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ABSTRACT: Fantastic Caverns (Caverns) is a nationally famous tourist attraction in 
Springfield, Missouri.  The cave and its groundwater recharge area are within the relatively 
flat-lying Burlington-Keokuk Limestone and sinkholes and losing streams are abundant in 
the recharge area.  The recharge area is underlain by a thick and complex epikarstic zone.  
Initial monitoring by Missouri Department of Natural Resources (MDNR) detected TCE 
(trichloroethylene) concentrations in cave air more than an order of magnitude above a 
target time-weighted Maximum Contaminant Level (MCL) for workplace air of 6 µg/m3.  
TCE has never been used on the Caverns property; MDNR credibly attributes the TCE to 
a printed circuit board maker 5.2 km from the cave.  The industrial site has been closed 
for a decade and has not had appreciable TCE discharges for 30 years.  Data demonstrate 
that TCE vapors are moving long distances through the epikarstic zone and that the 
directions of vapor migration change seasonally in response to differences between 
surface and underground temperatures.  Natural potential and electrical resistivity surveys 
to identify target sites for vapor extraction wells in the epikarst are planned for upgradient 
lands near the Caverns.  Conventional TCE control measures at the waste site have failed 
to prevent off-site migration that potentially impacts a very large region.    
 
INTRODUCTION 

The tour in the Caverns is by a jeep-drawn tram.  It enters the cave at the Entry Portal, 
travels southwestward through the cave for about 380 m and leaves the cave at the Exit 
Portal.  Other explored cave passages extend southwestward from the end of the tour 
route for an additional 935 m.  The distance from the TCE source area to the toured portion 
of the cave where the lower level of the cave system and the underground stream are 
visible is 5.2 km.    

The former manufacturing site is about 50 m higher in elevation than the Entry Portal 
to the Caverns.  Soil and residuum depths in the region are routinely greater than 2 m and 
the top of the bedrock is unevenly weathered leaving pinnacles commonly 2 to 5 m high.  
The pinnacles are separated by cutters that are arranged in a dendritic pattern that 
transports water laterally to solutionally widened fractures or deeper bedrock depressions 
(Fellows, 1965).  The thickness of the epikarstic zone is highly variable, but in much of the 
area between the former manufacturing site and the Caverns, it extends to and potentially 
below the water table. Solutional void spaces within the epikarstic zone are substantial 
and vary in size and abundance both laterally and vertically.  The void spaces are partly 
to completely filled with sediment, but integrated flow networks provide rapid lateral and 
vertical transport of air and water through the epikarst.  Shallow pools of water exist in 
vadose portions of the epikarst.   
 Sinkholes, many of which are relatively small and shallow, are abundant.  LiDAR 
images for a 128 hectare area lying between the former manufacturing plant and the 
Caverns show 84 sinkholes.  Explored portions of the Caverns system underlie some of 
this area. 
 
 
TABLE 1.  Elevations in the study area relative to Indian Spring.  
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Feature Relative elevations (meters) 

Indian Spring 0 

Floor at Entry Portal to Fantastic Caverns 14 

Floor at Exit Portal to Fantastic Caverns 16 

Top of Ventilation Shaft and Superstructure 39 

Land Surface at Former Circuit Board Plant 64 

          
Extensive groundwater tracing has been conducted in the region and dye introduced 

at a single location is commonly detected at multiple springs that are sometimes located 
several kilometers apart.  Aley and Thomson (2002) compiled groundwater tracing results 
in Greene County and reported upon 211 successful traces.  Groundwater travel rates 
determined from tracer studies are routinely several hundreds of meters per day.  
Groundwater tracing results were used to delineate the recharge area for waters passing 
through the Caverns under high flow conditions.   

The Caverns is an overflow segment of a large karst drainage system.  During low flow 
periods almost all water from the karst drainage system bypasses the cave and Indian 
Spring, the discharge point for the cave stream.  During high flow conditions a large stream 
flows through the cave.  Passage constrictions downstream of accessible parts of the cave 
partially impound the cave stream and can cause water levels in the cave to rise as much 
as 9 m.  High flow discharges from Indian Spring have been estimated at 1.4 to 2.8 m3/sec. 
(Bullard et al., 2001).  The delineated recharge area for the Caverns under high flow 
conditions is 33 km2 (Aley and Thomson, 2002), and portions of this recharge area also 
contribute groundwater to at least nine other identified springs.   

