Hydrologic and Geochemical Cycling within Karst versus Non-karst Basins

within the Interior Low Plateau Province of South-central Kentucky
By David A. Ek

Introduction
There has been much written on basin and global-scale cycling of water and dissolved chemical species within non-karst watersheds.  Many other studies have focused upon specific and even landscape-scale karst research.  However, few studies have linked the two, focusing upon how the degree and nature of karst development within a basin impacts hydrologic and geochemical cycling.  The purpose of this research is to examine differences between hydrologic and chemical cycling within karst and non-karst basins within the humid-subtropical interior low plateau province of South-central Kentucky.

The primary source of water for any basin is precipitation, whether in the form of rain, ice, snow or fog drip.  Typical outputs for water within a basin are the baselevel stream and loss to the atmosphere via evapotranspiration.  On a watershed-level scale, the principle agent for inorganic chemical species and nutrient loss is via the baselevel stream that flows out of the basin (Likens and Bormann, 1995; Butcher, et al., 1992).  The chemical constituents within streams result from the physical and biologic interactions between the atmosphere, weathering of rocks in the basin and other watershed-scale reactions (Stumm and Morgan, 1970).  Therefore, the knowledge of stream flow and evapotranspiration dynamics is key to not only understanding the hydrologic cycle within a basin, but also the entire range of biogeochemical cycling and the ability to accurately model many natural processes.

As stated earlier, stream flow and evapotranspiration are the two primary means within the hydrologic cycle in which water leaves a basin.  Along the way within each of these two final output mechanisms are a variety of other processes, as well as interactions with temporary storage mechanisms.  For instance, vegetation distributions are closely related to soil type (Hem, 1985), which in turn is largely dependent upon geology and climate.  In turn, vegetation can play a role in modifying microclimate and soil development.  Since karst affects the location and availability of water (Olsen and Franz, 1998), it is possible that these differences could in turn affect localized climate, vegetation and soil development, which in turn are factors in hydrologic and chemical cycles.

In many settings, a significant amount of water leaves the basins via evapotranspiration.  In the Mammoth Cave region evaportranspiration has been shown to range from about 50 to 80 percent of the total precipitation input into the basin (from precipitation values in Faller (1969) and evapotranspiration values in Hess and White (1989)).  Evapotranspiration is largely a factor of climate, vegetation and the availability of water.  Since the presence of karst can influence each of these, the nature and degree of these effects upon the hydrologic and chemical cycles warrants further investigation.  Additionally, Likens and Bormann (1995) found that evapotranspiration significantly regulates and balances chemical and nutrient loss within a basin.  This is due to higher quantities of water loss via evapotranspiration results in a lower quantity of water available for stream flow, which is the primary avenue for chemical and nutrient transport and subsequent loss from a particular watershed.  Conversely, low evapotranspiration levels allow higher stream flows, which can in turn transport larger amounts of nutrients and other dissolved substances out of the basin.  Since evapotranspiration levels in the South-central Kentucky karst range from approximately 50 to 80 percent of the annual total precipitation, factors that effect evapotranspiration could play a significant role in chemical and nutrient cycling within watersheds.

An ideal project site for this study would include the following parameters:

· the existence of sufficiently detailed dye tracing and other basin delineation investigations within the karst basin so that the basin's surface area may be accurately determined;

· no complicated cross-basin transport of water during different flow regimes;

· basin divides composed of mostly non-karstic rocks so that accurate basin delineation can be made;

· no significant water withdrawals or other human-related impacts occur;

· the two basins be of fairly equal size, elevation, slope and topography, aspect, and proximity;

· the basins be large enough to sustain streams that flow during the majority of the year, yet small enough to avoid the relatively complicated flow conditions that often occur within large catchment areas;

· other relevant data sets, preferably in geo-referenced digital form, exist, such as climate, precipitation, precipitation chemistry, geology, soils, vegetation cover;

· the basins be of relatively easy access in order to allow the frequent visits that will be required.

