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Introduction

Vertical shafts are obvious features in many cave systems.  They are typically cylindrical in nature and have dimensions ranging from a few centimeters to hundreds of meters in height and from centimeters to tens of meters in diameter.  Vertical shafts are the result from calcite undersaturated groundwater descending vertically into the cave system (Brucker, Hess, and White, 1972).  The shafts are relatively much younger features than the passages they may intersect during their development and are believed to form very rapidly (White, 2000).  To cavers they often allow access into other passages or the shaft drain itself may allow new discoveries within cave systems.  Geologically, however, vertical shafts are important in karst systems for three core reasons:

1.  Vertical shafts represent the headwaters for subsurface streams within karst aquifers.
Water recharging a karst aquifer often does so directly through vertical shafts.  The shaft may provide water with its first appearance within the open system environment of the cave.  Its water chemistry is often highly undersaturated with respect to limestone (Brucker, et al, 1972).  This is due to it being derived directly from the surface exposed to carbon dioxide from microbial oxidation of decaying plant material as well as the presence of atmospheric carbon dioxide.  This promotes the production of carbonic acid (Drever, 1997), the primary agent for limestone dissolution within the southcentral Kentucky karst aquifer.

2.  Vertical shafts often indicate surface drainage topography.

The presence of vertical shafts within a cave often directly relate to the surface topography (White, 2000).  Some occur under sinking streams.  However, many vertical shafts at Mammoth Cave National Park are located around the edge of the overlying Big Clifty Sandstone unit (Brucker, et al, 1972).  This is due to water that drains off the sandstone and makes its way into the sides of the ridges where it first encounters the Girkin Limestone formation.  These carbonate strata have secondary porosity features allowing limestone dissolution to occur vertically as the water is funneled from the surface down into the cave system and ultimately to the water table (Palmer, 1981). 

3.  Vertical shafts can provide pathways for pollutants into karst aquifers.

It is widely know that rapid transportation of pollutants occurs in karst areas (White, 1988).  In other areas of the world where porous media laminar flow dominates the subsurface migration of pollutants can be much slower.  It is estimated that karst features represent approximately 12% of the earth's land surface, and supply drinking water to 25% of the world's population (White, 1988; Ford and Williams, 1989).  Due to rapid pollutant transport and the dependence of nearly 2 billion people on karst aquifers for a water supply it becomes imperative to understand the developmental aspects of karst recharge zones such as vertical shafts.

Site Description

Within southcentral Kentucky the karst dominated  geologic region is known as the Mississippian Plateaus.  The prevalence of dolines, sinking streams, karst valleys, and caves is due to the presence of the Girkin, Ste. Genevieve, and St. Louis limestones (Palmer, 1981).  They are among the great cave-forming limestones in the world.  It is within these units that Mammoth Cave, the world’s longest known cave, is found.  The Big Clifty member of the Golconda formation is the caprock for the uppermost limestone unit (Girkin Limestone).  This sandstone coupled with a thin shale layer at its base provides Mammoth Cave with an impermeable cover.  This allows the cave’s rivers to continue low-level cave development while upper level passages remain protected by the Big Clifty Sandstone (Palmer, 1981).   The interconnected passages of Mammoth Cave measure over 500 km in distance.  Exploration is still underway with no end in sight.

The vertical shaft chosen for this study is Edna’s Dome.  Its discovery occurred in 1905 by guide John Nelson and visitor Benjamin Franklin Einbigler.  Einbigler was originally from New York and had been visiting Mammoth Cave for many years.  He was a familiar face to the guides at Mammoth Cave and frequently explored with them.  Evidence for Einbigler’s curiosity of Mammoth Cave is evident in many crawls where his name has been scratched into the rock.  Edna’s Dome is named after Benjamin’s sister Edna.  He named a much more modest vertical shaft located approximately 10 meters away after himself.  Edna’s Dome has been accessible to visitors since the 1920’s (DeCroix 1998).  During that time of Mammoth Cave history the cave was owned simultaneously by different individuals.  Edna’s Dome was beneath the property of George David Morrison and was toured until approximately 1931.  Morrison sold his land for $290,000 in that year and became integrated into the land that would become Mammoth Cave National Park a decade later in 1941.  Today Edna’s Dome is still seen by those visitors who take the Wild Cave Tour.

Edna’s Dome is located in the downstream continuation of Martel Avenue approximately 10 m south/southwest of Einbigler’s Dome.  The shaft measures approximately 30 meters high and 10 meters in diameter.  In addition it has the cylindrical shape so intrinsic to vertical shafts.  Edna’s Dome also meets the following three criteria:  

1. Perennial water flow

A perennial water flow enables water sample collections at any time of year.  This will allow the model to calculate limestone dissolution rates that may vary seasonally, particularly in times of drought.

