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MICROCLIMATE STUDY OF
KARTCHNER CAVERNS, ARIZONA
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A detailed two-year study of the microclimate in Kartchner Caverns determined that the most significant
problem in maintaining the microclimate of the cave is the potential for drying out due to increased air-
flow. Two factors—a small, hypothesized upper second entrance and a slight geothermal warming of the
cave—control natural airflow and increase the amount and intensity of winter air exchange.

The average amount of water reaching the cave is 7.9 mm/yr, only twice the amount lost by evaporation
from cave surfaces. Kartchner Caverns has an average relative humidity (RH) of 99.4%. Useful mea-
surement of RH required a dewpoint soil psychrometer rather than a sling psychrometer. Moisture loss
from cave surfaces is proportional to relative humidity, and small changes in RH have a dramatic effect
on evaporation from cave surfaces. A lowering of RH to 98.7% would double the evaporation rate and
start to dry out the cave.

The volume of air exchange in the cave was estimated from direct measurement, changes in CO2 con-
centration, and temperature profile models. All of these methods are consistent with a volume of 4,000
ms/day entering the cave during the winter. During the summer, the direction of airflow reverses and the
volume of air leaving the cave is much smaller than during the winter months. Surface air is almost
always drier than cave air—only during the summer months when rain occurs does outside air contain
more moisture. However, therate of air exchange is greatly reduced during the summer, which minimizes
any potential effect of increased outside moisture.

Radon concentrations in the cave are high enough to be of concern for long-time employees but not for
the general public. Radon222 concentrations average 90 pCi/L and radon daughters average 0.77
Working Levels (WL) in the main part of the cave. During the winter, radon levels in the Echo Passage
are up to six times higher than the rest of the cave due to the passage's stable microclimate and limited
air movement, which greatly reduces radon removal by plateout. Natural removal by ventilation is only

a minor factor in determining radon levelsin the rest of the cave.

Arizona Conservation Projects, Inc. (ACPI) performed
comprehensive pre-development baseline studies of Kartchner
Caverns from 1989 to 1992 for the Arizona State Parks
Department (Buecher 1992). This paper presents results from
the microclimate portion of those studies organized into two
sections: (1) general surface weather conditions at the park;
and (2) microclimate within Kartchner Caverns. The cave
microclimate study was designed to provide data necessary for
determining the nature and magnitude of microclimate
changes that may result from the devel opment of the cave.

Maintaining the existing moisture conditions is the most
important consideration in development of the cave because
the small, historic entrance allows relatively little air exchange
with the surface. However, development of the cave for public
viewing will greatly increase evaporation due to multiple
entrances, induced airflow, and increased heat from visitors
and lights. Drying of the cave can result in permanent damage
to many of the features that make Kartchner Caverns so attrac-
tive. This has been observed in many other show caves, but in
Kartchner, the arid Arizona climate aggravates the problem.
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SURFACE CLIMATE

Surface climate monitoring provided a record of external
variations that frequently drive microenvironmental changes
within the cave. The Ozark Underground Laboratory (OUL)
initiated the surface climate monitoring program at Kartchner
Caverns. ACPI performed instrument installation, mainte-
nance, and additional measurements. The analysis and inter-
pretation of the collected climatological data was also per-
formed by ACPI.

A surface weather station, including athermograph, hygro-
graph and microbarograph, was placed in a standard instru-
ment shelter on the south side of Guidani Wash, ~165 m south-
east of the natural entrance. A recording rain gauge was also
installed near the weather station. Surface climate data was
collected continuously from June 1989 to June 1991. The
mean surface temperature measured over this 24-month study
period was 16.9°C (62.4°F). For the year-long period from
June 1989 through May 1990 atotal of 288 mm (11.34 in) of
precipitation was recorded. In the second year of the study
from June 1990 through May 1991, atotal of 607 mm (23.90
in) of precipitation was measured.
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Figure 1. Averagedaily surfaceair moisture content of out-
side air is almost always less than the moisture content of
air inside the cave.

