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Abstract

The value of lacustrine source rocks is becoming more apparent in the petroleum industry, however our understanding of the depositional processes involved in such environments is lacking as compared to marine systems.  This study proposes to increase our understanding of organic carbon sources and accumulation in lacustrine environments by studying organic carbon dynamics in modern meromictic lakes in the state of Maine.  The source of particulate organic carbon from filtered water samples, sediment trap samples, and dated sediment cores will be determined from carbon and nitrogen elemental data and stable carbon and nitrogen isotope ratios.  Fluxes of total organic carbon to the sediment will be calculated at annual to decadal resolution. Multiple meromictic lakes will be studied in order to permit an analysis of regional coherency in total organic carbon accumulation rates.  This regional analysis will help to unravel the forcing mechanisms and controls of organic carbon accumulation and will help in our understanding of lacustrine source rocks.  The objectives of this study are significant to petroleum exploration because they address the type of organic matter that accumulates in lacustrine systems, and the regional controls of its accumulation in the sedimentary record.  
Introduction and Proposed Research

Lacustrine source rocks are recognized as significant petroleum resources (Carroll and Bohacs, 2001; Dyni, 2006; Greene et al., 2004; Kelts, 1988), however there are unresolved complexities regarding organic carbon cycling and deposition in lacustrine environments.  A sound approach to refining our understanding of organic carbon dynamics is to study modern lake systems as analogues for former lake basins that are now petroleum sources.  Some of the most rich lacustrine source rocks were deposited in stratified lakes with anoxic bottom waters (Carroll and Bohacs, 2001; Kelts, 1988), and modern meromictic lakes provide an analogous environment (Oremland et al., 1988).  This work proposes to study a number of meromictic lakes in the state of Maine and to use them as analogues for former petroleum-forming environments.  Maine has been chosen due to the large number of relatively deep lakes with high potential for meromixis, and the proximity of the field locations to the Salem State College campus.  

This study’s working hypothesis is that a significant quantity of aquatic organic carbon accumulates in meromictic lakes before it reaches the marine environment, and that accumulation rates are primarily controlled by regional climatic forcings on lacustrine productivity, with a lesser influence from local watershed variables.  In order to test the hypothesis, the following research questions will be addressed:

1. What proportion of particulate organic carbon (POC) in modern meromictic lakes is derived from vascular (terrestrial) vs. algal (aquatic) sources?  Does the POC flowing out of a given lake resemble the source of inflowing POC, or is there a geochemical alteration in the lake?

2. What are the seasonal cycles of total organic carbon (TOC) flux through the monimolimnion, and what organic carbon sources are dominant? 

3. Is the variability of year-to-year total organic carbon (TOC) accumulation regionally coherent between lakes 100s of kilometers apart?  If so, is there a significant correlation between TOC mass accumulation rates (MARs) and instrumental climate data (temperature, precipitation, cloud cover)?

Background and Significance

Lacustrine source rocks and modern lacustrine environments

Lacustrine source rocks are important petroleum resources in some regions of the world, and there is a growing interest to better understand these rocks and the depositional environments that they represent (Carroll and Bohacs, 2001; Dyni, 2006; Fuhrmann et al., 2004; Greene et al., 2004; Hanson et al., 2007; Kelts, 1988).  Indeed, studies of modern lakes have demonstrated the very high preservation factor of organic carbon in lacustrine sediments as compared to oceanic sediments (Dean and Gorham, 1998; Einsele et al., 2001).  Questions still remain, however, regarding organic carbon cycling in lakes and how this alters the organic matter as it travels from the terrestrial environment to the marine environment.  In addition, there are still uncertainties regarding the factors that influence organic carbon accumulation on regional scales. 

Modern meromictic lakes

An efficient method for better understanding organic carbon dynamics in lacustrine environments is with high-resolution modern limnologic studies where variables are constrained.  Meromictic lakes are ideal candidates for such work for two reasons.  First, the bottom water anoxia is analogous to the depositional environments that many of the most productive lacustrine source rocks originated from.  Second, the resulting bottom water anoxia inhibits benthic macrofauna from bioturbating the sediments, and annual laminations (varves) can be preserved in such environments.  By studying varved sediments, annual time-series of organic carbon mass accumulation rates can be determined, and the robust chronologic control enables evaluations of regional coherence in the accumulation rates. 

