
 
 
 
 
 
 
 
 
 
 
 
 
 

CHANGES IN STABLE CARBON ISOTOPES OF METHANE ALONG A SALINITY 
GRADIENT IN A HYPERSALINE MICROBIAL MAT SYSTEM 

 
 

A Thesis presented to the Faculty of the Graduate School at the University of Missouri-
Columbia 

 
 
 

In Partial Fulfillment of the Requirements for the Degree 
 

Master of Science 
 
 

By 
ELYN POTTER 

 
 

Dr. Cheryl Kelley, Thesis Advisor 
MAY 2007 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
The undersigned, appointed by the dean of the Graduate School, have examined the 
thesis entitled 
 
CHANGES IN STABLE CARBON ISOTOPES OF METHANE ALONG A SALINITY 

GRADIENT IN A HYPERSALINE MICROBIAL MAT SYSTEM 
 

presented by Elyn Potter, 
 
a candidate for the degree of Master of Science, 
 
and hereby certify that, in their opinion, it is worthy of acceptance. 
 
 
 
 
 
 
 
 
 
 
 

_______________________________ 
Professor Cheryl Kelley 

 
 
 
 
 

_______________________________ 
Professor Mitchell Schulte 

 
 
 
 
 

_______________________________ 
Professor Keith Goyne



 ii

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to acknowledge my advisor, Dr. Cheryl Kelley.  I 

am grateful to her for the opportunity to work on this project and for all of her help 

collecting data and for reading the many revisions of this thesis.  I have really enjoyed 

our time working together!  Many thanks to Dr. Brad Bebout, who collected samples and 

provided information about the saltworks and the microbial communities found there.  I 

would like to thank my committee, Dr. Mitchell Schulte and Dr. Keith Goyne, for the 

constructive comments they made, as these greatly improved this paper.  Thanks to Laura 

Lapham for her assistance in analyzing methane isotopes of my samples, and also for 

some interesting comments about the data.  I thank the University of North Carolina at 

Chapel Hill for access to the IRMS located there.  Thanks to Damon Bassett and Scott 

Lepley for helping with analyses in the MU stable isotope geochemistry lab.  Jason Smith 

shared important information about the microbial community in these systems.  One of 

the best aspects of working on this thesis was the opportunity to meet so many wonderful 

people; I am grateful to everyone I met during the course of this work for sharing so 

much of themselves with me.  Thanks to the Exportadora de Sal de C. V. for allowing 

access to the study site.  Financial support for this project was received from the NASA 

Exobiology program. Finally, I would also like to acknowledge the support of my friends 

and family.  I could not have made it through school without their love and 

encouragement.  In particular, I want to recognize my parents, my grandparents, my 

brothers, and my wonderful husband!



 iii

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS.................................................................................................ii 
 

LIST OF FIGURES.............................................................................................................v 
 

LIST OF TABLES...........................................................................................................viii 
 

ABSTRACT.......................................................................................................................ix 
 

Chapter 
 

1.  INTRODUCTION..............................................................................................1 
 

1.1  Significance of microbial mats...................................................................1 
 

1.2  Hypersaline environments..........................................................................2 
 

1.3  Stable isotopes............................................................................................5 
 

1.3.1  Stable carbon isotopes....................................................................5 
 

1.3.2  Stable nitrogen isotopes..................................................................8 
     
       1.4  Aim of the thesis........................................................................................9 

 
2.  STUDY SITE....................................................................................................10 

 
2.1  Description of sample locations..............................................................10 

           
              2.2  Biogeochemical cycling in hypersaline  

   microbial mats in the salterns of                     
  Exportadora de Sal de C. V.....................................................................11 

 
3.  METHODS.......................................................................................................14 

 
3.1  Sampling methods.................................................................................14 

 
3.2  Analytical methods................................................................................16 

    
3.2.1  Dissolved inorganic carbon.......................................................16 

 
3.2.2  Particulate organic material.......................................................18 

 
3.2.3  Methane.....................................................................................18 



 iv

3.3  Statistical analysis...............................................................................20 
 

4.  RESULTS.........................................................................................................22 
 

4.1  Dissolved Inorganic Carbon................................................................22 
 

4.2  Particulate Organic Matter..................................................................23 
 

4.3  Methane...............................................................................................23 
 

5.  DISCUSSION...................................................................................................25 
 

5.1  Comparison of Pond 4 mats to greenhouse mats..................................25 
 

5.2  Particulate organic matter.....................................................................26 
 

                 5.3  Apparent fractionation factors associated  
          with methanogenesis in the mats sampled  

      in situ....................................................................................................28 
 

6.  CONCLUSION.................................................................................................34 
 

7.  REFERENCES.................................................................................................36 
 

8.  FIGURES..........................................................................................................40 
 

APPENDIX........................................................................................................................55 
 

 1.  DATA TABLES...............................................................................................55 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 v

 
 

 
 
 
 
 
 

LIST OF FIGURES 
 
FIGURE           PAGE 
 
1.  Map of the area surrounding Guerrero  
     Negro, after Shumilin et al., 2002, including  
     the salterns of the Exportadora de Sal de C. V.,  
     Baja California Sur, Mexico.  Inset shows the  
     location of Guerrero Negro in Baja California.   
     Concentration ponds are shown in white,  
     with locations of study sites indicated by letters:   
     (a) Pond 6, (b) natural marsh, (c) Pond 4, and (d) Pond 1............................................39 
 
2.  Depth profiles of methane production  
     (nmol/hr/g) in the mats sampled in situ  
     (B. M. Bebout, unpublished data).  These  
     data were measured from three time points..................................................................40 
 
3.  Depth profiles of methane concentration  
     (μM) in the field sites (B. M. Bebout,  
     unpublished data).  The negative depth values  
     indicate measurements of methane taken from  
     the water overlying the mats.........................................................................................41 
 
4.  Depth profiles of δ13C values of dissolved  
     inorganic carbon (DIC) from mats maintained  
     at the NASA Ames greenhouse facility and  
     mats growing in Pond 4.  Error bars represent  
     one standard deviation about the mean of  
     triplicate samples..........................................................................................................42 
 
5.  Depth profile of dissolved inorganic carbon (DIC)  
     concentration (millimolar) of Pond 4 mats  
     and mats maintained in the greenhouse facility.   
     The error bars represent one standard deviation  
     about the mean..............................................................................................................43 
 



 vi

 
 
6.  Depth profile of dissolved inorganic carbon  
     (DIC) concentration (mM) in the in situ mats.   
     The error bars represent one standard deviation  
     about the mean..............................................................................................................44 
 
7.  Depth profile of dissolved inorganic carbon 
     (DIC) concentration (mM) of Pond 4 mats  
     and mats maintained in the greenhouse facility.   
     The error bars represent one standard  
     deviation about the mean..............................................................................................45 
 
8.  Depth profiles of δ13C values of the particulate  
     organic matter (POM) within the mats sampled  
     in situ.  Error bars represent one standard  
     deviation........................................................................................................................46 
 
9.  Depth profiles of δ15N values of the particulate  
     organic matter (POM) within the mat.  Error  
     bars represent one standard deviation...........................................................................47 
 
10.  Depth profiles of the carbon to nitrogen ratio  
      (C/N) in the mats sampled in situ.  Error bars  
      represent one standard deviation.................................................................................48 
 
11. Depth profiles of δ13C of methane in mats sampled 
      in Pond 4 and from mats maintained in the greenhouse  
      facility.  The isotopic composition of the methane  
      in the greenhouse mats was measured from both  
      one and two slices of mat core.....................................................................................49 
 
12. Depth profiles of δ13C of methane from  
      the in situ mats.  Error bars represent  
      one standard deviation.................................................................................................50 
 
13. Difference between the δ13C of dissolved  
      inorganic carbon (DIC) and the δ13C of  
      particulate organic matter (POM). Error  
      bars represent one standard deviation..........................................................................51 
 
14. δ13C values of methane plotted against  
      the δ13C values of dissolved inorganic carbon (DIC).  
     The numbered lines indicate equal fractionation  
      factors.  Error bars represent one standard deviation...................................................52 



 vii

 
 
15. δ13C of methane vs. δ13C of particulate organic  
      matter (POM).  The numbered lines represent  
      equal fractionation factors.  Error bars represent  
      one standard deviation.................................................................................................53 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 viii

 
 
 
 
 
 
 
 

LIST OF TABLES 
 
TABLE            PAGE 
 
1.  Salinity tolerances and carbon isotope  
     fractionaton factors associated with  
     different methanogenic substrates...................................................................................4 
 
2.  Salinity measured at the field sites in  
     December 2005, temperature measurements  
     taken in December 2005, and yearly averages  
    of long term salinity data ranging from 1990 to 1998...................................................11 
 
3.  Apparent fractionation factors of methane at  
     each site calculated from dissolved inorganic  
     carbon (DIC) and particulate organic matter (POM)....................................................28 
 