Groundwater flow paths identified by traces conducted under low flow conditions may 
not always yield detections at all of the springs where dyes are detected under high flow 
conditions. Recharge area boundaries are drawn as finite lines but in reality are best 
estimates between data points.  Furthermore, recharge area boundaries may change 
somewhat with hydrologic conditions, and in many cases the boundary areas may 
contribute water to both springs.  Sinkhole flooding during intense rainstorms is a problem 
in parts of the Caverns recharge area (Aley and Thomson, 1981), and this adds another 
complexity to the subsurface flow system.   

TCE could well be called the Houdini of chemicals since it has multiple pathways by 
which it can escape from locales where it was discharged or spilled.  Specifically in the 
study area: 
 

• The DNAPL phase can potentially migrate below the shallow aquifer in which the 
Caverns and the various other karst features are developed.  Many inadequately 
cased older wells in the area penetrated the Northview Shale (which lies beneath 
the Burlington-Keokuk Limestone), and this probably has resulted in TCE 
contamination of the heavily used and regionally significant Ozark Aquifer.  In 
some areas, potentiometric mapping of the shallow limestone aquifer clearly 
demonstrates the hydrologic effects of old wells that are transporting water 
downward into the Ozark Aquifer.   

• Some DNAPL phase TCE may also be located in isolated pools in the epikarstic 
zone above the water table where it can increase TCE concentrations in passing 
water or air. 

• Some of the dissolved phase of TCE is transported multiple kilometers and can be 
detected in wells, cave streams, and springs.  Limited sampling for TCE in the 
stream in the Caverns has shown TCE concentrations ranging from about 1 to 4 
µg/L.  Because of the complex underground water flow systems, the dissolved 
phase of TCE from the waste site has migrated widely.  One dye tracing study 



 

(reported upon in Aley and Thomson, 2002) traced water from a waste lagoon 
serving the former manufacturing plant to a spring located 2.6 km outside of the 
delineated Caverns recharge area.  

• TCE can volatilize out of water and into underground air.  Underground air is mobile 
in a cavernous landscape with a well-developed epikarstic zone.   

• Finally, TCE in underground air has the potential to contaminate previously 
uncontaminated water. 
 

MATERIALS AND METHODS 
Preliminary monitoring of cave air in toured portions of the Caverns was conducted in 

July 2016 by MDNR.  While TCE has never been used at the Caverns’ property, TCE 
concentrations found in cave air were over an order of magnitude greater than the 6 µg/m3 
that the agency viewed as the applicable regulatory limit under the provisions of CERCLA 
(Comprehensive Environmental Response, Compensation, and Liability Act).  The 
Caverns retained the Ozark Underground Laboratory (OUL) to assist and multiple interim 
emergency cave ventilation actions were taken to keep the business open while protecting 
natural cave resources to the greatest extent possible.  These included: 

 

• Construction of airflow control structures at both the Entry and Exit Portals.  These 
were completed on November 3, 2016.  Both had open cross sectional areas of 
0.83 m2 and both were designed so that the open cross sectional area could easily 
be partially closed to reduce airflow.  The Entry Portal structure was capable of 
accommodating an exhaust fan with a rated capacity of 416 m3/minute.  Both the 
Entry and Exit Portals were designed so that airflow through them could be 
measured with an anemometer.  In April 2018, data logging anemometers were 
installed at both the Entry and Exit Portals. 

• Construction was completed on November 30, 2016 of a 56 cm diameter 
Ventilation Shaft into a portion of the cave 35 m beyond the end of the tour route.  
A security building was placed above the Ventilation Shaft and a fan with a rated 
capacity of 416 m3/min was installed to be operated as needed.  The 
superstructure over the shaft was designed so that the open cross sectional area 
of the ventilation shaft could easily be adjusted to reduce airflow.  The U.S. 
Geological Survey (USGS), in cooperation with the OUL, installed instrumentation 
to record air flow velocity through the ventilation shaft and operated it for the period 
February through late September 2017.  In April 2018 the OUL installed a 
recording anemometer in the ventilation shaft.       