The proposed study will utilize lakes in the state of Maine (Figure 1; Table 1) for in-depth examination of organic carbon fluxes and characterization.  Since there is limited published work on water column stability in Maine lakes, the author has taken steps to identify potentially meromictic lakes (Table 1). Conroy Lake is known to have laminated sediments (Clark and Royall, 1994), suggesting meromictic conditions.  The other ten proposed lakes were identified on the basis of basin morphology (depth to surface area ratio).  Each lake has a depth to surface area ratio between 0.9 ft/ac and 69.0 ft/ac (Table 1).  These ratios are higher than meromictic and varved lakes that the author has previously worked on (Found Lake, ON: 3.6 ft/ac [unpublished data]; Green Lake, NY: 2.7 ft/ac [(Hubeny, 2006; Reddin et al., 2007)]; Lake Punderson, OH: 0.59 ft/ac [unpublished data]).  It is anticipated that at least 3-4 of the proposed lakes will be found as meromictic, which is sufficient to test the proposed hypothesis.

Sedimentary organic matter


The understanding of the nature and fluxes of sedimentary organic matter in lakes is fundamental to the understanding of lacustrine source rocks.  Multiproxy elemental and isotopic methods are commonly used to characterize organic matter and quantify its fluxes through lacustrine systems (Cohen, 2003; Meyers and Teranes, 2001).  Here, organic carbon (OC) and nitrogen (N) elemental data will be quantified, along with stable carbon (∂13C) and nitrogen (∂15N) isotope ratios.  Fluxes of total OC (TOC) will be calculated as mass accumulation rates (MAR) to quantify the delivery rates of organic carbon to the sediments.  The elemental ratio of OC/N will be used, along with ∂13C, to determine the sources of OC in the lake (Hellings et al., 1999; Meyers, 1994; Meyers and Lallier-Vergès, 1999).  Finally, ∂15N of organic matter will assist in interpretations regarding the cycling of this important nutrient (Talbot, 2001).  Such a multiproxy approach is favored over single proxies because it reduces interpretive ambiguity of the data (Meyers and Teranes, 2001). 

Plan of Procedure

The research questions posed for this project will be addressed by characterizing and quantifying organic carbon in filtered lake water samples, sediment trap samples, and dated sediment core samples (Figure 2).  The proposed plan of research is listed in Table 2, and consists of five phases, including both fieldwork and laboratory work phases.  All field gear, with the exception of sediment traps, is owned by Salem State College.  Core splitting and logging, sediment preparation, subsampling, and varve analyses will be conducted at the Salem State College Geology Department, and elemental and isotope analyses will be performed on the continuous flow elemental analysis/isotope ratio mass spectrometer at the EPA Atlantic Ecology Division laboratory, Narragansett, RI (Burgess et al., 1996; McKinney et al., 2002) through collaboration with Dr. Mark Cantwell.  

Undergraduate students will be involved in all phases of the project.  Two undergraduate assistants will be hired for full-time work during each of the two fieldwork summers (Phases 1, 2, and 4), and between two and four senior research theses will stem from this study.  Below, the general plan of research procedure is presented.  First the field site selection process is described, followed by the procedures designed to answer the research questions posed in the introduction.

Field Site Selection
Eleven lakes in Maine have been proposed for this study (Table 1; Figure 1).  The first fieldwork task will be to determine which of these lakes is indeed meromictic, and therefore usable in answering the research questions.  Conroy Lake is known to have varved sediments (Clark and Royall, 1994), and is therefore interpreted as being meromictic.  The other ten lakes will be visited during Phase 1, and geochemical profiles of the water column along with sediment cores will be used to identify meromixis.  Any lakes that have stratified water and laminated sediments will become a target lake, and will be studied in-depth in the other phases. 

1. What proportion of particulate organic carbon (POC) in modern meromictic lakes is derived from vascular (terrestrial) vs. algal (aquatic) sources?  Does the POC flowing out of a given lake resemble the inflowing POC, or is there a geochemical alteration in the lake?

This question will be answered by analyzing particulate organic matter filtered from each of the target lakes over the two field seasons.  Filtered samples will be obtained from the main lake basin, as well as from inflows and outflows, during Phases 2 and 4.  Replicate samples will be taken for statistical analyses.

Each filtered sample will be analyzed for TOC, N, ∂13C, and ∂15N.  These data will constrain the provenance of POC due to the characteristic OC/N, ∂13C, and ∂15N values for vascular versus algal sources.  Statistical tests (t-tests, ANOVA) will be used to determine if there is a significant difference in the characteristics of POC entering the target lakes as compared to that leaving the lakes.  This information will assist in our understanding of the alternations of terrestrial OC as it travels toward the marine environment.  