 

 

 

 

 

 

 

 

 



 ix

 

ABSTRACT 

The purpose of this study was to examine how the stable carbon isotopes of methane and 

possible methanogenic substrates change in microbial mat communities as a function of 

salinity. Microbial mats were sampled from four different field sites located within the 

salterns of the Exportadora de Sal de C. V., Baja California Sur, Mexico. Salinities 

ranged from 50 to 106 parts per thousand (ppt) and samples were analyzed for the carbon 

isotopic composition of the dissolved inorganic carbon (DIC), mat material (particulate 

organic matter or POM) and methane.  The POM samples were analyzed for their 

nitrogen isotopic composition as well.  The POM δ13C values ranged from -6.7 to -

13.5‰, the DIC δ13C values ranged between -1.4 and -9.6‰, and the δ15N values of the 

POM ranged from -1.4 to 4.6 ‰.  A.   These values were similar to previously reported 

values.  However, there are no prior reports of methane δ13C values within the mats, and 

considerable variability among sites was found.  The δ13C values of methane range from -

49.6 to -74.1 ‰; the methane most enriched in 13C was obtained from the highest salinity 

pond. The apparent fractionation factors between methane and DIC, and methane and 

POM, in the mats were also determined and found to change with salinity.  The apparent 

fractionation factors ranged from 1.042 to 1.077 when calculated from DIC, and from 

1.038 to 1.068 when calculated from POM.  The highest salinity pond showed the least 

fractionation, the moderate salinity pond showed the highest fractionation, and the low 

salinity sites showed fractionations that were in the middle of the other two sites.  These 

differences in fractionation factors are most likely due to differences in the dominant 

methanogenic pathways at the different sites because of salinity differences.
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1.  INTRODUCTION 

 

 

1.1 Significance of microbial mats 

 Photosynthetic microbial mats and stromatolites have a long history on Earth.  

Stromatolites are found in the fossil record from nearly 3.5 billion years ago, and persist 

into the present (Canfield and Des Marais, 1993).  The abundance of stromatolites in the 

early fossil record is interpreted as evidence that these microbial communities were 

widespread on the Earth during the Precambrian (Walter, 1983).  This makes microbial 

mats excellent candidates for study as proxies for early life on Earth (Des Marais et al., 

2003).   

Microbial mats are ecosystems that can exhibit chemical and population zonation 

on a millimeter or smaller scale in the vertical direction, yet can extend laterally for 

meters or kilometers.  They may have had a dramatic impact on the chemistry of the 

atmosphere on the early Earth (Des Marais, 2003; Hoehler et al., 2001).  For example, 

production and release of H2 gas in microbial mats may have contributed to the net 

oxidation of the Earth’s atmosphere (Hoehler et al., 2001).   

Methane produced in microbial mats may have also played an important role in 

the Earth’s atmosphere in the past.  Solar luminosity was approximately 30% less when 

the solar system formed than it is today (Kasting, 2005).   If the greenhouse effect in the 

Precambrian was the same as today, the decreased energy reaching the Earth would have 

resulted in global glaciation.  However, there is no evidence for such a glacial episode 

prior to 2.3 billion years ago (Kasting, 2005).  This situation has been dubbed the “faint 
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young sun paradox” (Pavlov et al., 2003).  One possible solution to this paradox is 

elevated levels of atmospheric methane.  Methane acts as a greenhouse gas; trapping of 

heat by methane in the atmosphere could have kept the temperature high enough to 

prevent global glaciation.  The amount of methane present in the Proterozoic would 

largely have been controlled by methanogenic Archaea (Pavlov et al., 2003).  The 

methane in the atmosphere would have been removed from the atmosphere at the onset of 

oxygenation of the atmosphere, and this could have triggered glaciation in the 

Paleoproterozoic (Kasting, 2005).  Additionally, methane is a possible biosignature gas, 

which may be used to distinguish the activity of life on other planets (Bebout, 2002).   

 

1.2 Hypersaline environments 

As noted above, microbial mats and stromatolites have existed since the 

Precambrian and persist to the present day.  Microbial mats were widespread in the 

Precambrian (Walter, 1983), but are more limited in extent in the marine realm in the 

modern Earth’s oceans.  The restriction in distribution of stromatolites in the Phanerozoic 

is thought to be due to the evolution of metazoans.  Well developed mats are prevented 

from forming in most marine and freshwater settings because of the burrowing and 

grazing activity of metazoans (Garrett, 1970).  Despite this, microbial mats can be found 

in a variety of places, including soils, lakes, streams, hot springs, and hypersaline waters 

(Des Marais, 1995).   

 Organisms from all three domains of life (Bacteria, Archaea, and Eukarya) are 

found in hypersaline environments (Oren, 2001).  Because of the high extracellular 

salinity in these environments, special modifications to the chemical composition of the 
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cytoplasm of halophiles are required for survival.  Biological membranes are permeable 

to water; if the solute concentration outside the cell is greater than inside it, the cell will 

lose water to the environment.  To overcome this problem, most halophiles balance the 

osmotic pressure on their cells by maintaining high intracellular solute concentrations of 

either salts or organic solutes, such as glycerol or glycine betaine (Oren, 2001). Organic 

solutes do not require changes to cellular machinery, but they are energetically expensive.  

These organic solutes and their degradation products are important sources of carbon and 

energy to the microbial ecosystem (Oren, 1990).  The other option for maintaining 

osmotic balance is to include a high concentration of salt (such as KCl) within the cell.  

This does not require as much energy as producing organic solutes, but does require 

special cellular adaptations (Oren, 2001). 

 There are many different metabolisms that can occur in hypersaline environments, 

despite the large proportion of energy that is expended by microorganisms in maintaining 

osmotic balance.  The amount of energy produced by the different metabolisms has a 

direct impact on the highest salinity at which a given metabolic pathway will occur 

(Oren, 2002).  According to Oren (2002), oxygenic respiration, oxygenic photosynthesis, 

and anoxic photosynthesis all persist up to salt saturation.  Sulfate reducing bacteria can 

grow in salinities up to 240 ppt.  Sulfide oxidation has also been observed at salinities of 

240 ppt.  Methanogenesis occurs at high salinities as well, with salinity tolerances of 

different methanogens ranging from 60 to 250 ppt depending on pathway.   

The substrates that can be utilized by methanogenic archaea are limited in 

number, and each has a different salinity tolerance associated with it (Table 1).   
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Table 1.  Salinity tolerances and carbon isotope fractionaton factors associated with 
different methanogenic substrates.   

Substrate Salinity tolerance 1 Fractionation factor 2,3

CO2 + H2 120 ppt 1.03 to 1.08 

Acetate  60 ppt 1.01 to 1.03 

Trimethylamine 250 ppt 1.05 to  1.07 

Dimethylsulfide No data 1.04 to 1.05 

Methanol 250 ppt 1.07 to 1.09 
1Oren, 2002 
2Conrad, 2005 
3Whiticar, 1999 
 

The two most common methanogenic pathways in typical organic-rich marine and 

freshwater sediments are reduction of carbon dioxide with hydrogen gas (equation 1) and 

acetoclastic methanogenesis (equation 2; Conrad, 2005): 

 

CO2 + 4H2  2H2O + CH4        (1) 

CH3COOH  CO2 + CH4        (2). 

 

Generally, when sulfate is present in sediment pore water, these methanogenic pathways 

are suppressed because methanogens are outcompeted by sulfate reducers for H2 and 

acetate, which are necessary substrates for both groups.  This is because sulfate reduction 

is thermodynamically and kinetically more favorable than methanogenesis (King et al., 

1983).  However, there are some methanogens that can also use noncompetitive 

substrates and are thus able to coexist with the sulfate reducers.  Noncompetitive 
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substrates include methylated compounds (other than acetate) such as dimethylsulfide 

(equation 3; van Leerdam et al., 2006), methylated amines (example—trimethylamine; 

equation 4; Oren, 2001), or methanol (equation 5; Oren, 2001): 

 

2 CH3SCH3 + 3 H2O  3 CH4  + HCO3
- + 2 H2S + H+    (3) 

4 (CH3)3N + 9 H2O + H+  9  CH4 + 3 HCO3
- + 4 NH4

+     (4) 

4 CH3OH  3 CH4 + HCO3
- + H2O + H+      (5). 

 

In hypersaline environments, methane is typically produced from noncompetitive 

substrates (Conrad, 2005).  Methylated amines are present in hypersaline environments as 

degradation products of glycine betaine, which is a compound used by halotolerant and 

halophilic organisms as an osmoregulant (Oren, 1990).  Dimethyl sulfide (DMS) in 

marine settings is commonly a breakdown product of dimethylsulfionopropionate 

(DMSP); however, DMS in hypersaline environments has been shown to be a product of 

reactions between biologically produced hydrogen sulfide and low molecular weight 

organic compounds (Visscher et al., 2003).  Methanol in these environments is derived 

from microbial degradation of pectin (Conrad, 2005). 

