danabalan (2017) adds that migration 

pathways may also provide constraints on the sources for 4He and other gases sourced from 

radioactive decay in the crust. When plotting 20Ne normalized to N2 (in Figure 6.31), there are 

two mixing lines that best fit the data with the exclusion of outlier points. Different endmembers 
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(20Ne/4He, 20Ne/21Ne* and 20Ne/40Ar*) represent different groundwater contacts with the samples 

(Danabalan, 2017). Due to the substantial distance separating the samples, it is not surprising that 

the points are not homogenous. This heterogeneity can be attributed to a cornucopia of variables, 

such as differing ground water contact times (i.e., differing migration distances), different 

migration pathways, or different rates of accumulation of noble gases within groundwaters. 

The three graphs in Figure 6.31 present two positive trends associated with 4He, 21Ne*, 

and 40Ar* (all normalized to N2). Although 4He, 21Ne* and 40Ar* are all predominantly crustal 

sourced gases, they have a positive correlation with groundwater, which means the components 

must be closely linked.  Figure 6.31 strongly suggests that there are three endmembers. A shared 

nitrogen member is the first endmember which has low to minimal values of 20Ne, 21Ne*, 40Ar* 

and 4He. According to Danabalan (2017), this is sufficient evidence to confirm the existence of 

the same low 4He associated endmember presented in Figure 6.29. The low 4He endmember is 

also mentioned in Ballentine and Sherwood-Lollar (2002) as the non 4He associated δ15N 

enriched nitrogen endmember. This endmember is considered to be related to over mature 

hydrocarbons based on the δ15N values. The second and third endmembers are characterized by 

enriched 20Ne, 4He, 21Ne* and 40Ar* values. Enriched helium and neon values refer to the 

maximum value within each trendline and not economic status. 

 Danabalan (2017) asserts the elevated 4He and 20Ne endmembers are generally 

consistent in their values to the δ15N depleted nitrogen endmembers in Figure 6.29. In Figure 

6.31a, there is a positive correlation between 4He and 20Ne (from the atmosphere dissolved in 

groundwater), and it is inferred from this that 4He and groundwater are closely linked.  

Figure 6.31a provides strong evidence (positive trends) that the two nitrogen endmembers 

enriched in 20Ne and 4He are closely associated with groundwater (20Ne). Because the elevated 
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values of two enriched helium and neon endmembers in Figure 6.31a are relatively consistent 

with the depleted nitrogen member in Figure 6.29, this provides additional information linking a 

shallow crustal source for nitrogen and high helium with groundwater (Danabalan, 2017). In 

other words, because the previous graph in Figure 6.29 and Figure 6.31a both have 4He/N2 one 

may relate the other variables (N2, other radiogenic derived noble gases, 20Ne, helium) to each 

other and assume they have a significant relationship. This has large implications for mixing, 

namely, that for most samples (excluding outliers) before degassing occurred, there had to have 

been a mixing of 4He and N2 in groundwater, because there would not have been a relationship 

among 4He, N2 and 20Ne had mixing occurred after degassing. Ballentine and Sherwood-Lollar 

(2002) show that crustal derived components have mixed with groundwater on a regional scale.  

Caution should be exercised as it is possible to have 4He produced from separate 

intervals, which accumulate in groundwater, and have separately produced 4He, which drastically 

overprints a previous 4He signal, which alters crustal production ratios of 4He/40Ar*. This might 

have occurred in several of the Dineh-Bi-Keyah, Pinta Dome and Navajo Springs samples, 

which are above the average crustal production ratio of 4He/40Ar* which is ~5.0 (Figure 6.24) 

(Ballentine and Burnard, 2002).  

Ma et al. (2009) hypothesizes that if values above the crustal production ratios are 

observed, it is plausible to have a significant contribution from an external source into the 

sedimentary reservoirs. Ma et al (2009) hypothesizes that a large charge or flux of crustal gases 

from the underlying Precambrian granitic basement is a plausible scenario, which would result in 

crustal gases enriched above their respective production ratios; however, exact mass balance and 

in situ production calculations are outside the scope of this study. 
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Figure 6.31a,b: Plot showing the relationship between 20Ne/N2 and (A) 4He/N2 and (B) 21Ne*/N2. 
Positive trendlines indicate groundwater is important for mixing. The high helium samples in 
Figure 6.31 A are correlatable to high helium samples in Figure 6.29. This is evidence for 4He 
and N2 sourced from the Precambrian granitic basement. The red circled point is from the 
McCracken Sandstone and the blue circled point is from the Barker Creek. Error bars are smaller 
than printed symbols. 
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Figure 6.31 c: Plots showing the relationship between 20Ne/N2 and (C) 40Ar*/N2. Positive 
trendlines indicate groundwater is important for mixing. The red circled point is from the 
McCracken Sandstone and the blue circled point is from the Barker Creek. Error bars are smaller 
than printed symbols. 
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(Danabalan, 2017).  According to Danabalan (2017), the endmembers which have high 

radiogenic isotopes and high 20Ne compared to CH4 show that the primary factor for the mixing 

trend lines is groundwater contact and that CH4 only acts as a dilutant for isotopes (groundwater 

and crustal radiogenic derived).  

  

Figure 6.32a: Plot showing (A) 20Ne vs 4He normalized by CH4 and (B) 20Ne vs 21Ne* 
normalized by CH4. Trend lines plotting within error of the origin indicate the low endmember 
has an input of methane that is not associated with radiogenic gases or groundwater (20Ne). The 
upper endmembers show that the degrees of mixing are governed by the amount of groundwater 
contact. The red circled point is from the McCracken Sandstone and the blue circled point is 
from the Barker Creek. The clear circles denote excluded points from trendlines. 
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Figure 6.32b,c: Plots showing (C) 20Ne vs 40Ar* normalized by CH4. Trend lines plotting within 
error of the origin indicate the low endmember has an input of methane that is not associated 
with radiogenic gases or groundwater (20Ne). The upper endmembers show that the degrees of 
mixing are governed by the amount of groundwater contact. The red circled point is from the 
McCracken Sandstone and the blue circled point is from the Barker Creek. The clear circles 
denote excluded points from trendlines. 
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illustrates that radiogenic content from samples is primarily governed by the degree of 

groundwater contact (Danabalan, 2017). 

 

 

Figure 6.33: Figure showing the approximate ranges of gas composition related to post – mature 
dry gas, post – mature wet gas, microbial gas, mixed gas, and mature gas formed with oil. All of 
the very high helium samples plot in the post – mature dry gas window (Schoell, 1983; 1988; 
Faber et al., 1992; Whiticar, 1994; Sonnenberg and Selley, 2015). Error bars are smaller than 
printed symbols. 
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Figure 6.34, it is evident all of the hydrocarbon gases are thermogenic gases. The Pinta Dome 

and Navajo Springs samples hover on the border of type II kerogen, while the Dineh-Bi-Keyah 

samples are straddling the space in between type II and type III kerogen.  

For the Tocito Dome and Ratherford samples, carbon isotopes are in contrast (no direct 

relationship) to the low helium associated nitrogen endmember which is most likely associated 

with post – mature sedimentary sources mentioned in Ballentine and Sherwood-Lollar (2002). 

This could be explained by the gases being produced from different thermal regimes, or the gases 

were sourced ether from different strata, or they were sourced from different times related to the 

formation of fossil fuels (Danabalan, 2017). But for several of the Dineh-Bi-Keyah, Navajo 

Springs and Pinta Dome samples, the carbon isotopes and nitrogen isotopes both point for post–

mature dry gas as an origin and indicate a direct relationship.  

From the evidence provided in this section, helium and nitrogen (high 4He associated) 

either from the crust or mantle most likely encountered groundwater moving laterally in the 

subsurface. Next the deep and shallower sourced gases were both mixed with groundwater prior 

to degassing, based on the relationships established with the cross plots. It is worth noting, that 

degassing can occur with or without a hydrocarbon gas phase depending on if the helium or 

radiogenic gases are oversaturated or under saturated in the groundwater (Danabalan, 2017) 

(Chapter 3 this study). Calculating the different saturations and pressures involved, is out of the 

scope of this work. Danabalan (2017) makes the argument that organic N2 of low 4He associated 

N2 does not seem to be related to hydrocarbon gas phases in the groundwater, ultimately pointing 

towards the two moving separately in different free gas phases.  
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Figure 6.34: Bernard diagram showing the approximate distribution of gas samples. The samples 
are thermogenic gas. The high helium samples plot in and near the Type II kerogen interval. 
Some Dineh-Bi-Keyah samples are spread in between the Type II and III kerogen outlines (after 
Whiticar, 1994; Sonnenberg and Selley, 2015). Error bars are smaller than printed symbols. 
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at some point that there were organic sediments which could have become hydrocarbons. In the 

case of the Dineh-Bi-Keyah, Navajo Springs and the Pinta Dome fields, organic N2 may be in 

fact related to hydrocarbon maturity as the samples plot in the post – mature gas window with its 

carbon isotopes. Conversely, overprinting from recent volcanic activity (different thermal 

regime) could also affect and alter these carbon isotopes.  Danabalan (2017) surmises that small 

amounts of radiogenic noble gases found in hydrocarbons gases might be due to the action of 

hydrocarbons striping groundwater as they migrate in the subsurface. 

 

6.10.3  Investigating Migration Pathways via Carbon Dioxide  

Understanding the possible sources of carbon dioxide is critical because it is theorized by 

Brown (2010) to be a carrier gas for helium migration and accumulation. Like nitrogen, carbon 

dioxide also has several sources from mantle/ volcanic gases to CO2 from carbonates, and even 

CO2 from organic matter. 

Figure 6.35 shows that new sample points can be divided into three main groupings. The 

first group is the Ratherford samples, which derive most of their organics magmatic CO2. The 

majority of the Ratherford unit samples fall along a two-component mixing line in between the 

organic sediment endpoint and the MORB endpoint. The second group which encompasses the 

Tocito Dome and Dineh-Bi-Keyah samples indicate that the majority of their CO2 is derived 

from magmatic CO2. The second group shows a stronger mantle 3He contribution as well. The 

third group which represents the Pinta Dome and Navajo Springs samples is near the magmatic 

range.  The new gas samples do not correspond to the known endmembers of marine carbonates 

and sediments/ terrestrial plants. 
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Figure 6.35: Three component mixing plot showing CO2/
3He versus δ13C (CO2) in per mil (‰). 

The magmatic CO2 range is drawn with a blue box and most Ratherford samples plot within it. 
High helium samples derive CO2 primarily from the MORB endmember. Major endmembers are 
listed as sediments, marine carbonates, and MORB. Error bars are smaller than printed symbols. 
 

 
Figure 6.36: Plot showing CO2/

3He versus CO2 by volume. The magmatic CO2 ranges is drawn 
with a blue box. Diminishing amounts of CO2 in the system are attributed to dilution or loss 
(modified from Gilfillan, 2008). As CO2 volume decreases, values for the helium-rich samples 
increase in helium %. Sweet spot distances can be inferred based on the reactive nature of CO2 
and subsequent enrichment of helium. Error bars are smaller than printed symbols. 
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Figure 6.36 compares CO2/
3He by CO2 (volume). This figure illustrates that the majority 

of samples have either experienced varying degrees of dilution and/or loss of carbon dioxide. 

Pure carbon dioxide loss would be represented by samples falling directly below the magmatic 

CO2 range (of which there are none). CO2 dilution is represented by the Ratherford samples as 

they are plotted within the magmatic CO2 range, yet they have very low amounts of CO2 by 

volume. One sample in the Ratherford boasts higher amounts of CO2, but this could be an outlier 

or due to sampling error. Economic helium samples such as the Tocito Dome, Dineh-Bi-Keyah, 

Pinta Dome and Navajo Springs samples have experienced some form of CO2 loss and dilution 

as they plot with a relatively lower CO2 by volume. Elevated CO2 values in the Dineh-Bi-Keyah 

samples are likely the result of recent igneous activity. Regarding the economic samples (> 0.3% 

helium), this scenario of loss and dilution seems logical as usually carbon dioxide essentially, 

disappears from the systems due to chemical reactions with subsurface mineralogy. 

The addition or subtraction from CO2 within a system has many geologic variables. For 

instance, introduction of a gas could be the result of igneous or tectonic activity. Kotarba et al. 

(2014) suggests that the thermal destruction of carbonates (and increased values of CO2) can be 

attributed to increased thermal regimes or heat flow.  Conversely CO2 has the potential to be 

removed from the system by means of faulting (degassing - loss), dilution, or reactivity of matter 

in the subsurface.  Kotarba et al. (2014) states that lower values of carbon dioxide might be due 

to carbon dioxide’s diagenetic reactivity with subsurface lithologies, as well as carbon dioxide’s 

high aqueous solubility in large amounts in the subsurface groundwater. 

 The source of the majority of the samples originates with the magmatic CO2 endmember, 

which is different than the origin of the N2. This is significant as CO2 and N2 are both considered 

carrier gases for helium and could explain why there are nitrogen-rich helium fields and CO2-
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rich helium fields. The presence of such a large mantle endmember footprint suggests that for 

helium found in CO2-rich environments, the amount of the CO2 in the gas system is critical to the 

concentration of helium which is able to accumulate over time. The loss and dilution of helium 

most likely occurs over distance as the CO2 reacts with material in the subsurface as it moves 

away from the source that intruded the CO2 into the system (Weinlich et al., 1999). This likely 

produces an ideal distance for helium sweet spot accumulations. Although the distance argument 

cannot be fully tested yet, as exact mapping has not been completed in the Four Corners area 

delineating the source of this mantle derived CO2, it is a plausible assumption to correlate CO2, 

He and distance. This is hinted by the lack of helium-rich samples where the CO2 volume is 

high. In fact, because all helium samples fall with only minute amounts of CO2, one can 

ascertain that distance from the magmatic CO2 source is a critical component to economic helium 

systems. 

 

6.11  Summary 

Based on data presented in this chapter, the use of noble gas geochemistry combined with 

non-hydrocarbons, and hydrocarbon data is a very powerful tool allowing for the delineation of 

high and low helium gas families.  To clarify, high helium or economic helium only refers to the 

helium being >0.3%. Volumetric calculations or drilling/production costs were not considered.  

Regarding the new gas samples, helium has a very positive relationship with N2, but high 

N2 does not always warrant high helium accumulations. Helium has an inverse relationship with 

CH4 and CO2. The reason for the CH4 relationship is because excessive CH4 charges dilute the 

system and severely lessen the chances that helium can accumulate to economic quantities. CO2 

and helium’s relationship is inverse because of CO2’s strong reactive nature. The CO2 dissolves 
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out of the gas stream leaving helium more enriched. Thus, the distance from a CO2 source to trap 

is a vital factor in the accumulation of sweet spot helium because of CO2 loss and dilution.   

Utilizing 4He and N2 isotopes along with the depth of the wells near basement, the source 

of high helium is predominantly from the shallow crust (i.e., Precambrian granitic basement). It 

is possible that the DBK Field could have sourced some helium from ammonium that is released 

from clays due to recent igneous activity. The source of the non-helium associated nitrogen 

endmember (low helium), is from the post – mature production of oil/gas. Although 4He and N2 

are formed from different processes, their strong correlation indicates a common source, or link 

within the crust. Various noble gas plots confirm that the majority of noble gases are from the 

continental crust and mixed with an air endmember. Noble gas plots also depict minimal mantle 

contributions.   

Groundwater has a large influence on helium transport as the noble gas isotopes, from the 

air saturated water component (36Ar), indicate a relatively positive trend. This suggests there 

were large amounts of mixing of helium and groundwater before degassing. Solubility 

fractionation models, i.e., exsolution and dissolution models, or a derivation of gas-phase 

dynamic migration models, provide plausible reasoning as to why there is an observable 

fractionation of the major atmospheric derived noble gases beyond a simple single stage 

partitioning. Large amounts of fractionation when examining 20Ne/36Ar ratios, is indicative of 

considerable secondary migration. Groundwater also provides a mechanism for substantial 

helium accumulation and concentration.  

Preliminary examinations of 4He, 40Ar*, and 21Ne* ratios indicate a relatively shallow 

(lower pressure and cooler temperature) regime to allow for an economic helium accumulation. 

However, further research is required as the mechanisms and processes involved in the coupling 
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and decoupling of heat, pressure, and radiogenic isotopes contain many variables that are poorly 

understood. 

Through the investigation of migration pathways, N2 and CO2 were determined to be the 

primary carrier gases of helium. By examining the relationship between 20Ne/N2, 
4He/N2, 

21Ne*/N2, and 40Ar*/N2, high-helium, nitrogen associated endmembers, which were determined 

to be linked to the crust via low-temperature metamorphism, are also linked to groundwater 

involvement. This strongly implies mixing in groundwater before degassing of N2 and 4He. 

Additionally, the trend of data points while comparing 20Ne vs. 4He, 20Ne vs. 21Ne*, and 20Ne vs. 

40Ar*, all normalized by CH4, plot within error of the origins for one endmember, meaning it is 

not necessarily associated with groundwater or radiogenic isotopes. High 20Ne and high 

radiogenic content relative to CH4 indicate groundwater contact is driving mixing line gradients.  

