accumulated time of exposure. The allowable level, in turn, for employee work exposure would be
expressed in WLM per year, or WLM yr—1. The federal exposure limit is 4 WLM yr—1 (EPA 1971).

The method for analysis of radon concentrations and human impacts are governed by NPS-14
(National Park Service 1980), and the techniques described by Eheman et al. (1991) are still in use:

Guidelines established by the NPS and approved by [the Mine Health and Safety Administration]
MSHA require weekly sampling when the average **’Rn progeny concentration meets or exceeds
1.12 kBq m—3 (0.30 WL) (NPS-14 1980). Radon-222 progeny measurements in Mammoth Cave are
made using the Kusnetz method developed for use in underground mines (Kusnetz 1956).
Measurements are taken by drawing a minimum of 2.0 L m—1 of air for 5 min through a 25-mm
fiberglass filter utilizing a calibrated sampling pump'. The **’Rn progeny concentrations are
determined using an a-scintillation counter and an a detector®. The scintillation counter and [
detector are calibrated at 6-mo intervals using procedures described by the Mine Safety and Health
Administration (Beckman 1975) and are checked daily with a calibrated **°Th source. Measurements
are made in all toured sections of the cave once a week. Each “room” or trail on a cave tour is
sampled so that the number of samples taken depends on the length of the tour.

The NPS calculates the exposure of employees to *?Rn progeny by assessing the time spent in each
area and the Working Level measured in that area for that week. Exposure records are maintained for
each employee who works in the cave. An employee’s record contains exposure history, occupation
category, sex, and date of birth. Records also indicate whether an employee was exposed prior to
1976, if he or she smokes, and the result of any sputum cytology tests. NPS staff review exposure
records on a weekly basis. If an employee’s cumulative exposure reaches 3.5 WLM in a year, that
person is assigned to duties outside the cave.

Reference Conditions/Values
There is not a specific reference condition of radon concentration that signifies a threshold for

dangerous conditions from exposure to radon. Exposure depends both on concentrations and the
length of time that a person is breathing that air. However, the U.S. Occupational Safety and Health
Administration (OSHA 2016) defines the exposure limits for workers exposed to radioactive
materials as an Annual Limit of Intake (ALI), defined as the “derived limit for the amount of
radioactive material taken into the body of an adult worker by inhalation or ingestion in a year” as 4
WLM yr—1. The same regulations define the threshold Derived Air Concentration (DAC) or 0.3 WL,
referring to the concentration of a given radioactive element in air which, if breathed for a working
year of 2,000 hours under conditions of light work results in an intake of one ALI. Weekly
monitoring and employee record keeping are required at 25% of 0.3 WL, or 0.75 WL (Bobby
Carson, MACA Division of S&RM, Division Chief, June 2016, personal communication). Based on

! Model S monitaire sampling pump, Mine Safety Appliance Company, Pittsburgh, PA 15230.

2 Model 2200 a-scintillation counter and model 439 01 detector, Ludlurn Instrument Company, Sweetwater, TX
79556.
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Figure 4.23. Geology of MACA and Vicinity. Map by Katie Algeo and Matthew Riggle using data from the
Kentucky Geological Survey. From youngest (top) to oldest, the formations are PNtc
(Tradewater/Caseyville), PNca (Caseyville), Mv (Vienna Limestone), Mts (Tradewater Sandstone), Ml
(Lietchfield Formation), Mgd (Glen Dean Limestone), Mh (Hardensburg Sandstone), Mgh (Haney
Limestone), Mgb (Big Clifty Sandstone), Mg (Girkin Limestone), Msg (Ste. Genevieve Limestone) MSI (St.
Louis Limestone).
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Regional Geology on Hillshaded Relief

Mammoth Cave National Park
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Figure 4.24. Geology draped on hillshade relief. The southern edge of the Mammoth Cave Plateau where
the Dripping Springs Escarpment drops down to the Pennyroyal Plateau “sinkhole plain” is apparent. Map
by Katie Algeo and Matthew Riggle with data from the Kentucky Geological Survey. See Figure 4.23 for
formation legend.
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Data and Methods (Covers all of Section 4.3)

The information collected in this section was based on a review of internal NPS reports and external
literature from scientific papers, Kentucky Geological Survey reports and maps, Master’s theses as
cited above, as well as discussions with CUPN and MACA S&RM staff. Particularly useful have
been the Geologic Resource Evaluation Scoping Summary Mammoth Cave National Park (NPS

2006b) and the resulting Mammoth Cave National Park Geologic Resources Inventory Report
(Thornberry-Ehrlich 2011), as well as Meiman’s (2006) Mammoth Cave National Park Kentucky
Water Resources Management Plan.

In all cases the relevant available information on each resource was reviewed and the information
synthesized to draw conclusions about the status and trends of the evaluated resources. As there is,
with exceptions noted below, a paucity of quantifiable reference standards in this section, the
evaluations in places relied on the experience and judgement of the authors in determining the nature
of degradation that has occurred previously and whether there is a threat of new or continued
degradation into the future.