 

1.3 Stable isotopes 

1.3.1 Stable carbon isotopes 

 Carbon is one of the most abundant elements in the universe, and is essential for 

life on Earth.  There are two stable isotopes of carbon; 12C makes up 98.89% of carbon 

on Earth, while 13C accounts for 1.11 %.  The stable isotopic composition of carbon is 
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expressed using delta notation.  Delta notation for carbon is written as δ13C and is 

calculated as in equation 6 (Faure, 1986): 

 

δ13C (in permil) = ((Rsample – Rstandard)/Rstandard)*1000 ,   (6) 

 

where R is the ratio of 13C/12C. The standard most commonly used for carbon isotope 

notation is Pee Dee Belemnite (PDB), which is a carbonate fossil from the Cretaceous.  

The value of the 13C/12C for this standard is 0.0112372 ± 0.0000029 (Craig, 1957).  

Another term frequently used in stable isotope discussions is α, or the fractionation 

factor.  This is calculated using equation 7 (Conrad, 2005):  

 

α = (δ13CA +1000)/(δ13CB + 1000),        (7) 

 

where δ13CA is the isotopic composition of the reactant and δ13CB is the composition of 

the product. The fractionation factor is a measure of how offset the isotopic value of the 

product is from the substrate from which it was formed.  In the case of methanogenesis, 

δ13CA is the isotopic composition of the methanogenic substrate and δ13CB is composition 

of the methane produced.  The term fractionation factor is reserved for methanogenesis 

from only one substrate.   In measurements of methane produced in environmental 

samples, methane is generally being produced from a combination of two or more 

substrates.  For this reason, the term apparent fractionation factor is used rather than 

fractionation factor in this thesis. 
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Stable carbon isotopes of methane can be used to identify different sources of 

methane, since biogenic methane is typically very depleted in 13C relative to methane 

from other sources (Whiticar, 1999).  Individual measurements of the isotopic 

composition of biogenic methane can range from -110‰ to -50‰ (Whiticar, 1999). This 

is because each methanogenic pathway has a different isotopic fractionation factor 

associated with it (Table 1), and the substrate from which the methane is formed will 

have an effect on the isotopic composition of the methane.  Comparing the apparent 

fractionation factor observed in the environment with fractionation factors measured from 

individual substrates can help determine the relative proportions of the substrates being 

used by methanogens in that environment.  Carbon isotope fractionation during 

methanogenesis from carbon dioxide is also affected by temperature (Equation 8, Blair et 

al., 1993): 

 

ln αCO2 = 23.0/T – 0.022,        (8) 

 

where T is the temperature in Kelvin, and αCO2 is the fractionation factor associated with 

methanogenesis from reduction of carbon dioxide.  Unfortunately, the temperature 

dependence of other methanogenic substrates has not been established. There are 

additional factors that affect the fractionation factor of methanogens.  These include rates 

of methane production, growth phase of a given microbial culture, species of 

methanogen, and hydrogen gas availability (Conrad 2005). 
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1.3.2 Stable nitrogen isotopes 

 There are two stable isotopes of nitrogen in the environment; 14N makes up about 

99.64% of nitrogen in the atmosphere, while 15N accounts for 0.36% (Hoefs, 2004).  The 

isotopic composition of nitrogen is expressed using delta notation (as for carbon) using 

equation 9 (Faure, 1986): 

 

δ15N = ((Rsample – Rstandard)/Rstandard)*1000,           (9) 

 

where R is the ratio of 15N/14N. The standard used for nitrogen is N2 in air, which has a 

15N/14N ratio of 0.0036765 ± 0.00000081 (Junk and Svec, 1958).   

Nitrogen isotopes vary widely in nature.  Values of δ15N range from -50 to +50‰, 

with most values falling into the -20 to +20‰ range (Hoefs, 2004).  Nitrogen fixation 

typically yields organic matter with δ15N values between -1 and +3‰ (Fogel and 

Cifuentes, 1993).  In general, δ15N values increase with increasing recycling of 

particulate nitrogen, with approximately a 3‰ increase per trophic level (Minawaga and 

Wada, 1984).  This means that the relative age of organic matter can be determined using 

δ15N.  For example, organic matter in the ocean results shows an increase of δ15N with 

depth in the oceans because organic particles that have been in the ocean longer have 

been subject to greater degrees of bacterial degradation (Faure, 1986).   

Nitrogen content in sediments is typically linked to carbon abundance, because nitrogen 

is generally associated with organic matter (Faure, 1986).  In the oceans, carbon to 

nitrogen ratio (C/N) increases with depth, because nitrogen is selectively removed by 

biological degradation of organic matter (Faure, 1986).   
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1.4 Aim of the thesis 

 The purpose of this thesis is to examine how the isotopic composition of methane 

produced in microbial mats in the salterns of the Exportadora de Sal de C. V., Baja 

California Sur, Mexico changes along a salinity gradient.  Mat samples from each of four 

different salinities were analyzed for the stable carbon isotopic composition of their 

particulate organic material (POM), dissolved inorganic carbon (DIC), and methane.  

These different carbon pools were measured in an attempt to characterize the isotopic 

fractionation between methane and potential substrate, and in this manner to determine 

the relative importance of the different methanogenic pathways at each site.  Calculations 

of the apparent fractionation factors of methane in each field site were made and 

compared to known fractionation factors to accomplish this.  The stable nitrogen isotopic 

composition and carbon and nitrogen content were also measured.  This was done in 

order gather supporting data from these mat systems, and to attempt to understand 

nitrogen cycling in the system. 
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2.  STUDY SITE 

 

 

2.1  Description of sample locations 

The study sites are located in the salterns of the Exportadora de Sal in Guerrero 

Negro, Baja California Sur, Mexico (Figure 1).  The town of Guerrero Negro is situated 

in the San Vizcaino Desert immediately south of the border between Baja California and 

Baja California Sur near the Ojo de Liebra Lagoon.  The Exportadora de Sal pumps water 

from the Ojo de Liebra Lagoon, which has a salinity of approximately 40 ppt (Bebout et 

al., 2002), into a system of 14 evaporation ponds where it becomes progressively more 

saline (Table 2).  These shallow (averaging less than 1 m) evaporating basins cover an 

area of more than 250 km2 (Des Marais et al., 1989).  Water flows through the 

evaporation ponds and thence into crystallization ponds where halite is deposited and 

collected by the salt company.   

These evaporation ponds have been studied extensively over the last 20 years 

(Des Marais et al., 1989), particularly Ponds 4 and 5 (Des Marais and Canfield, 1994; 

Des Marais, 1995; Bebout et al., 2002; Bebout et al., 2004; Kelley et al., 2006).   

The concentration ponds with salinities between 50 and 130 ppt have cohesive, well 

developed microbial mats.  The mats of interest for this study are submerged year round 

and range in thickness between 1 to 10 centimeters (Des Marais, 1995).  The mats have 

sub-millimeter to millimeter laminations showing wide variety of colors from the 

different communities of microorganisms inhabiting different depths within the mat.  
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Despite the small vertical scale of these mats, they cover an area of approximately 100 

km2 (Des Marais et al., 1989).   

 
Table 2.  Salinity measured at the field sites in December 2005, temperature 
measurements taken in December 2005, and yearly averages of long term salinity data 
ranging from 1990 to 1998.  

Site Salinity, ppt 
December 2005 

Temperature, °C 
December 2005 Salinity range1, ppt 

Natural marsh 50 19 no data 

Pond 1 55 20 30 to 50 

Pond 4 90 16 65 to 96 

Pond 6 106 19.5 112 to 143 
1Shumilin et al, 2002. 

 

The mats are mainly composed of microorganisms and mucilage with a small 

(less than 5%) amount of sediment.  Cyanobacteria (predominantly Microcoleus) 

dominate in the upper 2 mm of the mat (Ley et al, 2006).   

 

2.2  Biogeochemical cycling in hypersaline microbial mats in the salterns of 

Exportadora de Sal de C.V. 

 Microbial mats are complex ecosystems where nutrients are cycled very rapidly.  

The organisms within mats live in close proximity; end products of many metabolisms 

are the required substrates of others (Bebout et al., 2002).  In the mats of the Guerrero 

Negro system, there are sharp chemical gradients of oxygen, hydrogen gas, hydrogen 

sulfide (ΣH2S) and other compounds (Garcia-Pichel et al., 1994). The primary carbon 
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fixation process in these mats is photosynthesis (both oxygenic and anoxygenic). Oxygen 

is produced through photosynthesis at the surface of the mat during the day and 

penetrates the mat to a depth of approximately 2 mm (Des Marais, 2003).  Due to high 

rates of photosynthesis, oxygen in the mat can reach a concentration up to five times as 

high as air saturated seawater (Des Marais, 1995).  At night, the oxygen produced during 

the day is consumed by respiration (Des Marais, 1995), and the entire mat becomes 

anoxic (Canfield and Des Marais, 1991).These changing conditions and sharp chemical 

gradients mean that there are many different metabolic niches available to 

microorganisms (Garcia-Pichel, 1994).   