Thus, it is inferred that CH4 serves as a dilutant to helium accumulations (i.e., both groundwater 

derived isotopes and radiogenic isotopes). 
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CHAPTER 7 

HELIUM SYSTEM PREDICTIONS 

 

7.1 General Questions 

Historically helium has been discovered unintentionally, but with a recent spike in prices 

and applications, oil/gas companies are beginning to actively search for helium as a primary 

exploration target. In order to successfully do so, several paramount questions must be addressed 

to ensure minimal risk and maximal reward.  

These questions, which serve to enhance viable helium system predictions, were derived 

from the available literature. Below are several of the most pertinent questions ranging from 

helium exploration as a whole to defining a helium system from source to seal: 

 

• What and where are the most pertinent sources of helium on Earth? 

• How does the geochemistry of the noble gases combined with geology aid in understanding 

the helium system? 

• Do noble gases aid in the genetic fingerprinting of different helium system families? 

• Will combining noble gas isotopic geochemistry with non-hydrocarbon and hydrocarbon 

isotopes lead to more effective source rock identification? 

• What characteristics should researchers look for to pinpoint a prolific helium source? 

• Are environments that generate helium thermally and physically stable? 

• Do helium systems occur in moderately rich petroleum systems? 

• Are granites or sedimentary bodies enriched in uranium a more likely source for helium? 



224 
 

• How do the helium gases migrate (primary and secondary) and is groundwater significant? 

• How does helium accumulate over time in the subsurface? 

• What reservoirs are required to be an effective helium reservoir? 

• Is the distance from source to reservoir of importance? 

• What traps are expected to contain helium in economic amounts? 

• What is the recharge potential in terms of years for helium systems? 

• Is there potential to explore old petroleum producing fields for helium resources? 

• What types of seals are the most effective at mitigating helium’s escape? 

 

Before discussing these questions at the end of the chapter, it is critical to review the basics 

of the petroleum system, from which the helium system was born. 

 

7.2 Basics of the Petroleum System 

Below is a brief recounting of the main aspects of Magoon and Dow’s (1994a, 1994b) 

petroleum system followed by substantial differences in comparison to the helium system. 

Petroleum systems incorporate all the processes and mechanisms involved from the generation of 

hydrocarbons to the trapping and sealing of hydrocarbons. Petroleum systems are often 

summarized in six main steps involving geologic elements and geologic processes for 

conventional hydrocarbon systems (Dow, 1974; Demaison, 1984; Meissner et al., 1984; 

Ulmishek, 1986; Magoon, 1987, 1988, 1989a, 1989b, 1992a, 1992b; Perrodon, 1992; Magoon 

and Dow, 1994a, 1994b; Magoon, 1995; Magoon and Beaumont, 1999; Danabalan, 2017). 1) 

The first step is the generation of the hydrocarbons from a source rock. This occurs as either 

marine or terrestrial organic matter is buried and cooked into a series of kerogens, which later 
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transform into hydrocarbons. Sufficient time is needed to adequately bring a source rock into the 

desired oil/gas window (maturity). Microbial interactions with organic-rich rocks may also yield 

gas generation. (2) The second step involves the migration of hydrocarbons from a source rock 

into a reservoir rock. This migration is largely driven by pressure for primary migration and 

buoyancy forces in the subsurface for secondary migration. Porosity and the permeability of the 

rocks also largely affect the hydrocarbon’s migration. 3) The third step focuses on the reservoir 

rock, which is considered a subsurface pool/area for hydrocarbons composed of fractured or 

porous lithologies. An ideal reservoir rock has substantial amounts of porosity to incorporate and 

store significant volumes of hydrocarbons. 4) In order to effectively focus the hydrocarbons into 

concentrations of economic interest, a trap must be present. This trap may either be a structural 

trap (i.e., anticlines, faults, salt domes) or stratigraphic traps (i.e., pinch outs, reefal buildups, 

unconformities) or a combination of both. 5) Also critical to the accumulation of economic levels 

of hydrocarbons, there must be a seal, which mitigates further escape of the hydrocarbons after 

entering the trap. Shales are often an effective seal for hydrocarbons, because of limited 

permeability negating significant fluid flow. Evaporites also are considered effective seals. The 

seal and the trap may be damaged by several factors (tectonic events or faulting) leading to the 

loss of trap/seal integrity and thus hydrocarbon seepages. 6) The sixth component involves 

overburden rock, which is the term denoting the lithologies that are deposited above the 

hydrocarbon trap and seal. The presence of an overburden rock effectively compresses the layers 

below, and aids in the hydrocarbon play’s thermal maturation (Miles, 1994). These are the 

essential elements of the petroleum system as discussed by Magoon and Dow (1994a, 1994b). 

Elaborating from Magoon and Dow’s instrumental work in 1994, the helium system 

focuses on the petroleum system’s generic stages with a few similarities and major systematic 
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differences. The similarities are that the reservoirs that hold helium are generally related to those 

that contain hydrocarbons. Also, the trapping mechanisms involved in hydrocarbon systems 

largely translate to those of helium systems as well, such as domal structures or stratigraphic 

pinch outs. Petroleum and helium systems are both subject to trap destruction by large tectonic 

events (orogenies), faulting episodes, or capillary faults, which may result in the compromise of 

the trap/seal and lead to seepages. The aforementioned similarities between the Magoon and 

Dow (1994a, 1994b) petroleum system and the helium system should not be overly astonishing, 

as helium migrates within a natural gas phase during the later portions of its development as it 

encounters geologic reservoirs and traps. Although there are several minor similarities, the 

helium system is a completely disparate resource geochemically speaking from hydrocarbons, 

and the petroleum system as a stand-alone model is not recommended to be utilized as the 

primary analog for helium exploration.   

 

7.3  Helium System History 

The helium system, which has been discussed by several authors (Ballentine and 

Sherwood – Lollar, 2002; Broadhead and Gillard, 2004; Broadhead and Jones, 2004; Broadhead, 

2005; Brown, 2010; Danabalan et al., 2012, 2015, 2016; Halford, 2017; McDowell et al., 2017; 

Danabalan, 2017; personal communication, Gluyas, Barry, Hunt, Darrah, 2018) is currently in its 

infancy in terms of development. The helium system, which is an adaption of the basic 

petroleum system principles, serves to provide explorationists a set of criteria leading to the 

discovery of economic levels of helium. By examining different geologic systems of helium 

source rocks, migration pathways, reservoir rocks, traps, and seals, various authors mentioned 

above have been able to parse together working models for the purpose of actively exploring for 
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high helium concentrations as a primary resource target within the subsurface. As a disclaimer, 

helium is not a novel commodity by any sense, but its discoveries have for the most part been an 

unintentional secondary product related to hydrocarbon exploration. Modern development in the 

last few decades, has drastically altered the trajectory of helium exploration/discoveries, in that 

helium is no longer a serendipitous byproduct of hydrocarbon exploration, but instead, helium 

has become a primary target due to the immense cost ($86-119 fiscal year 2018) per Mcf of 

crude gaseous helium. To date, the majority of helium occurrences are produced conventionally, 

but this fact should not discourage further research regarding the possibility that helium systems 

may be produced unconventionally. A recent unconventional drilling venture in a helium 

reservoir is discussed in Chapter 8, the future recommendations portion of this study. Next is a 

brief recapitulation of the modern development of the helium system based off pertinent 

literature review highlighting apparent accuracies and fallacies with proposed theories and 

models.  

Broadhead and Gillard (2004) report groundbreaking models for helium generation, 

migration, and entrapment in New Mexico, US, with a substantial compositional gas database 

(devoid of isotopes) to validate their theories. Despite Broadhead and Gillard’s (2004) lack of 

isotope data as evidence, their theories although generic have remained relatively accurate and 

have provided the scientific realm with a solid foundation of postulations concerning the 

principle components and processes encapsulating the helium system. Brown (2010) has made 

pivotal developments in the generation of helium formation models and processes with 

compositional gas databases (also devoid of isotopes) to validate theories. Utilizing a series of 

complex quantitative models, Brown (2010 and 2018) advocates that the majority of sources for 

helium within the US are sedimentary based with minor basement involvement, which is in 
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contrast to the geochemical isotope data presented in this study. Regarding helium exploration 

strategies, in 2011 Ballentine and Gluyas began discussing the helium system as a spin-off of a 

petroleum system and labeled it with four major components: source, primary migration, 

secondary migration, and trapping (Danabalan, 2012). McDowell et al., (2017) defined an ‘inert 

system’ definition (as a petroleum system for inert gases) and applied the definition to helium. 

Unfortunately, because of the lack of isotopic geochemical noble gas data for the inert (noble) 

gases, the inert system definition provided, although exemplary, is too similar to the standard 

petroleum system definition and thus lacks the distinct characteristics, which set helium apart 

from hydrocarbons. McDowell et al., (2017), assert that that helium system or inert system 

processes are nearly identical to petroleum process, which is not entirely true based off research 

completed by Ballentine and Sherwood – Lollar (2002), Ballentine and Burnard (2002), 

Danabalan (2017), and by the recent geochemical work completed for this study.  Danabalan 

(2012, 2015, 2016, 2017), working alongside Gluyas, Macpherson, Barry, Ballentine, and others, 

never formally defined the helium system, but discussed the helium system in considerable and 

accurate detail in the terms that Ballentine and Gluyas had previously established. By 

incorporating geochemical analyses and geology, Danabalan (2017) was able to characterize 

helium source rocks, define secondary migration pathways, and construct various helium models.  

 

7.4.1  The Helium System 

A formal definition of a helium system based on previous works of (Magoon and Dow, 

1994; Broadhead and Gillard, 2004; Brown, 2010; Danabalan, 2012, 2015, 2016, 2017; Halford, 

2017; McDowell et al., 2017;  personal communication with  Lloyd, Curtis, and Laughrey, 2016, 

Cuzella, Mohseni, and McDowell, 2017, and Hunt, Barry, and Darrah, 2018) and based on new 
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isotopic analyses of this study, is any subsurface natural gas system,  and its associated 

geological processes and elements that allows the accumulation of economic levels of helium 

(>0.3% for direct and secondary extraction, >0.04 for LNG operations as of fiscal year 2018), in 

the gas stream beyond the ubiquitous trace amounts found within Earth’s mantle, atmosphere, 

and crustal sources. The helium system differs substantially from the petroleum system namely 

in helium’s source (non-organic), maturation (time and volume dependent), primary migration 

(closure temperature, fracturing, mineral degradation, adequate porosity, advection), secondary 

migration (buoyancy/gas-water interactions), accumulation in a reservoir (phase changes from 

groundwater), sealing (extremely tight/non permeable), and lack of critical overburden rocks.  

More detailed descriptions of critical aspects of the helium system compared to a 

conventional petroleum system (Broadhead and Gillard, 2004; Brown, 2010; Danabalan, 2012, 

2015, 2016, 2017; Halford, 2017; McDowell et al., 2017, personal communication with 

McDowell, 2017, personal communication with Lloyd, Curtis, and Laughrey, 2016, Cuzella, 

Mohseni, and McDowell, 2017, and Hunt, Barry, and Darrah, 2018) are summarized in Table 7.1 

and described below by the groups: source, maturation, primary migration, secondary migration, 

accumulation, reservoir, trap, seal, and overburden. 

 

7.4.2  Source 

Helium source rocks are not hydrocarbon source rocks, helium is from the radioactive 

decay of uranium (238, 235) and thorium (232), while petroleum is from organic matter’s 

degradation and thermal cooking (Broadhead and Gillard, 2004).  As uranium and thorium decay 

the heavy elements emit alpha particles, which are essentially helium nuclei. Once these nuclei 

acquire electrons, they become helium atoms. Other smaller contributing amounts of helium may 
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be generated by lithium beta decay and reactions involving tritium (Broadhead and Gillard, 

2004) (further discussed in the Chapter 2 and 3 of this study).   

Utilizing noble gas geochemistry to rule out magmatic contributions, the presence of a 

negative δ15N% in the gas stream could suggest low temperature metamorphism of basement 

granite source rocks, while an enriched δ15N % could suggest sedimentary source rocks 

(Ballantine and Sherwood-Lollar, 2002; Chapter 6 of this study). Because non-radiogenic 

nitrogen from the basement is associated with radiogenic helium, a common source is assumed 

(Danabalan, 2017; Chapter 6 of this study).  

 Hydrocarbons originate from organic matter, which required deposition in an anoxic 

environment and sedimentation to prevent the molecular breakdown of the organics. Eventually, 

the organic matter after subjected to diagenesis (mild pressure and temperature regimes) gets 

transformed into kerogen. This kerogen after catagenesis transforms into either oil or natural gas 

(Selley and Sonnenberg, 2015). There does not seem to be a microbial contribution or microbial 

connection to helium (Chapter 6 of this study).  

 

7.4.3  Maturation 

Pressure and temperature are not as important compared to time and volume of helium 

source rock for helium’s “maturation” or generation potential as helium moves out of trapped 

minerals into pore water (Brown, 2010). The half-life for uranium 238 is ~4.468 billion years, 

and thorium 232 is 14.05 billion years, respectively (USGS, 2001). According to Danabalan 

(2017), the predominately granitic or metamorphic Yavapai-Mazatzal province, which is 0.54 Ga 

(Proterozoic) to 3.8 Ga (Archean) in the American southwest has average U and Th 

concentrations of <2.8 ppm and 10.7 ppm. Danabalan (2017) also states that younger 
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sedimentary rocks at less than 1.8 Ga also have the ability to produce 4He, but the timing 

constraint is critical. The age of pore water involved in migration is still heavily debated as to 

what residence times are more fortuitous (personal communication, Hunt, 2018).   

Volume and mass balance equations have been used by Brown (2010) and Danabalan 

(2017) to suggest possible helium sources, but such equations should not be utilized as a sole 

scientific approach as they are shrouded in uncertainties. Brown (2010), was not able to 

incorporate any gas studies with volume and mass balance equations, while Danabalan (2017) 

was fortunate to, thus providing Danabalan (2017) a more accurate and robust representation. 

Although time and volume of source material are the primary controlling factors on 

helium accumulations, other secondary contributing factors based of noble gas geochemistry are 

relatively low pressures and cooler temperatures, in that they seem to be ideal for high helium 

accumulations to form (Chapter 6 of this study).   

 Petroleum systems are unique in that the adjustment of several factors such as burial 

depths (pressure) and thermal regimes (temperature) have been known to speed up or slow down 

hydrocarbon generation from the organic-rich source rocks (Dembicki, 2016). Granted heating 

episodes may allow the closure temperature of minerals that hold helium initially (zircon, apatite, 

titanite) to be reached, the importance of the timing cannot be stressed enough as radioactive 

decay cannot be increased with heat (Danabalan, 2017).  

 

7.4.4  Primary Migration 

 Helium’s primary migration or vertical migration, which not only involves the ejection 

of the helium from the source minerals, but also the source rock, is vastly more complicated 

compared to the petroleum system’s pressurized ejection of gas and liquid hydrocarbons due to 
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temperature/time/depth phase changes from kerogen (Selley and Sonnenberg, 2014; Danabalan, 

2017). Helium’s primary migration or vertical migration is heavily dependent on the escape of 

the helium generated from the decay of uranium and thorium and subsequently trapped in host 

minerals such as apatite, zircon, and titanite. Helium may be released due to closure temperatures 

being reached, mineral degradation/dissolution, or tectonic events (Brown, 2010; Danabalan, 

2017).   There are a plethora of opportunities for the newly formed helium atom to get trapped 

along mineral grains or within a mineral matrix (Danabalan, 2017). Authors such as Reimer 

(1976); Bottomley et al. (1984) and Holland et al. (2013) state that 4He will generally tend to 

increase underground over substantial periods of non-activity where helium is being diffused or 

ejected into the fluid within the rock’s porosity (due to the penetration distance ~10-20 microns) 

and where helium remains trapped within the source rocks (Danabalan, 2017). As a means to 

explain helium accumulations at shallow depths, under the closure temperature for apatite, which 

is ~70°C (158°F), Danabalan (2017) states there must be a mechanism responsible for helium’s 

bulk release and its focusing from a deeper hotter source.  

Diffusion is a possibility if there is an established concentration gradient and adequate 

porosity (to establish a geochemical concentration gradient), but previous work has shown that 

especially if 4He is assumed to be from underlying curst, diffusion is significantly slower than 

bulk transport by fluids (Hussain, 1997; Torgersen, 1989; Jahne et al., 1987).  

Advection is another transport mechanism that would permit the transport of helium in 

bulk. Prior to significant advection by fluids (CO2 or N2), helium during its escape from the host 

minerals, encounters pore water and is dissolved. Advection requires two major components, an 

event that allows the closure temperature to be overcome (tectonic event) and the presence of a 

fluid (i.e., carbon dioxide or nitrogen) to allow the bulk movement from the source rock into the 
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carrier bed (Danabalan, 2017). Support for nitrogen as a major carrier gas for advection is 

observed by the substantial presence of nitrogen associated with high helium accumulations 

(Danabalan, 2017).  