Reference Conditions/Values

In general, there are not standard, quantifiable reference values for the bedrock resources considered
in the section, but we can evaluate the conditions of these resources by considering their present
status, whether some amount of degradation has occurred previously and whether there is a threat of
new or continued degradation into the future.

Condition and Trend

These resources are in a good condition (Table 4.13). There is no identifiable potential for processes
of resource degradation for MACA’s bedrock.

Level of Confidence and Data Gaps
In general, although there is a lack of standard reference conditions, there is a high level of
confidence for the evaluations in the bedrock geology section.

A collection of other recommended areas for additional research was identified in a June 15-16,
2006 scoping meeting held at MACA (NPS 2006b, Thornberry-Ehrlich 2011). Rather than parcel
these out across the various indicators all that are relevant to the geology section of the report are
listed here. Progress has been made in a number of these areas.

1. Identify long-term geologic information needs.

2. Perform comprehensive park-wide fault mapping on the land surface, within sinkholes, and
in caves.

3. Inventory, map, and describe the more than 300 small caves within park boundaries. Obtain
baseline biological, geological, hydrological, and hazard information for each in order to set
up routine monitoring.

4. Perform mapping of Quaternary floodplain and river terrace deposits.

5. Research fluvial geomorphology in cave streams as well as the Green River.
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6. Continue to inventory paleontological resources within the cave and extend inventory to the
surface at the park. Excavations, if deemed appropriate by expert consultation, and
inventories should include dating and identifying all fossil remains (distinguishing between
extinct vs. extirpated species as well as the number of individuals for comparison with
current population lists and ranges), collecting pollen and 14C samples from each natural
level. Exercise care in collecting any charcoal deposits. Store and catalogue samples.

7. Identify correlations between biology and geology such as the presence of sandstone
controlling the distribution of chestnuts, or the chinquapin oaks (Quercus muehlenbergii)
preference for limestone soils.

8. Develop a karst sensitivity and vulnerability map.

9. Continue to research speleogenesis, paleoclimatology, and cave sediments for interpretation
and management purposes.

10. Work to refine the speleogenesis model employed at the park.
11. Perform a mineralogical inventory of the caves, focusing on pre-cave mineralogy.
12. Map dust dispersion in the cave system and relate to trails and airflow.

13. Use cave spatial information and digital geologic map to predict locations of new caves based
on known relationships (i.e., small caves along certain geologic contacts, etc.).

14. Continue cave mapping along survey lines for incorporation into a GIS environment.

Condition Summary

Table 4.13. Graphical summary of status and trends for bedrock units.

Condition
Indicator Measure Status/ Trend | Rationale and Reference Conditions
Threats from There is not a standard reference condition for the
. mining or other condition of bedrock units. Bedrock in MACA is
Bedrock units
source of adequately protected by land management
deterioration practices and there is no mining in the park.

Sources of Expertise (Covers all of Section 4.1 Geology and Soils except where noted)

Bobby Carson (Chief of MACA Division of S&RM, retired), Rick Toomey (Cave Resource
Management Specialist and Research Coordinator, MACA Division of S&RM), Rick Olson (Park
Ecologist, MACA Division of S&RM), Brice Leech (Resource Management Specialist, MACA
Division of S&RM), and Joe Meiman (Hydrologist, CUPN). The authors also have extensive
experience in studying and interpreting geologic resources of the park.

4.3.2. Alluvial Sediments

Although Meiman (2006) concluded that in general MACA alluvial sediments were well protected
compared to other regional karst drainage systems, there are sources of contaminated sediments
upstream of MACA. There is uncertainty with regard to the potential threat posed by a known source
of dioxin upstream from MACA on the Green River.
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Description
Much of the drainage at MACA is underground, and so surface alluvial sediments are missing in

large parts of the park compared to what would be found in a non-karst landscape. The two principal
base level rivers, the Green River and its tributary the Nolin, store and transport alluvial sediments
along their channels and flood plains. For the Green River, these have been derived primarily from
Mississippian clastic rocks of the Pennyroyal Plateau to the east of the park as far as Casey County
(see section 4.4.2 Surface Water). A twelve-year (1950-1963) study of sediment transport in the
Green River at Munfordville (about 27 kilometers upstream from MACA but broadly representative
of conditions at MACA, Cushman et al. 1965) found that sediment was generally fine, as there is
relatively little bedload. Measured distributions of the sediments are shown in Table 4.14.

Table 4.14. Suspended sediment size distributions for the Green River, 1950-63 (Cushman et al. 1965).