Sulfur within the mat is cycled by dissimilatory sulfate reduction and sulfur 

oxidation (Canfield and Des Marais, 1991).  Hydrogen sulfide is found in the mat pore 

waters in the anoxic regions; the oxygen-sulfide interface migrates up and down within 

the mat over the course of a diel cycle (Des Marais, 1995).  Sulfate reduction occurs in 

the aerobic zone as well as the anaerobic zone within these mats (Canfield and Des 

Marais, 1991).  With the exception of aerobic sulfate reduction, these processes are 

typical in most aquatic ecosystems.  However, in microbial mats, microbial and chemical 

zonation occurs on scales of a millimeter or less (Canfield and Des Marais, 1993).   

Nitrogen in the mat is supplied by nitrogen fixation, as well as diffusion from the 

overlying water and remobilization of organic nitrogen from within the mat (Des Marais, 

1995).  The most important of these sources of nitrogen to the mat is probably organic 

matter within the mat (Des Marais, 1995).  Rates of nitrogen fixation within the mat are 

controlled by a diel cycle as well; since nitrogen fixation is inhibited by oxygen, nitrogen 

fixation occurs primarily at night (Des Marais, 1995). 
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Methanogenesis has also been observed within these hypersaline mats (Hoehler et 

al., 2001; Bebout et al., 2002; Kelley et al., 2006).  As has been previously mentioned, 

methanogenesis via carbon dioxide reduction or acetatoclastic methanogenesis is 

inhibited by the presence of sulfate.  Manipulations of mat communities in a greenhouse 

facility maintained at NASA Ames Research Center showed that reducing sulfate 

concentrations increases methane production (Bebout et al., 2004).  This implies that 

there are acetoclastic or hydrogenotrophic methanogens present in these salterns, though 

they may not account for a significant proportion of the methane produced under in situ 

conditions (Smith et al., 2007).  Hydrogenotrophic methanogens may be able to coexist 

with sulfate reducing bacteria due to the large amounts of H2 contained in the surface of 

the microbial mats (Hoehler et al., 2002).   
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3.  METHODS 

 

 

3.1 Sampling methods 

Mats were sampled in December 2005 from the Exportadora de Sal de C. V. from 

four sites with four different salinities.  Pond 1 has a salinity of 55 ppt, Pond 4 has a 

salinity of 90 ppt, Pond 6 has a salinity of 106 ppt, and the marsh has a salinity of 50 ppt 

(Table 2).  Mats were sampled from an area in each site that is representative of the mats 

located in that site.  The salinity of each site was measured using a refractometer prior to 

sampling, and methane production and concentration within the mats were measured (B. 

M. Bebout, unpublished data; Figures 2 and 3).  Cores of the mats were taken using a 60 

ml syringe with the needle end cut off.  The cores were then extruded from the syringe so 

that slices of the mat could be sampled.  Three depth intervals were obtained from all 

cores: 0 to 4 mm, 10 to 14 mm, and 26 to 30 mm.  Samples taken for analysis of 

particulate organic matter and dissolved inorganic carbon required one slice each.  Since 

concentrations of methane were expected to be low (Bebout et al., 2002), two core slices 

per sample were obtained for methane samples analyses to ensure that the amount of 

methane present in the sample was above the analytical detection limits of the Isotope 

Ratio Mass Spectrometer (IRMS).  Triplicate samples were taken from each site for all 

three parameters.  Care was taken during the collection of the mat to sample quickly in 

order to minimize exposure to air.   

Mat samples from the NASA Ames Research Center greenhouse facility were 

also sampled for analysis of dissolved inorganic carbon and methane carbon isotopes.  
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These mats were taken from Pond 4 in December 2005 and transported from Guerrero 

Negro to the NASA Ames Research Center in Moffett Field, California, where they are 

maintained in flow boxes.  The sampling method and flow box set up has been previously 

described (Bebout et al., 2002; Bebout et al., 2004).  In brief, mat samples were collected 

from Pond 4 by divers and put into tight fitting black opaque boxes to minimize exposure 

of the anoxic layers of the mat to light and air.  The mats were covered in water with a 

salinity of 130 ppt overnight to slow metabolic rates.  They were then drained and 

transported to California covered in plastic film to keep them moist.  At the greenhouse 

facility, the boxes containing the mats were installed into the flow box table and covered 

with brine that has approximately the same composition as the brine at the field site.   

These mats were maintained in the NASA Ames greenhouse facility for approximately 

two months, and then sampled in February 2006.   

The first purpose of sampling the greenhouse mats was to determine if the 

methane in the greenhouse mats was different than in Pond 4 and therefore whether 

moving the mats from Guerrero Negro to NASA Ames or the artificial environment had 

altered the methanogenic community.  The second reason for sampling the greenhouse 

mats was to determine if sampling different amounts of mat material had an effect on the 

methane isotopes.  As previously mentioned, two cores of each interval were taken at the 

field sites in the Exportadora de Sal de C. V. for analysis of the carbon isotopic 

composition of methane.  After the first slice of mat material was added to the sample 

vial, there was a period of approximately five minutes when the sample vial was open to 

the atmosphere.  Because methane is not very soluble in water (Wiesenburg and 

Guinasso, 1979), methane could have escaped during sampling.  Methane diffusion and 
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loss to the atmosphere could have fractionated the methane originally present in the 

sample so that the isotopic composition of the remaining methane was altered.  

Therefore, it was necessary to determine if the isotopic composition of the methane was 

different in samples of one core (sampling method where vials were immediately capped 

after insertion of the mat slice) and samples of two cores (where the vial headspaces were 

flushed with nitrogen gas, but open to the atmosphere for approximately 5 minutes).  

Since all the samples from the field site were sampled using two cores, it was important 

to verify that the sampling protocol in the field did not compromise the isotopic 

composition of the methane measured from those sites.   

 

3.2 Analytical methods 

3.2.1 Dissolved inorganic carbon (DIC) 

The stable carbon isotopic composition and concentration of DIC were measured 

in Ponds 1, 4, 6, the natural marsh, and the greenhouse mats.  Samples for DIC were 

centrifuged in a perforated cylinder with filter paper at the bottom for five minutes in 

order to separate the pore water from the mat.  The volume of the pore water was 

recorded, and the water was injected via syringe into evacuated 2 ml serum vials with 

crimped on rubber stoppers.  The vials were frozen and stored upside down to help 

prevent gas diffusion across the stopper.  In preparation for analysis, 1000 μl of 5M 

H3PO4 was added to each 2 ml serum vial.  This acidified the samples to ensure that all 

present CO2 entered the gas phase.   The samples were shaken to help gas escape into the 

headspace.  Helium gas was also added to increase pressure inside the vials to 

atmospheric pressure.  The volume of helium gas injected into the vials was calculated 
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using equation 10: 

 

Volume He   = 1000 – Volume sample       (10) 

 

where Volume He  is the Volume of helium in microliters (μl), and Volume sample is the 

volume of the pore water extracted from the mat in microliters (μl). The approximate 

volume of gas needed for isotopic analysis was estimated using previously reported 

amounts of DIC from within the pore water (Kelley et al., 2006).  DIC samples were 

injected into a Hewlett Packard gas chromatograph (GC) connected via a GC Combustion 

III interface to a ThermoQuest Finnigan Delta Plus XL isotope ratio mass spectrometer 

(IRMS) for analysis.    

The concentration of DIC in each sample was determined from the 

chromatogram.  The mean peak area per mole of carbon dioxide in the standard injection 

measured by the IRMS was calculated, then this value was multiplied by the peak area of 

each sample to give the number of moles of carbon dioxide in the sample.  The 

concentration (in millimolar) of each sample was then calculated using the following 

equation: 

 

(N/V1)*(V2/V3)*106         (11) 

 

where N is the amount of CO2 (in millimoles) in the sample, V1 is the volume of pore 

water (in microliters) extracted from the mat, V2 is the volume of helium gas (in 

microliters) added to the sample vials, and V3 is the volume of gas (in microliters) 
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injected into the GC. 

3.2.2 Particulate organic material (POM) 

Measurements of the isotopic composition and percentages of carbon and nitrogen 

of the POM were taken from Ponds 1, 4, 6, and the natural marsh.  Samples for POM 

carbon and nitrogen isotopes were cored, sliced, and refrigerated in scintillation vials.  

The samples were prepared for analysis using the method described by Hedges and Stern 

(1983).  The mat material was dried in a drying oven at 60 ºC for approximately one 

week.  The samples were homogenized with an agate mortar and pestle and acidified to 

remove carbonate by adding approximately 2 ml of 1.2 M HCl was added to each sample.   