Hydrocarbon’s primary migration is controlled by numerous variables, but the significant 

factor is kerogen expansion (from oil generation), which leads to an increase in overall pressure, 

and ultimately expulsion of the hydrocarbons out of the source rock (Selley and Sonnenberg, 

2015; Dembicki, 2016). More specifically, as the kerogen is transformed into oil (liquid), the 

fluid pressure of the liquid oil in source rocks increases to the point where it has the capacity to 

create microfractures in the source rock (Selley and Sonnenberg, 2015). Due to the increased 

permeability from the fractures and high fluid pressure of the oil, the oil migrates out of the 

source rock, followed by source rock collapse (Selley and Sonnenberg, 2015). Similar to 

petroleum systems, fracturing would allow an efficient pathway for helium advection from its 

original source rock to overlying sediments. 

 

7.4.5  Secondary Migration 

 Secondary migration or lateral migration occurs as helium from advection encounters 

groundwater, is dissolved, and migrates laterally with the pore water. Secondary migration is not 

controlled by buoyancy alone like in a petroleum system, but is heavily dependent on gas-water 

interactions and hydrodynamics as well as buoyancy (Brown, 2010; Selley and Sonnenberg, 

2014; personal communication Darrah, 2018). Specifically, the main secondary migration 

mechanisms are free gas migration as a continuation from primary migration, groundwater 

stripping by a migrating methane or carbon dioxide gas phase, and migration with gas-water (air 
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saturated water noble gas) interactions that possess dissolved N2 and 4He (Brown, 2010; 

Danabalan, 2017).  

Free gas via buoyancy and faulting, describes gas that moves into trapping structures 

directly from the vertical primary migration stage (Danabalan, 2017; personal communication 

Darrah, 2018). Gas stripping by another gas phase (methane or carbon dioxide) is the result of a 

completely separate gas phase (driven by buoyancy) that exsolves the dissolved helium from a 

groundwater solution (Danabalan, 2017). The groundwater phase involved with water-gas 

interactions has two probable scenarios. The first scenario is free gas from primary migration. 

The gas is dissolved in groundwater and migrates until another gas phase exsolves the dissolved 

helium either during or after secondary migration (Danabalan, 2017; personal communication 

Darrah, 2018). Exsolution may occur if the migrating solution experiences pressure decreases, 

salinity changes, temperature changes, or if it becomes significantly over-saturated (Danabalan, 

2017). The second scenario is the free gas phase from primary migration does not get dissolved, 

but instead acts as the migrating gas agent that encounters the groundwater solution, effectively 

exsolving any constituents from the dissolved state into the gaseous phase (Danabalan, 2017).  

Chapter 6 of this study has corroborated Danabalan’s (2017) claim that groundwater is 

significant in secondary helium migration. Large-scale migration due to the fractionation of 

noble gas isotopes has been observed and deemed an important mechanism that allows helium to 

be concentrated to economic levels in the subsurface. 

  Another difference between helium and petroleum systems is that helium migration can 

occur with hydrocarbons, but they are not cogenetic (Broadhead and Gillard, 2004; Brown, 

2010). In fact, it has been documented that an excessive charge from rich petroleum source 

rocks, may dilute helium levels to below the level of economic importance (0.3%) (Brown, 
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2010). Noble gas geochemistry from Chapter 6 of this study has corroborated Brown’s (2010) 

assertion that CH4 rich gases likely only serve to dilute the helium system.  

The line between secondary migration and accumulation is rather gray, as it is not 

entirely known if helium travels in substantial amounts in the dissolved pore water form only to 

come out of solution and proceed immediately into a trap, or if the helium exsolves from solution 

more quickly and then travels large distances in the gaseous state before being trapped.  

Hydrocarbon’s secondary migration is largely buoyancy and capillary pressure controlled 

as the oil/gas migrates within a carrier bed, ultimately to the petroleum reservoir and trap. 

Vertical buoyancy forces are influenced by petroleum’s lower density to that of formation water 

(England, 1994). Selley and Sonnenberg (2015) state that depending on the temperature and 

pressure controls, the hydrocarbons can migrate as separate phases (gas or liquid) or as one 

phase. The carrier beds for petroleum systems are usually quite porous and permeable, compared 

to the lithologies involved in the petroleum’s primary migration, which are often dense, less 

permeable and less porous (Tissot and Welte, 1978; Selley and Sonnenberg, 2015; Dembicki, 

2016).  Porosity and permeability are important for helium systems, but as helium’s atomic 

diameter is significantly smaller than the larger and more complex hydrocarbon molecules, 

porosity and permeability are often not as significant compared to petroleum systems. 

 

7.4.6 Accumulation 

Helium does not accumulate exactly like petroleum, which is governed primarily by 

buoyancy and capillary pressure (pressure seals of the surrounding rocks). Instead, helium may 

be accumulated by several ways involving exsolution (Selley and Sonnenberg, 2014; Danabalan, 

2017). As helium is generated from the decay of uranium and thorium and ejected from the 
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source rock (primary migration), it is dissolved in pore waters, and migrates laterally (secondary 

migration), and from there, a nearby migrating gas phase sourced from a separate location, 

exsolves the dissolved helium into the gaseous phase (Brown, 2010). This exsolution occurs 

easily for the dissolved helium and nitrogen as they are the more insoluble components to begin 

with (Brown, 2010; Danabalan, 2017). The helium will then make its way to the upper reaches of 

the trap due to buoyancy. There have been documented cases where a separate gas phase (such 

as carbon dioxide, or methane) is not required, for example, if the helium is oversaturated in the 

pore water solution, and it does not require a migration gas to pull it out of the pore water 

(Danabalan, 2017). There can also be direct helium gas input into the trap without having 

interacted with groundwater (Danabalan, 2017). 

 Although there is a multitude of factors resulting with petroleum accumulating in a 

reservoir, several of the most important are buoyancy and capillary pressures. As oil/gas travels 

in a carrier bed, it ultimately will accumulate when it encounters a trap (beneath a caprock) in the 

presence of a capillary entry pressure seal (Danabalan, 2017).  Given the proper pressure 

conditions, and if the petroleum has a proper gas/oil ratio, a free gas phase forms separate from 

oil as the result of gas desorption (Selley and Sonnenberg, 2015). As natural gas has the highest 

buoyancy, it will accumulate in the upper reaches of the structural or stratigraphic trap. Oil will 

then be found immediately underlying the gas cap, with water underlying the oil.  Helium and 

hydrocarbons although both are influenced by the impermeable nature of adequate seals and 

traps, and both are influenced by stratification (buoyancy) and exsolution to some degree; they 

differ in that hydrocarbons are not controlled by the degassing of groundwater in order for an 

accumulation to exist. 
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7.4.7  Reservoir 

 Generally, the reservoirs for hydrocarbons and helium are not radically different and 

may be comprised of various degrees of sandstone, shales, and carbonates. They both require 

adequate porosity and permeability values to enable gas storage and concentration (Selley and 

Sonnenberg, 2015; Dembicki, 2016). Reservoirs must have adequate caprocks and traps to allow 

the filling of the reservoir to economic quantities. The reservoir is arguably the least important 

controlling factor for helium systems due to the minute size of the helium atom. Theoretically, a 

rock may be a helium reservoir as long as the pore throat size exceeds the helium diameter, it 

offers some degree of permeability to the helium atom, and has a helium efficient trap and seal.  

Helium and hydrocarbons can occupy the same reservoir, but in order for economic 

helium concentrations to accumulate, there should not be large-scale basinal charging episodes 

of hydrocarbons. The large charge has the potential to effectively dilute out the helium. Helium 

may be diluted by other gases as well such as CO2. Helium may also be influenced by the 

distance of migration to the reservoir as reported by Weinlich et al. (1999) and corroborated in 

Chapter 6 of this study. The recharge rate of helium should be vastly higher than the recharge 

rate of any hydrocarbons if the two were to co-exist in the same reservoir (McKenney and 

Masters, 1968).  Another scenario in which economic levels of helium concentrations are found 

coexisting within prolific petroleum basins requires a truly colossal reservoir to allow the diluted 

helium percentages to become economic. 

 

7.4.8  Trap 

 Traps for helium systems have been found to be either structural, stratigraphic or 

combination type traps (Mckenney and Masters, 1968; Riggs, 1978). This is similar to traps 



238 
 

found in relation to petroleum systems (Selley and Sonnenberg, 2015). During the geologic 

mapping using geophysical wireline logs and gas samples collected in this study, four-way 

closures (i.e., domes) and three-way closures with faulting and stratigraphic pinch outs were 

observed for most fields (presented later in Chapter 7 of this study). Timing is arguably a 

significant constraint on the trapping of both helium and petroleum systems. Both helium and 

petroleum traps are subject to seepages and leaks if the seal is compromised by either tectonic 

events, capillary failure, or fracturing (Danabalan, 2017). Essentially the variables controlling 

trap integrity and longevity are the same for helium and petroleum systems.  

 

7.4.9 Seal 

 The seal of helium and petroleum systems are systematically different, helium systems 

requiring an extremely tight seal, whereas petroleum systems are commonly sealed with shales 

that possess limited permeability. The minute size of the helium atom (diameter of 0.93 

Angstroms), is evidence that in order to contain significant amounts of helium, the seal must be 

very effective at curtailing diffusion and escape (smaller pore throat radius) (Broadhead and 

Gillard, 2004). The seals of helium are an order of magnitude tighter (less permeable) than 

petroleum seals described in Magoon and Dow (1994a, 1994b). The most ideal lithologies 

documented for helium seals are evaporites (anhydrite, halite, gypsum) because according to 

Downey (1984), they lack interconnected pore waters (Broadhead and Gillard, 2004).  Helium 

seals are more varied than evaporites, and encompass tight shales or other types of mudrocks, 

limestones with extensive crinoidal input, silicic sandstone units, tight unconformities, tight 

igneous intrusions, or plugged/tight faults (personal communication, Cuzella, Mohensi, 

Emmendorfer, Darrah, 2018).  As an aside, a desideratum for an economic helium play is a tight 
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seal in place. Therefore, if large amounts of helium are present at the surface, either in the soil or 

hydrothermal fluids, this is a reliable indicator that a proficient seal is not in place and the area 

has lost/is currently losing its helium accumulation. 

Sealing rocks for most oil/gas plays are clay-rich, fine-grained sediments (i.e., mudstone 

or shales) (Selley and Sonnenberg, 2015).   Due to the sealing lithologies low permeability and 

small pore throats, capillary pressures are often so high that they prevent any buoyancy forces, 

essentially creating a barrier for any oil/gas flow (Selley and Sonnenberg, 2015). As tighter seals 

in helium systems are often a requirement, tighter seals such as anhydrites in petroleum systems, 

should not be considered exclusively for helium systems. Moreover, leakage from seals may 

occur from fracturing and/or capillary failure caused by excessive pressure for both petroleum 

and helium systems (Danabalan, 2017).  This could explain why a large number of helium 

reservoirs are under-pressured, and subsequently not had a seal breach (Danabalan, 2017).  

 

7.4.10 Overburden 

 Overburden rock might be useful in the prevention of trap destruction by erosion or any 

surficial processes for helium systems, but it does not serve as a critical element needed for the 

compression and thermal maturation of petroleum source rocks (Miles, 1994). Various authors 

such as McDowell et al. (2017) argue that the overburden component of the helium system is not 

critical and can be excluded. Nonetheless, a relatively undisturbed overburden rock might 

indicate a disturbance-free history without large-scale tectonic events to further allow the helium 

to accumulate into economic levels. Further research is needed to investigate any other 

applications of overburden rocks pertaining to helium systems. 
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Table 7.1: Table showing a comparison of the similarities and differences between the petroleum 
and helium systems. Petroleum systems sources: Dow (1974), Demaison (1984), Meissner et al. 
(1984), Ulmishek (1986), Magoon (1987, 1988, 1989a, 1989b, 1992a, 1992b), Magoon and Dow 
(1994a, 1994b), Perrodon (1992), Magoon (1995), Magoon and Beaumont (1999). Helium 
system sources: Broadhead and Gillard (2004), Brown (2010), Danabalan (2012, 2015, 2016, 
2017), Halford (2017), McDowell et al. (2017), personal communication with Lloyd, Curtis, and 
Laughrey (2016), Cuzella, Mohseni, and McDowell (2017), and Hunt, Barry, and Darrah (2018). 
 

Component Helium System Petroleum System 

Source Radioactive decay of 238,235U and 232Th Organic material 

Maturation Time and volume controlled Pressure and 

temperature 

Primary 

migration 

(vertical) 

Closure temperature, faulting, mineral 

degradation  expulsion of α particles from 

host minerals; dissolution into H2O solution  

advection 

Pressure controlled 

Secondary 

Migration 

(lateral) 

Groundwater gas interactions/ migration 

(dissolution and mobility of helium in pore 

water), stripping, buoyancy  

Buoyancy controlled 

Accumulation Gas phase differentials (exsolution of helium 

from pore water into a gaseous phase), direct 

input (gas phase), degassed of oversaturated 

pore water 

Buoyancy and capillary 

pressure boundaries 

Reservoir Porous and permeable matrix beneath caprock 

or trap 

Porous and permeable 

matrix beneath a 

caprock or trap 
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Table 7.1: Continued. 

Component Helium System Petroleum System 

Trap Structural, stratigraphic, or 

combination 

Structural, stratigraphic or 

combination 

Seal One of the most critical and rare 

components, must be extremely tight 

Commonly a shale with limited 

permeability 

Overburden Not critical; possible benefits are 

protecting the seal 

Critical for compaction, thermal 

maturation, and preservation 

 

In summary, there are several critical requirements for the discovery of a successful 

economic grade helium play based on the work of this study in addition to the work of Ballentine 

and Burnard (2002), Ballentine and Sherwood - Lollar (2002), Broadhead and Gillard (2004), 

Brown (2010), and Danabalan (2017), namely:  1) a portion of shallow crust (basement) to 

supply helium (source rock), 2) long stable periods that could allow the helium to accumulate 

within the impermeable source rocks, 3) faulting/igneous activity/other younger tectonic events, 

which aided in the advection of helium from  the source rock (primary migration) into the 

overlying sedimentary strata, 4) gas – water interactions with large volumes of pore water 

(secondary migration) that allows lateral migration, 5) the presence of a separate migration gas 

phase to exsolve the helium into a trap, 6) lack of large basin scale charging events of 

hydrocarbons, which might dilute the helium in the reservoir, 7)  presence of either structural or 

stratigraphic traps, 8) a seal with  very tight and impermeable lithology (evaporites, tight 

mudstones, or igneous intrusions), 9) a period of relative quiescence without large-scale tectonic 

events to protect the seal and further allow the helium to accumulate into economic levels.  
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7.5.1 Helium Systems of Sampled Fields 

 The following corresponds to case studies involving the fields from which the 

geochemical samples were collected for this study. Elements of the helium system are discussed 

for each of the fields (Tocito Dome, Ratherford, Dineh-Bi-Keyah, Pinta Dome and Navajo 

Springs) along with relevant structural geologic maps and cross-sections. 

 

7.5.2.1     Tocito Dome Field, San Juan County, New Mexico 

The Tocito Dome, with six natural gas samples from the Pennsylvanian Barker Creek 

Member of the Paradox Formation, is located on the southeastern portion of the Four Corners 

platform, directly west of the Hogback Monocline in New Mexico (i.e., edge of the San Juan 

Basin) (Figure 6.4 and 7.2). According to Spencer (1978), the field is a northwest trending 

anticline. It also has a north–northeast plunging anticlinal nose (termed the Tocito Dome North) 

that is located on the Tocito Dome structure situated in the eastern portion of the field. The 

whole structure is expressed by surface topography, and the field is bounded by a large high 

angle normal fault on the eastern flank (Spencer, 1978).  

The Pennsylvanian Barker Creek is currently producing a significant amount of 

hydrocarbons as well as smaller amounts of helium gas. The Tocito Dome Pennsylvanian 

reservoir has helium of up to ~0.6 molar percentage in the Pennsylvanian Barker Creek reservoir, 

while the deeper Mississippian Leadville reservoir boasts helium up to 7.0% (Brennan et al., 

2016).  According to Spencer (1978), the reservoir data for the Pennsylvanian includes: an 

average net pay of 17 feet (5 m), porosity of 8.6%, permeability averages ~94 millidarcies, water 

saturation of 20-30%, and an initial field pressure of 3,217 psi.  
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The helium from the sampled gas from the Barker Creek Member in this study is likely 

derived from a shallow crustal basement source due to the isotopic signatures of N2 isotopes and 

noble gases. As non-radiogenic nitrogen is associated with radiogenically produced 4He, this 

points to a common source for the two gases (Danabalan, 2017; Chapter 6 of this study). 

It has been inferred by Spencer (1978), that there are faults responsible for influencing 

the dynamics of the field. If this were true, it is plausible to suggest the faults were aiding in the 

transport of helium from the basement source via advection (primary migration). There is a 

resolvable N2% in the gas samples, which could have served as helium’s carrier gas for primary 

migration. Albeit, since no significant faults were observed in well log analyses, this is merely 

speculation. Because not every well-log records section down to the assumed Precambrian 

helium source, it is difficult to confirm the presence of deep faults acting as primary migration 

conduits. There does not appear to be large-scale secondary migration for the Pennsylvanian 

gases samples as 20Ne and 36Ar isotopes do not show significant amounts of fractionation 

(Chapter 6 of this study), which translates to a small to moderate lateral secondary migration 

distance from source to reservoir, or a lack of groundwater in helium’s carrier beds.  