Particle Approximate %
Class Size (mm) | of total amount
Clay <0.0039 50-65
Very Fine Silt 0.0039-0.0078 15
Fine Silt 0.0078-0.0156 15
Medium Silt 0.0156-0.0313 9
Coarse Silt 0.0313-0.0625 2-6
Sand >0.0625 <2

The Nolin River similarly transports significant amounts of clastic alluvial sediments though it might
be expected that the sediments are on average coarser as the Nolin also drains areas of Pennsylvanian
clastic rock in the Western Kentucky Coalfield to the north of MACA.

Herrera (2007) described the nature and distribution of alluvial deposits of the Upper Green River
between the Green River Dam and MACA by analysis of flood plain and bank sediments at two
representative field sites, at the confluence of the Green with Pitman Creek and at WKU’s Upper
Green River Biological Preserve. Methods included stratigraphic description of bank exposures, as
well as radiocarbon and textural (sediment size distribution) analysis. He found that sediments were
dominated by medium to coarse silt having been deposited by vertical aggradation, and are underlain
in places by sands and gravels that resulted from lateral migration of channel deposits. Radiocarbon
dating of organic carbon incorporated with sediments identified an increase in sediment deposition
rates since European settlement, consistent with an increase sediment supply associated with land
clearing activities. Overbank deposition rates of about 0.67 to 0.87 in/year from the most recent
deposits are associated with modern agriculture since about 1770—1810. This is consistent with other
observations in the Ohio and Mississippi River Basins (Alexander and Prior 1971, Knox 1987).

At the time of this writing there is a major, if temporary, rearrangement of sediment transport
processes in the Green River in MACA downstream from the Mammoth Cave Ferry and in the lower
several kilometers of the Nolin River following the 2016 breaching and subsequent removal of Green
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River Lock and Dam #6 near Brownsville downstream from the park (see discussion in section 4.4.2.
The river level dropped in the western end of the park by as much as three meters and so there is
significant entrainment and transport of the sediment deposited during more than the 100 years of
impoundment. As the water table has similarly dropped, this sediment scouring event is propagating
through the cave system in the western part of the park. This can be seen, for example, at the karst
window at Cedar Sink, where nearly a meter of alluvial sediment has been scoured out and the
stream channel has been deepened considerably within the first year following the breach.

Reference Conditions/Values

Although there are no federal or state standards for sediment quality, Meiman (2006) conducted
sediment analysis at various sites in MACA as well as adjacent karst drainage systems that flow to
the Green River and the heavily impacted Lost River Basin near Bowling Green as points of

reference.

Condition and Trend

Meiman (2006) concluded that overall, compared to other local karst drainage systems, similar in
hydrogeology but largely unprotected, sediment quality in the park is good (Table 4.15) with a minor
exception based on sampling in two of the park’s major underground rivers, which are discussed in
the section on cave sediments.

There is no evidence to suggest that either an upward or downward trend in sediment quality is
underway. There are chronic sources of contamination upstream from MACA on the Green River,
and to a lesser degree on the Nolin River, however in the absence either of significant land use
change or a serious transportation accident, conditions should remain relatively static.

Level of Confidence and Data Gaps
In general, although there is a lack of standard reference conditions, there is a medium level of
confidence for the evaluations in the alluvial sediment section.

A particularly significant data gap was identified by Meiman (2006) who conducted the project
“Chemical Analysis of Toxins in Stream Sediments” during FY01-02 during which he found four (of
four) sediment samples upstream from MACA that were positive for congeners (different forms) of
the highly toxic chemical dioxin. This has resulted from a train wreck in 1967 carrying barrels of
concentrated Agent Orange (ELPO law 2017), a defoliant containing dioxin that was used
extensively in the Vietnam War. Barrels of the chemical were dumped into a sinkhole near the town
of Horse Cave which connects through the karst drainage system of the Gorin Mill Drainage Basin to
Gorin Mill and Hicks Springs (Ray et al. 1998a, 1998b) on the Green River. Meiman found four
positive detections of octachlorodibenzo-p-dioxin (OCDD) and one for 1,2,3,4,6,7,8-
heptachlorodibenzo-p-dioxin (HpCDD). These concentrations, all listed in parts per trillion (ppt) dry
weight were 233 for Hidden River Cave, 470 at Gorin Mill Spring, 170 in the Green River below
Gorin Mill Spring, and 700 at Hick’s Spring. Although these springs are immediately upstream from
park on the Green River and there is potential for bioaccumulation in fish and invertebrates, the
potential risk to the park from the identified concentrations is uncertain, and these may be at typical
background levels. A two-year follow up study was planned for more detailed sediment analysis as
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well as analysis of mussel tissue in FY06—-FY07 but was never carried out. We recommend this this
analysis be completed.

Condition Summary

Table 4.15. Graphical summary of status and trends for alluvial sediment.