Based upon these considerations, two small watersheds located mostly within Mammoth Cave National Park were chosen for this study.  The 6.6 square kilometer First Creek basin, located near Brownsville, Kentucky is underlain with the least amount of carbonate rocks (12.2 percent) within the greater Mammoth Cave region.  The 6.9 square kilometer Dry Branch basin is located nearby and has a similar elevation, aspect and slope, however is underlain by 47.7 percent carbonate rocks (Figure 1).  The exposed carbonate rocks within both basins are primarily the Mississippian Glen Dean and Haney Limestones.  The non-karstic rocks are largely Mississippian sandstones and shales of the Casseyvile and Leitchfield Formations 
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and the Big Clifty and Hardinsburg Sandstones (Palmer, 1999).  The Dry Branch basin was chosen to represent the more highly developed karst (the "karst" basin), while the First Branch ("non-karst") basin is almost totally developed in non-carbonate rocks.

Lithology is one of the dominant controls on a hydrograph response curve (Ford and Williams, 1989).  Non-karstic rocks typically yield strongly peaked hydrographs due to little groundwater storage and rapid surface runoff.  Conversely, streams originating from karst aquifers yield flatter hydrographs with delayed responses of transmitting the storm pulse and existing ground water storage through the myriad of conduits within a karstic system.

Therefore, evapotranspiration, stream flow and other hydrologic factors are critical components of a complex network of hydrologic and biogeochemical cycles and that karst could potential affect these cycles and relationships.

Considering that over 12% of the earth's land surface is composed of karst (Ford and Williams, 1989), the effects that karst could play in modifying global processes could be significant.  From a regional standpoint, the southeastern United States has a significant percentage of the global karst resources.  One of the more dominant landscapes within the Interior Lowlands Province is karst.  The Mammoth Cave region, located within the Interior Lowlands Province, is one of the most extensive, well known, and studied karst regions of the world.

Statement of the Problem

This research proposes to test a hypothesis that there is a distinct and predictable difference in the hydrologic and chemical cycling between karst and non-karst basins.  Additional problems that will be addressed are the following:

· the degree of natural pH buffering of karst versus non-karst stream water;

· determination of statistical relations between various ions cycling through the basin under different hydrologic conditions;

· determination if the total net losses, gains or net balances for the various ions found by Likens and Bormann, (1995) in their non-karst basin study in New England are similar to the non-karst basin in the Mammoth Cave area project site;

· determination of the differences between the total net losses, gains, or net balances of the various ions and nutrients between karst and non-karst systems.

The Review of the Related Literature
The Mammoth Cave karst is one of the most heavily investigated karst systems within the world.  The beginning of modern karst research within the Mammoth Cave region began with Davis (1930), Swinnerton (1932) and Bretz (1942).  These researchers primarily were concerned with explaining the theory of cave origin.  Modern hydrologic research really began with the set of geologic maps and other water resource investigations produced in the 1960s and 1970s (Brown and Lambert, 1963; Cushman, et al., 1965; Brown, 1966; and Lambert, 1976).  Additionally, Thrailkill (Thrailkill, 1968; Thrailkill, 1972; and Thrailkill and Robl, 1981) conducted a variety of karst hydrologic research, some focusing upon evapotranspiration.

Perhaps the most extensive dye tracing project in the world was conducted by Quinlan and Ray (1989) within the Mammoth Cave region during the 1970s and 80s.  These dye traces and others are depicted on the hydrologic maps produced by Ray and Currens (1998).  However, the majority of this research focused on the Mammoth Cave system.  There are many small to large watersheds basins within the Mammoth Cave region that are not part of the Mammoth Cave hydrologic system.  Additionally, extensive dye tracing has occurred in many of the basins within Mammoth Cave located north of the Green River (Meiman and Ryan, 1990-94).

Palmer (1981, 1999) provided some of the most detailed mapping of the stratigraphy of the various geologic units within Mammoth Cave National Park.