There are two main helium producing reservoirs in the Tocito Dome Field, the 

Pennsylvanian Barker Creek Member of the Paradox Formation and the Mississippian Leadville 

Formation, which was not sampled but is referenced in Chapter 8 of this study. The Tocito Dome 

has a helium accumulation at 0.3-0.5 molar percentage in the Paradox Formation, which is 

composed of fossiliferous, calcareous boundstones, packstones, and grainstones (Spencer, 1978) 

with minor amounts of claystones, siltstones and phosphate,  and around 7.0 molar percent in the 

Leadville Limestone, which is primarily composed of carbonates.  
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There is speculation that the Tocito Dome and the Tocito Dome North are divided by 

different trapping mechanisms (Spencer, 1978). One of the prominent theories considered is 

displacement pressure traps or partial barriers, where oil/gas is generated deeper in the basin and 

migrated updip by buoyancy until a partial barrier stratigraphic trap is encountered (Spencer, 

1978). The geographic location  of the helium-rich samples (Figure 7.2, 7.3), for the most part, 

plot within the main structural dome of the Tocito Dome Field indicating that an efficient 

structural trap is present (four-way domal closure is apparent for the central portion of the field). 

The structural traps indicate the updip migration of helium. According to Spencer (1978), the 

field is bounded by a porosity pinch out on the west and normal faulting on the east. Several 

smaller faults are inferred on the northeastern portion of the field (Figure 7.2) (Spencer, 1978). 

Upon examining lithologic logs (Figure 7.1), it was determined that seals for the Barker 

Creek Member are most likely overlying shales, as there are several zones each bounded by a 

shale-rich interval within the Paradox Formation. Although core studies were not completed to 

examine the exact lithologic properties of the shales, the fact that the shales are considered the 

seal for the hydrocarbon producing the Barker Creek Member gives credence to the possibility 

they could act as a helium seal as well. However, leaky seal systems are also postulated to exist 

based on the presence of deeper helium-rich accumulations ~7% in the Leadville and shallower 

lower concentrations of helium in the Barker Creek. Partial seal failure would allow the deeper 

helium to migrate up into shallower reservoirs, and could explain the helium values, which are 

slightly above the economic threshold of 0.3%, present in the Barker Creek reservoir. 

Researchers interpret that the Barker Creek hydrocarbons were generated deeper in the 

San Juan Basin and moved west and south, updip into the current Tocito field (Spencer, 1978). 

This is most likely not the same path taken by the helium, as the noble gases would have shown 
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significant fractionation. Another theory is the helium found in the Barker Creek Member is 

leaking up from the deeper more helium-rich Leadville Limestone reservoir and the partial 

barrier traps/seals for the Barker Creek are not sufficient to hold large volumes of helium gas in 

place, thus the barely economic helium concentrations that are found in these reservoirs.  

 

7.5.2.2      Summary 

History: Tocito Dome produces hydrocarbons from the Paradox Formation with helium 

near 0.3% (sampled with this study); and produces larger levels of economic helium up to 7.0% 

from the Leadville limestone (not sampled for this study) (Spencer, 1978; BLM, 2004). The 

following helium system descriptions refer only to the samples tested in this study. 

Source: The shallow crustal basement is argued to be the primary source for the helium 

found in the Barker Creek Member due to the isotopic signatures of N2 and noble gases. 

Migration: Faults, presented in the literature, could be adequate migration pathways for 

primary migration. Noble gas isotopes infer there has been small to moderate amounts of 

groundwater – gas interactions (i.e., small to moderate helium accumulation potential), 

suggesting small to moderate amounts of fractionation or migration during secondary migration.  

Reservoir: The reservoir, which is within the Pennsylvanian Paradox Formation (Barker 

Creek Member), is composed of carbonates (mainly grainstones, packstones, and boundstones) 

with interbedded siltstone and claystone (Spencer, 1978). The reservoir’s geometry is that of 

limestone biostromes and bioherms (Spencer, 1978). 

Trap: The traps for the Pennsylvania Paradox are considered to be primarily structural, 

with possible minor stratigraphic traps (Spencer, 1978).  Four-way structural closure (i.e., domal) 

is observed in Figure 7.2. 
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Seal: The seal for the Barker Creek Member is considered to be the overlying shale layers 

dividing the Paradox Formation into subgroups. The seal can be interpreted as moderately tight, 

sufficient to contain adequate concentrations of helium and hydrocarbons. However, leaky 

systems are also inferred based on the presence of deeper helium-rich accumulations ~7% in the 

Leadville and shallower 0.4-0.6% helium reported within the Barker Creek reservoir. 

 

 

Figure 7.1:  Well log featuring gamma-ray and sonic type curves for the Tocito Dome focusing 
on the Pennsylvanian Barker Creek Member (Spencer, 1978). Formation tops for geologic 
mapping were cross-referenced with these published tops. 



247 
 

 
Figure 7.2: Structure map on the top of the Barker Creek (C.I. 50 ft/15 m) for the Tocito Dome. USGS He denotes previously 
published gas samples, while Halford He denotes new samples. The Barker Creek and Leadville are sampled USGS reservoirs. Four-
way closure is observed as the Halford samples are found on the crest of the structure. Leadville USGS samples are also controlled by 
structure. Leaky seals are inferred based on the deeper He-rich gas from the Leadville. Cross section (A-A’) is shown in Figure 7.3.   
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Figure 7.3: Structural cross-section (with TVD values) of the Tocito Dome illustrates the main anticlinal structure presented in Figure 
7.2. Perforated zones are shown with the Barker Creek reservoir.
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7.5.3.1  Dineh-Bi Keyah Field, Apache County, Arizona 

Five natural gas samples taken from the Dineh-Bi-Keyah (DBK) field are from an 

igneous intrusion. Additionally one sample is from the Barker Creek Member, and one sample is 

from the McCracken Sandstone. The DBK Field is located on the flank of the Defiance Uplift in 

Arizona (Figure 7.6 and 6.4). The field sits at the northwest end of the Toadlena Anticline, which 

according to McKenny and Masters (1968) is a double plunging asymmetrical fold (NW-SE 

trending feature) on the northwestern portion of the Defiance Uplift.  

The Dineh- Bi-Keyah Field is unique in that it has historically produced hydrocarbons, 

but in recent years production has shifted to helium production. The McCracken Sandstone has 

been tested for high helium, but not thoroughly produced, whereas the Barker Creek is a poorly 

understood helium reservoir, which has not been produced. The helium found in the one Barker 

Creek sample might only be the result of seal leakages from underlying helium accumulations, 

and might not be a ‘reservoir’. The main producing interval for hydrocarbons (past) and helium 

(present) is an igneous sill that intrudes the Barker Creek.  

The McCracken Sandstone, which is roughly 500 feet (152 m) below the oil and helium 

producing sill, boasts helium values of 7.0%.  Helium percentages range ~5% for the Barker 

Creek sample and from 4-6% for the igneous sill. This might indicate leaky helium systems as 

higher helium is reported deeper in the McCracken. According to Danie (1978), sill reservoir 

data includes: an average net pay of 80 feet (24 m), a porosity of 10%, permeabilities of 0.01 to 

25 millidarcies, a water saturation of 35%, and an initial field pressures of 729 psi. The sill 

intruded lower Pennsylvanian rocks (Barker Creek Member of the Paradox Formation) around 

31-35 million years ago (roughly Oligocene).  At this time, detailed reservoir information is not 

available for the Barker Creek and McCracken intervals as they are not producing. McCracken 
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reservoir data from Walker Creek Field (which may be comparable to DBK) in Apache County, 

Arizona, reported ~8% porosity (Spencer, 1978). Comparable reservoir data for the Barker Creek 

in the Dineh-Bi-Keyah Field can be gathered from the Tocito Dome information. 

The helium source from sampled gas data from the Oligocene igneous sill, Pennsylvanian 

Barker Creek, and Devonian McCracken in this study is likely a shallow crustal source (i.e., 

basement or ammonium release from clays) due to the isotopic signatures of N2 isotopes and 

noble gases. As non-radiogenic nitrogen is associated with radiogenically produced 4He, this 

points to a common source for the two gases (Danabalan, 2017; Chapter 6 of this study). 

Although no significant faults were observed by well log analyses, hidden faults are 

considered responsible for influencing the dynamics of the field due to the presence of an 

igneous intrusion. The intrusion most likely caused faulting/fracturing or followed preexisting 

faults/fracturing. Thus, it is plausible to suggest that unobserved faults are aiding the transport of 

helium from the basement source via advection (primary migration). There is a very large 

resolvable N2% in the gas samples, which suggests nitrogen did serve as helium’s carrier gas for 

primary migration. There is also a resolvable portion of CO2 likely from the sill. Unfortunately, 

there is poor well control, as they did not penetrate deep enough into the substrate to thoroughly 

investigate helium sources (Precambrian basement) or migration pathways (deep faults) involved 

in the system.  However, there does appear to be large-scale secondary migration for the gases 

samples as a whole as 20Ne and 36Ar isotopes show extreme amounts of fractionation (Chapter 6 

of this study), which translates to a large-scale secondary migration distance from source to 

reservoir or a large amount of groundwater in the carrier bed.  

The field is unique in that it has three potential reservoirs: deeper sandstones 

(McCracken), which are composed of glauconitic sandstones with small amounts of sandy 
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dolomites (Rauzi, 2015); a partially fractured and porous igneous intrusive rock (sill), which is 

mainly composed of sanidine, biotite, glass, and diopsidic augite (McKenny and Masters, 1968); 

and the third is the Barker Creek, which is comprised of limestones (dense to finely crystalline) 

with interbedded shales. The primary producing hydrocarbon and helium reservoir is the sill, 

which is a gray syenite. The sill has two main types of porosity, fracture and inter-crystalline. In 

the southern portion of the field, the sill intruded more than one level and shows increases in 

thickness, indicating the igneous stock is near. However, the stock’s exact location is unknown. 

McKenny and Masters (1968) mention that the sill is similar to many oil producing carbonate 

rocks in its permeability, porosity, and oil saturation values. Another potential helium reservoir 

(not sampled in this study) mentioned by (Pohlmann, 1967) is the Devonian Aneth Formation. 

Trapping in the DBK is a combination structural and stratigraphic trap. The primary 

reservoir (sill) appears to have 4-way closure due to stratigraphic pinch outs of the intrusion. The 

sill also has a structural component (plunging anticline) with a north-northwest trend (Figure 7.7 

and 7.8). Regarding the McCracken and Barker Creek reservoirs (in Figure 7.9-7.12), there is 4-

way and 3-way structural domal closure with inferred stratigraphic pitchouts or hidden faulting. 

There are few wells drilled into the McCracken. Structural traps show updip He migration. 

The sill or overlying carbonates are considered to act as a very tight seal for the helium 

reservoirs intruded in the Barker Creek Member (Figure 7.4). Its seal is also not very well 

understood, but inferred to be black shales overlying the carbonate rich unit (Figure 7.5). The 

McCracken Sandstone’s seal is hypothesized to be tight shales of the upper Elbert Formation that 

overly the reservoir (Figure 7.6).  

The DBK Field produced a substantial amount of oil trapped within the sill/Barker Creek 

Member, but now the field produces high helium concentrations from the same sill reservoir. 
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This contradicts many of the theories of helium accumulation to date.  A possible explanation for 

this is that the hydrocarbons were produced from the sill, while helium was continuously 

recharged into the sill without hydrocarbon dilution, thereby providing possibilities of new life 

for other hydrocarbon producing oil fields after the bulk of hydrocarbons have been extracted 

from the reservoir. There is a possibility that the hydrocarbons and some helium was distilled 

from a black shale layer above the reservoir of the Barker Creek and moved into the porous sill 

(McKenny and Masters, 1968). Another possibility is that the oil/ helium was originally trapped 

in tight limestone beds with low porosity and migrated into the sill along fractures or faults 

(McKenny and Masters, 1968). 

 

7.5.3.2        Summary 

History: The Dineh-Bi-Keyah field is unique in that it originally produced liquid 

hydrocarbons (since the late 1960’s) from an intruded syenite sill in Pennsylvanian carbonate 

rocks, but now produces smaller amounts of hydrocarbons and high molar percentages of helium 

from the same sill reservoir (McKenny and Masters, 1968). Three reservoirs, the McCracken, the 

Barker Creek, and sill report helium molar percentages upwards of 7%, 5% and 5%.  

Source: Shallow crustal (i.e., basement or ammonium release from clays) is likely the 

helium source due to the isotopic signatures of N2 and noble gases. 

Migration: Unobserved faults could provide adequate migration pathways for primary 

migration. Noble gas isotopes infer that there were large amounts of groundwater – gas 

interactions (very high helium accumulation potential), suggesting large amounts of fractionation 

during secondary migration. This fractionation translates to a long lateral secondary migration 

distance from source to reservoir.  
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Reservoir: There are three reservoirs: 1) The Devonian McCracken Sandstone, 2) The 

Pennsylvanian Barker Creek Member of the Paradox Formation, and 3) The Oligocene igneous 

sill, which intruded the Barker Creek Member. The McCracken is composed of glauconitic 

sandstones with small amounts of sandy dolomites; the Paradox is composed of mainly dense to 

finely crystalline limestones and gray calcareous shales; whereas the syenite sill is mainly 

composed of sanidine, biotite, glass, and diopsidic augite (McKenny and Masters, 1968). 

Trap: The trap for the Devonian McCracken and Barker Creek is considered to be a 

structural trap with possible assistance from stratigraphic pinch outs or faulting. Gas samples for 

the McCracken and Barker Creek were taken from wells located on or adjacent to structural 

highs (Figure 7.9 and 7.11). The trap for the igneous sill is considered to be a combination 

structural-stratigraphic trap (Figure 7.7) (McKenny and Masters, 1968). 

Seal: The seal for the deeper, Devonian McCracken is hypothesized to be overlying shale 

layers of the upper Elbert Formation. The seal for the Barker Creek Member is considered to be 

overlying black shales. The seal for the Pennsylvanian intruded Paradox Formation is considered 

to be the igneous syenite sill or the overlying tight limestones. 

 

  
 

Figure 7.4. Well log showing the response of the sill (lithology denoted with a dotted pattern) 
within the Barker Creek Member for the Dineh-Bi-Keyah Field (McKenney and Masters, 1968). 
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Figure 7.5: Well log showing the SP and resistivity signature of the Barker Creek zone in the 
Dineh-Bi-Keyah Field (McKenney and Masters, 1968). The colored lines represent the tops of 
interest: Barker Creek (black line, black shale), the Mississippian Leadville Limestone (blue), 
Elbert Dolomite (green), McCracken Sandstone (pink), Aneth (light blue), and the Precambrian 
(red). 
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Figure 7.6: Well log illustrating gamma-ray and sonic curves typical of the  McCracken 
Sandstone in the Dineh-Bi-Keyah Field (Rauzi, 2003). 
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Figure 7.7: Structure map on the top of the sill in the DBK Field (C.I. 100 ft/30 m). Sill, which intruded the Barker Creek, serves as 
the reservoir and seal. High He in the sill is found along the crest of the structure. There are also stratigraphic pinchouts at the field 
boundary shown by a red dashed line. No faults were observed, but are theorized to exist. Cross section (B-B’) is shown in Figure 7.8. 
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Figure 7.8: Structural cross-section (with TVD values) of the Dineh-Bi-Keyah illustrates the main structures and highlights the 
igneous sill (yellow) presented in Figure 7.7. The sill is observed intruding the Barker Creek. Multiple sill intervals near B’ indicate 
that the igneous stock is likely near the southern portion of the DBK Field. 
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Figure 7.9: Structure map on the top of the Barker Creek in the DBK Field (C.I.100 ft/30 m). Barker Creek sample is on a structural 
high area. Barker Creek is the same reservoir producing hydrocarbons and barely economic levels of helium in the Tocito Dome. Seals 
are likely overlying black shales. Cross section (C-C’) is shown in Figure 7.10.    
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Figure 7.10: Structural cross-section (with TVD values) of the Dineh-Bi-Keyah illustrates the main structures and highlights the 
Barker Creek Member (light pink) presented in Figure 7.9. Serrated lines indicate unconformities. The extent of the sill is shown also. 
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Figure 7.11: Structure map on the top of the McCracken in the DBK Field (C.I. 100 ft/30 m). McCracken sample is near a structural 
high area. McCracken reports the highest helium in the DBK area. This might imply vertical segregation. Seals are likely overlying 
shales in the Elbert Formation.  Cross section (D-D’) is shown in Figure 7.12.    