• During November and December 2016, the OUL installed 10 microclimate and 
evaporation monitoring stations within the cave and a surface weather station.  
Unnatural ventilation of the Caverns dramatically increases evaporation from pools 
of water and from speleothem surfaces.  Evaporation from speleothems can 
damage these very scenic features.  Additionally, Caverns provide habitat for the 
federally threatened Ozark Cavefish (Amblyopsis rosae), and some of these 
cavefish are periodically stranded in shallow disconnected pools of water in the 
channel of the intermittently flowing cave stream.  Excessive evaporation of water 
in these pools would cause mortality of stranded fish.  

• Beginning in December 2016, the OUL conducted monthly alpha radiation 
monitoring of radon daughters in the Caverns air.  Alpha radiation monitoring has 
long been common in the underground mining industry as a method for evaluating 
the effectiveness of underground ventilation.  In cave systems, alpha radiation 
values provide an indication of contact time between underground air and rock.  If 



 

alpha radiation concentrations increase when there has not been a change in 
ventilation patterns, it suggests an increase in the percent of air derived from more 
distant locations where TCE concentrations are likely to be elevated.  Higher alpha 
radiation values were used to increase the rate and/or duration of artificial 
ventilation of the cave.  Results from alpha radiation monitoring are available within 
a couple of hours whereas TCE concentrations from Summa canisters are not 
available for a couple of weeks.  The alpha radiation monitoring thus provides an 
early warning system of elevated TCE concentrations in cave air.     

 
In addition to these actions, the OUL determined that the volume of air in the toured 

portion of the Caverns is approximately 34,000 m3.  Two fans with a rated airflow capacity 
of 416 m3/min were purchased; each can exhaust this volume of cave air in approximately 
82 minutes.  MDNR conducted monthly TCE monitoring of the cave air using Summa 
canisters during the period December 2016 to November 2017. 
 
RESULTS 

The emergency ventilation approaches allowed the cave to remain open to the public 
during 2017 with few, if any, periods when employee exposures to TCE in air exceeded 
the target time-weighted MCL of 6 µg/m3.   Employee exposure is measured by 
“shadowing” an employee with a Summa canister during a work day.  Since employees 
are not continuously in the cave, their exposure values are less than mean TCE 
concentrations as measured by static Summa samplers.  The emergency ventilation 
resulted in unnatural drying of cave pools and speleothems.  Based on evaporation pan 
data, the unnatural moisture loss from toured portions of the Caverns was estimated at 
150,000 L/yr.   

Based on data collected in 2017, a detailed operational schedule for artificial 
ventilation and continued TCE monitoring has been adopted for 2018.  Natural potential 
and electrical resistivity geophysical methods (as per Saribudak, 2015) will be used to 
target subsurface cavities on the Caverns’ property that are likely to be transporting TCE 
contaminated air toward toured portions of the Caverns.  Vapor extraction wells will be 
drilled to intersect identified cavities, the effectiveness of the wells will be assessed, and 
operating schedules will be established.  

Two principal air circulation cells within toured portions of the Caverns interact with 
each other.  One circulation cell is between the Entry and Exit Portals.  The portals are 60 
m apart, and the floor of the Exit Portal is 2 m higher in elevation than the floor of the Entry 
Portal (see Table 1 for important relative elevations). About 25% of the air circulation in 
the toured portions of the Caverns is within this circulation cell except when the fan is in 
use at the top of the Ventilation Shaft.  Prior to the construction of the airflow control 
structures at the Ventilation Shaft and Entry and Exit Portals, most of the air circulation in 
the cave was between the Entry and Exit Portals.  The high TCE concentrations in 
measurements by MDNR in July 2016 were in parts of the cave with low natural air 
circulation. 