Condition
Indicator Measure Status/ Trend | Rationale and Reference Conditions
There are no state or federal standards for
sediment quality. Although Meiman (2006)
Contamination by concluded that in general MACA sediments were
metals, good compared to other regional drainage systems,
Alluvial sediments | organochlorines there are sources of contaminated sediments
and upstream of MACA. There is uncertainty with
organophosphates regard to the potential threat posed by a known
source of dioxin upstream from MACA on the
Green River.

4.3.3. Cave Minerals

Although there is not a standard reference condition used to evaluate the condition of cave minerals,
speleothems and other cave minerals are adequately protected at MACA. This indicator is judged as
improving. Although in the past cave formations have been threatened both by commercial
harvesting and vandalism, a multi-decade volunteer mineral restoration effort is underway in Floyd
Collins Crystal Cave to repair severe vandalism that took place there in 1995-96.

Description
With the extensive nature and the range of the detailed geological conditions of the passages in

Mammoth Cave and other caves at MACA, it is not surprising that a variety of cave minerals are
present in the caves and these have been studied in some detail. Although in general the cave is in
many places lacking in the traditional travertine speleothems that characterize many caves, minerals
present can be listed in three different, though overlapping types: travertine speleothems, evaporate
minerals that have grown as coatings of crystal clusters on cave walls, and minerals that have grown
within the interstitial spaces of cave sediments.

The particular minerals present at any point in a cave depend on several factors that include presence
of the source elements that make up the mineral’s structure, the localized movement of water in the
rock mass that deliver those elements to the location of deposition, and the detailed geochemistry of
the fluid that results in conditions favorable to mineral formation (Hill et al. 1997; White 1988,
2017). In sedimentary rock settings, such as those found at MACA, precipitation of solid mineral
phases from thermodynamically oversaturated solutions is the principal process by which this occurs.

The presence and movement of water that can potentially deposit minerals or dissolve the cave wall
under chemically different conditions, is strongly influenced by the presence or absence of an
overlying clastic “caprock” of the Big Clifty Sandstone (Figures 4.22, 4.23, and 4.24) The caprock

69



determines whether a waterproof cover above the cave can prevent the downward migration of
mineral bearing waters (Figure 4.25).
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Figure 4.25. Diagrammatic representation of mineral deposition environments in the caves of MACA
(White 2017). Much gypsum deposition is actually related to the immediate bedrock. Dolomite bedrock
contains pyrite that weathers to gypsum (Metzger et al. 2015).

Speleothems (Moore 1952) are secondary mineral deposits, most commonly from a form of calcium
carbonate—calcite—that can occur on cave ceilings, walls or floors as classic features such as
stalactites, stalagmites, curtains are draperies (Figure 4.26). Although these are not present in many
parts of Mammoth Cave because the impermeable, overlying rocks prevent the downward movement
of mineral bearing waters, they are profuse in some areas where the caprock has been removed by
erosion along the sides of ridges, such as the Frozen Niagara area, location of a popular tour at
MACA (Figure 4.26).

In addition to calcite speleothems, there is a range of evaporate minerals, including very rare ones,
that grow the cave walls from precipitation of oversaturated capillary fluids moving through the
interstitial spaces that make up the primary porosity of the limestone cave walls (Table 4.16). Some
minerals also grow within the sediments of Mammoth Cave, including gypsum and nitrocalcium, a
mineral that was mined extensively during the late 18™ and early 19" centuries and processed into
saltpeter for gunpowder (Faust 1949, Olson and Krapak 1995) (See Appendix C).
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Palmer and Palmer (1995) gave a very detailed description of five different zones in Mammoth Cave
with regard to proximity to the edge of the sandstone cap rock and how the various hydrologic,
chemical, and mineralogical conditions result in deposition of calcite or evaporate minerals, or the
lack thereof (Figure 4.27).

Condition and Trend

In the past, some individuals have collected and sold cave formations such as speleothems and
gypsum crystals as souvenirs although this is now illegal, with high penalties for doing so from a
national park. Indeed, in a_terrible incident in 1996 three men were arrested for breaking into Crystal
Cave, an entrance to the Mammoth Cave System within the park, and removing hundreds of pounds
of minerals to sell at local souvenir shops as are common around the periphery of national parks
(Lexington Herald Leader 1996). The three were caught, found guilty and sentenced to prison
sentences in federal court. Not long after, eight local souvenir shops were cited for selling
speleothems after a raid by the Kentucky State Police. Many of the broken specimens were returned
to the cave, and a painstaking process of restoration continues now 20 years later by volunteers who
occasionally visit the park to continue the work (NPS 2010b; Figure 4.28). Many of the mineral
pieces back in the cave are still marked with prices from the rock shops (Figure 4.29).

There are places where fragile minerals, particularly gypsum, occur along the accessible tour paths in
the Mammoth Cave System and Great Onyx Cave. Although there is fencing in certain places,
continued diligence is important to monitor cave visitors moving through these areas.