2. What are the seasonal cycles of total organic carbon (TOC) flux through the monimolimnion, and what organic carbon sources are dominant? 

Fluxes of particulate material to the sediment surface are crucial to understand because they supply the organic carbon that is pertinent to petroleum generation.  Sediment traps that can autonomously sample at monthly to seasonal resolution are accepted sampling devices in lacustrine studies of sinking particles (Anderson, 1977; Pilskaln, 2004).  Sediment traps with at least seasonal sampling resolution will be deployed in the monimolimnion of each target lake for a twelve-month period (Table 2). 

Sediment trap samples will be analyzed for TOC, N, ∂13C, and ∂15N in order to characterize the POC that settles through the water column at seasonal resolution.  These data will help in understanding the relationships between POC in the mixolimnion and the POC that settles to the sediment surface.  In addition, fluxes of TOC will be calculated to quantify seasonal fluxes to the sediment. These fluxes will demonstrate the efficiency of TOC deposition in such environments, and will assist in our understanding of seasonal cycles of TOC fluxes out of the water column to the sediment.

3. Is the variability of year-to-year total organic carbon (TOC) accumulation regionally coherent between lakes 100s of kilometers apart?  If so, is there a significant correlation between TOC mass accumulation rates (MARs) and instrumental climate data (temperature, precipitation, cloud cover)?

Multiple short and long cores (Kelts et al., 1986) (n>2) will be obtained from the deepest basin of each lake in order to examine variability of TOC accumulation over past millennia.  Sediment cores will be dated using varve counts, 210Pb, 137Cs, and 14C.  Subsamples will be taken at annual to decadal resolution and analyzed for TOC, N, ∂13C, and ∂15N.  In addition, dry density for the sediment will be determined.  The TOC, density, and sedimentation rate data will be used to quantify TOC MARs over the length of each sediment core record.   TOC MAR time-series from each meromictic lake will be compared statistically in order to test for regional coherency between the records.  The robust age constraints afforded by varve age models will permit this analysis at extremely high-resolution, potentially annual.  In addition, correlation analyses will be conducted between the TOC MARs that overlap with historic climate records, and such records of climatic conditions.  This work will narrow down the forcings of TOC accumulation, and test the second part of the hypothesis, which addresses regional climatic controls over TOC accumulation in lacustrine archives.

Expected Outcomes

The proposed study will provide new quantitative data that will help geologists assess lacustrine source rocks.  It is expected that regional coherency will be found between the lakes, which can help guide exploration in strata of known age. 


Four senior theses will be written based on work directly stemming from this project.  In addition, seniors will present their results at professional meetings and the Salem State College Undergraduate Research Symposium during the students’ senior years.   The PI expects to present syntheses of results at professional meetings, and to publish the results in peer-reviewed journals.  


The work conducted for this proposal will launch future studies in two ways.  First, future work may pursue extending TOC MAR time-series to compare coherencies at annual to decadal resolution multiple millennia.  In addition, it is expected that future work will broaden the geographic scale in order to constrain the spatial scale of such coherent accumulation patterns.
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Figure 1: Candidate lakes in Maine for the proposed research.  Basin morphologies all suggest meromictic conditions (Table 1). 
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Figure 2: Simplified model of a meromictic lake along with components of organic carbon that are proposed for study.

Table 1: Candidate lakes for proposed study (also Figure 1).  Although meromixis is not known for any but Conroy Lake (Clark and Royall, 1994), the depth: surface area ratio suggests basin morphologies conducive to permanent water stratification (ie. meromictic conditions).  

	Lake
	Max. Depth (ft)
	Surface Area (ac)
	Depth: Surface Area
	Latitude
	Longitude
	Elevation (ft)

	Rideout Pond
	69
	1
	69.0
	47.30
	-69.29
	1007

	Pinnacle Pond
	42
	4
	10.5
	44.97
	-70.17
	630

	Pineo Pond
	52
	7
	7.4
	44.72
	-67.94
	236

	Wellman Pond
	66
	9
	7.3
	44.29
	-69.65
	213

	MacDougall Pond
	45
	7
	6.4
	45.17
	-69.98
	492

	Lone Pond
	48
	8
	6.0
	43.62
	-70.69
	328

	Peters Pond
	59
	10
	5.9
	44.06
	-69.39
	95

	Conroy Lake
	108
	25
	4.3
	46.28
	-67.88
	459

	Bear Pond
	94
	30
	3.1
	45.80
	-69.16
	1053

	Harriman Pond
	75
	45
	1.7
	44.65
	-68.63
	607

	Pushineer Pond
	52
	55
	0.9
	46.96
	-68.84
	1127


Table 2: Research plan to answer the research questions and hypotheses presented in this proposal.  Note that Year 1 will extend from May 1, 2009 to August 31, 2010 in order to take utilize Summer 2009 for fieldwork.