The second air circulation cell is between the Ventilation Shaft and the Entry and Exit 
Portals.  Both of the portals are about 400 m from the Ventilation Shaft.  The floors of the 
Entry and Exit Portals are 25 and 23 m, respectively, lower in elevation than the top of the 
superstructure on the Ventilation Shaft.    

The mean temperature in the Caverns is 15°C (59°F).   The lowest mean monthly 
surface temperature in Springfield, Missouri is 1.7°C (35°F) in January, and the highest 
mean monthly temperature is 25.6°C (78°F) in July and August. 

Airflow in cave systems well connected to the surface is driven by differences between 
surface and subsurface temperatures.  Given the extensive epikarst development and 



 

abundant sinkholes, the Caverns system is well connected to the surface over an area 
much larger than the known boundaries of the cave passages.  Differences in elevations 
of openings into the cavern system and its contributing area create the airflow circulation 
patterns and result in mass transfer of air. 

Because the thermal conductivity of rock is very low, subsurface voids are inherently 
well insulated and maintain a relatively constant temperature throughout the year.  Diurnal 
and seasonal patterns on the surface are responsible for creating the difference in 
temperature between surface and the relatively temperature-constant subsurface.  When 
the surface temperature is colder than cave temperature, air coming into contact with cave 
rock at lower entrance elevations will quickly approach thermal equilibrium with the rock.  
As that air is warmed, it rises through various pathways in the cave and the associated 
epikarstic zone to higher elevations and/or discharges to the surface.      

Within the Caverns, this air movement is from the Entry Portal to the Exit Portal and 
the Ventilation Shaft.  TCE concentrations in cave air in toured portions of the Caverns 
under winter conditions are routinely below detection limits that were usually about 0.2 
µg/m³.    
 

 
FIGURE 1. Surface temperatures, mean cave temperature, and airflow rate recorded at the 
Ventilation Shaft April 18 to 26, 2017.  When surface temperatures are less than mean cave 
temperatures, cave airflow increases.  When surface temperatures are higher than mean 

cave temperatures, cave airflow decreases. 

 
Spring is a transitional airflow period.  Figure 1 shows airflow rates and surface 

temperatures at the Ventilation Shaft during the period April 18 to April 26, 2017.  During 
this period no fans were in use, the Ventilation Shaft was 50% open, the Entry Portal was 
67% open, and the Exit Portal was 50% open.    

When surface temperatures are higher than cave temperatures, the airflow reverses 
direction.  Cave air, being colder than outside air, flows out of the cave through lower 
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entrances and warm replacement air from the surface is drawn into higher elevation 
openings.  This descending air is cooled as it comes into contact with cave rock, making 
the air denser and heavier, so it sinks due to having greater density.  This air continues 
sinking until it reaches equilibrium or until it exits lower elevation openings connected to 
the cave system. 

Under natural conditions, cave air in the summer primarily discharged from the Entry 
Portal and was replaced in the cave with TCE contaminated air.  With the installation of 
the ventilation structures, the fan on the top of the Ventilation Shaft exhausts cave air 
during hours when the cave is not open for business (approximately 9 PM to 8 AM).  When 
deemed necessary, the fan in the Ventilation Shaft operated 24 hours per day.  This 
unnatural, forced ventilation of the cave is required to keep employee TCE exposure levels 
below 6 µg/m3.  When the exhaust fan on the Ventilation Shaft is in operation, air enters 
the cave through the Entry and Exit Portals (essentially simulating cold weather airflow 
circuits).  

Autumn is another transitional airflow period.  Early fall conditions require operation of 
the ventilation fan for about 11 hours per day.  As the season progresses, the use of the 
fan is no longer required.     

While the difference between surface and cave temperatures are typically used to 
determine the convective airflow direction in a cave, the relative density of surface and 
subsurface air masses is the key mechanism leading to air sinking into the subsurface or 
rising out of it.  The disequilibrium of air densities leads to non-linear responses in airflow 
when comparing airflow rates induced by cooler-than-cave surface temperatures to 
warmer-than-cave surface temperatures (De Freitas, 1982).  The result is cave airflow is 
greater under colder surface conditions than under the warmer surface conditions.   