Although there is not a standard reference condition to evaluate the condition of cave minerals,
speleothems and other cave minerals are adequately protected from vandalism at MACA (Table
4.17). All caves are closed to entry unless with a guide or by permit, and physical barriers exist at
many caves. There is also a prohibition against selling cave formations through the Kentucky Cave
Protection Act (KRS 433.871-431.885) (Kentucky Legislature 1988), which says, in part, that “It
shall be unlawful for any person to sell or offer for sale any speleothems in this Commonwealth,
export them for sale outside the Commonwealth, or import speleothems into the Commonwealth for
sale.”
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Figure 4.26. This old postcard shows draperies in the Frozen Niagara section of the Mammoth Cave
System (used with permission of the Kentucky Digital Library at the University of Kentucky).
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Table 4.16. Minerals of the Mammoth Cave System (White 2017).

Mineral name Chemical Formula Crystal symmetry
Aragonite CaCOs Orthorhombic
Barite BaSO4 Orthorhombic
Birnessite Na0.3Ca0.1K0.1Mn**Mn3*Qs - 1.5H20 Monoclinic
Blodite NazMg(SOa4)2:4H20 Monoclinic
Calcite CaCOs Rhombohedral
Celestite SrSO4 Orthorhombic
Epsomite MgSOs - 7H20 Orthorhombic
Eugsterite 2Naz2S04 - CaS0O4 - 2H20 Monoclinic
Hexahydrite MgSOs - 6H20 Monoclinic
Hydromagnesite 4Mg(COs) - Mg(OH)2 - 4(H20) Monoclinic
Mirabolite NazS04 - 10H20 Monoclinic
Nitrocalcite Ca(NOgs)2 - 4H20 Monoclinic
Todorokite (Na, Ca, K)2(Mn**, Mn?*, Mg®*)6 O12 - 3—4.5H20 Monoclinic
Wattevilleite NaSOs - CaSOs - 4H20 Orthorhombic

iy e 1)

Figure 4.27. Generalized cave passage profile showing five zones with respect to geochemical
interactions (Palmer and Palmer 1995).
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Figure 4.28. Volunteer cave restoration expert Jim Werker has been working with his partner Val
Hildreth-Werker for more than 20 years to return the stolen gypsum samples to their correct places within
Floyd Collins Crystal Cave (NPS photo by Val Hildreth-Werker).

74



Figure 4.29. Broken stalactite that had been removed by vandals from Floyd Collins Crystal Cave in 1996
and was later returned. The number is the price tag from its time on sale at a local souvenir shop (photo
by Chris Groves).

Level of Confidence and Data Gaps
There is a high level of confidence for the evaluations in the cave minerals section.

Condition Summary

Table 4.17. Graphical summary of status and trends for cave minerals.

Condition
Indicator Measure Status/ Trend | Rationale and Reference Conditions

Although there is not a standard reference condition

to evaluate the condition of cave minerals,

Threats from speleothems and other cave minerals are

Cave minerals . adequately protected from vandalism at MACA. A
vandalism . . . .

multi-decade volunteer mineral restoration effort is
underway in Floyd Collins Crystal Cave to repair
vandalism that took place in 1995-96.
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4.3.4. Cave Sediments

Although Meiman (2006) concluded that in general MACA sediments were well protected compared
to other regional drainage systems, low levels of metals likely from 165 and agricultural chemicals, in
particular the herbicide atrazine, are accumulating in cave sediments within the active underground
rivers of the Turnhole Basin.

Description
Although there have been several similar classifications of cave sediments (Bogli 1980, White 1988,

Gillieson 1996, Ford and Williams 2007) there has been no standardized system. A classification
system suggested by White (2007) attempted to compromise between these, and is shown in Table
4.18a and 4.18b, modified slightly to be appropriate to the conditions at MACA.

Sediments in the park caves can be divided between those that are part of the contemporary drainage
system, either perennially or during flood conditions, and sediment that is currently abandoned above
the level of even the highest floods. These abandoned sediments are important because they contain
important minerals such as nitrocalcium historically used in saltpeter production, and species of
fossil species such as bats. The sediments can be dated by several methods including paleomagnetism
(Schmidt 1982) and by cosmogenic isotopes (Granger at al. 2001) to provide information on
speleogenesis. Analysis of sediment characteristics has been widely utilized to provide information
on paleoclimates (e.g., Harmon et al. 1975, White 2007).

Table 4.18a. Cave sediment classification modified from that of White (2007) for conditions at MACA: I.
Clastic sediments. Several potential sources of sediment that he considered, such as phosphates, are not
present in MACA caves in significant quantities.