Samples were left to react overnight; subsequent additions of acid were required for some 

samples if carbonate was still visible in the sample after this time period.  After 

acidification and drying, samples were homogenized a second time with the agate mortar 

and pestle.  Samples were weighed before and after acidification in order to determine the 

mass change from salts created by the acidification and drying process.  Normalization to 

the original sample mass was not necessary for isotopic analyses, but it was needed for 

the analyses of %C and %N within the samples.  The homogenized samples were 

weighed into tin boats and flash combusted in a Carlo Erba NA 1500 Elemental Analyzer 

(EA) and then analyzed on the ThermoQuest Finnigan Delta Plus XL IRMS using a 

Conflow III interface.  Measurements of %C, %N, δ13C and δ15N were made in this 

manner.    

3.2.3 Methane 

Measurements of methane stable carbon isotopic composition were taken from 

Ponds 1, 4, 6, the natural marsh, and the greenhouse mats.  The greenhouse mats were 
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sampled twice; one set of samples contained slices from two mat cores and one set 

contained slices from one core.  First 10 ml of 0.55 M potassium hydroxide was added to 

50 ml serum vials.  Potassium hydroxide is used to stop any metabolic activity and to 

ensure that the DIC within the pore water remained in the aqueous phase once the sample 

was added.  The headspaces of the vials were then flushed with N2 gas until sample 

addition.  The headspaces in the vials were flushed with N2 again, stopped with solid 

butyl rubber stoppers and crimped closed.  The samples were refrigerated upside down 

until analysis to prevent communication with the atmosphere.   

To begin analysis, two syringes were used to recover gas from the headspace of 

the vial; one injected water into the vial in order to force gas into the second.  The 

syringes were left in place for a few minutes after this procedure to ensure that no 

fractionation occurred across the small hole of the needle.  The samples were injected 

into a He carrier line that passed through a liquid N2 and ethanol cryofocusing trap and a 

second liquid N2 trap following a method described by Rice et al. (2001).  The purpose of 

these traps was to concentrate the methane, as well as to remove any CO2 or water 

present in the sample.  The samples were analyzed using a FinniganMat 252 IRMS 

(Thermofinnigan, Bremen, Germany) with a Finnigan ConFlo interface, modified after 

Brenna et al. (1997) and a 5890 Hewlett Packard Gas Chromatograph.   
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3.3 Statistical analysis 

 An F-test followed by a t-test was used to determine whether the means of the 

samples taken from the different ponds were equivalent.  These were performed using the 

Data Analysis package in Microsoft Excel.  Both of these tests are based on 

modifications of the normal distribution.  These tests operate by using the concept of the 

null hypothesis which states that the treatment (in this case the different salinities) has no 

effect.  The F-test is used to determine whether the variances of two sample sets are the 

same (Davis, 1986).  The null hypothesis in the F-test states that the variances of two sets 

of data are equal.  The results of the F-test determine whether it is more appropriate to 

use a t-test for samples with equal variance or unequal variances.  The t-test is used to 

establish the likelihood that one data set is equivalent to another (Davis, 1986).  The t-test 

is the statistical test typically applied to data sets with small numbers of samples in order 

to account for the increased uncertainty introduced by using smaller sample sets (Davis, 

1986).  The null hypothesis for the t-test states that the means of the sets of samples are 

equal.  The confidence level (α) in statistical testing is the likelihood that the null 

hypothesis will be rejected even though it is correct (type I error).  Microsoft Excel 

returns a P-value for both F- and t-tests.  A P-value is the likelihood that the difference 

between groups is due to randomness of the sample (Whitley, 2002).  If the P-value is 

less than the confidence level, the null hypothesis is rejected and the means or variances 

are not equal.  If the P-value is greater than the confidence level, the null hypothesis is 

not rejected.  A confidence level of 0.05 was chosen for the t-tests and F-tests, which 

means that there is a 5% chance that the means or variances of the data will be incorrectly 

interpreted as not equal. 
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 Analysis of variance, or ANOVA, was also used to analyze data sets.  This 

statistical test was also performed using the Data Analysis package in Microsoft Excel.  

A two-way ANOVA is useful to determine which of two variables has more variance 

associated with it (Davis, 1986).  For a two-way ANOVA, there are two null hypotheses; 

in this study, the null hypotheses were that 1) the means of the different depth intervals 

samples were the same and 2) that the means of the different ponds were equal.  For the 

two-way ANOVAs, a confidence level of 0.05 was used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.  RESULTS 

 

 

4.1  Dissolved organic matter 

The δ13C values of DIC from the greenhouse mats, sampled in February 2006, 

ranged from -5.5 ± 0.1 to -3.5 ± 0.5‰, while samples obtained in the field from Pond 4 

in December 2005 ranged in isotopic composition from -4.9 ± 0.5 to -1.4 ± 1.1‰ (Figure 

4).  An F-test shows that the variances of these two groups are equal (p > 0.05), and 

although there is about a 4‰ difference in δ13C values in the surface interval, a t-test 

between these two sets of data showed that the means were equal as well (p > 0.05).   

Stable carbon isotopic values of DIC (Figure 5) measured from mats growing in 

situ ranged from -1.4 1.1 to -9.6 ± ± 0.7‰.  A two-way ANOVA showed that there were 

significant differences between the means of the DIC in the different field sites  

(p < 0.05), but no significant change in mean isotopic composition with depth within the 

mat (p > 0.05).  Pond 6, which had the highest salinity, has the most negative DIC δ13C 

values.  The δ13C values of DIC from the greenhouse mats are similar to previously 

reported values from these mats (Kelley et al., 2006), and DIC from the mats that were 

sampled in situ have isotopic values that also show agreement with previous reports (Des 

Marais et al., 1989).   

The DIC concentration (Figure 6) in the in situ mats ranged from 1.7 ± 1.0 to 8.5 

1.0 mM.  A t-test showed that the means of the DIC concentration in the greenhouse 

and Pond 4 mats were equal (p > 0.05; Figure 7).  In general, the concentration of DIC 

increases with depth, although in Pond 6 it decreases slightly in the deepest interval.   All 

±
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of the sites had fairly similar DIC concentrations.   

4.2  Particulate organic matter 

Analyses of the δ13C values of POM, shown in Figure 8, ranged from -6.7 ± 0.5 to 

-13.5 ± 0.3‰, with the mat material of Pond 1 being more enriched in 13C than the other 

ponds.  A two-way ANOVA showed that the mean δ13C values of the POM were 

significantly different between ponds in the field (p < 0.05), but there was no significant 

change in the mean isotopic composition with depth (p > 0.05).  There was agreement 

with previous reports of the values of POM isotopic composition (Kelley et al., 2006; 

DesMarais et al., 1989).   

The δ15N values of the mat material (Figure 9) ranged from -1.4 0.3 to 4.6 ± ±  

0.5‰.  A two-way ANOVA showed that the depth intervals were the same (p > 0.05), 

but the ponds were different from each other (p < 0.05).     

The carbon to nitrogen ratio increases with depth in the mat in each field site 

(Figure 10). The C/N ratios range from 6.6 ± 2.0 to 12.6 ± 0.9, with the lowest ratios 

occurring in the surface intervals and the ratio increasing with depth.  A comparison of 

%C to %N within the mat shows that the mat material is closest to Redfield ratio (6.625, 

Redfield et al., 1963) at the surface.  The Redfield ratio is the average stoichiometric ratio 

of carbon to nitrogen of marine phytoplankton.  The ratio increases with depth, which 

indicates that the mat material has been subjected to increasing degrees of microbial 

degradation with depth. 
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4.3  Methane 

Methane measured from both one and two core slices (Figure 11) sampled in the 

greenhouse ranged in isotopic composition from -68.8 ± 7.0 to -62.5 ± 6.8‰.  The 

carbon isotopic composition of methane from mats sampled in the field from Pond 4 

ranged from -74.1 ± 0.9 to -72.6 ± 0.9‰ and is also shown in Figure 11.  A t-test 

performed on the greenhouse mat data between those that were sampled using one core 

and those using two showed that the means of these two groups were equal.  The results 

of t-tests between the greenhouse data and the Pond 4 data showed that the methane 

isotopic composition was significantly different between these two sample sites.   

There was a very wide range of methane carbon isotopic values in the mats 

sampled in situ; values ranged from -49.6 ± 1.5 to -74.1 ± 0.9‰ (Figure 12).  A two-way 

ANOVA showed that the ponds were statistically different from each other, but there was 

not a significant difference between the depth intervals that were sampled.  The lack of 

change with depth of the isotopic composition of the methane in the ponds may be 

because samples were only taken from the upper three centimeters of the mat.  There may 

be changes in the carbon isotopic composition of methane deeper in the mat, or in the 

sediments underlying the mat.  It is also possible that the lack of change with depth of the 

methane isotopes is that only three depth intervals were sampled.  In a microbial mat, 

where sharp chemical gradients occur in small depth intervals, it may be possible that the 

methane isotopic composition also changes on very small scales that were not detected.  