A few researchers have investigated karst geochemical effects as a function of spatial and temporal changes.  Shuster and White (1971), for example, investigated the seasonal fluctuations of the geochemistry of a karst aquifer in Pennsylvania.

Hem (1985) found that although weathering of rocks within a basin is an important aspect of the resulting chemical composition of surface waters, a direct relationship is complicated by various factors, including the many independent variables that are at play within a basin.  Although clear relationship often cannot be made between the rock types within a basin and the dissolved minerals in surface streams, some generalizations can be made (Hem, 1985). For example, Horn and Adams (1966) found that the average composition of sandstone includes 359,000 parts per million (ppm) of silica, versus only 34 ppm within carbonate rocks.  Similarly, sandstone contained on average 3,870 ppm of sodium, while carbonate rocks contained 393.  Conversely, carbonates contained on average 45,300 ppm of magnesium, compared with 8,100 ppm for sandstone.  Although the rates of solution of these various minerals vary widely, thermodynamic equations can be used to obtain generalized estimates of potential chemical compositions of surface waters (Hem, 1985).  Additionally, Weller (1927) detailed the mineral composition of the various rock units that exist within the study area during his geologic reconnaissance of Edmonson County, Kentucky.

Likens and Bormann in 1963 initiated a long-term watershed-scale biogeochemical flux study in Hubbard Brook Ecosystem Study in the White Mountains of New Hampshire (Likens and Bormann (1995).  This project quantified the mineral and nutrient inputs into, and output from, a non-karstic basin and investigated the long-term trends in the cycling and total fluxes of these constituents.  They arrived at several important conclusions.  Among these are:

· precipitation provides an important source of mineral inputs into the basin;

· forests acted as a filter for atmospheric pollutants, especially H, N, S and P;

· evapotranspiration was relatively constant over a wide range of precipitation and environmental conditions, and served to regulate certain aspects of the hydrologic cycle;

· stream water chemistry was highly predictable, based upon given environmental conditions.  Although it was recognized in this study that fixed time series type of monitoring schedules do not accurately represent actual conditions for highly variable parameters, it was found that while stream water chemistry did vary with the seasons, the short-term fluctuations were so small that bi-weekly or even monthly sampling was sufficient to characterize the chemistry of that (non-karst) system;

· the output of most individual nutrients can be closely predicted from the annual output of water alone;

· many of the minerals and nutrients within the basin experienced some form of net gain or loss. Dissolved species experiencing net losses include Si, Ca, Na, Al, Mg, and K.  Net gains were found for C, N, S, P and Cl; 

· the input/output budgets for many (non-karst) vegetated watersheds throughout the world show many similar patterns as that of Hubbard Brook.  

Although Likens and Bormann (1995) found that the stream chemistry of Hubbard Brook did not greatly vary except with the seasons, so that the streams could be accurately characterized by even a once a month sampling schedule, this does not appear to be the case for many karst systems.  Since slightly acidic waters found in the natural environment can readily dissolve carbonate rocks, hydrologic conditions can fairly rapidly cause noticeable chemical fluctuations within karst stream waters (White, 1988; Worthington, 1991; Groves and Meiman, 2000, 2001).

No hydrologic study has taken place in the First Creek basin.  Studies conducted within Dry Branch have been related to either dye tracing (Ray and Currens, 1998) or hydrogeologic inventory and assessments of the potential threat posed by oil wells located within the basin adjacent to the Park (Ek, et al., 1999 and 2000).

The Research Methodology
A thorough karst inventory will first be conducted for both basins.  A geographic information system (GIS) dataset will be compiled and developed.  Geology maps will be field checked for accuracy, primarily the location and distribution of carbonate rocks.

Two main dataloggers will be deployed, one for each of the two basins.  Each datalogger will be connected to temperature, pH and conductivity probes and a pressure transducer.  The dataloggers and probes will be placed at the downstream end of each respected basin.   A Marsh-McBirney current meter will be utilized to develop a rating curve (relation between stage and discharge) for the flow for these particular streams.