Sediment
Classification Subclass Type
1. Weathering detritus -
A. Autochthonous > Breakdown —
sediments
3. Guano _
1. Entrance talus -
2. Infiltrates a. Soil washdown
2. Infiltrates b. Gravitational debris
B. Allochthonous . .
. 3. Stream transported sediments a. Organic in-wash
sediments
3. Stream transported sediments b. Alluvial sediments
4. Debris flows -
5. Aeolian deposits -
1. Flowstone -
A. Travertine
2. Dripstone -
1. Crusts -
B. Evaporites
2. Bulk deposits -
C. Resistates - -
D. Ice - -
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Table 4.18b. Cave sediment classification modified from that of White (2007) for conditions at MACA: II.
Chemical Sediments. Several potential sources of sediment that he considered, such as phosphates, are
not present in MACA caves in significant quantities.

Sediment
Classification Subclass Type

1. Weathering detritus -

A. Autochthonous

. 2. Breakdown -
sediments
3. Guano -
1. Entrance talus -
a. Soil washdown
2. Infiltrat;
niftrates b. Gravitational debris
B. Allocthonous .
. . a. Organic in-wash
sediments 3. Stream transported sediments . .
b. Alluvial sediments
4. Debris flows -
5. Aeolian deposits -
1. Flowstone -
A. Travertine
2. Dripstone -
1. Crusts -
B. Evaporites
2. Bulk deposits -

C. Resistates - -

D. Ice - -

Reference Conditions

Although there are no federal or state standards for sediment quality, Meiman (2006) conducted
sediment analysis at various sites in MACA as well as adjacent karst drainage systems that flow to
the Green River and the heavily impacted Lost River Basin near Bowling Green as points of
reference.

Condition and Trends

Based on an extensive sediment sampling and analysis program in the park and in other more heavily
impacted karst drainage systems in the area, including the urban Lost River Basin in Bowling Green,
Meiman (2006) concluded that overall, compared to the other drainage systems, sediment quality in
the park, including cave sediment based on sampling locations (Owl Cave, River Styx, Logsdon
River, Hawkins River and Golden Triangle within MACA), is good (Table 4.19). There is a minor
exception of concern for low levels of lead and chromium in two of the park’s major underground
rivers, Hawkins River in Mammoth and Owl Caves and the Mill Hole River at Mill Hole. Mill Hole
had about 45 mg/kg and Owl Cave about 10 mg/kg. Petroleum hydrocarbons were also found in
MACA sediments, with about 10 mg/kg at Owl Cave, about 4 mg/kg in Hawkins River in Mammoth
Cave, and about 2 mg/kg at Mill Hole. The Mill Hole River was sampled outside of the park, but
from dye tracing (Ray et al. 1998a, 1998b) we know that this underground river flows into the park
and discharges at Turnhole Spring on the Green River. The largest threat to cave sediment quality
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comes from the possibility of accidental spills along 165 and the CSX railroad which could
contaminate underground rivers within the Turnhole Groundwater Basin. There are also impacts to
sediment quality from agriculture. Anderson (2002), for example, found atrazine moving through
Hawins River in the park adsorbed onto fine sediments, that when desorbed had a concentration of 9
parts per billion, three time the legal drinking water standard. There is no evidence of a chronic trend
indicating that cave sediment quality should get significantly better or worse.

Level of Confidence and Data Gaps

There is a high level of confidence for the evaluations in the cave sediments section, although
additional sediment quality sampling within major underground rivers in the Turnhole Basin that
drain areas outside of the MACA with agricultural and transportation land use would be beneficial.

Condition Summary

Table 4.19. Graphical summary of status and trends for cave sediments.

Condition
Resource Indicator Status/ Trend | Rationale and Reference Conditions
There are no state or federal standards for
Contamination by sediment quality. Although Meiman (2006)
metals, concluded that in general MACA sediments were
Cave sediments | organochlorines, good compared to other regional drainage systems,
and metals likely from 165 and agricultural chemicals, in
organophosphates particular the herbicide atrazine, are being
transported by cave sediments.

4.3.5. Economic Mineral Resources

Although there is no threat fo economic mineral resources in MACA, there is a potential for threats
to park resources from exploitation of these resources near the park, especially the Arthur oil field
just east of Brownsville.

Description
Several forms of economically important economic mineral resources are common in the

Mississippian rocks in the vicinity of MACA including oil and gas as well as asphalt-impregnated
“tar sands” (May 2013; Figure 4.30). Nearby Pennsylvanian rocks of the Western Kentucky Coal
Field physiographic region, which covers the northern parts of MACA, contain important coal
deposits.

Oil and gas production in southcentral Kentucky occur in relatively shallow, small volume wells that
have been drilled in small waves of oil “booms” that have taken place since oil was accidentally
discovered near Monticello in 1815 during drilling for salt brine (Jillson 1952). In the vicinity of
MACA the most relevant production has been from the Arthur Oil Field where production of oil
from Devonian dolomite near the base of Clear Creek Formation resulted in drilling of numerous
wells just south of the park boundary just east of Brownsville (Figures 4.30 and 4.31). These wells
are typically about 425 m deep, and while some wells have had initial production of over 1,000
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barrels (a barrel being 160 liters) per day, it has been much more common for wells to produce less

than five barrels per day (KGS 1998).