Pond 6 had the highest δ13C values, while the most negative δ13C values were measured 

in Pond 4.  
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5.  DISCUSSION 

 

 

5.1 Comparison of Pond 4 mats to greenhouse mats 

The samples from the greenhouse that had different amounts of mat material (i. e. 

one core slice or two core slices) had methane carbon isotopic compositions that were 

statistically the same.  Therefore the amount of mat material used had a negligible effect 

on the measurements of the isotopes.  This shows that the extra time taken sampling two 

cores in the field sampling procedure did not alter the carbon isotopic composition of the 

methane in the field sites.   

The measurements of methane taken from the greenhouse and Pond 4 mats had 

mean values of isotopic composition and concentration that were statistically the same.  

These greenhouse mats were originally taken from Pond 4, but the mats in the 

greenhouse facility had been transported and maintained under controlled conditions for 

approximately three months.  The discrepancy between methane isotopes from these 

Pond 4 and the greenhouse could mean that the methanogens have been affected by the 

transport or artificial conditions in the greenhouse.  

The isotopic composition of the DIC is statistically the same in the greenhouse 

mats and the in situ Pond 4 mats (Figure 4).   The DIC concentration is also statistically 

the same in Pond 4 and the greenhouse mats, and both mats show very similar trends, 

with concentration of DIC increasing with depth (Figure 7).  The DIC isotopic 

composition and concentration is primarily controlled by carbon fixation, 

remineralization, and diffusion from overlying water (Des Marais and Canfield, 1994).  
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Methane concentrations measured in mats from different sites ranged from less than 1 to 

22 µM (B. M. Bebout, unpublished data, Figure 3).  This is between 2 and 5 orders of 

magnitude less than DIC concentrations (Figure 6).  In addition to the concentration 

differences between methane and DIC within these mats, methanogenesis accounts for 

less than 0.4% of the carbon flux out of these mats (Bebout et al., 2004), so 

methanogenesis is not likely to have a significant impact on the DIC isotopic 

composition.   

 

5.2  Particulate organic matter 

 The carbon to nitrogen ratio of the particulate organic matter within the mats 

sampled in situ increases with depth (Figure 11).  This is consistent with high 

photosynthetic rates at the top of the mat and increasing heterotrophy with depth within 

the mat.  The selective removal of nitrogen relative to carbon in deeper layers in the mat 

is consistent with observations that nitrogen from recycling of organic material is the 

primary source of fixed nitrogen within the mat (Des Marais, 1995).   

 The POM data show Pond 1 to be a bit different than the other sites.  In each pond 

except Pond 1, δ15N values within the mat increase with depth (Figure 9).  In general, 

biological degradation selectively removes 14N relative to 15N (Faure, 1986).  Therefore, 

it seems that the nitrogen in deeper levels of the mat has been subject to more 

degradation, possibly because the organic matter at the bottom of the mat is older than the 

organic matter at the top.  This observation seems to be best explained by new 

photosynthate at the mat surface, possibly containing newly fixed nitrogen. In Pond 1, the 

nitrogen isotopic trend is reversed and the δ15N values decrease with depth in the mat 
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(Figure 9).  Pond 1 is the site with the least negative δ13C values (Figure 8), particularly 

at the surface.  The surface interval of Pond 1 mat also has the highest percentage of 

carbon and nitrogen (and therefore the most organic matter) of all of the samples.  The 

isotopic trends and the carbon and nitrogen content of the mat probably reflect high rates 

of productivity in Pond 1; if productivity is high enough to locally deplete DIC and 

nitrogen, the fractionation factors associated with these may not be expressed as fully as 

it is in the other sites, resulting in a decrease in δ13C and δ15N values at the surface of the 

mat. 

In a previous study, the difference between the DIC δ13C values and the POM 

δ13C values was found to be approximately 7‰ in ponds with salinities between 90 and 

108 ppt due to high photosynthetic rates and sulfide oxidation (Des Marais et al., 1989).  

The difference between these two values in this study was similar in the deeper intervals 

of the mat in Ponds 1, 4 and the marsh (Figure 13).  The difference between DIC δ13C 

values and the POM δ13C values at the mat surface is much greater in Pond 4 and much 

less in Pond 1.  This may be due to a difference in photosynthetic rates at these two sites.  

In Pond 6, the difference in these two isotopic measurements is low compared to the 

other sites.  This pond has a similar salinity to its previously reported multi-year average 

(Shumulin et al., 2002), so one might expect them to have a similar DIC-POM offset.  

One possible explanation is a breach in the barrier between Pond 6 and Pond 11 that 

occurred in August, 2005 that temporarily introduced higher salinity water into Pond 6 

(B. M. Bebout, pers. comm.).  This may have disrupted the microbial communities 

enough to change the isotopic composition of the DIC or POM or both. 
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5.3  Apparent fractionation factors associated with methanogenesis in the mats 

sampled in situ 

Examining the fractionation factor (α) associated with methanogenesis at each site 

is a useful way to analyze stable isotopic data, because it gives a measure of how offset 

the methane isotopic value is (in ‰) from the substrate from which it is formed.  A true 

fractionation factor would be the isotopic offset expected from a known substrate, which 

might be measured in a pure culture.  In this case, since it is likely that more than one 

substrate is being used, apparent fractionation factors are reported (Table 3).   

 
Table 3.  Apparent fractionation factors of methane at each site calculated from dissolved 
inorganic carbon (DIC) and particulate organic matter (POM). 
 

Site DIC POM 

Marsh 1.058 to 1.062 1.051 to 1.056 

Pond 1 1.054 to 1.059 1.049 to 1.052 

Pond 4 1.074 to 1.077 1.067 to 1.068 

Pond 6 1.042 to 1.045 1.038 to 1.042 

 

The fractionation factor is calculated using Equation 2.  The δ13C values of 

methane plotted against the δ13C values of the DIC are shown in Figure 14, with the lines 

representing equal α values.  Pond 1 and the natural marsh, which are the lowest salinity 

sites, have similar apparent α values.  Pond 4 has the highest apparent α value, and Pond 

6, which is the highest salinity pond has the lowest α value.  Based on these observations 

of the apparent fractionation, it appears that the methanogens in the different ponds are 

using different methanogenic pathways due to differences in salinities.   
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 As previously mentioned, the most common methanogenic pathways in typical 

marine or freshwater settings are reduction of carbon dioxide using hydrogen gas or 

fermentation of acetate (Conrad, 2005).  This is not true, however, in hypersaline 

environments where non-competitive substrates tend to dominate due to salinity 

constraints as well as because of the presence of sulfate.  Carbon dioxide reduction has 

not been shown to occur at salinities greater than 88 ppt in culture studies and it has been 

suggested that it does not occur in the environment at salinities of more than 120 ppt 

(Oren, 1999).  Acetoclastic methanogenesis does not occur at salinities higher than 60 ppt 

(Table 1; Oren, 1999).   

Each of the different methanogenic substrates has a different range of 

fractionation factors associated with it (Table 1).  In typical marine or freshwater settings, 

higher apparent fractionation factors are associated with CO2 reduction, while lower 

apparent fractionation is associated with acetoclastic methanogenesis (Conrad, 2005).  

Interpreting the data in this way, Pond 1 and the natural marsh have apparent 

fractionation factors are similar to fractionation factors associated with methanogenesis 

from a combination of CO2 reduction and acetoclastic methanogenesis, in Pond 4 the 

apparent fractionation factors are similar to fractionation factors linked to 

methanogenesis from CO2 reduction, and in Pond 6 the apparent fractionation is close to 

the fractionation observed in acetoclastic methanogenesis.  However, in this hypersaline 

system these interpretations do not make sense.  The upper salinity tolerance of the 

acetoclastic methanogens is only 60 ppt (Table 1), and Pond 6 has a salinity of 106 ppt 

(Table 2), so the use of acetate as a methanogenic substrate is very unlikely in this 

setting.  Therefore, the observed changes in apparent fractionation in the different ponds 



 30

can best be explained by changes in the relative importance of the different 

noncompetitive substrates. 

The use of noncompetitive substrates in these ponds requires such substrates to be 

present.  Dimethyl sulfide (DMS) has been detected in Ponds 4 and 5, and is thought to 

be the result of reactions between low molecular weight hydrocarbons and biogenic H2S 

(Visscher et al., 2003).  A small amount of methanogenesis from DMS has been shown to 

occur in these ponds as well (Visscher et al., 2003), therefore the isotopic signature of the 

methane may be at least partly due to this methanogenic pathway.  Trimethylamine 

(TMA) is a breakdown product of glycine betaine, which is an osmoregulant used by 

halophilic cyanobacteria, anoxygenic photosynthetic bacteria, and halophilic 

methanogenic archaea (King, 1988; Summons et al., 1998; Oren, 2001).  Although there 

are no previous reports of methylated amines in the hypersaline ponds of Guerrero Negro, 

it is likely to be present in significant quantities, and therefore is another candidate 

substrate for the methanogens in these environments.  Methanol may be present as a 

degradation product of pectin (Conrad, 2005), though it has not been previously reported 

in these sites. 