The monitoring schedule will consist of three distinct components: 1) synoptic sampling; 2) storm event sampling; and 3) a detailed time-series analysis of one storm event in each season.  The synoptic sampling will be on a regular biweekly schedule.  Likens and Bormann, (1995) found that although in general sampling schedules based upon regular time-series sampling have proven to either over or under predict the actual values in highly variable systems, in the case of their detailed work on Hubbard Brook, they have shown that the geochemical factors did not vary significantly.  Therefore, their data indicate that biweekly or even monthly sampling would suffice for synoptic sampling of the non-karst basin. The synoptic sampling in this study will be conducted on a biweekly schedule.

Although a biweekly time series sampling schedule for low-variability parameters such as stream water chemistry in non-karst basins appears to be sufficient (Likens and Bormann, 1995), as mentioned earlier, this may not be sufficient in the more highly variable environment of karst streams. Therefore some form of adjustments to the sampling scheme will need to be made in order to accommodate these differences.  Besides the biweekly chemical analysis, two-minute resolution readings of temperature, pH and conductivity will be obtained from the dataloggers.  From the datalogger readings coupled with results obtained from the water lab, the author will develop statistical relations between flow and conductivity values and concentrations of each of the ions.  If these relations indicate reliable and predictable relationships, then calculated ion concentrations will be utilized along with the actual concentrations obtained from the lab as part of the synoptic sampling.

Four storm events, one for each season, will be analyzed.  Additionally, one storm event during the winter will be analyzed hourly throughout the storm events.

All samples will be analyzed for Ca2+, Mg2+, Na2+, K+, Al3+, Cl-, NO3-, SO4-, NH4+, and PO43-.  These ions were chosen based upon the geology within the study area basins, as well as the ions were the primarily ions investigated as part of the extensive Hubbard Brook study (Likens and Bormann, 1995).  Ion balancing will be conducted to serve as an accuracy check, but also as a means of determining if other untested ions are present.  In situ pH will be measured utilizing a portable pH meter, calibrated prior to each sample.  H2CO3 concentrations will also be measured in the field using a digital titrator.

The rain gage near the Mammoth Cave visitor center will be utilized for rainfall, as well as two additional rain gages that will be deployed in or near the study basins.  These rain gages are the automated tipping type rain buckets connected to a datalogger.  Precipitation chemistry for all the eleven ions discussed earlier are routinely collected by the National Park Service at the Mammoth Cave weather station.

One evaporation pan will be deployed at the Mammoth Cave visitor center's weather station.  This evaporation pan will be placed out in the open, and will serve as the "standard" for the Mammoth Cave region.  An additional evaporation pan assembly will be deployed under a forest canopy similar to the conditions that exist within the two study basins.  To aid in the evaporation estimate, humidity and airflow will be continuously measured and recorded on the dataloggers. Two evaporation pans will be utilized due to standard protocols require the placement out in the open; however the actual field evaporation would be largely affected by the forest canopy (i.e. interception and absorption, evaporation off foliage, etc.).  Therefore, the use of standard methodologies will enable comparisons be made with other regions throughout the world, as well as the more precise values that exists within the particular field sites.  Evapotranspiration will be calculated by subtracting stream discharge leaving the basin from the total input as a result of precipitation.  The evaporation component will be determined from the evaporation pans.  The transpiration component will be calculated from the difference between the evapotranspiration and evaporation values.

The Outline of the Proposed Study

In the summer 2001, the researcher will begin measuring flow and calculating discharge of the streams within the project site, in order to develop rating curves.  Also in the summer of 2001, the researcher will begin the continuous monitoring of temperature, pH, conductivity, evaporation and precipitation, as well as initiate the cycling sampling of the water chemistry.  The researcher, or assigned assistant, will then service these dataloggers and other equipment on a biweekly schedule.  This schedule was adopted to download the data, replace batteries in the datalogger and also to calibrate and clean the probes.  The level of drift of the pH and conductivity probe will be evaluated and taken into account.