Hydrocarbons in the Western Mammoth Cave Area
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Figure 4.30. The southwestern part of MACA and the Arthur Oil Field. A 1997 spill flowed into the park
(Ek et al. 2000). A series of dye traces delineated the relevant surface and underground pathways. Map
by Rick Toomey.

In January 1997 a fitting on well adjacent to the park ruptured and about 2,000 liters of crude oil
flowed across the surface into park (Ek et al. 2000). Only a quick effort prevented the oil from
contaminating the primary karst aquifer. This spill highlighted the potential threat posed by these
wells, and demonstrated the need for a better understanding of the karst hydrogeology of this region
of the park. A series of dye traces were undertaken by scientists and students at Western Kentucky
University along with S&RM scientists (Figure 4.31).
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Groundwater Hazard Response Map of the Arthur Oil Field
//' Edmonson County, Kentucky
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Figure 4.31. Hydrologic evaluation of surface and subsurface flow paths in the area of the Arthur Oilfield
along the boundary of MACA just east of Brownsville Kentucky (Ek et al. 2000).

Asphalt (“unconventional high viscosity oil”’) deposits to the northwest of MACA occur within the
upper Mississippian (Big Clifty) and lower Pennsylvanian sandstones (May 2013). These are
chemically similar to petroleum resources found in other areas of North America, but cannot be
recovered using conventional extraction methods because of their high viscosity. First discovered in
1856 near the Nolin River just upstream from MACA, there have been a variety of extraction efforts.
Major production took place from 1917 through the 1950s by the Kentucky Rock Asphalt Company
(“Kyrock’) which sold the sands as paving materials to a far-reaching global market (May 2013).
There is a potential for increased interest in future expanded exploitation of the asphalt sands,
considering potential increases in product price as well as technological advances in proposed
recovery methods.

An Abandoned Mineral Lands (AML) Inventory and Assessment project was conducted in
December of 2011 (Burghardt et al. 2014). Nine abandoned oil/gas wells were evaluated within
MACA (Figure 4.32), and of the nine locations evaluated, seven were located and two were not
either because the casings had been removed or the locations were not correct. All that were located
appear to be adequately plugged and currently present no hazards. No additional mitigation is
planned for these features.
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Figure 4.32. Abandoned oil and gas wells at MACA, shown in blue. These have been evaluated and
pose no current threat. (CALIBRE Systems 2012).

Condition and Trends

The economic mineral resources of oil, gas, coal (one very small seam that may extend into the
northwest corner of the park), and asphalt sands that may extend into the park are not threatened as
land use management prohibits exploitation (Table 4.20). However, we note that there is a potential
threat to water and ecological quality from accidents associated with exploitation near the park
boundary. There may be continued mineral exploitation in the future in the vicinity of MACA and so
this should be monitored carefully.

Level of Confidence and Data Gaps

There is a high level of confidence for the evaluations in the economic minerals section, although
additional mineral exploitation near the park should be continually tracked and evaluated for new
threats.
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Condition Summary

Table 4.20. Graphical summary of status and trends for economic mineral resources.

Condition
Resource Indicator Status/ Trend | Rationale and Reference Conditions
Impact to park There is no relevant standard reference condition.
respources[?‘rom Although there is no threat to economic mineral
Economic mineral resources in MACA, there is a potential for threats
resource L
resources L to park resources from exploitation of these
exploitation resources near the park, especially the Arthur oil
outside of MACA esot park, especlally
field just east of Brownsville.

4.3.6. Soils

Description
Fieldwork for a survey of soils in MACA was completed in 2009 as a joint effort of the US

Department of Agriculture, the National Park Service, and state and local agencies (USDA NRCS
2010). Although the soil survey process involves a large number of direct observations of soil
profiles, or the sequence of natural layers (horizons) of a soil, relationships among the characteristics
of the profiles are organized through the development of models that relate these characteristics to
landscape conditions that include the steepness, length and shapes of slopes, natural drainage
patterns, native pants, and bedrock (USDA NRCS 2010). In this way, the resulting models can be
used to make predictions about what soil types could be expected in a given setting.

Soils in the park have been subdivided into six General Soil Map Units that define broad areas with
unique patterns of soil, relief, and drainage. For example, these relationships are diagrammatically
shown in Figure 4.33 for the Wellston-Clarkrange general soil map units.

These units are further subdivided into Detailed Soils Map Units determine the suitability of the soil
in a particular area for given uses. This detail is based on application of Soil Taxonomy, the
systematic soil classification systems used in the United States (USDA NRCS 1999), which is based
principally on the soil properties and arrangement of horizons within a given soil profile. However,
the purpose of this survey is not as much to delineate pure taxonomic classes as it is to “separate the
landscape into landforms or landform segments that have similar use and management requirements”’
(USDA NRCS 2010). Detailed descriptions and maps of these units are provided in the survey.
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Figure 4.33. Block diagram representing a typical pattern of soils along with the underlying slopes and
geologic materials for the Wellston-Clarkrange general soil map units (USDA NRCS 2010), shown as an
example of such relations for soil mapping at this scale. There are six such units in MACA.