From this climatological information, the moisture content
of the air was computed for each day. The difference in mois-
ture content between surface air and cave air is a measure of
the potential airflow drying the cave. Figure 1 isa plot of the
surface daily average air moisture content determined from the
relative humidity (RH) and temperature. During the 24-month
study period, the mean daily moisture content of the surface air
was less than cave air for al but 3 months in the summer of
1990.

In order to ensure that the data collected over 24 months at
the park was truly representative, a comparison was made with
long-term records for two nearby surface weather stations at
approximately the same elevation-Tombstone and Sierra Vista
(Sellers & Hill 1974). Based on the long-term mean tempera-
tures from Tombstone 17.3°C (63.2°F) and SierraVista 16.6°C
(61.9°F), the average annual temperature at the park is esti-
mated at 17.1°C, which agrees well with the measured mean
temperature of 16.9°C (62.4°F).

The precipitation record for the park during this period also
was compared with the Tombstone (352 mm/yr) and Sierra
Vista (391 mm/yr) records to determine the probable long-term
average precipitation. From the Tombstone and Sierra Vista
records the average precipitation at the park was calculated at
419 mm/yr. This compares well with the park average of 448
mm/yr (17.62 infyr) for the 24 months of study.

CAVE MICROCLIMATE STUDY
Microclimate studies at Kartchner Caverns measured:

1. Moisture balance of the cave, water reaching the cave,
evaporation from cave surfaces, and RH distribution;

2. Air and soil temperature annual variations and distribution
throughout the cave;

3. Rateof air exchange between the cave and surface;

4. Concentrations of the trace gases carbon dioxide (COz) and
radonz2,
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Figure 2. Typical data collected at monitoring station #13
in the Big Room. Shaded areas represent evaporation or
condensation rates. Temperatures are daily averages of
hourly measurements.

Twenty-two environmental monitoring stations were
installed throughout the cave. Locations were chosen to rep-
resent general conditions and also areas of particular interest,
such as near the entrance or in areas where a cave passage is
near the surface.

Each station was equipped with the following apparatus. a
23 cm (9 in) diameter water evaporation pan with overhead
drip shield, a PV C pipe stand to hold thermometers, an air tem-
perature sensor, and a soil temperature sensor. In thefront por-
tion of the cave, each monitoring station was cabled to a com-
puter datalogger system that recorded wet bulb, dry bulb, and
soil temperatures each hour. In the back portions of the cave,
temperatures were measured with a digital thermometer that
stored both high and low temperatures.

Each station was visited approximately once a month and
additional air, soil and water temperatures were taken with a
portable thermometer to verify in-cave instruments. Also, pan
evaporation, relative humidity, alpha radiation, and carbon
dioxide measurements were taken at the same time. Table 1
summarizes these measurements, and Figure 2 shows typical
air temperature measurements made with the datalogging sys-
tem and evaporation pan.

CAVE MOISTURE

Kartchner Caverns is a moist cave, pools of water remain
only during an unusually wet year. Thus, the supply of mois-
tureto the caveisjust barely adequate to maintain the moisture
balance. The amount of water reaching the cave from the sur-
face was estimated by monitoring the drip rate at eight loca
tions throughout the cave. For each drip station the rate of
dripping, volume of dripping water, and water conductivity
was measured. The average volume of asingle drip was found
to be 0.08 mL.
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Table 1. Environmental Monitoring Station Data
Summary.

Evaporation RH Temperature (°C)
# Station mL/m?/day Water Air Sail
1 Crow's Nest Rock 6.0£3.9 99.07%+0.76  18.6+0.24 18.7£0.22 18.8+0.27
2 Pirate'sDen 7.1£5.0 99.19%+0.71  18.5+0.09 18.7+0.13 18.6+0.17
3 Sue'sRoom 2.1+0.8 99.38%+0.57 20.1+0.11 20.2+0.14 20.2+0.18
4 Mushroom Passage 16.8+7.3 99.38%+0.64 19.3+0.14 19.6+0.23 19.6+0.32
5 Granite Dells 45£3.1 99.28%+0.51 18.7+0.18 18.9+0.26 18.8+0.36
6 Pyramid Room 5.8+2.1 99.27%+0.80 19.4+0.29 19.6+0.27 19.5+0.21
7 Cul-de-sac 21+16 99.52%+0.45 20.6+0.07 20.7£0.12 20.7+0.17
8 Rotunda Room 5.8+2.1 99.48%+0.52 19.8+0.10 19.8+0.13 19.9+0.18
9 Echo Passage (end) 1.8+1.0 99.30%+0.56  20.4+0.07 20.6£0.12 20.5+0.07
10 Echo Passage (start) 3.1+2.9 99.38%+0.52 20.4+0.15 20.6£0.15 20.5+0.17
11 Tarantula Room 27.2¢20.9 98.43%+091 20.4+0.38 20.7£0.36  20.7+0.35
12 Mud Flats 9.4+£9.9 99.15%+0.58 20.2+0.22 20.2+0.27 20.3+0.19