	Phase
	Timing
	Objective

	1
	Summer 1
	Reconnaissance field work to identify target meromictic lakes from candidate lakes (n=11)

· Produce geochemical profiles of lakes to identify potential stratification of water

· Obtain sediment cores to identify laminated sediments expected from permanently anoxic bottom waters

	2
	Summer 1
	In-depth field work on meromictic lakes identified during Phase 1

· Filter water for POC samples from inflows, outflows, and main lake basin (Year 1 data)

· Install sediment traps with seasonal sample capabilities to be left sampling for one year

· Obtain surface (n=2) and long (n=2) sediment cores from the deep basin of each lake

	3
	Fall, Winter, Spring 1
	Laboratory analyses of POC and core samples

· Analyze POC and core samples for TOC, N, ∂13C, ∂15N

· Establish age models for cores using varve counts (if available), 210Pb, 137Cs, 14C

· Dissemination of Year 1 student senior theses at professional meeting

	4
	Summer 2
	Follow-up field work on meromictic lakes

· Retrieve sediment traps with samples

· Filter water for POC samples from inflows, outflows, and main lake basin (Year 2 data)

· Additional core samples as needed

	5
	Fall, Winter, Spring 2, Summer 3
	Laboratory analyses and project synthesis

· Analyze Year 2 POC and sediment trap samples for TOC, N, ∂13C, ∂15N

· Construct OC budgets for each meromictic basin, with seasonal depositional fluxes from sediment traps

· Analyze high-resolution records of OC mass accumulation rates from core samples to test the regional coherence hypothesis

· Dissemination of Year 2 student senior theses at professional meeting

· Synthesize results in manuscript(s) to be submitted to peer-reviewed journal(s)


WORKFORCE DEVELOPMENT

Undergraduate students from the Geological Sciences Department at Salem State College will be integral to the proposed research.  Between four and eight students will become involved in fieldwork, laboratory analyses, and intellectual interpretations of the data over the two-year period.  Students will gain valuable workforce skills in sedimentology, stratigraphy, geochronology, and geochemistry, as well as in field procedures of sediment coring, sediment trap work, and water filtration.  These are all important skills for students interested in the geology profession.

I plan to hire two students per summer for the two summers of fieldwork (Phases 1, 2, and 3; narrative Table 2).  Each of these students will be entering her/his senior year, and will be involved in the planning, fieldwork, and laboratory analysis portions of the research.   During the following school year, these seniors will continue with laboratory work and independent analysis of data in order to fulfill their senior research requirement (GLS500; required of all geological sciences majors).  It is expected that four senior theses will be produced from the analyses and interpretations associated with this two-year grant.  Each senior will additionally present her/his work at a professional meeting and at the Salem State College Undergraduate Research Symposium prior to graduation.  Seniors will be hired to work 40 hours per week during the summer months, and expected to work 10-15 hours per week during the school year.


In addition to the advanced work of seniors, the proposed project will provide early research experiences to sophomore and junior geology majors.  The fieldwork component of this project will benefit from the help of underclassmen, and expenses will be paid for two sophomore or junior volunteers to join the field crew each summer.  Since many of the laboratory analyses will occur on campus, interested underclassmen may also be introduced to this component of the research.  Finally, campus exposure, such as through my Lakes and Environmental Change class (GLS245), and senior presentations, will introduce others on campus to the research.  These introductions to the project will work well as a feeder system for future senior projects associated with organic carbon dynamics, and will involve our students in research early, thereby increasing retention in the geological sciences program.  


The proposed project “stands above the baseline noise” of other efforts on our campus in two ways.  First, it is often difficult for our undergraduate students to become immersed in research during the summer due to financial considerations.  This grant will enable four students over a two-year period to obtain research immersion unlike the norm at Salem State College.  Second, through collaboration with Dr. Mark Cantwell, US Environmental Protection Agency, the students involved in this project will gain experience conducting laboratory analyses in a national laboratory.  Since Salem State College does not have a graduate research program, many of our students do not become exposed to the infectious spirit prevalent in large research laboratories such as this.
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