Data and Methods
Data used for this section came from the Soil Survey of Mammoth Cave National Park, Kentucky

(USDA NRCS 2010). The Survey describes various “interpretive ratings” for soils to describe
suitability for various types of land use, such as “capability classification” with respect to row crops.
Land use at Mammoth Cave National Park is dominated by forest cover (Figure 4.34), so it seems the
most relevant, quantitative soil indicator is the potential productivity of common trees on a soil,
expressed as an average site index and as a volume number and these are tabulated for the soils of the
park. The site index is the average height in feet that dominant and codominant trees of a given
species attain in a specified number of years. The site index applies to fully stocked, even-aged,
unmanaged stands. Site index was determined at age 50 years for most species (Schnur 1937, Coile
and Schumacher 1953, Broadfoot and Krinard 1959, Broadfoot 1960, Nelson et al. 1961, Beck 1962
Broadfoot 1963, Broadfoot 1964). While the site index values for MACA range from 44 to 110 feet,
and the volumes from 43 to 186 ft*/acre (USDA NRCS 2010) there are no reference conditions
identified, and through the literature and conferring with locally knowledgeable horticulture and soil
scientists, we have been unable to identify such reference conditions otherwise. No concerns about
threats to soil quality or suitability for the intended land use purposes was expressed in the survey,
and considering the carefully protected land management within MACA, we judge that soil
conditions are good and are not subject to any negative trends.
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Figure 4.34. Aerial view of MACA illustrating dominance of forest cover (Google Earth photo).

Reference Conditions/Values
While there are quantitative indicators of soil conditions that determine suitability for different land
use, including forest cover, there are not reference conditions with which these can be compared.

Condition and Trends

Although there is a lack of quantitative reference conditions for soils at MACA, we conclude that
they are adequately protected by land management practices and there are no indications of negative
trends that may impact their condition in the future.

Level of Confidence and Data Gaps

There is a high level of confidence that soils are adequately protected by land management in the
park (Table 4.21), and these soils have been studied and analyzed in very good detail and so we have
not identified any significant data gaps.
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Condition Summary

Table 4.21. Graphical summary of status and trends for soils.

Condition
Resource Indicator Status/ Trend | Rationale and Reference Conditions
Threats from
erosion or other There is not a standard reference condition for the
Soil conditions that condition of soil. Soil is adequately protected by
would threaten land management practices in the park.
soil quality

4.4. Hydrology and Water Resources

Surely as much as in any U.S. national park, water is the thread that binds the physical and biological
systems that make up the ecological framework of MACA. The globally significant cave systems and
karst landforms that have been shaped by water in a complex interaction of geology, climate and
biology, and the landscape here hosts a remarkable set of aquatic ecosystems.

The park is fortunate to have had a comprehensive evaluation of its water resources in 2005 (Meiman
2006) and this section draws significantly from that work. Additional water quality data have been
also collected since that publication. The two considerations that one can make to evaluate water
resources in any area, including MACA, include water quantity and water quality and there are
sufficient data to draw conclusions about the current health of water resources of the park.

The discussion below is segregated into sections on surface water and groundwater, but it is
important to understand that at MACA, as is many well-developed karst areas, the distinction
between surface and groundwater can be blurred. Surface streams can flow along the surface for
some distance and then sink underground into the cave system below, flowing as underground rivers
until it reaches a spring and then reemerges as a surface stream again. This idea, critical to
understand the nature of the park’s landscapes, is illustrated by following the path of water flowing
down valley wall slopes towards the Green River in the “Hilly Country” of the northern part of the
park (Meiman and Ryan 1992, 1993; Meiman 2006; Figure 4.35). This flow starts off on the
Mammoth Cave Plateau as “normal” surface streams flowing across the Caseyville Sandstone, and
then sinks underground upon reaching the Glen Dean Limestone below. The water emerges at
perched springs on top of the Hardinsburg Sandstone then after flowing on the surface for some
distance sinks underground again, this time into the Haney Limestone where it eventually emerges
perched atop the next layer below, the Big Clifty Sandstone. After some distance flowing on the
surface again, the water sinks into the Girkin Limestone at the top of the principal karst aquifer. The
water eventually emerges at one of the major regional springs at the level of the Green River, where
it ultimately leaves the park. So, the distinction of what constitutes surface or groundwater in karst
regions, and certainly within MACA, becomes blurred. With a well-developed karst landscape
underlying a significant part of MACA and the surrounding area, underground rivers provide much
of the flow to the park’s main waterway, the Green River. Therefore, groundwater within the
boundaries of MACA has outsized importance compared to most national parks. At the same time,
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