2.  Water to rock contact coupled with free falling water away from the rock surface

Water chemistry comparisons can be made of water having no water-rock contact versus that of water that has contact with the limestone.  This can allow the calculation of CO2 uptake in the shaft and variances in the ability of the water to dissolve limestone.

3. Easily and safely accessible

It is imperative that a shaft be easily and safely accessible to avoid unnecessary risks to the researcher or sensitive geologic areas (i.e. fragile gypsum crystals, pristine travertine areas, etc.).  Since Edna’s Dome is located on tourist trail it is an extremely viable research site.

On 1-26-01a thorough examination of the site conclusively revealed it to be a suitable location for data collection and equipment set up needed to successfully complete the study.

Purpose of Research

The purpose of this proposed research is to develop a mathematical model of vertical shaft development within the karst system.  This model will be calibrated utilizing one year of flow and chemistry data along with the implementation of microerosion meters (Inkpen 2001).  Furthermore, the scope of this work intends to calculate the rates of vertical shaft development (i.e. amount of limestone dissolved over the given period of time in mm/yr of wall retreat).  The variations in the flow rates and water chemistry data as pertaining to limestone dissolution rates will be analyzed to determine fluctuations that occur during storm events vs. non-storm events and also seasonal changes.

The data obtained through the study will facilitate in the comprehension as pertaining to the morphology of the shaft.  The data will also be beneficial in comparing and contrasting existing data for cave stream passage development.  Based on past work within Mammoth Cave, it is understood that the bulk of cave stream passages form predominantly during storm events (Cardigan, 1998).  It is hypothesized that vertical shafts may be a much more uniform process. 

 Storm events do increase the dissolution of the limestone as conducted in a previous study of Shower Bath Spring in Mammoth Cave (Merideth, 2000); but whether this increased dissolution is of greater effect of shaft development over the vast majority of time in which there are no storm events is still in question.  Shower Bath Spring data were collected over a nine-month period from September 1997 to May 1998.  Weekly water samples were analyzed for calcium concentrations, specific conductance, bicarbonate concentrations, pH, and temperature.  These data were then placed into the Plummer, Wigley, Parkhearst equation for limestone dissolution (Plummer and Wigley, 1976).  Data showed the rate of shaft development was approximately 1 mm/yr.   Water sample data revealed that the water was always undersaturated with respect to calcite (Merideth, 2000).  This is opposite to what has been shown in water chemistry in some parts of the Logsdon River of Mammoth Cave.  River water  can be oversaturated with respect to calcite for much of the year.  Most dissolution at the river level is done during storm and large flood events.  It is this difference in water chemistry between river level passages and vertical shafts that allows the hypothesis for a more uniform development of vertical shafts.

Field Methods

Key physical and chemical parameters of water flowing down a vertical shaft in the Mammoth Cave System will be continuously monitored for one year by electronic sensors linked to digital dataloggers approximately 16 meters down the shaft walls.  With slight modifications of electronic monitoring protocols used at Mammoth Cave  (1996; Groves, Meiman, and Howard, 1999) pH, specific conductance (spC), temperature, and flow rates of both free-falling and surface film waters for the shafts will be recorded with a two-minute resolution.  A Campbell Scientific (CSI) CR10X datalogger will control and monitor sensor signals.  To monitor rainwater and free falling shaft water in the cave, Teflon funnels will channel water through a CSI 247-L specific conductance and temperature sensor and into a tipping bucket rain gauge.  To monitor surface film water flowing down and shaft walls, a shielded Teflon gutter adhered to the vertical surface will augment water into a Teflon funnel and then through a separate CSI247-L and rain gauge. 

We will also collect and analyze water samples at for calcium, magnesium, and bicarbonate (for carbonate equilibria and kinetics).  For waters in contact with limestone, highly significant linear correlations have been found between spC and calcium, magnesium, and bicarbonate, respectively (Groves, Meiman, and Howard, 1999), and these data will be utilized in order to develop such relationships.  Using the two-minute estimates of these parameters, along with the directly measured data, accurate calculations of various key parameters can be accurately determined describing carbonate equilibria and kinetics, as described below. 