The nature of the substrates requires a rethinking of the manner of assessing 

apparent fractionation factors.  For closer approximation of the apparent fractionation, it 

is necessary to use another possible carbon pool as a proxy for the methanogenic 

substrate.  DMS, TMA, methanol or their precursors should be part of the mat material 

because they are degradation products of cellular materials and other organic substances 

in the mat.  Therefore, it may be more reasonable to use the POM as a proxy for substrate 

than DIC.  Figure 15 is a plot of the isotopic value of the methane against the δ13C values 
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of the POM.  Comparing these apparent fractionation factors (Table 3) with the known 

fractionation factors as well as the salinity tolerances of the organisms that use the 

various substrates leads to some conclusions about which substrates the methanogens are 

using in the different ponds.   

Based on the salinity tolerances and fractionation factors associated with different 

methanogenic substrates, the methanogens in the low salinity sample sites (Pond 1 and 

the marsh) are either using CO2 and H2 or a combination of CO2 and H2 along with TMA 

as substrates.  It is true that in typical marine settings methanogenesis from carbon 

dioxide is suppressed in the presence of sulfate due to competition for free hydrogen 

(King, 1983).  The limitation of this resource leads to competition between 

microorganisms that require it as a substrate, particularly sulfate reducing bacteria and 

methanogens.  In the salterns of the Exportadora de Sal de C. V., it has been shown that 

hydrogen is present in quantities that may be high enough to allow the methanogens to 

coexist with sulfate reducing bacteria (Hoehler et al., 2002).  It has also been shown in 

previous experiments that lowering sulfate in the mats from Guerrero Negro stimulates 

methane production from carbon dioxide (Bebout et al., 2004).  This indicates that the 

carbon dioxide reducing methanogens are present in the mat, albeit in small numbers 

(Smith et al., 2007).  Therefore, it is possible that the apparent fractionation in Pond 1 

may be at least partially due to reduction of carbon dioxide.  Additionally, calculation of 

the fractionation factor for carbon dioxide at the temperatures of the Exportadora de Sal 

de C. V. salterns (between 16 and 20 °C, Table 2), using Equation 8 gives a range of 

fractionation factors between 1.058 and 1.059, which is similar to the observed apparent 

fractionation factor.  Thus methanogenesis from reduction of carbon dioxide is possible 
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in the low salinity sites. 

In Pond 4, the intermediate salinity pond, the predominant substrate is likely 

TMA, and possibly methanol as well.  The apparent fractionation factors in this pond are 

in the range of fractionation factors associated with TMA, but they are slightly higher 

than in the low salinity sites.  Some methanogenesis from methanol, which has a higher 

fractionation factor than TMA, would increase the apparent fractionation factor observed 

in this pond.   

In Pond 6, the methanogens are most likely using DMS more than in the other 

ponds.  The apparent fractionation factor in this pond is similar to that associated with 

acetoclasic methanogenesis, but the salinity tolerance of acetoclastic methanogens is 60 

ppt.  This is much less than the salinity observed at the site at the time of sampling, and 

the long range salinities (Table 2).  The apparent fractionation factor in this pond is 

slightly lower than published fractionation factors associated with DMS (Table 1).  The 

previously reported fractionation factors from DMS are reported from culture studies, and 

it may be that in the environment DMS has a wider range of fractionation factors than in 

these studies.  The apparent fractionation factor observed in Pond 6 is more similar to 

fractionation factors from DMS than to those associated with other potential 

noncompetitive substrates.  Thus, DMS is the most likely the substrate being used by 

methanogens in Pond 6. 

The change from TMA in the lower salinity sites to DMS in the highest salinity 

site is interesting.  It is possible that this change is due to a change in nitrogen cycling in 

the ponds.  TMA contains nitrogen, and if nitrogen is limiting in higher salinities, it may 

be less available for methanogens.  All the ponds are nitrogen limited (Des Marais, 
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1995), but possibly the higher salinity ponds are more limited by nitrogen since the water 

has been in the system for a longer period of time.  It may also be that there is a change in 

the methanogenic community due to the increased salinity.  Not all groups of 

methylotrophs are able to use DMS as a substrate; possibly the change in salinity makes 

this a more favorable substrate than TMA or methanol. 
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6.  CONCLUSION 

  

 

Samples of mat material and pore water from hypersaline microbial mats were 

taken along the salinity gradient contained within the salt works of the Exportadora de 

Sal de C. V., Baja California Sur, Mexico.  Samples were also taken from mats 

maintained at the NASA Ames greenhouse facility.  Measurements of the stable carbon 

isotopic composition of the POM, DIC and methane were made from these samples, 

measurements were also taken of the stable nitrogen isotopic composition, %C, and %N.  

The measurements of the δ13C values of methane are the first reported from the pore 

water within these mats, and these values range from -49.6‰ to -74.1‰.  The least 

negative δ13C values were measured in the highest salinity site, and the most negative 

values were measured at the moderate salinity site.   

The microbial mats located in these sites produce methane, despite the presence 

of abundant sulfate.  In most marine and freshwater sediments, methanogenesis is 

suppressed in the presence of sulfate because the methanogens are outcompeted by 

sulfate reducing bacteria for key substrates, particularly hydrogen and acetate.  Because 

methane is being produced in these ponds, it indicates that the methanogens are using 

noncompetitive substrates. 

 The apparent fractionation factors observed in the field sites change along a 

salinity gradient.  These apparent fractionation factors are used in combination with 

known salinity tolerances of different methanogenic archaea to determine which 

methanogenic substrates are likely being used in the different ponds.  Low salinity sites 
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(Pond 1 and the natural marsh) appear to be producing methane from CO2 reduction or a 

combination of CO2 reduction and trimethylamine (TMA).  The moderate salinity pond 

(Pond 4) seems to be using primarily TMA.  The highest salinity pond (Pond 6) appears 

to be using dimethylsulfide (DMS) as the primary substrate.  Salinity may affect 

methanogenic substrate by changing the methanogenic communities present at different 

sites.  Changing salinity may also be linked to other geochemical parameters (i. e. 

nitrogen availability) in this system that changes the methanogenic substrates available. 

 The microbial communities that are found in these hypersaline sites are 

considered to be unlithified counterparts of stromatolites, which were widespread on the 

early Earth.  Methane produced by microbial activity may have been important on the 

early Earth.  Measurements of the stable carbon isotopes of methane produced at these 

hypersaline sites may be applicable to study of early life on Earth.  Methane is also an 

important candidate biosignature gas.  Characterization of the stable carbon isotopic 

composition of methane produced in hypersaline environments may aid in the search for 

life on other planets. 
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8.  FIGURES 

Figure 1.  Map of the area surrounding Guerrero Negro, after Shumilin et al., 2002, 
including the salterns of the Exportadora de Sal de C. V., Baja California Sur, Mexico.  
Inset shows the location of Guerrero Negro in Baja California.  Concentration ponds are 
shown in white, with locations of study sites indicated by letters:  (a) Pond 6, (b) natural 
marsh, (c) Pond 4, and (d) Pond 1. 
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Figure 2.  Depth profiles of methane production (nmol/hr/g) in the mats sampled in situ 
(B. M. Bebout, unpublished data).  These data were measured from three time points. 
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Figure 3.  Depth profiles of methane concentration (μM) in the field sites (B. M. Bebout, 
unpublished data).  The negative depth values indicate measurements of methane taken 
from the water overlying the mats. 
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Figure 4.  Depth profiles of δ13C values of dissolved inorganic carbon (DIC) from mats 
maintained at the NASA Ames greenhouse facility and mats growing in Pond 4.  Error 
bars represent one standard deviation about the mean of triplicate samples. 
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Figure 5.  Depth profiles of δ13C values of the dissolved inorganic carbon (DIC) within 
the in situ mats.  Error bars represent one standard deviation. 
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Figure 6.  Depth profile of dissolved inorganic carbon (DIC) concentration (mM) in the 
in situ mats.  The error bars represent one standard deviation about the mean. 
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Figure 7.  Depth profile of dissolved inorganic carbon (DIC) concentration (mM) of 
Pond 4 mats and mats maintained in the greenhouse facility.  The error bars represent 
one standard deviation about the mean. 
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Figure 8.  Depth profiles of δ13C values of the particulate organic matter (POM) within 
the mats sampled in situ.  Error bars represent one standard deviation. 
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Figure 9.  Depth profiles of δ15N values of the particulate organic matter (POM) within 
the mat.  Error bars represent one standard deviation. 
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Figure 10.  Depth profiles of the carbon to nitrogen ratio (C/N) in the mats sampled in 
situ.  Error bars represent one standard deviation. 
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Figure 11.  Depth profiles of δ13C of methane in mats sampled in Pond 4 and from mats 
maintained in the greenhouse facility.  The isotopic composition of the methane in the 
greenhouse mats was measured from both one and two slices of mat core. 
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Figure 12.  Depth profiles of δ13C of methane from the in situ mats.  Error bars represent 
one standard deviation. 
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Figure 13.  Difference between the δ13C of dissolved inorganic carbon (DIC) and the 
δ13C of particulate organic matter (POM). Error bars represent one standard deviation. 
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Figure 14.  δ13C values of methane plotted against the δ13C values of dissolved inorganic 
carbon (DIC).  The numbered lines indicate equal fractionation factors.  Error bars 
represent one standard deviation. 
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Figure 15.  δ13C of methane vs. δ13C of particulate organic matter (POM).  The 
numbered lines represent equal fractionation factors.  Error bars represent one standard 
deviation. 
 