13 Sharon’s Saddle

14 Main Corridor

15 Scorpion Passages
16 Grand Central Station
17 Lower Throne Room 8.9+1.8

6.8+13.9 99.30%+0.68 20.4+0.29
17.8+19.9 98.80%+1.67 19.9+0.29
1524134 98.80%+1.18 18.8+0.24
474432 97.00%+3.80 18.6£0.48
99.40%+0.51 19.6+0.12

20.6+0.27 20.5+0.28
19.9+0.32 19.9+0.31
18.9+0.24 19.0+0.21
18.8+0.36 18.7+0.45
19.7+0.12 19.7+0.13

18 Throne Room Overlook 24+10  99.55%+0.40 19.7+0.08 19.8+0.13 19.9+0.16
19 Lover'sLeap 13+55 99.50%+0.50 20.2+0.15 20.4+0.22 20.3+0.20
20 Mud Trench 37£16  99.33%+0.69 19.4+0.14 19.6+0.17 19.5+0.12
21 Big Room Overlook 47+29  99.39%+0.69 20.7+0.16 20.9+0.21 20.9+0.23
22 Kartchner Towers 92434  99.30%+0.67 20.5+0.22 20.6+0.25 20.6+0.24
AVERAGE 9.50 99.15% 19.74 19.88 19.86

Environmental Station Data From June 1989 to May 1991
Stations 1, 2, 3, 4, 6 & 20 From June 1989 to August 1990

A lower limit on the amount of moisture reaching the cave
was determined by surveying the whole cave for active drips.
In each room we listened and counted the number of dripsin a
fixed length of time. This single “whole cave’ drip rate was
then adjusted to the average annual drip rate by using the 8
monitored drips as an index of conditions at the time of the
“whole cave” survey. Using the average drip volume, an over-
al influx of drip water was determined to be equivalent to an
accumulated depth of 4.3 mmiyr.

Another estimate of drip water was made by placing 23 cm
(9 in) diameter pans in random locations and measuring the
amount of water collected. This volume was corrected for
evaporation loss and then converted to an annual average by
again using the 8 monitored drips as an index. This method
resulted in a dlightly higher estimate of 6.9 mm/yr of drip
water reaching the cave.

An upper limit on the amount of water reaching the cave
was estimated by determining the evaporation rate in areas of
the cave that dry out during the winter. A series of evaporation
pans placed in the entrance passages shows that cave surfaces
completely dry out at evaporation rates of 12.4 mm/yr, which
means that moisture must be supplied at a rate less than 12.4
mm/yr (0.49 in/yr).

From these three approaches the amount of water reaching
the cave in the form of dripwater was estimated to be 4.3
mm/yr, 6.9 mm/yr and 12.4 mm/yr. The average, 7.9 mm/yr is
used as a reasonable estimate for the average amount of water
entering the cave in the form of drips. Thus, of the 448 mm of
annual precipitation, less than 2% reaches the cave.