Data from the USGS ultrasonic anemometer in the ventilation shaft and surface 
temperatures measured by the OUL illustrate this relationship.  Table 2 shows the ratio of 
mean cave airflow velocities for airflow measured when surface temperatures were 
equally departed from mean cave temperature.  Under the colder surface conditions, the 
mean cave airflow velocity shown in Table 2 was 1.77 times greater than under the warmer 
surface conditions.  This means cave ventilation without the use of exhaust fans during 
colder days is much greater than during warmer days.  This partly explains why forced 
ventilating of the Caverns by fan pressure was necessary during the warmer months of 
the year.  The other part of the explanation is that the source area for the TCE vapors in 
the Caverns is at elevations higher than the cave, and the natural direction of underground 
air movement under warm weather conditions is from the source area toward the Caverns.  
Each velocity value is based on the mean of clusters of 20 to 50 instantaneous values 
recorded over multiple days. 
 

 
 
 
 
 
 

TABLE 2. Mean airflow speeds measured in the ventilation shaft for surface temperatures 
above and below mean cave temperature.  The ratio of mean cave airflow velocities for 
airflow measured when surface temperatures were equally departed from mean cave 

temperature are listed in the far right column. 
Surface temperature 
departure from cave 

temperature 

�̅� (m/s)  

(𝑻𝒔𝒖𝒓𝒇𝒂𝒄𝒆 < 𝑻𝒄𝒂𝒗𝒆) 
�̅� (m/s) 

(𝑻𝒔𝒖𝒓𝒇𝒂𝒄𝒆 > 𝑻𝒄𝒂𝒗𝒆 ) 
Ratio of Natural 
Airflow Rates 

 

2.8º C (5.0º F) 1.00 0.79 1.27 



 

5.6º C (10.0º F) 1.52 0.72 2.11 

8.4º C (15.0º F) 1.60 0.99 1.62 

11.2º C (20.0º F) 1.73 0.98 1.77 

Mean 1.46 0.87 1.69 

 
There are two possible models for the dominant mechanism responsible for TCE 

transport into the air of the Caverns.  The first is for TCE to be transported from the source 
area to the cave by being dissolved in the water.  Once reaching the cave, the TCE would 
volatilize out of the water and into the cave air.  If this were the primary transport mode, 
then the off-site transport of TCE would primarily follow groundwater flow paths through 
the karst.  With this model TCE would be a year-round problem at the Caverns and TCE 
concentrations in cave air would vary with the volume of flow in the underground stream 
and TCE concentration in the cave stream water.   

The second possible model is for TCE to volatilize out of the water and into 
underground air in the epikarstic zone at or near the source area.  The TCE-contaminated 
air would then be transported by convective airflow through the epikarst zone and 
solutional passages.  With this model TCE concentrations would be greatest in the 
Caverns under warm weather conditions since the cave is lower in elevation than the TCE 
source area.  With this model the transport of TCE to off-site locations is not constrained 
to groundwater flow paths through the karst.  In fact, TCE-contaminated air could be 
dispersed in a near-radial pattern centered on the source area. 

Table 3 shows mean monthly TCE concentrations measured in the Caverns beginning 
in December 2016 and ending in November 2017.  Measurements were made during the 
middle of each month, and there were 9 to 10 monitoring points in the cave during each 
round of sampling.  The mean concentration in cave air during the cold weather months 
(December through March) averaged 0.05 µg/m3 while those in the warm weather months 
(June through September) averaged 11.15 µg/m3.  Artificial ventilation of the cave was 
much greater during warm weather months than during cold weather months.  The high 
value for August occurred when the cave was being ventilated with a fan through the Entry 
Portal.  Based on high radon daughter alpha radiation values, the fan was changed to 
exhaust cave air from the ventilation shaft on the day after the August TCE monitoring 
was conducted.  TCE concentrations declined substantially during the September TCE 
sampling period.  
 

Table 3.  Mean monthly TCE concentrations measured in cave air on tour route in the 
Caverns, December 2016 to November 2017.  Typical detection limit = 0.17 µg/m3.  Values 

less than detection limit calculated as 0.00 µg/m3.  .  Sampling by MDNR. 