 

USGS Helium samples 

Halford Helium samples 

Barker Creek Fm 

Sill  

McCracken Fm 

1 Mile 

D’ 

D 

Dineh-Bi-Keyah Field 

 

CO UT 

NM AZ 
 

 Dineh-Bi-Keyah 

Tocito Dome 

McCracken Sample 

 



261 
 

 
 

Figure 7.12: Structural cross-section (with TVD values) of the Dineh-Bi-Keyah Field illustrates the main structures and highlights the 
McCracken (rose pink) presented in Figure 7.11. Serrated lines are unconformities. McCracken reservoir is the closest helium 
reservoir to the Precambrian He source. This indicates distance to basement can be an important variable for helium systems.
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7.5.4.1    Ratherford Field, San Juan County, Utah 

 Ratherford Field of the Greater Aneth Area, from which 15 samples were taken from the 

Pennsylvanian Desert Creek Member of the Paradox Formation, is located on the southwestern 

portion of the Paradox Basin in Utah (Figure 6.4 and 7.14).  Regarding the structure, Ratherford 

consists of several high areas that have been folded into minor domal structures (Figure 7.14). 

Most noticeably there are two anticlines (reefal domes) that are orientated to the northwest, on 

the western portion of the field. The field is also bound on the west by a normal fault (Freeman, 

1978). Another fold on the eastern portion of the field trends to the northeast. 

The Pennsylvanian Desert Creek is currently producing a very significant amount of 

hydrocarbons with trace amounts of helium (0.001-.1%) making it uneconomic for helium 

recovery. It is very probable that the hydrocarbons are diluting out helium concentrations. 

Evidence for this is observed in helium values that are slightly higher near the edges of the 

prolific hydrocarbon zones. According to Freeman, (1978), the reservoir data for the Desert 

Creek includes: an average net pay of 20 feet (6 m), porosity of 10.2%, permeability of 3.2 

millidarcies, a water saturation of 25%, and an initial field pressure of 2,170 psi.  

Helium in the sampled gas data from the Pennsylvanian Desert Creek Member in this 

study is likely derived from a shallow crustal basement source due to the isotopic signatures of 

N2 isotopes and noble gases. As non-radiogenic nitrogen is associated with radiogenically 

produced 4He, this points to a common source for the two gases (Danabalan, 2017; Chapter 6 of 

this study). 

Faults are not considered responsible for influencing the dynamics of the field, besides 

the large normal fault bounding the eastern portion of the field. No significant faults were 

observed in well log analyses. If this were true, it could be plausible to suggest that the lack of 
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faults is hampering the transport of helium from the basement source via advection (primary 

migration). There is not a large resolvable N2% in the gas samples, which suggests nitrogen did 

not serve as helium’s carrier gas for primary migration. Unfortunately, the logs that were used in 

this study did not penetrate deep enough into the substrate to thoroughly investigate helium 

sources (Precambrian basement) or migration pathways (deep faults) involved in the system.  

Large-scale secondary migration is not apparent for the Pennsylvanian gas, as 20Ne and 36Ar 

isotopes do not show significant amounts of fractionation (Chapter 6 of this study), which 

translates to a small lateral secondary migration distance from source to reservoir or a lack of 

groundwater in helium’s carrier bed.  

The accumulations of hydrocarbons reside in a carbonate reef (mounds of algal 

limestone). Among these carbonate reefal reservoir systems are zones of organic-rich black 

dolomite, shales, and mudstones (Freeman, 1978). According to Freeman (1978), the upper 

portion of the Desert Creek hydrocarbon zone is comprised of oolitic limestones. The middle 

portion consists of coarse crystalline limestones with some intercrystalline and vuggy porosity.  

The lower portion has dolomites and considerable silt. Anhydrites are present near the edges of 

the field, where the oolites thin (Freeman, 1978).  

The traps are combination structural and stratigraphic for hydrocarbons and possibly 

helium. Closures (3-way and 4-way) are observed for the majority of the 15 gas samples in 

Figure 7.14. On the western-most portion of the field, there is a slightly higher helium 

concentration measured, which might be fault controlled. Because anhydrites replace oolites 

toward the lateral edges of the field, this may provide stratigraphic traps and be a tighter seal 

(resulting in the slightly larger helium concentrations). 
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Upon examining lithologic logs (7.13), the seals are most likely due to porosity 

differences and interbedded shales, namely the Gothic Shale. A petrophysical study by Heath et 

al. (2017) was completed in the Greater Aneth Field examining the lithologic properties of the 

homogenous Gothic Shale. Heath et al. (2017) report the pressure decay permeability of the 

Gothic Shale is ~1.4E-04 mD. 

There is certainty however, that although the reservoir rocks are similar in age to other 

helium producing formations in the Four Corners area, one or several of the criteria for economic 

helium accumulations must not be adequately met, which ultimately results in the trace amounts 

of helium residing (.001-.1% He) in the Desert Creek Member of the Ratherford Field. One 

theory is the seals might not tight enough to prevent helium’s escape. Another theory is that there 

are no conduits to connect the reservoirs to underlying deeper granitic sources of helium.  

 

7.5.4.2     Summary 

History: The Ratherford Field of the Greater Aneth is known to produce hydrocarbons 

from the Pennsylvanian Paradox formation (Desert Creek Member) with only trace amounts of 

helium (non-economic amounts).  

Source: Shallow crustal basement is likely the source of the helium found in the field due 

to the isotopic signatures of N2 and noble gases. 

Migration: Not many faults are observed, which could equate to the lack of adequate 

migration pathways for primary migration. Noble gas isotopes infer there have been low amounts 

of groundwater – gas interactions (low helium accumulation potential), suggesting small 

amounts of fractionation. This fractionation translates to a small lateral secondary migration 

distance from source to reservoir.  
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Reservoir: The reservoir is the Desert Creek Member of the Pennsylvanian Paradox 

Formation, and is comprised of oolitic limestones. The reservoir portrays a reefal geometry that 

thins toward the edges of the field (Freeman, 1978). Prolific zones of hydrocarbons may have 

diluted out any helium in the system to sub-economic concentrations. 

Trap: The Desert Creek Member is considered to have structural and stratigraphic traps 

for hydrocarbons and possibly helium.  Specifically, it is a carbonate reef (4-way closure) with 

folds resulting in minor structures (Freeman, 1978).  

Seal: The seal for the Pennsylvanian Desert Creek Member is considered to be overlying 

shale layers (i.e., Gothic Shale) dividing the Desert Creek from the overlying Ismay Member. It 

is hypothesized the seal is not tight enough to trap helium, but additional research is required to 

verify that. 

 
Figure 7.13: Well log with gamma-ray and sonic log curves from the Ratherford Field (Freeman, 
1978). The red bar denotes the top of the Desert Creek Member and above it is the Gothic Shale.
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Figure 7.14: Structure map on the top of the Desert Creek Member (C.I. 20 ft/6 m) intervals for the Ratherford Field. The Ratherford 
Field has combination trapping via carbonate reefs and stratigraphic pinch outs. The seal is considered to be the overlying Gothic 
Shale. The Ratherford Field produces large quantities of hydrocarbons diluting He to sub – economic levels. Cross section (E-E’) is 
shown in Figure 7.15.   
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Figure 7.15: Structural cross-section (with TVD values) of the Ratherford Field illustrates the main structures (reefs) presented in 
Figure 7.14. Black shales separate the Desert Creek oolitic limestones and the overlying Ismay Member. Perforations are in the Desert 
Creek Member of the Paradox Formation.
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7.5.5.1  Pinta Dome and Navajo Springs Fields, Apache County, Arizona 

The Pinta Dome Field, which had two natural gas samples taken from the Coconino 

Sandstone, is located ~40 miles to the north east of Holbrook, Arizona and directly south of the 

Puerco River (Figure 7.17 and 6.4). The field is directly west of the Navajo Springs and Navajo 

Springs East Fields, which had one natural gas sample taken from the Coconino Sandstone. The 

Pinta Dome and the Navajo Springs Fields are situated on the northwest boundary of the 

Holbrook Basin on the Mogollon Slope.  The fields are both comprised of domal structures cut 

by faults.  

The Coconino Sandstone gas samples measured very minor amounts of hydrocarbons 

with exceedingly large values of helium up to ~8%. The Pinta Dome and Navajo Springs’s 

reservoirs are both relatively continuous within fault blocks. Regarding the Pinta Dome, the 

Coconino’s reservoir data is as follows: average net pay of 61 feet (19 m), porosity of 14%, 

permeability averages 110 millidarcies, water saturation of 29%, and its initial field pressure is 

roughly 102 psi (Allen, 1978). Regarding the Navajo Springs Field, the Coconino’s reservoir 

data is as follows: average net pay is 32 feet (10 m), porosity is 16%, permeability averages 164 

millidarcies, water saturation is 32%, and its initial field pressure is roughly 124 psi (Allen, 

1978). 

The He source determined from the sampled gas from the Permian Coconino Sandstone 

is likely a shallow crustal basement source, due to the isotopic signatures of N2 isotopes and 

noble gases. As non-radiogenic nitrogen is associated with radiogenically produced 4He, this 

points to a common source for the two gases (Danabalan, 2017; Chapter 6 of this study). 

Significant faults were observed from geologic mapping. Faults were interpreted by 

examining closely spaced well logs with large vertical displacements. These faults could aid the 
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transport of helium from the basement source via advection (primary migration). There is a very 

large resolvable N2% in the gas samples, which suggests nitrogen did serve as helium’s carrier 

gas for primary migration. There is also a very minor amount of CO2 likely mantle derived. 

Unfortunately, there is poor well control with no wells drilled deep enough to thoroughly 

investigate helium sources (Precambrian basement) or migration pathways (deep faults) involved 

in the system.  However, there does appear to be large-scale secondary migration for the gases as 

a whole. The 20Ne and 36Ar isotopes show significant amounts of fractionation (Chapter 6 of this 

study), which translates to a large-scale secondary migration distance from source to reservoir or 

a large amount of groundwater in the carrier bed. There are only three samples for these fields so 

the fractionation/migration interpretation might be skewed. 

The main reservoir is the Coconino Sandstone (fractured fluvial and eolian) of Permian 

age, which is a mature, fine to medium grained cross-bedded sandstone, buff to light gray in 

color (Dunlap, 1969; Allen, 1978). The Coconino reservoir is one of the major aquifers of 

northeastern Arizona, and has excellent porosity (Cooley et al., 1969; Bulter, 1988). Other 

potential He reservoirs with lower He (not sampled in this study), but mentioned by Dunlap 

(1969) are the Shinarump Conglomerate and the Lower Red Member of the Chinle Formation. 

This might indicate leaky He systems as higher He is reported deeper in the Coconino. 

The traps are inferred to be combination structural-stratigraphic. Regarding the structural 

traps, faulted anticlines are present in the fields illustrating the updip migration of helium. At 

Pinta Dome, the main producing structure is a northern portion of a northwest trending 

asymmetrical anticline located T20N, R26E (southern areas) and T19NR26E (central and 

northern areas) (Dunlap, 1969), which appears to exhibit 3-way and 4-way structural closure 

supplemented by normal faults (all faults in the area are considered normal faults) (Figure 7.17 
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and 7.18). The Pinta Dome Fault bounds the field on the north and effectively separates the Pinta 

Dome Field into two productive compartments. At Navajo Springs Field, the main producing 

structure is located on the northwestern section of T19N, R27E and the southwest section of 

T20N, R27E. It is northwest trending anticline, which appears to exhibit 3-way and 4-way 

structural closure supplemented by faults (Dunlap, 1969) (Figure 7.19 and 7.20). A northwest 

trending syncline, which according to Dunlap (1969) also has productive sections (from a fault 

controlled trap), separates the main producing structure from a secondary high located also in 

T20N, R27E sections 27 and 28. The Navajo Springs Fault (northeast striking) bounds (seals) the 

field to the northwest and the Kirby fault (northwest striking) bounds (seals) the field to the 

northeast (Dunlap, 1969).  According to Rauzi (2003), the Navajo East Field has a structural 

high, which is fault controlled (trapped) that is bounded by the Salt Springs Fault and a smaller 

secondary fault that terminates into the Kirby Fault. The top of Coconino Sandstone is an 

unconformity, which may have acted as a stratigraphic trap with overlying impermeable layers, 

sealing the helium in place.   

The seal is considered to be the impermeable Moenkopi Formation (personal 

communication, Mazzullo, 2018) (Figure 7.16). This should be further investigated as the 

Moenkopi’s average permeability is ~.02 mD, which may not be an impermeable seal capable of 

mitigating significant amounts of helium to accumulate the 8% He measured in the reservoir 

(White et al., 2001). If the Moenkopi is indeed acting as a seal, there must be several processes 

enhancing the impermeably of the lithology. Another scenario involves helium recharging large 

amounts at a rapid rate to negate the leaky seal. 

Significant salt deposits in the Supai Formation are found below the Coconino Sandstone 

reservoir. The Pinta Dome and Navajo Springs fields are located immediately adjacent to the 
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locality where the Supai evaporitic units thin out. The author postulates that helium could be 

migrating updip from the deeper portion of the Holbrook Basin. When helium encounters the 

impermeable Supai Formation, it travels updip until the salt ceases to exist. Then the helium 

migrates until it finds a suitable reservoir (Coconino) and efficient seal. This long distance 

migration distance is evidenced in the observed noble gas fractionation in analyses samples. 

Another theory by Danabalan (2017) is that He and N2 gas from a primary migration gas phase 

could generate a low volume and high concentration accumulation if a trap was already in place 

when a tectonic event allowed the helium to escape from its granitic source rock. Danabalan 

(2017) also states this scenario would most likely need to be fault facilitated.  

 

7.5.5.2     Summary 

History: The Pinta Dome Field has not experienced a large quantity of commercial 

development over the years since its discovery in the 1950’s. The Navajo Springs and Navajo 

Springs East Fields, which were discovered as part of a step out exploration program from the 

Pinta Dome, also have not seen substantial commercial development since its discovery in 1960 

(Allen, 1978; Matheny and Ulrich, 1983). The hydrocarbon content in the wells in both fields is 

extremely low (a few percent). The Coconino Sandstone has produced helium content of up to 

~8%, (Dunlap, 1969; BLM, 2004).  

Source: Helium source is most likely from a shallow crustal basement source due to the 

isotopic signatures of N2 and noble gases. 

Migration: Faults could act as migration pathways for primary migration. Noble gas 

isotopes infer there are large amounts of groundwater–gas interactions (i.e., large He 
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accumulation potential), which suggests large amounts of fractionation during secondary 

migration. Fractionation translates to a long lateral migration distance from source to reservoir.  

Reservoir: The main reservoir is the Coconino Sandstone. The Permian aged Coconino 

sandstone is a fine to medium grained cross-bedded sandstone (Dunlap, 1969). 

Trap: The Coconino Sandstone reservoir is considered to be a combination structural- 

stratigraphic trap. There are known faults and anticlines influencing the structural trapping. 

There is a large unconformity above the Coconino, which might aid in stratigraphic trapping. 

Seal: The seal for the Permian Coconino Sandstone is considered to be overlying 

impermeable shale layers in the Moenkopi Formation, but should be more fully investigated.  

 
Figure 7.16: Composite well log showing a self-potential and resistivity curve as well as 
illustrating the stratigraphic position of the Coconino Sandstone underlying the Moenkopi 
Formation and overlying the Supai Formation (Rauzi, 2003).
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Figure 7.17: Structure map on the top of the Coconino in the Pinta Dome (C.I. 25 ft/8 m). Four-way closure is evident along with fault 
trapping as the He samples plot within the domal structure highs. A normal fault separates producing intervals into a northern and 
southern zone. Shales within the overlying Moenkopi Formation act as the He seal. Cross section (F-F’) is shown in Figure 7.18.    
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Figure 7.18: Structural cross-section (with TVD values) of the Pinta Dome Field illustrates the main structures and highlights the 
Coconino Sandstone presented in Figure 7.17. Serrated lines indicate unconformities. A normal fault is drawn based on vertical 
displacement in well logs. Faults are inferred to act as migration conduits and sealing mechanisms
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Figure 7.19: Structure map on the top of the Coconino in the Navajo Springs Field (C.I. 25 ft/8 m). Four-way and 3-way closure is 
evident along with fault trapping as the He samples plot within the domal structure highs. Shales within the overlying Moenkopi 
Formation act as the He seal. Cross section (G-G’) is shown in Figure 7.20.   
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Figure 7.20: Structural cross-section (with TVD values) of the Navajo Springs Field illustrates the main structures and highlights the 
Coconino Sandstone presented in Figure 7.19. Serrated lines indicate unconformities. A normal fault is drawn based on vertical 
displacement in well logs. Faults are inferred to act as migration conduits and sealing mechanisms.
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7.6 Discussion:  

 Based on extensive literature review and the geochemical analyses and geologic 

mapping, a more concrete understanding of helium systems (elements and mechanisms) has been 

synthesized. Relevant geochemical data and errors are reported in the appendix. A set of criteria 

have been put forth in this study, and they should be rigorously employed especially for the Four 

Corner’s area in order to successfully explore for helium. Pertinent information related to the 

questions posed at the beginning of this chapter is addressed below followed by a summary of 

findings from this study. 