The monitoring period will be one year.  The data will be compiled, statistically analyzed and summarized.  The final report (thesis) will then be written and presented. This report will include a summary of data, but will also include a discussion of the relevance, meaning and significance of the data within the confines of the project site, as well as inferences made as to the relevance throughout the entire Interior Low Plateau Province.

Literature Cited
Brown, R.F., 1966

Hydrology of the cavernous limestones of the Mammoth Cave area, Kentucky.  USGS Water Supply Paper 1837, 64 pp.

Brown, R.F. and T.W. Lambert, 1963

Reconnaissance of ground water resources in the Mississippian Plateau region, Kentucky.  USGS Water Supply Paper 1603, 58 pp.

Butcher, Samual S.; Charlson, Robert J.; Orians, Gordon H. and Gordon V. Wolfe (eds.), 1992


Global biogeochemical cycles.  International Geophysics Series vol. 50, Academic Press, San 


Diego, CA, 379 pp.

Cushman, R.V., R.A. Krieger and J.A. McCabe, 1965

Present and future water supply for Mammoth Cave National Park, Kentucky.  USGS Water Supply Paper 1475-Q, p. 601-647.

Ek, D., C. Groves, R. Pfaff and J. Meiman, 2000

Threats to surface and karst groundwater of Mammoth Cave National Park from the Arthur oil field, Kentucky.  Eighth Science Conference, Mammoth Cave National Park, 101-103.

Ek, D., C. Groves, A. Glennon, J. Meiman and B. Curry, 1999


Threats to Surface and Karst Groundwater of Mammoth Cave National Park from the 


Arthur Oil Field, Kentucky.  1999 National Cave Management Symposium Proceedings.

Faller, A., 1969

An introduction to the climate of Mammoth Cave National Park, Mammoth Cave National Park, unpublished report, 8 pp.

Ford, Derek C. and Paul W. Williams, 1989


Karst geomorphology and hydrology.  Chapman & Hall, New York, 601 pp.

Groves, C. and J. Meiman, 2001

Inorganic carbon flux and aquifer evolution in the south central Kentucky karst.  U.S. Geological Survey Interest Group Proceedings, St. Petersburg, Florida, Feb. 13-26, 2001, U.S. Geological Survey Water-Resources Investigations Report, 01-4011, pp. 99-105.

Groves, C. and J. Meiman, 1999

Bridging the gap between real and mathematically simulated karst aquifers.  Proceedings of the Karst Waters Institute Modeling Conference, Charlottesville, VA, pp. 197-202.

Hem, J.D., 1985

Study and interpretation of the chemical characteristics of natural water.  USGS Water Supply Papers 2254, 263 pp.

Hess, J.W. and W.B.White, 1989

Water budget and physical hydrology.  [In] White, W.B. and E.L. White (eds.), 1989. 
Karst hydrology, concepts from the Mammoth Cave area.  Van Nostrand Reinhold, New York. 108-126 pp.

Lambert, T.W., 1976

Water in a limestone terrane in the Bowling Green area, Warren County, Kentucky.  Kentucky Geol. Survey Rept. Inv. No. 17, 43 pp.

Likens, Gene E. and F. Herbert Bormann, 1995


Biogeochemistry of a forested ecosystem.  Springer-Verlag, New York, 159 pp.

Meiman, Joe and M. T. Ryan, 1990-1994


Unpublished groundwater tracing data: Mammoth Cave National Park, Kentucky.

Olson, R. and M. Franz, 1998

A vegetation habitat classification for Mammoth Cave National Park.  7th Science Conference Mammoth Cave National Park, Mammoth Cave National Park, 19-25.

Palmer, Art N., 1981

A geological guide to Mammoth Cave National Park.  Zephyrus Press, Teaneck, N.J., 196 pp.