Month Mean TCE (µg/m3) Month Mean TCE (µg/m3) 
January 0.04 July 1.33 
February 0.00 August 38.5 

March 0.00 September 2.24 
April 0.44 October 6.81 
May 2.93 November 0.22 
June 2.52 December 0.16 

 
The stream in the Caverns on average flows less than about 100 days a year.  Periods 

of very high flow caused the cave to be closed for a few days in April 2017.  This event 
did not result in elevated TCE concentrations in cave air as would have been expected if 
volatilization of TCE out of water in the cave stream was the major transport mechanism 
for TCE in cave air.  In 2017, the cave stream did not flow after early May and thus could 
not account for high TCE concentrations in cave air during warm weather months.   



 

A few TCE measurements were made in the lower stream passage of the Caverns 
system in an area about 8 m below the tour route.  An air sample collected on September 
13, 2017 contained 530 µg/m3 TCE, and four samples collected on October 11, 2017 had 
values that ranged from 2,200 to 2,400 µg/m3.  In the absence of the heavy ventilation of 
the cave, it is likely that air in this lower passage (which connects to upstream cave 
passages that are not on the tour route) would have substantially increased TCE 
concentrations in the air of the Caverns.  

While the ventilation program as developed was able to keep the show-cave in 
operation, it has caused substantial environmental damage to the Caverns.  Based on 
evaporation pan data, the cave has experienced an unnatural annual moisture loss of 
about 150,000 L.  Most of this is from moist speleothem surfaces and small pools of water.  
During periods of maximum ventilation, the volume of air extracted from the cave every 
82 minutes is approximately equal to the volume of the cave passages on the tour route.  
This is totally incompatible with maintaining a sensitive underground microclimate.  
 
DISCUSSION 

A primary purpose of this paper is to illustrate that long distance transport of TCE 
vapors occurs in karst landscapes.  It has created a major regulatory problem for the 
Caverns even though TCE was never used on that property.  The long distance transport 
has been facilitated by well integrated solutional openings in the epikarst and the presence 
of integrated systems of solutional conduits and caves.  The problem has clearly been 
compounded by obvious inadequate source control and inept regulatory oversight.  Given 
the wide spread presence of TCE in the subsurface, many other sites in karst are likely to 
have similar conditions and problems.   

The magnitude of the offsite transport is illustrated by detections of TCE in cave air at 
concentrations as great as 2,400 µg/m3 at a point 5.2 km from the source area.  This 
concentration is 400 times greater than the target concentration for TCE that MDNR and 
other regulatory agencies are applying to properties impacted by waste sites that come 
under the purview of CERCLA.  If the extent of epikarst and solutional conduit 
development existing between the waste site and the Caverns is characteristic of the 
region, and if the 6 µg/m3 target concentration is credible and reasonable, then regulatory 
agencies should test buildings at least as close to the waste site as the Caverns for the 
presence of TCE vapor intrusion.  That is an area of 85 km2.  Most of the buildings in this 
area are at elevations near or above that of the waste site, so, based on our data, any 
regional testing should be conducted under winter and spring conditions.    
 
CONCLUSIONS 

Long distance transport of underground air contaminated with TCE is the primary 
mechanism responsible for the appreciable concentrations of TCE detected in the air of 
the Caverns.  This underground air transport mechanism exists due to naturally integrated 
systems of openings in the epikarst and connections with caves and other solutionally 
enlarged conduits.  Movement of contaminated underground air occurs in response to 
differences between surface and underground temperatures.  This convective airflow 
system is more efficient in moving air through the cave and related karst system during 
cool weather than during warm weather.   

The extent of the TCE contamination in cave air, and the cave's substantial distance 
from the source area, suggests that TCE vapor intrusion into buildings is likely to occur in 
an area of many square kilometers.  This is supported by measured TCE concentrations 
in cave air as great as 2,400 µg/m3 (400 times the MDNR target concentration in workplace 
air) at a point 5.2 km from the source area.   This case shows that a regulatory TCE time 



 

weighted MCL of 6 µg/m3 in workplace air is unrealistic and probably unattainable in karst 
areas, especially in cavernous karst areas.   
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