-16

-14

-12

-10

-8

-6

-4

-2

0
-80 -75 -70 -65 -60 -55 -50 -45 -40

δ13C values (‰) of Methane 

δ13
C

 v
al

ue
s 

(‰
) o

f P
ar

tic
ul

at
e 

or
ga

ni
c 

m
at

te
r (

PO
M

)

Pond 1

Pond 4

Pond 6

Marsh

1.
04

1.
03

1.
05

1.
06

1.
07

1.
08

-16

-14

-12

-10

-8

-6

-4

-2

0
-80 -75 -70 -65 -60 -55 -50 -45 -40

δ13C values (‰) of Methane 

δ13
C

 v
al

ue
s 

(‰
) o

f P
ar

tic
ul

at
e 

or
ga

ni
c 

m
at

te
r (

PO
M

)

Pond 1

Pond 4

Pond 6

Marsh

1.
04

1.
03

1.
05

1.
06

1.
07

1.
08

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 54



APPENDIX 
 
1.  DATA TABLES 
 
Nitrogen data.  Raw nitrogen data from the MU IRMS lab. 
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DIC data.  Raw DIC data from the MU IRMS lab. 
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POM data.  Raw POM data from the MU IRMS lab. 
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 58

sample spec # peak amplitude peak area background 45 δ13C (computer) corrected area corrected background corrected δ13C depth
greenhouse 0-4 A (1) 42403 0.114 0.722 258.66 -100.98 0.767 252.36 -65.8 2
greenhouse 0-4 B (1) 42416 0.182 1.04 252.42 -73.27 1.03 253.16 -72.64 2
greenhouse 0-4 C (1) 42424 0.129 0.725 256.75 -69 0.782 252.36 -66.49 2
greenhouse 10-14 A (1) 42402 0.273 1.798 252.46 -70.69 1.814 252.22 -70.43 12
greenhouse 10-14 B (1) 42415 0.08 0.434 256.6 -74.63 0.478 252.41 -67.43 12
greenhouse 10-14 C (1) 42418 0.207 1.204 254.49 -70.58 1.186 255.84 -70.34 12
greenhouse 26-30 A (1) 42401 0.326 2.156 252.42 -67.08 2.16 253.07 -66.83 28
greenhouse 26-30 B (1) 42414 0.309 1.65 266.16 -64.79 1.839 254.41 -64.67 28
greenhouse 26-30 C (1) 42427 0.268 1.596 256.07 -68.53 1..622 254.04 -66.36 28
greenhouse 0-4 A (2) 42413 0.371 2.039 267.13 -59.21 2.245 254.21 -61.43 2
greenhouse 0-4 B (2) 42428 0.232 1.325 262.08 -64.08 1.453 253.09 -64.02 2
greenhouse 0-4 C (2) 42417 0.192 1.113 252.37 -63.39 1.107 252.87 -63.23 2
greenhouse 10-14 A (2) 42412 0.411 2.436 257.55 -73.53 2.491 254.36 -74.06 12
greenhouse 10-14 B (2) 42423 0.339 1.815 267.06 -61.06 2.025 253.37 -60.78 12
greenhouse 10-14 C (2) 42429 0.288 1.723 253.88 -72.57 1.731 253.24 -71.64 12
greenhouse 26-30 A (2) 42411 0.396 2.38 263.37 -66.74 2.531 254.31 -67.4 28
greenhouse 26-30 B (2) 42419 0.313 1.696 266.93 -58.72 1.889 253.89 -57.68 28
greenhouse 26-30 C (2) 42426 28

Pond 1 0-4A 42474 0.317 1.581 264.49 -51.39 1.752 253.68 -52.19 2
Pond 1 0-4B 42463 0.193 0.999 263.41 -55.83 1.098 255.53 -55.56 2
Pond 1 0-4C 42480 0.343 1.625 273 -52.3 1.901 254.16 -52.64 2
Pond 1 10-14A 42475 0.271 1.396 261.82 -59.94 1.506 254.03 -60.17 12
Pond 1 10-14B 42482 0.308 1.413 278.62 -60.13 1.76 254.1 -59.18 12
Pond 1 10-14C 42435 0.324 1.716 261.56 -56.34 1.818 254.58 -55.8 12
Pond 1 26-30A 42462 0.241 1.265 263.59 -60.07 1.401 253.93 -59.22 28
Pond 1 26-30B 42454 0.376 1.939 262.66 -57.32 2.049 255.54 -56.53 28
Pond 1 26-30C 42458 0.239 1.252 265.48 -56.63 1.336 258.86 -57.41 28

Pond 4 0-4A 42473 0.278 1.454 252.95 -72.16 1.452 253.05 -71.84 2
Pond 4 0-4B 42470 0.294 1.565 254.65 -73.53 1.54 256.24 -73.56 2
Pond 4 0-4C 42452 0.397 2.169 253.31 -73 2.16 253.78 -72.27 2
Pond 4 10-14A 42455 0.297 1.412 271.24 -72.33 1.67 253.74 -72.67 12
Pond 4 10-14B 42476 0.155 0.787 258.58 -74.95 0.857 252.86 -72.95 12
Pond 4 10-14C
Pond 4 26-30A 42448 0.347 1.82 259.71 -69.07 2.028 253.68 -73.17 28
Pond 4 26-30B 42449 0.168 0.854 264.2 -76.14 0.998 252.98 -74.31 28
Pond 4 26-30C 42466 0.352 1.783 264.08 -76 1.947 253.46 -74.91 28

Pond 6 0-4A 42459 0.289 1.527 261.58 -49.46 1.664 253.97 -48.21 2
Pond 6 0-4B 42456 0.371 1.848 269.55 -51.77 2.112 253.65 -51.39 2
Pond 6 0-4C 42431 0.461 1.866 321.91 -51.25 3.019 253.52 -51.16 2
Pond 6 10-14A 42425 0.314 1.754 269.33 -52.42 1.992 253.3 -51.15 12
Pond 6 10-14B 42450 0.507 2.709 268.59 -51.36 2.955 253.87 -51.65 12
Pond 6 10-14C 42465 0.779 3.841 281.68 -52.66 4.375 253.47 -52.63 12
Pond 6 26-30A 42461 0.412 2.153 271.12 -51.12 2.421 254.1 -50.99 28
Pond 6 26-30B 42464 0.351 1.865 263.06 -49.74 2.009 253.6 -49.79 28
Pond 6 26-30C 42433 0.548 2.803 290.31 -48.17 3.428 253.84 -48.06 28

Marsh 0-4A 42451 0.186 1.006 256.24 -60.03 1.06 252.82 -58.19 2
Marsh 0-4B 42481 0.234 1.254 252.48 -60.28 1.234 254 -60.73 2
Marsh 0-4C 42436 0.157 0.868 254.01 -60.72 0.868 254.02 -60.37 2
Marsh 10-14A 42460 0.272 1.435 254.77 -62.89 1.444 254.09 -62.25 12
Marsh 10-14B 42479 0.247 1.319 253.23 -64.52 1.304 254.28 -63.94 12
Marsh 10-14C 42468 0.192 1.009 255.15 -63.5 1.028 253.69 -63.47 12
Marsh 26-30A 42439 28
Marsh 26-30B 42438 0.155 0.664 275.73 -56.94 0.947 253.19 -59.28 28
Marsh 26-30C 42453 0.141 0.79 253.51 -60.92 0.787 253.78 -60.78 28

 
 
Methane data.  Raw data from the UNC IRMS lab.  Data marked “corrected” had the 
baseline remarked manually.  This was done because the computer had trouble resolving 
the methane peak on the chromatogram from the carbon dioxide peak for some samples.  
The baselines were reevaluated for all samples for the sake of consistency. 
 

 
 