 Helium, although a ubiquitous element in traces amounts, is relatively rare in economic 

quantities on Earth. To date, helium is extracted from natural gas beneath the subsurface. 

Traditionally, helium has been serendipitously discovered and produced as a byproduct of 

hydrocarbon exploration, but for the first time in its history, helium is now being explored for as 

a primary target. The US has historically been the largest producer of helium, but other countries 

such as Qatar and Algeria have increased production. The largest volumetric accumulations of 

helium gas in the US occur in the Hugoton-Panhandle Field in the central mid-continent. 

However, higher percentage accumulations exist in the Four Corners area within the Colorado 

Plateau. 

 Despite the potential for significant profits due to helium’s expensive commodity price, 

helium has not been thoroughly explored and developed in the Four Corners area. Minor 

exploration historically in the region has utilized the conventional tools of petroleum geologists 

such as seismic data processing and well log data. The use of noble gas geochemistry has been 

largely ignored and considered to lack any significant value in the exploration industry related to 

helium. This study, which is the first quantitative study focusing on helium exploration and the 
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helium system using noble gas geochemistry in the Four Corners region, has provided 

quantitative proof that noble gases do aid greatly in understanding the input of various crustal, 

mantle, and atmospheric derived components into subsurface reservoirs. Noble gas geochemistry 

is ultimately combined with detailed hydrocarbon and non-hydrocarbon gas data (compositional 

and isotopic) to elucidate the elements and mechanisms of the helium system, such as source 

rock characterization, migration pathways through gas water interactions, and inferring plausible 

pressure and temperature regimes for gas systems. Noble gas geochemistry has also proven its 

usefulness at successfully delineating different gas families. Thermal maturation and relative 

pressure estimations may be ascertained from noble gas geochemistry, but such calculations are 

outside of the scope of this study.  Combining geochemistry with regional geology enhanced the 

interpretations of the cross-plot results, and provided information related to the geologic 

constraints impacting the helium systems reported in this study. Furthermore, geologic mapping 

highlighted various structural and stratigraphic traps of the helium systems. It should be noted 

that this study focused solely on the current helium threshold (>0.3 He %) of natural gas. This is 

an essential first step in helium exploration, but it is by no means the only step. Further research 

is required to understand the volumetrics of potential helium economic reservoirs indicated by 

molar % and this study.   

 Companies or individuals interested in the helium exploration industry should consider 

the following interpretations presented in Figure 7.21, which is a newly constructed model for 

the Four Corners data that fits the geochemical and geologic data examined thus far. Regarding 

the elements and processes governing the helium system, this is a substantial modification from 

the original petroleum system.  The model, which will be subsequently described from source to 

seal, is based on several assumptions discussed below. 



279 
 

 Geochemical work involving noble gases and δ15N(N2) isotopes completed in this study 

strongly indicates that the dominant source of the helium rich gas found in the Four Corners 

Paleozoic reservoirs originates from the shallow crust (Precambrian granitic basement). Helium 

is derived from the radioactive decay of uranium and thorium held within the crystal structure of 

various minerals (such as apatite, zircon, and titanite) within the granitic body. The evidence did 

not clearly indicate a sedimentary source (black rich shales) for the Four Corners area. As 

granitic rocks are relatively impermeable to helium, the helium released remains trapped within 

the basement. For large amounts of helium gas to accumulate through this decay scheme, noble 

gas geochemistry of this study has indicated that ideal environments are those of which have 

experienced long durations of stability both physically and thermally.  

Primary migration of the helium is initiated with the subsequent release of the helium gas 

dissolved in solution from the source rocks via deep faulting, igneous intrusions, or other 

mechanisms, which increase the permeability of the granitic host body. The helium is subject to 

advection carrier by a fluid (nitrogen or carbon dioxide) up dip and vertically through the overly 

sedimentary packages. Noble gas geochemistry of δC (CO2) isotopes strongly indicates that 

distance is a strong controlling variable related to the migration of helium via carbon dioxide. 

Evidence by Danabalan (2017) points that there is most likely an ideal distance or sweet spot 

from the source of the CO2 (mantle in the Four Corners region) to where economic helium 

accumulations are discovered. This is due to the reactive nature of CO2 as it migrates throughout 

the subsurface. The reactive nature is a critical feature of the primary migration in that as the 

CO2 reacts and disappears, the other constituents in the gas stream (i.e., helium) become 

effectively concentrated.  
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Secondary migration occurs when the helium gas dissolved in pore water begins to move 

laterally in carrier beds. Groundwater has been reported and confirmed with this study to be a 

critical element in the helium system. After dissolution into the pore water (which is subject to 

pressure, temperature, salinity controls), helium migrates with the solution through the 

subsurface. This migration can be quantitatively observed through the degree of gas water 

fractionation reactions observed in the noble gases. Because noble gases are geochemically inert, 

if fractionation is observed on a significant scale, migration is interpreted to be the result of 

physical processes, which can adequately account for the degree of fractionation observed. If a 

migrating gas phase encounters the solution with the dissolved helium, due to phase differentials 

and various dissolution equations, helium can be effectively exsolved from the solution back into 

the gas phase. Exsolution might be plausible given the proper pressure, temperature and salinity 

controls in the absence of a migrating carrier gas. This exsolution is another critical point where 

the accumulation and concentration of gaseous helium occurs. The helium then acts like methane 

gas moving updip to accumulate in reservoirs.  

The helium reservoirs are the most inconsequential aspect of the helium system, and it is 

the element which most closely resembles that of the petroleum system. In the Four Corners 

region, notable reservoirs include sandstones and carbonates. Although helium and petroleum 

reservoirs are identical, one major caveat is for helium rich accumulations to form, they should 

do so in the absence of large charges of hydrocarbons, as hydrocarbons have the potential to 

essentially dilute the helium to uneconomic levels. Thus, the edges of petroleum systems are less 

likely to dilute helium.  A scenario contradicting this rule, is where the volume of natural gas is 

huge, which equates to the diluted helium, although low in molar %, being high relatively in 

volume.  
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The traps, investigated by geologic mapping, are both structural and stratigraphic ranging 

from 3 and 4-way domal closure supplemented by extensive faulting to tight stratigraphic pinch 

outs, which is very similar to those of petroleum systems. The observation of faulting in the 

helium systems, confirms that faults can both act as migration pathways from the source to 

reservoir, and can also act as sealing agents allowing economic levels of helium to accumulate.  

The helium system radically differs from the petroleum system with regard to the cap 

rocks involved to seal the gas in place. Because helium’s atomic diameter is less than one 

angstrom (~0.93 Å), the seal must be very impermeable for significant amounts of helium to 

accumulate over geologic time. Lithologies of evaporites, organically plugged shales, and tight 

limestones are proposed to be effective seals. If a seal is ineffective, a strong indication is the 

seepage of large amounts of helium measured on the surface (i.e., hydrothermal vents). Once 

helium breaches the surface, the Earth’s atmosphere can only contain the minuscule atoms for 

~1Ma until the helium is eventually lost to the vastness of outer space as its escape velocity 

overcomes earth’s gravitational pull. A unique scenario where a helium gas accumulation would 

have economic potential is if the recharge rate exceeds the amount that is ultimately lost to the 

surface. Recharge rates of helium as well as the exact cutoff of an effective helium seal (in terms 

of permeability), are not well understood and require further research. 

Although helium is being targeted for the first time as a primary strategic resource, 

another substantial implication of helium system research is the potential to revitalize old 

petroleum fields with new helium exploration/production methods. Historically, helium was 

widely ignored and often not reported because companies were only searching for combustible 

gases. There exists the possibility that certain fields have been overlooked and are awaiting 

future investigations to uncover additional helium resources. Evidence for this scenario is 
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presented by the examination of the Dineh-Bi-Keyah Field in the Four Corners area. Originally 

the Dinah-Bi-Keyah Field produced significant amounts of hydrocarbons from an igneous sill 

reservoir. Within the span of ~ 50 years, the hydrocarbon levels began to dwindle, and the 

helium percentages in the same igneous reservoir were measured at over 5%.   

There are many additional studies that require completion, but the fact remains that 

helium is a strategic and rare resource that should be thoroughly explored. Exploration and 

development opportunities for helium should increase as scientists’ understanding and modeling 

of helium systems becomes more robust. Therefore, the improvement of models is critical for 

helium exploration, the helium market, and all sectors that depend on it.  

Figure 7.21: Geologic model of helium systems in the Four Corners area, southwestern US. The 
model illustrates He sources, migration pathways, reservoirs, trapping, and sealing mechanisms. 
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CHAPTER 8 

RECOMMENDATIONS FOR DEVELOPMENT 

 

8.1.1 Tohache Wash 

Tohache Wash area near Teec Nos Pos, Arizona is located on the southwestern portion of 

the Four Corners Platform. It is approximately 7 miles southwest of the intersection of Arizona, 

Utah, New Mexico, and Colorado (Figure 8.1) (Rauzi and Fellows, 2003). Currently, the 

Tohache Wash area consists of only one well (Navajo Z-1), but several adjacent wells are drilled 

in the Bita Peak Field, the Teec Nos Pos Field, and various unnamed fields (Spencer, 1978, 

1983; Brennen et al., 2016). 

 Navajo Z-1 well (API: 02001053090001) by Texaco was recompleted 1967, and 

temporarily shut-in in 1969 (Spencer, 1978). The Z-1 well has recently become of interest again 

to the helium industry as it was successfully reentered in the Leadville Limestone in 2016 and 

reported helium up to ~6% (Spencer, 1978). Historical bulk gas composition for the Z-1 well in 

the Leadville is as follows: CH4 <14.7%, C2H6 1%, C3H8 0.5%, N2 54.1 %, CO2 22.15%, and He 

5.9%. Likely scenario reservoir calculations (BLM, 2004) are listed in Table 8.1. The 

accumulation of helium within the Leadville reservoir varies with depth as Spencer (1978) 

reports that the interval of 6180 to 6299 ft (1883–1920 m) measured 6.2 % helium, while a 

deeper interval of 6299 to 6334 ft (1920-1931 m) measured 5.75% helium. The Leadville’s 

reservoir is relatively uniform. It has an average net pay of 31 feet (9 m), and with 7% average 

porosity (Spencer, 1978). Historically, the Z-1 produced hydrocarbons from the deeper Devonian 

Aneth Formation and helium from the Leadville Limestone, which has dolomitic porosity.  
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As isotopic analyses were not conducted on the Navajo Z-1 well, the helium source 

cannot be quantitatively defined, but based on recent work of this study in the immediate 

surrounding areas, there is a strong possibility the major helium source contribution is from 

shallow crustal basement rocks.  

 

Figure 8.1: Reference map showing the location of the Tohache Wash area with a red star. Blue 
circles show helium sample sites for this study in the Four Corners area. Green polygons indicate 
hydrocarbon fields. The Navajo Nation boundary is shown with a dashed red line. 
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Information pertaining to migration pathways also cannot be ascertained as extensive 

noble gas geochemistry analyses were not performed on gas samples from the reservoir. The 

potential carrier gas is inferred to be nitrogen, as the initial bulk gas tests reported the 

composition of N2 at ~54% (Spencer, 1978). Carbon dioxide could also be another potential 

carrier gas as the bulk gas composition of CO2 is reported at ~22% (Spencer, 1978). It is 

speculated that the high helium % reported would require extensive gas-water interactions. 

Because most of the drilled wells are not deep enough to provide log responses below the 

Leadville reservoir down to the potential basement source rocks, faults known to aid in the 

migration of helium are also not resolvable. 

According to Spencer (1978), the Leadville is the result of a shallow shelf marine deposit, 

which is comprised of limestone and secondary dolomite. The Leadville in the Four Corners 

general area is comprised of a chalky white, cream and yellow, massive limestone that consists 

of oolites and crinoidal fragments (Cooper, 1955).  The approximate thickness of the Leadville in 

Tocito Dome is 200 ft (61 m) (personal communication, Emmendorfer, 2018). 

In the Tohache Wash area, the number of wells penetrating deep enough into the 

Leadville Limestone is extremely limited. A structure map on the top of the Ismay Member of 

the Paradox Formation serves as a proxy phantom map for the Leadville Limestone (Figure 8.2, 

8.3, and 8.4). This map was created without calculated phantom values because previously 

published maps indicate a strong similarity between the shallower Desert Creek structure and the 

deeper Leadville structure. Thus, the Ismay Member structural map was assumed to roughly 

mirror the underlying structure of the Leadville Limestone. The largest concentrations of helium 

at ~6.2 molar % from the Leadville are observed at the top of the inferred structure (Spencer, 

1978). Helium was measured from the Ismay Member of the Paradox Formation at ~1.2% and 
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from sediments overlying the Ismay Member at ~0.88%. These helium samples might be outliers 

or the result of a leaky seal. Overall, the trap appears to be structurally controlled as the high 

helium samples are within high points of a dome (4-way closure) based on the phantom structure 

map (Figure 8.3). The sample’s structural position on the dome highlights the updip migration of 

helium. Also, there is a large disconformity overlying the Leadville, which could be impacting 

the helium system as a stratigraphic trap or seal. 

 The seal has not been well defined, but is hypothesized to be tight limestones of the 

Leadville. Lithologic logs have indicated a porosity decrease above the producing intervals in the 

Leadville, which could equate to a permeability decrease as well, but further work is required to 

make any definitive conclusions. Additionally karstic surfaces could act as stratigraphic seals 

(i.e., red shales), but further work is need (personal communication, Emmendorfer, 2018). Leaky 

seal systems are postulated to exist based on the presence of deeper helium-rich accumulations 

~6% in the Leadville. Partial seal failure would allow the deeper helium to migrate up into 

shallower Paradox reservoirs, and could explain the helium values, which are slightly above the 

economic threshold of 0.3%, present in the Paradox Formation. 

 

8.1.2 Summary 

History: The Tohache Wash Navajo Z-1 well, which was drilled and completed in the 

1960’s, had been shut-in until 2016 (Figure 8.5) (personal communication, Knight, 2018; 

Spencer, 1978). Hydrocarbon content of the well is low at <15% CH4 (Spencer, 1978). The 

Leadville has a reported helium content of ~6%.  

Source: The source is unknown due to the lack of isotopic analyses, but the helium is 

speculated to be predominately from the shallow crustal basement. 
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Migration: Migration is unknown due to the lack of isotopic analyses, but it is speculated 

that there are significant gas-water interactions given the high concentrations of helium in the 

Leadville reservoir.  Potential carrier gases are listed as N2 and CO2. 

Reservoir: The reservoir is the Leadville Limestone (not sampled in this work). The 

Mississippian Leadville is a shallow shelf, marine deposit, which is composed of limestone and 

secondary dolomite (Spencer, 1978). 

Trap: The trap for the Leadville is considered to be structural with 4-way closure as 

helium-rich samples lay within the upper limits of the dome. There is a major unconformity at 

the top of the Leadville, which might have stratigraphic significance (trap or seal). 

Seal: The seal for the Leadville is considered to be overlying impermeable carbonate 

layers in the Leadville itself. Karstic surfaces on the top of the Leadville could provide seals (i.e., 

red shales). However, leaky systems are also inferred based on the presence of deeper helium-

rich accumulations ~6% in the Leadville and shallower ~1% helium in the Paradox Formation. 

 
Table 8.1: Table showing the Tohache Wash area’s reservoir properties and volumetric 
calculations (courtesy of BLM, 2004; and IEED internal report, 2016). 

Acres 1631  Res press psia 2182 

Res Vol acre-feet 50,559  Abd press psia 500 

Average porosity 7.0%  GIP MCF/ac-ft 263 

Average Sw 40.0%  GIP MMcf 13,314 

Gravity g/cc 0.948  Recovery Factor 79% 

Temp 142°F/61°C  Rec Gas MMcf 10,484 

CH4 32%  Produced Gas MMcf 385 

C2H6 1%  Remaining Gas MMcf 10,099 

CO2 22%  Original Recoverable He MMcf 632 

N2 36%  Produced He MMcf 23 

He 6.03%  Remaining He MMcf 609 
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Figure 8.2: Composite log of the Tohache Wash area, illustrating distinctive log signatures of 
major formations with gamma-ray on the left track and neutron counts on the right (Rauzi, 
2003). Scales are not shown.
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Figure 8.3: Structure map on the top of the Ismay (C.I. 50 ft/15 m) for the Tohache Wash area. The Ismay structure is very similar to 
the Leadville structure. The sample within the potential Leadville reservoir plots within a 4-way structural closure. Leaky seals are 
inferred based on the presence of smaller helium values in the sediments (Ismay and Paradox) overlying and near to the primary 
Leadville reservoir. USGS legacy He samples are shown with their sampled reservoirs. Cross section (H-H’) is shown in Figure 8.4. 
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Figure 8.4: Structural cross-section of the Tohache Wash area illustrates the domal structure in Figure 8.3. The domal structure 
observed on the Ismay is very similar to that on the Leadville. Due to poor well control, the deeper Leadville was not mapped.
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Figure 8.5: The abandoned Navajo Z-1 Christmas tree, a resource waiting to be developed. 