EVAPORATION

Evaporation rates at floor level were measured at each of
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Figure 3. Distribution of monthly pan evaporation rates.

the 22 environmental monitoring stations on a monthly basis
and at several other locations close to the natural entrance. At
each station, a 23 cm (9 in) diameter dluminum pan (surface
area 382 cm?) was filled with exactly 750 mL of distilled water
by using volumetric flasks. The volume of water necessary to
restore the 750 mL volume was carefully measured each
month and the evaporation rate in mm/day was determined
from the volume lost divided by the pan area and number of
days between measurements. Using these methods, evapora-
tion rates could be determined with an accuracy of +1
mL/m&day. The distribution of these measurements is shown
in Figure 3. Average evaporation in the cave is 9.4 mL/m#/day.
Values less than zero represent again in the volume of water in
the pan due to condensation onto the water surface.
Evaporation measurements indicated that most areas have
evaporation rates near zero. Figure 2 shows that rates of evap-
oration and condensation at this location follow the shape of
the air temperature curve. Asair temperature falls, moisturein
the air condenses onto cooler surfaces. As air temperatures
rise, evaporation increases.

RELATIVE HUMIDITY

Relative humidity is defined as the percentage of moisture
contained in the air compared to the maximum amount of
moisture that the air can hold at a given temperature. Most
caves have high relative humidity, often approaching 100%.
At 100% relative humidity, the air contains the maximum
amount of moisture it can hold at that temperature and is said
to be saturated. The amount of moisture contained in avolume
of air can be computed from the relative humidity and temper-
ature (Zimmerman & Lavine 1964).

A relative humidty (RH) decrease of a few percent will
have a major impact on moisture conditions within the cave as
the rate of evaporation is largely determined by the relative
humidity. Higher humidity results in lower evaporation. For
example, if the relative humidity changes from 99.5% to
99.0%, the evaporation rate will double.

Initially RH measurements in Kartchner Caverns were per-
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Figure 4. Distribution of precise relative humidity mea-
surements.

formed with hand-held sling psychrometers. These instru-
ments have amaximum accuracy from +0.7% to +2.5% at high
humidity levels. Experience showed that this method is not
accurate enough to assess moisture conditions and flux within
the cave. Sling psychrometers almost invariably measure the
RH at 100% even in areas where there are obvious changes in
moisture conditions. Therefore, a switch was made to a dew-
point microvoltmeter to precisely measure RH. This instru-
ment, typically used for measuring soil moisture content, is
capable of measuring the relative humidity and dewpoint tem-
perature with aaccuracy of £0.05% RH. Throughout the cave,
318 measurements were taken with the dewpoint meter. RH
varied from 96.32% to 100.00%, averaging 99.42% (Fig. 4).
The distribution is highly skewed toward relative humidities
approaching 100%.

High RH also meansthat only avery small drop in air tem-
perature is needed to condense water out of the air. For the
majority of conditions observed within the cave, atemperature
drop of <0.1°C will bring the air to saturation, and any addi-
tional cooling of the air will cause condensation to occur. A
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risein air temperature has the opposite effect, lowering the RH
and increasing the evaporation rate.

A significant amount of moisture can be lost from a cave
by evaporation and air exchange with the surface (McLean
1971; 1976). Due to the arid Arizona climate, the outside air
amost always contains less moisture than the cave air. Asa
consequence, exchange of outside air for cave air will usually
result in drying out the cave.

The greatest numbers of precise relative humidity mea-
surements were taken at five monitoring stations in the Big
Room. Evaporation decreases with increasing RH, although
there is considerable scatter (Fig. 5). A straight-line fit of the
data has a slope of 27 mL/m?&day of evaporation for each 1%
RH change below 100%. As mentioned previously, cave sur-
faces become dry at an evaporation rate of >12.4 mml/yr.
Using the above relationship, this evaporation rate corresponds
to a RH of 98.7%. Thus, an apparently small change from
99.4% RH to 98.7% would allow the cave to dry out.

EvAPORATION FROM CAVE SURFACES

The total amount of evaporation from all surfaces within
the cave can be estimated based on the measured values from
the environmental stations. The surface areaand volume of the
cave was determined from the survey data and passage cross
sections. Total evaporation estimates were made for the two
regimes: (1) the cave entrance area where evaporation rates are
high; and (2) remote areas where evaporation rates are much
lower.