In addition to the above methods a series of 8 small holes will be drilled into the shaft along a continuous limestone layer visible in the shaft.  These will facilitate in collecting direct measurements of how fast wall retreat is occurring with the utilization of microerosion meter at each of the eight sites.  This will in fact reveal which areas of the shaft are dissolving the fastest.  Used in conjunction with the microerosion meters will be “wetness” indicators (strands of gold wire that when wet will complete an electrical circuit that is to be recorded by the data logger with the same two-minute resolution) placed at each of the eight sites as well that will give readings on just how many days of the year certain sections of the shaft wall are wet.  This data along with water chemistry and microerosion meter data will enable correlation between empirical measurements and direct measurements.  Ultimately this will yield a better understanding of shaft morphology and development.

Analyses and Model Development

Because of the relationships between carbonate mineral dissolution rates and the relatively short residence times for waters within the system, these waters are likely to typically be out of thermodynamic equilibrium with respect to limestone.   Both equilibrium chemistry and kinetics of the dissolution reactions must thus be considered in order to understand the characteristics of the system.  An instantaneous measure of the state of the fluid/rock interaction with respect to this equilibrium condition is provided by the calcite saturation index (SIcal) (Stumm and Morgan, 1981, Plummer and Wigley, 1976; Plummer and Busenberg, 1982).  Negative and positive SIcal values predict undersaturated and oversaturated conditions, respectively, while a value of zero predicts thermodynamic equilibrium. Activity corrections in the calculations use the Extended Debye-Hückel limiting law (Stumm and Morgan, 1981), and the aqueous model assumes that the impact of ion pairing and complexation on calculated results is negligible.  Carbon dioxide pressure (PCO2 (atm)), will also be calculated using appropriate equilibria (Plummer and Wigley, 1976; Plummer and Busenberg, 1982; Stumm and Morgan, 1981).  

Calculation of limestone dissolution rates assume will assume reaction-limited kinetics for turbulent flow (Groves, 1993), using the expressions of Plummer et al. (1978) and Palmer (1991)   Palmer's empirical expression (based on earlier data of Plummer and Wigley (1976)) has under some conditions given better agreement to field and laboratory limestone dissolution measurements, particularly close to equilibrium (Groves and Howard, 1994; Carigan, 1998).  The work of Plummer et al. (1978), however, provides mechanistic information that can be useful in the interpretation of elementary reactions.  While a great deal of important limestone dissolution theory has been come from the laboratory of Dreybrodt (1988, 1990), his more recent kinetic models have drawn more heavily from Palmer (1991), as did the earlier work of Groves and Howard (1994).  The dissolution rates are given in mass per surface area of mineral/fluid contact per time, although assuming a limestone density of 2.7 g cm-3, dissolution rates will be reported in mm/yr of wall retreat.  Direct measurements of limestone dissolution will be made utilizing microerosion meters.  The building plans for the meter have been obtained from the UK where they have been used with great success in determining the amounts of dissolution of many carbonate stone structures (Inkpen 2001).  

Testing the assumption of reaction limited kinetics by modification and application of two other existing dissolution models, including 1) a boundary layer model that assumes diffusion-limited kinetics and 2) a model that assumes that the rate of CO2 hydration limits the overall dissolution rate (Dreybrodt, 1988).   

Below is a budget for the proposed project.  The Acquired column below indicates those items that are already obtained through Mammoth Cave National Park.  The Needed column represents those items which are still lacking in order to successfully complete the study.

Equipment List





Acquired

Needed
Campbell Scientific CR10X Datalogger (2)


2000.00

Instrument Case (2)




 150.00

Campbell Scientific CS547-L Temp/spc probes (2)




800.00

Campbell Scientific Datalogger Support Hardware

1000.00

Texas Electronics (2)




  350.00


350.00

“Wetness” Sensors (14)







300.00

Miscellaneous








200.00

H2O Analysis (park lab)-150 samples 


1500.00

Microerosion Meter







300.00

Total:






$5000.00
           $1950.00

Expected Products


The results obtained from this research will give a clearer insight to a very key component of karst systems as pertaining to their development.  The understanding of vertical shaft development may lead to a greater knowledge of fluid migration patterns through the subsurface and yield numbers calculated by present limestone dissolution kinetics models that will help approximate accurate ages for the shafts.  Implementing the knowledge gained by this research perhaps can be applied to many of other shafts within the Mammoth Cave system that undergo the same environmental changes and water chemistry fluctuations based on seasonal changes and increased discharge during storm events.  This in turn, will provide a better understanding of cave system development on a much larger scale. In addition to the completion of a M.S. thesis, the research will be of beneficial use in the publication of papers in refereed journals and talks given at professional meetings.
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