 
 
8.2 Helium Potential 

Despite a period of quiescence regarding helium exploration and development in the Four 

Corners area, companies are beginning to show interest again in the helium resources of the 

region. It would be prudent for companies interested in exploring for helium to follow the criteria 

conducive to economic helium accumulations and exploration models laid forth in this study.  

Regarding the criteria, the sources of helium, migration pathways, and trapping 

mechanisms have been determined for helium systems in the Four Corners area by analyzing gas 

compositional and isotopic data along with regional geology. Additionally, information on 

helium’s reservoirs and seals are inferred through literature review.  An exciting possibility that 

is implied from researching the parameters involved in economic helium systems, is that helium 

exploration has the potential to breathe new life into established and depleted hydrocarbon fields. 



292 
 

Areas for consideration in the Four Corners area are those which have been tested and 

mapped previously, but abandoned for reasons such as but not limited to, high inert gas content 

and low methane, low helium prices, mechanical failures, or lack of adequate helium separation 

technology. These fields, which include East Boundary Butte, Black Rock, Table Mesa, Big 

Gap, Rattlesnake, Beclabito, Beautiful Mountain, and Hogback, should be re-evaluated to 

determine if the expected future helium prices would entice re-entry, deepening, lateral drilling, 

or other further development in older fields (Figure 8.6) (Rauzi, 2003; Gage and Driskill, 2004). 

Not every helium interval is shown in Figure 8.6, such as helium in the Barker Creek Member of 

the Tocito Dome and Dineh-Bi-Keyah fields, and helium found within the Desert Creek Member 

in the Paradox Formation of the Ratherford Field. Therefore, the criteria laid out in this study are 

strongly recommended to be used to evaluate helium potential in areas, which have been drilled 

previously (i.e., prior documented helium). 

 

8.3  Tribal Significance 

Helium has been produced off and on in the Four Corners region since the 1940’s 

(Broadhead and Gillard, 2004). Despite this long history of production, positive initial gas 

analyses, and positive recompletion tests, there has not been much development of the resource 

on tribal land. Many potential helium fields are largely underdeveloped and poorly understood. 

Over the years, the allure of profitable helium gas has attracted several companies seeking to 

secure leases and drill, but unfortunately, due to strong trepidations of resource development 

from the local communities and a lack of geologic and geochemical knowledge on helium 

systems, there was a general lack of helium exploration and development until recently.  Despite 

the proclivity of stagnation (i.e., reluctance to lease), the author aspires that this research, which 
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is the first to study the helium system resources on tribal land, might persuade companies and 

local tribal leaders to pave the way together to a brighter helium future. 

 

Figure 8.6: Map depicting areas with helium potential and wells with reported helium 
percentages in the Four Corners region (Rauzi, 2003). Historical values combined with the 
criteria and models from this study is recommended for companies interested in developing 
helium systems in the Four Corners area.  
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Moreover, the main goal of this study was to not only provide criteria for helium 

exploration, but also provide companies and leaders with the knowledge to spark innovation, 

bring positive change, and ultimately help the members of the Four Corners communities.  A 

resurgence of helium interest in the Four Corners area could positively stimulate the economy 

providing a desperately needed influx of jobs, lease bonuses, royalty payments, and an overall 

increased income to members of local communities. It is also an aspiration that by creating more 

accurate exploration models in this study, it will not only benefit the exploration and 

development of helium in the Four Corners area, but can also be used as a stepping stone to 

spearhead other helium exploration and development opportunities for tribal entities in other 

geological settings across the United States. 
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CHAPTER 9 

CONCLUSIONS 

 

Helium is a very valuable gas ranging from $86.00 to $119.00 per Mcf for crude helium 

in fiscal year 2018, which is vastly more expensive compared to natural gas (~$3.00) per Mcf 

(2018 prices as of this writing). The need for this noble gas is ever increasing as our technology 

evolves and continues to have more advanced applications due to helium’s unique chemical, 

physical, and thermodynamic properties. Driven by market conditions and the desire to 

understand our resources, scientists have been studying helium for years. Various models have 

been proposed and are continuously being tested with the intent to define reliable indicators of 

helium accumulations for explorationists to pursue. Case studies in the Four Corner’s area, 

which are of particular interest, are the Four Corners Platform, Defiance Uplift, Blanding Basin, 

and Mogollon Slope helium occurrences. By conducting geochemical analyses and utilizing 

geologic mapping within these provinces, helium’s origin, migration, and trapping/sealing 

mechanisms have become better known.  

Combing noble gas geochemistry, along with bulk gas analyses and isotopic analyses of 

noble gases, hydrocarbons, and non-hydrocarbons allows for the successful delineation and 

genetic fingerprinting of the different helium systems sampled in this study. Specifically, 

utilizing δ15N isotopes along with noble gas isotopes and bulk nitrogen, the predominant helium 

source in the Four Corners area is determined to be from the shallow crust (i.e., Precambrian 

granitic basement). By measuring the amounts of gas-water interactions of noble gas isotopes 

and groundwater, groundwater is determined to have a critical role in the concentration of 
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helium, which is owning to gas phase differentials and exsolution of helium from pore water. 

Also, by utilizing noble gas isotopes and groundwater, substantial fractionation is observed. This 

translates to significant migration distances (i.e., secondary migration), which are correlated to 

higher helium accumulations. For the most part, hydrocarbons diluted the helium system, while 

N2 and CO2 are deemed strong potential helium carrier gases. The distance of CO2 migration is 

also interpreted to be a critical variable in the generation of sweet spot helium accumulations. 

From geologic mapping, faults are inferred to contribute to the primary migration (advection 

from depth via fluid flow) and aid in the sealing of helium. Geologic mapping reveals dominant 

structural traps that occur along with several stratigraphic trapping intervals.  

These conclusions are based on geochemical and geological work, that has led to the 

development of critical requirements for the discovery of successful economic grade (>0.3%) 

helium plays in the Four Corners area. Utilizing the new isotopic analyses and geologic mapping 

of this study, combined with previously published works of Ballentine and Burnard (2002), 

Ballentine and Sherwood - Lollar (2002), Broadhead and Gillard (2004), Brown (2010), and 

Danabalan (2017), the requirements of an economic helium system have been modified and 

improved to fit the Four Corners area. Several of the criteria, have been theorized/discussed 

previously in other geographic locations, but this study is the first to quantitatively examine 

isotopes in the Four Corners area, thus allowing the corroboration of theories for other gas 

systems, the addition of necessary criteria, and the removal of erroneous criteria. The criteria, 

which are unique to the Four Corners area, are listed below:  

 

• 1) A portion of shallow crust (basement) to supply helium (source rock). 
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• 2) Long stable periods that could allow helium to accumulate within impermeable 

source rocks. 

• 3) Faulting/igneous activity/other younger tectonic events, which aided in the 

advection of helium from source rocks (primary migration) into the overlying 

sedimentary strata. 

• 4) Gas-water interactions with large volumes of pore water (secondary migration) 

that allows lateral migration to concentrate helium. 

• 5) The presence of a separate migration gas phase to exsolve the helium from 

solution into a trap.  

• 6) The lack of large basin-scale charging events of hydrocarbons, which might 

dilute the helium in the reservoir. The edges of a petroleum system are favorable. 

• 7) The presence of structural, stratigraphic, or combination structural-stratigraphic 

traps.  

• 8) A seal with a very tight and impermeable lithology (evaporites, tight 

mudstones, tight carbonates, or igneous intrusions). 

• 9) A period of relative quiescence without large-scale tectonic events to protect 

the seal and further allow the helium to accumulate into economic levels.  

 

This additional knowledge aided in a more accurate definition of the helium system 

(Chapter 7, section 7.4.1). Reliable helium criteria increase the validity of helium exploration 

models, lowers exploration risk, and spurs economic development.  Helium exploration and 

development has the potential to provide added revenue streams to local members of the 

communities in the Four Corners area through added jobs, lease bonuses, and royalty payments. 
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This study, which is the first to combine noble gas geochemistry and regional geology to study 

helium systems in the Four Corners region, has successfully added new gas sample data and 

results/interpretations to the literature, while building on previously published theories and 

concepts, in order to create a deeper understanding of the formation, migration, and 

trapping/sealing of helium within the helium systems of the Four Corners area. 
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CHAPTER 10 

FUTURE WORK 

 

Potential recommendations for follow up studies, which would benefit helium system 

development exponentially include: geophysical data interpretations (gravity, aeromagnetic, and 

seismic), helium generation studies (core and thin section analyses), uranium deposit studies 

(core analyses and mass balance equations), seal analyses (core analyses, helium flow tests, flow 

modeling), volumetric reservoir calculations (OOIP and OGIP), further water-gas calculations 

(solubility fractionation, mass fractionation, Rayleigh curves), and additional geologic mapping.  

Currently, companies and researchers are employing the use of gravity and aeromagnetic 

surveys as tools to constrain and locate helium accumulations in the Holbrook Basin in Arizona. 

These workers are cross-referencing historical helium occurrences with magnetic highs and 

gravity lows in an attempt to pinpoint additional potential helium resources deep below the 

surface (Figures 10.1 and 10.2) (personal communication Pearson, 2017). Along with gravity and 

aeromagnetic surveys, seismic surveys are also being utilized in the helium exploration industry. 

Currently, companies in Tanzania are harnessing seismic surveys to explore for deep faults and 

structural traps, where helium could have migrated and subsequently become accumulated. 

Core analyses of source rocks would aid in establishing a better understanding of 

helium’s generation. A detailed study on helium’s fission tracks, grain size length, porosity 

requirements, water saturation, fracture networks, and pressure/temperature regimes would 

greatly increase the knowledge of how helium is generated. The study could also provide clues to 

elucidate the most ideal conditions to orchestrate a substantial amount of helium generation and 
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release. Due to the limited number of cores in the Four Corners area, this study would prove 

difficult, but should not be dismissed entirely.  

Studies of uranium deposits involving core analyses and well log analyses (specialty 

gamma-ray logs), could provide more information as to the potential helium source from 

sedimentary strata. It is not currently known if uranium deposits are a substantial contributor of 

helium or if they are merely supplementary. This study would require a comparison with 

uranium-rich intervals (i.e., roll fronts deposits or black shales) to different lithologies from 

different stratigraphic horizons to determine if the helium contribution would be significant. This 

would serve to establish relative uranium and thorium concentrations in uranium deposits 

compared to various other lithologies. Additional calculations with mass balance equations 

involving the production ratios of helium should be considered as tools to aid in determining in-

situ helium production or helium production from external sources from U and Th source rocks.  

Core analyses would also serve as a tremendous asset in characterizing helium caprocks. 

An in-depth study of the permeability, porosity, mineralogy, and fracture networks of the 

caprocks would be very informative for understanding helium flow rates through different 

lithologies within the helium system. This could be utilized to determine criteria for an effective 

helium seal, as the seal is one of the most critical elements in a helium system. Previous work 

was completed by Moore and Esfandiari (1971), but as technology has rapidly advanced since 

the 1970’s, and there are many different lithologies and combinations of lithologies than 

originally tested, a more comprehensive testing regime is well deserved. Unfortunately, the lack 

of core available to the public would make this analysis difficult as the majority of the already 

limited core is held by tribal entities. Therefore, a modeling regime that involves a more accurate 

representation of how helium along with other gases such as CH4, N2, and CO2, would migrate 
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through or be hindered at the seal. This would provide crucial information as to how tight a seal 

must be in order to be an effective seal in an economic (>0.3%) helium system.  

Calculations of original gas in place (OGIP) and original oil in place (OOIP) related to 

reserve estimations should be completed along with mass balance computations. Volumetric 

calculations would provide a context if helium in a helium system, would be considered 

economical based on prices, drilling, and production costs. Helium historically was not reported 

as accurately as oil/gas, so cumulative production figures are challenging to determine 

accurately. A long production history is essential in constructing a relatively reasonable decline 

curve to understand the life of helium wells/fields. This might also illuminate the time involved 

in helium’s recharge to aid in testing the theory that older oil fields, which have been 

significantly depleted in their hydrocarbon resources, may be potential new helium fields. 

Water saturation calculations should be computed to ascertain if helium dissolved in 

solution would require the assistance of a migrating gas phase for it to effectively exsolve from 

solution, or if conditions would preferentially allow helium to exsolve out of the solution. 

Further, mass fractionation, solubility fractionation, and Raleigh fractionation curves should also 

be calculated. These would yield vital details as to the more specific nature of groundwater-air 

interactions. Additional calculations to determine if fractionation observed in noble gas samples 

was the result of significant gas or groundwater migration should be undertaken. 

Further geologic mapping in conjunction with geochemical isotope data, porosity, 

thickness, and IP production information from IHS, would be ideal to create zones detailing 

potential helium sources, reservoirs, and caprocks for additional development areas. Additional 

areas include those mentioned in Chapter 8 of this study. Also, potential pay zones could be 

picked in an effort to bolster future helium exploration in the area. 
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Figure 10.1: Map illustrating the Four Corners area, southwestern US with helium data from Brennan et al. (2016) and magnetic data 
from the USGS (2017). Oil and gas fields are represented with a cross-hatched pattern. Magnetics could be used to explore large 
lateral expanses of land and look deep into the subsurface exploring for potential helium sources, migration pathways, and traps. 
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Figure 10.2: Map illustrating the Four Corners area, southwestern US with helium data from Brennan et al. (2016) and gravity data 
from the USGS (2017). Oil and gas fields are represented with a cross-hatched pattern. Gravity could be used to explore large lateral 
expanses of land and look deep into the subsurface exploring for potential helium sources, migration pathways, and traps. 
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APPENDIX 

 

A.1 Descriptions of Data Utilized 

This summary elaborates on the previously published datasets used in the creation of a 

sample grid for new isotopic analyses in the Four Corners area. Datasets that are used are from 

the USGS Energy Resources Program, Brennan et al. (2016), Broadhead and Gillard (2004), and 

the BLM. Datasets were loaded into ArcGIS and Petra. Points were extracted near the Four 

Corners area. The USGS geochemistry database, which is described below, is far larger and 

much more robust compared to the other databases. There is a notable overlay between USGS 

and BLM datasets as they are derived from a common source (i.e., the old Bureau of Mines 

data). Despite slight variations amongst them, the most reliable helium data are compiled by 

Brennen et al. (2016). For the purpose of generating multispecies cross plots, the BLM dataset is 

utilized as it is the most complete dataset. 

The USGS Energy Resources Program has amalgamated an analytic geochemistry 

database with over 200,000 samples worldwide since 1989.  The database contains information 

on natural gas, crude oil, water, and rock samples. Data from literature and unpublished sources 

also make up a portion of the entries. Data are available in a Microsoft Access database (.mdb 

format) and can be preferentially sorted and parsed to suit the user’s needs. A query was created 

for gas compositions and isotopes called “by Gas Crosstab query”. In this query, multiple fields 

were generated such as the location of the sample, API, oil/gas field, formation, age, a suite of 

gas compositions, and isotopes.  
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The helium concentrations database in the United States by Brennan et al. (2016) is a 

result of the Helium Stewardship Act of 2013. This initiative charged the USGS to compile a list 

of all the known helium accumulations in the United States.  The main sources for this work 

come from the BLM and the USGS. The BLM sources a majority of its data from old papers 

under the U.S. Bureau of Mines (USBM). The USGS database contains much of the data from 

USBM, and BLM. These data include various entries, such as API, location, sample date, oil/gas 

field, formation, sample depth, helium %, and source (USGS or BLM). Trace values for helium 

are listed as than 0.005 molar % and those values greater than 0.005% were rounded to 0.01%. 

As an aside, this dataset only lists gas values for helium. 

The New Mexico helium database compiled by Broadhead and Gillard (2004) contains 

analyses of the composition of gas samples throughout New Mexico, US. Most of the samples 

were assessed by the Bureau of Mines (USBM) (now the under the BLM), to provide a publicly 

accessible database for helium throughout the world. The data from the USBM were heavily 

modified and corrected for error. Certain records were added (from the private sector or literature 

searches) or modified based on records from the New Mexico Bureau of Geology and Mineral 

Resources. A more robust description of Broadhead and Gillard’s data can be found in their open 

file Report 483, pages 20-23. Relevant data fields used include: county, oil/gas field, operator, 

well name, number, location, reservoir age, reservoir name, depth, elevation, and a series of gas 

compositions (CH4, He, O, Ar, H, N2, CO2). 

The BLM historical database was obtained from David Driskill, Geologist, at the Bureau 

of Land Management, Amarillo Field office. The data account for several counties: San Juan 

County, Utah, San Juan County, New Mexico, Montezuma County, Colorado, and Apache 

County, Arizona. Gas compositional data is presented for the following: methane, ethane, 
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propane, normal butane, isobutene, normal pentane, isopentane, cyclopentane, hexanes plus, 

nitrogen, carbon dioxide, oxygen, argon, argon + oxygen, hydrogen, hydrogen sulfide, and 

helium.  Names, owners, fields, locations, producing formations, and depths are also presented. 