Ray, Joseph and James C. Currens, 1998

Mapped karst ground-water basins in the Campbellsville 30 x 60 minute quadrangle.  1:100,000 map, Kentucky Geological Survey, 2 sheets.

Quinlan, J. F. and J. A. Ray, 1989

Groundwater basins in the Mammoth Cave region, Kentucky, showing springs, major caves, flow routes and potentiometric surfaces.  Friends of the Karst, Occasional Publication 2, scale 1:138,000.

Schuster, E.T. and W.B. White, 1971

Seasonal fluctuations in the chemistry of limestone springs: a possible means for characterizing carbonate aquifers.  Journal of Hydrology 14:93-128.

Stumm, W. and J. Morgan, 1970


Aquatic chemistry: an introduction emphasizing chemical equilibria in natural waters.  John Wiley & Sons, New York, 583 pp.

Thrailkill, J., 1968

Chemical and hydrologic factors in the excavation of limestone caves. Geol. Soc. America Bull. 79:19-46.

Thrailkill, J., 1972


Carbonate chemistry of aquifer and stream water in Kentucky .  J. Hydrology 16:93-104.

Thrailkill, J. and T.L. Robl, 1981

Carbonate geochemistry of vadose water recharging limestone aquifers. J. Hydrology 54:195-208.

Weller, James Marvin, 1927

Geology of Edmonson County.  The Kentucky Geologic Survey, series 6, vol. 28, Frankfort, KY, 246 pp.

White, William and Elizabeth L. White (eds.), 1989

Karst hydrology, concepts from the Mammoth Cave area.  Van Nostrand Reinhold, New York, New York, 346 pp.

White, W.B., 1988


Geomorphology and hydrology of karst terrains.  Oxford University Press, New York, 464 pp.

Worthington, S.R.H., 1991

Karst hydrogeology of the Canadian Rocky Mountains.  Unpublished Ph.D. thesis, Department of Geography, McMaster University, Hamilton, Ontario, Canada, 227 pp.

Proposed Budget
There are several supporting partners involved in this proposed research project.  Partners that are donating or loaning equipment include the National Park Service at Chattahoochee River National Recreational Area, Mammoth Cave National Park, Carlsbad Caverns National Park, the NPS Water Resources Division and the Hoffman Environmental Research Institute at Western Kentucky University.

Item





NPS funded1

Unfunded

_____________________________________________________________________

Dataloggers (4)



$3,000

Pressure Transducers (2)


$1,100

Evaporation Pan Assemblies (2)




$6,000

Flowmeter (curent meter) (1)


$4,000

Water Temp. Probe (2)


$   130

Tipping Bucket type Rain Gages (2)




$   600

Specific Conductance Probe (2)




$   400

pH Probe (2)







$   500

Portable Specific Conductivity Meter (1)



$   150

Pelican Cases and Supplies


$   150


$   150

GPS





$3,000

Computer Programs (graphing, GIS etc.)
$1,500

Water Lab Analysis



$9,0001
Miscellaneous Supplies





$   100

Travel (ten trips @ $0.25/mile, 




$1,500


approx. 600 miles round trip)

Subtotal




$21,880*

$ 9,400

Amount Requested from the Cave Conservancy Foundation
$ 5,000

(this will enable the acquisition of the majority of the evaporation pan assembly)

I will also be submitting this project to the Cave Research Foundation ($2,000).  Additionally, a $500 Fellowship from Western Kentucky University will be submitted.  The remaining $1,900 of this project will be supplied by myself.

Key:

* =
It is anticipated that Mammoth Cave National Park will be purchasing the water analysis equipment that would enable them to test and analyze for all the ions identified in this study.  If they purchase this equipment, they have agreed to analyze these samples free of charge.

Notes:

The amounts shown as being funded by the National Park Service are not direct cash contributions, but are instead an in-kind equivalent of equipment transfers and loans.

PAGE  
9