 

A.2.1 Sample Collection and Storage Methods 

The following procedures, provided by Thomas Darrah of the Ohio State University 

Noble Gas Laboratory, are guidelines for the sampling of natural gas samples from producing 

petroleum-related (i.e., oil, natural gas, waste water, or other injection) wells. Small deviations in 

sampling conditions may occur in different wells depending on the types of connections made 

available. These procedures have been generated to aid those collecting the samples and to help 

in making decisions depending on the sampling circumstances. The type of connection may vary, 

but an air-tight connection to the petroleum well is required. Typical methods include the use of 

NPT, Swagelok (or other brands of) ferrules, and Swagelok VCR fittings. The sampling 

apparatus should typically consist of stainless steel, copper, brass, or steel. The ultimate goal of 

this set of procedures is to produce a reproducible sample that contains gas compositions at in 

situ conditions (pressure, temperature) within the sampled media (well or spring) or from 

producing wells.   

Below are the critical steps of the steel and copper set up, sampling procedure, and 

storage and handling taken from Isotech’s Laboratories (IL) website and from OSU’s Noble Gas 

Laboratory (OSUNGL) sampling protocol. 

 

A.2.2    Stainless Steel Cylinders (from OSUNGL and IL) 

1. Assemble the stainless-steel cylinder with the two valves (NPT fitting). 
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2. Make sure the wellhead pressure does not exceed 1800 psi. If a reading of greater than 

1800 psi is found, the use of a pressure regulator is required for safety.  

3. The end caps of the cylinder must be removed, and the threads cleaned.  Place 2-4 wraps 

of Teflon tape around one of the threads. 

4. Locate a port or valve with a suitable 1/4” NPT female thread. Crack the control value 

on the sample port (to allow purging).  

5. The end of the of the stainless-steel gas cylinder valve must be screwed into the gas port 

while the gas is still flowing. Tighten it with a wrench and open the control valve fully.  

6. Unseal the inlet valve for several seconds to allow gas to enter the cylinder. The inlet 

valve must be closed, and the outlet valve must be opened to allow the gas to escape the 

cylinder. Repeat these steps several times to ensure the removal of air from the adjacent 

connecting line. Allow the system to purge with at least 50 volumes of gas or more.  

7. Once the cylinder is purged, close the outlet valve, and open the inlet valve once more. 

Close the inlet valve after 30 seconds (time needed to allow adequate pressurization). 

8. Before closing the valves, maneuver the valves several times to minimize field blanks, 

and allow proper gas flow. 

9. Shut the control value and remove the stainless-steel cylinder. Lightly knock the 

cylinder to free any bubbles, and elevate the cylinder’s downstream end above the 

upstream end. 

10. Completely separate the stainless-steel cylinder from the sampling contraption. 

11. Using Teflon tape re-wrap the extremities of the cylinders, and put the end caps back 

on. Tighten the end caps with wrenches.  

12. Label the cylinder with the appropriate information. 
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A.2.3    Copper Tubing (From OSUNGL) 

1. Gather and assemble the main components: the two clamps, two end caps, one tube of 

copper and one sample channel consisting of aluminum. 

2. Use the thumbscrews on the channel and attach the clamps (fully closed) to the sample 

channel. Tightly secure the clamps to the channel in order to prevent the clamp bolts on 

the clamp from experiencing excessive movement or slipping. 

3. Repeat step 2 of attaching the clamps for both clamps on each side of the sample 

channel. 

4. Now that the clamps are in place, loosen the nuts on the clamps, so they stay barely on 

the bolt. 

5. Next maneuver the copper tubing through the holes in the sample clamps and channel.  

6. It is essential to ensure the copper tubing extends ~1.75 inches past one clamp and ~1 

inch on the other clamp. 

7. To ensure the sample tube (copper) is grasped by the clamp, center the copper tube in 

the clamp, and finger tighten the nuts.  

8. Connect the gas sampling valve to the upstream portion of the copper tube with tubing 

or a connector. Tubing should be attached to the downstream portion of the copper tube. 

9. Allow the system to purge with 50 or more volumes of gas. Lightly knock the cylinder 

to displace bubbles, and elevate the cylinder’s downstream end above the upstream end. 

10. Close the clamps until both left and right sides of the clamping apparatus are touching. 

This should be an even process, 3 quick ¼ turns on 1 nut followed by the same on the 

other side. Close the downstream then upstream ends of the copper tubing. 

11. Clean water should be used to fill the copper tubing ends as the tubes are capped. 
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12. Remove the sample from the channel and attach a label tab. 

 

A.2.4    Storage and Handling (from OSUNGL) 

The proper packaging of sample cylinders/tubes is critical. For added sample safety, a 

rigid bodied sampling case was used. Mangled ends, breached tubes, or bent cylinders/tubes are 

often un-extractable and result in data loss. Sampling containers were properly positioned 

(horizontally) in a stabilizing media to be adequately protected from excessive jarring. The 

containers packaged within the stabilizing media were not able to shift within the packaging 

container. Since there was the packaging of more than one layer of cylinders, adequate 

stabilizing material was used to sandwich the cylinders into place. The number of samples, their 

sample ID’s, and the proper chain of custody documents were thoroughly noted for each 

sampling case. The case latches on the hard-shell sampling case were taped down, and zip ties 

were used to secure the case via its lock clasps (Darrah, 2018). 

 

A.3   Initial ArcGIS Mapping Methods         

ArcGIS was utilized to generate location maps and to sift through copious amounts of 

data. Initially, to construct the project, the author created the base map by loading various culture 

land grid data into the project; including township and ranges, states lines, counties, tribal 

boundaries, and oil/gas fields. Substantial datasets for helium were imported into ArcGIS and 

subsequently parsed through to determine the most accurate/useful dataset. Datasets are from a 

plethora of sources including the USGS – energy database, Brennan et al. (2016) – helium 

database, Broadhead and Gillard (2004), and the BLM (2004). The data were subjected to a 

rigorous checking process to remove erroneous data points.  Lastly, the sample points for the 
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new geochemical work of this study were loading into the project. The purpose of the initial 

mapping was to aid the author in understanding helium occurrences and patterns in the Four 

Corners area from historical legacy datasets and new sample points.  Additional detailed 

structural and stratigraphic mapping was completed using Petra. 

 

A.4.1 Constructing the Petra Project 

The project was first constructed by setting up the proper private and public file paths for 

a new project on a secured and backed up network. The geographic constraint of the area of 

interest was determined by importing culture shapefiles as overlay layers. These culture shape 

files contained information on the land grid, reservation boundaries, outlines of oil/gas fields and 

state lines. Because of the restriction of certain IHS direct download privileges for shapefiles and 

because of the large field area ~ 7,500 miles2, a custom land grid was created within ArcGIS and 

imported into Petra. Particulars of this culture data were adjusted in the thematic mapper module 

within Petra to correctly format the display text, color, and orientation. Once the critical 

adjustments were completed, layers were marked as read-only to prevent accidental data loss. 

Once the framework had been set up, the project was ready to be populated with data.  

 

A.4.2 Importing Data  

After the initial project’s geographic framework had been established, actual well data 

was incorporated. A total of 9467 wells (broad extent) were imported from IHS using the IHS 

297 well data format Production data in the IHS 298 format were also downloaded and imported 

into the project at this time. IHS was also the source for calibrated raster logs, which were 

downloaded via the batch import function. The six helium fields of interest and the number of 
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wells with raster log data per field are: Dineh-Bi-Keyah (~45 wells), Tocito Dome (~90 wells), 

Pinta Dome (~25 wells), Navajo Springs (~40 wells), Ratherford (~65 wells), and the Tohache 

Wash area (Teec Nos Pos) (~31 wells). The imported data, although focused on the six fields 

mentioned above, also in some cases spanned an area outside of the field(s) to aid in the 

comparison of low and high helium plays.   

Roughly 460 wells with logs were acquired, and 300 were used for this project. Using the 

attribute map button in the Map module, the wells with raster logs were able to be easily 

displayed on the map. The calibrated raster logs, which were not used were either too far from 

the fields of interest, not complete (missing critical portions), or the log was too severely washed 

out (unreadable). The logs mainly featured gamma ray, spontaneous potential, sonic, neutron- 

density, density, porosity, resistivity, conductivity, and caliper curves. Generally, the logs were 

straightened sufficiently upon initial import. The logs were present in up-hole 2 and 5 inch forms 

as well as the occasional reverse log.  

 

A.4.3 Cross Sections 

After all the well data were imported, wells were selected on the Map module in Petra 

and added to cross sections. Wells were selected by manually clicking on each well and selecting 

the add to the cross-section button.  Six cross sections were built corresponding to the six fields 

of interest in the Four Corners area. Surrounding wells (roughly 3 x 3 townships) around the 

fields of interest were also initially incorporated into each of the six cross sections to allow fields 

to be correlated into the surrounding geology. Upon subsequent mapping, surrounding wells 

were not incorporated for the Pinta Dome, Navajo Springs, and Ratherford Fields as a result of 

the concentration of wells.  
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Once the wells had been selected and were visible in the cross-section module, the raster 

logs associated with each well were adjusted. A template was set up prior to the beginning of the 

cross-section construction, which strived to use IEL induction logs to capitalize on the sensitivity 

and accuracy of the resistivity curve for formation top correlations. When there were no 

available resistivity logs, substitutes were needed and often gamma-ray/sonic logs and/or 

porosity/density logs were swapped for the resistivity logs. Wells that did not have reliable or 

readable raster log images were not incorporated into the project. 

 

A.4.4 Correlating Formation Tops  

Extensive literature searches were conducted to provide reliable stratigraphic columns 

and to verify and/or correct IHS picked tops. Because studied fields are in between several 

basins, the Northern Arizona province, Paradox Basin province, and San Juan Basin province as 

described by the USGS were used for reference (Huffman, 1995ab; Butler, 1995). Generally, the 

IHS tops were in the broad vicinity of the literature indicated formation tops.  Most helpful were 

the historical geologic societies guidebooks, which often published gamma/sonic logs with 

which the authors picked tops. After searching through the literature, and observing where others 

had picked certain lithologic units, formation tops were picked with consistency. 

To distinguish newly picked tops from those previously picked, the new tops were 

labeled DTH. Knowledge of lithologic types further aided to establish reasonable picks. Working 

from the bottom up, 20 tops were picked including: Precambrian, Ophir, Tinctic, Aneth, 

McCracken, Elbert, Ouray, Leadville, Molas, Sill lower, Sill upper, Paradox (Barker Creek – 

Akah - Desert Creek - Ismay), Hermosa, Honaker Trail, Coconino, Moenkopi, and Shinarump.  
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The deeper tops were more difficult to perform quality control on because of the paucity of wells 

drilled deep enough and the sparse published articles addressing tops in relation to electric type 

logs. The formation tops were not present in every well, as the majority of wells did not 

penetrate into older Paleozoic sections. Also, flattening on various datums greatly aided in the 

correlation effort. By toggling back and forth from structural mode to the stratigraphic mode, 

tops were checked for consistency, and layers were scanned for thickening/thinning patterns or 

faulting.  

 

A.4.5 Picking Faults  

Regarding picking faults on the cross-section module, most fields had relatively 

consistent units and only the occasional thickening and thinning because of the large spatial 

extent of the field areas. While working through the Pinta Dome and Navajo Springs cross- 

section, several faults became apparent from examining the contoured intervals on the map 

module and from observing vertical displacement in logs. Literature searches are also helpful in 

revealing hidden faults in the subsurface. The pencil tool is essential in drawing the fault trace on 

the structure contour map. Once the fault has been illustrated, a right mouse button click brings 

up the windows to name it, assign it an overlay, and adjust its details. Several faults were picked 

on the Barker Creek, Desert Creek, and Coconino structural intervals using visual inspection of 

contours and well logs, as well as published literature data. It is important to check the Kelly 

Bushing (KB) on the header or scout ticket to ensure that the well information is correct. Often 

data busts can be identified and corrected by checking the KB.  Examining surface topography 

maps also aids in correct fault picking. Generally, one can observe more structure in the map 
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module than on the cross-section module because well bore-holes are relatively narrow and 

sometimes they completely miss a fault, yielding it virtually invisible. 

 

A.4.6 Generating Structural Contours 

The contour maps were generated from the formation tops that were picked in the project 

and are shown and discussed in Chapter 7 of this study, along with a brief look at the logs used 

to create the maps.  An average grid size was used in the creation of the contours. A brief 

description of the various spacing and surface styles utilizing for each of the respective fields and 

reservoirs can be found in Table A.1. 

Faults from published literature were drawn into the map module. Faults were also 

smoothed out using the smooth function in the map module. Because of the addition of faults, the 

include fault option was activated when contouring the grid. The grid was adjusted to find the 

proper color schemes, labeling intervals, labeling sizes, and line thicknesses. This was 

accomplished with the contour a grid feature. Data for the wells were posted using the options 

tab (data posting tab). This step is to ensure that the subsea values for the formation tops are 

mapped accurately.  

Two methods were employed to refine the contours. The first involves the pencil tool to 

draw a smoother edge or new feature on the map, assign it as a contour, and finally assign it to a 

layer. The grid (after clicking use overlay contour lines) must be recreated to observe the 

changes in the map. The second and more time-consuming method (practiced sparingly) involves 

converting the contour grid to an overlay. Once in an overlay, the user has the power to manually 

add and delete nodes on contour grids and force them into different shapes.  
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Table A.1: Table showing the spacing and surface style used in Petra mapping. 
 
Field Reservoir Spacing Surface Style 

Dineh-Bi-Keyah McCracken 100 ft, 30 m Minimum curvature 

Dineh-Bi-Keyah Barker Creek 100 ft, 30 m Minimum curvature 

Dineh-Bi-Keyah Sill 100 ft, 30 m Minimum curvature 

Navajo Springs  Coconino 25 ft, 8 m Highly connected features least squares 

Pinta Dome Coconino 25 ft, 8 m Highly connected features least squares 

Ratherford Desert Creek 20 ft, 6 m Highly connected features least squares 

Tocito Dome Barker Creek 50, 15 m Highly connected features least squares 

Tohache Wash/ 

Teec Nos Pos 

Leadville 50, 15 m Minimum curvature 

 

A.5 Equations   

 
Equation A.1: 
 

[(R𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − R𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)/(R𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)] = δ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(‰) 
 
 
Equation A.2: 
 

[20]air = [20] Total ��2122�mntl − �2122� rad + �2220�meas ∗ ��2122� rad ∗ �2022�mntl − �2122�mntl ∗
�2022� rad� + �2120�meas ∗ ��2022� rad − �2022�mntl� / ��2122�mntl − �2122� rad + �2220� air ∗
��2122� rad ∗ �2022�mntl − �2122�mntl ∗ �2022� rad� + �2120� air ∗ ��2022� rad − �2022�mntl�  
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Equation A.3: 
 

[21]mntl = [20] Total ��2022� air − �2022� rad + �2221�meas ∗ ��2122� air ∗ �2022� rad − �2022� air ∗
�2122� rad� + �2021�meas ∗ ��2122� rad − �2122� air� / ��2022� air − �2022� rad + �2221�mntl ∗ ��2122� air ∗
�2022� rad − �2022� air ∗ �2122� rad� + �2021�mntl ∗ ��2122� rad − �2122� air�  
 
Equation A.4: 
 

[22]rad = [20] Total ��2022� air ∗ �2122�mntl − �2022�mntl ∗ �2122� air + �2122�meas ∗ ��2022�mntl −
�2022� air� + �2022�meas ∗ ��2122� air − �2122�mntl� / ��2022� air ∗ �2122�mntl − �2022�mntl ∗ �2122� air +

�2122� rad ∗ ��2022�mntl − �2022� air� + �2022� rad ∗ ��2122� air − �2122�mntl�  
 
 
Equation A.5: 

F(Noble Gas Ratio) =
(Ngmeasured)/(Ngair)
(Ngmeasured)/(Ngair) 

 

A.6 Complete Geochemical Dataset 

            Below is the new geochemical dataset with respective error calculations that were utilized 

in this study. The data are organized with Tables 2-5 comprising bulk gas composition data plus 

δ values for nitrogen, methane, and carbon dioxide. Tables 6-8 illustrate the noble gas isotopes 

(helium, neon, argon, krypton, and xenon) along with calculated 21Ne* and 40Ar* values. Tables 

9-11 contain noble gas isotope ratios. Tables 11-12 are comprised of combined noble gas with 

hydrocarbon and non-hydrocarbon ratios. 
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Table 2: Hydrocarbon compositional data for C1-Ci4 with error values. 
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Table 3: Hydrocarbon compositional data for Cn-4 to C6+ with error values.
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Table 4: Non-hydrocarbon compositional data with error values. 
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Table 5: δ values (per mil) of methane, carbon dioxide, and nitrogen with error values. 
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Table 6: Noble gas isotopes for helium through neon with respective error values.
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Table 7: Noble gas isotopes for neon through argon with respective error values.
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Table 8: Noble gas isotopes for argon through xenon with respective error values. 
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Table 9: Common isotope ratios of noble gases with error values. 
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Table 10: Common isotope ratios of noble gases with propagated errors of the ratios. 
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Table 11: Combined noble gas and non-hydrocarbon ratios with propagated errors of the ratios.  
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Table 12: Combined noble gas and hydrocarbon ratios with propagated errors of the ratios. 
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