The entrance area includes the entrance passages, Grand
Central Station, Main Corridor, Mud Flats, and the Tarantula
Room (Fig. 6). The floor area of these passages totals 3,710
m2. The annual average evaporation rate in this area is 23
mL/m?&day which is equivalent to 8.4 L/m&/yr. The floor of
remote areas of the cave is 25,100 m2. The evaporation in this
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Figure 6. Map of the distribution of soil temperaturesin
Kartchner Caverns.
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areais estimated at 5.8 mL/m#/day, equivalent to 2.1 L/mz3/yr.
The area of effective evaporation is assumed to be twice the
area of the floor to account for the irregular nature of the floor
and walls. Evaporation from the ceiling is assumed to be zero
as moisture enters at the ceiling and RH is higher in the less
dense air. Potentia total evaporation is calculated as follows:

entrance areas 8.4 L/m?yr 03,710 m? 02 = 62,300 L/yr
deep cave 2.1 L/m3lyr 025,100 m? 02 = 105,000 L/yr

While the above estimation for the entrance area is poten-
tially 62,300 L/yr, evaporation cannot exceed the available
moisture supply. Since the amount of moisture reaching the
cave has been estimated to be 7.9 mm/yr, over the area of the
entrance passages (3,710 m?), this amounts to 29,300 L of
available water. Thus, evaporation in the entrance passages
will be limited by the available moisture supply to 29,300 L/yr.
Total evaporation from the entire cave based on measured
evaporation rates and available moisture supply is estimated as
135,000 L/yr. Thetotal average amount of water which reach-
esthe caveis 7.9 mm/yr or atotal of 230,000 L/yr. Thus, inan
average year the cave receives less than twice as much mois-
ture as it can lose by evaporation. Therefore, a succession of
several dry years would begin to dry the cave out.

These calculations were made to illustrate how a small
opening, such as the natural entrance, can dramatically
increase evaporation in alarge portion of the cave. Creation of
another opening of similar size, such as an artificia entrance,
would cause enough additional evaporation to use up the avail-
able moisture supply unless evaporation control measures are
implemented.

CAVE TEMPERATURE

The temperature of alarge cave is generally considered the
same as the mean local surface temperature at the cave's ele-
vation (Moore & Sullivan 1978). A comparison of measure-
ments made in 54 Arizona caves (Buecher 1977) indicates that
the temperature of a cave at Kartchner's elevation (1420 m)
should be about 15.4°C

Kartchner Caverns does not have a constant temperature
but varies from 20.9°C (69.7°F) to 18.6°C (65.5°F) throughout
the cave. Temperatures at al locations inside the cave are
aways 1.7°C (3.0°F) to 4.0°C (7.2°F) higher than the mean
surface temperature (Fig. 7). The mean temperature of the
whole cave is 19.8°C as compared with 16.9°C for outside the
cave. Why these differences in mean cave and surface temper-
atures?

The most likely reason is geothermal heating. The 1982
Geothermal Resources Map of Arizona (Witcher et al. 1982)
indicates that the San Pedro Valley east of the cave is an area
of geothermal water. Near Tombstone, heat flow from the
earth ranges from 74 to 85 mW/mz, equivalent to athermal gra-
dient that would increase the cave temperature by 2.8°C at a
depth of 30 m.
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Figure 7. Arizona cave and surface station temperatures
versus elevation.

A temperature profile log of a nearby water well (Graf
1999) provides further evidence that geothermal heating caus-
es the elevated temperature in Kartchner Caverns. In measure-
ments conducted in July and November 1991, temperature
asymptotically approached 19.6°C just above the water level,
~15 m below the surface. Figure 8 shows the measured tem-
perature profiles and the mean surface temperature of the
Kartchner well (Cropley 1965; Lee 1965; Whitaker 1977). The
maximum well temperature of 19.6°C is 2.7°C (4.9°F) warmer
than the mean surface temperature. This well temperature at
15 m depth is exactly the mean temperature of Kartchner
Caverns, 19.6°C. Other wells on the park also show dlightly
elevated water temperatures (Graf 1999, Table 1).

While geothermal heating explains why the cave is warmer
than expected, it does not explain the variations in temperature
in different sections of the cave. The warmest part of the cave
is the Big Room at 20.9°C. The coldest parts of the cave are
in the Back Section (18.6°C) and in the entrance passages
(averaging ~17.8°C). Temperatures in the entrance passages

30
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Well Mean Temp.
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Figure 8. Temperature profiles of the Kartchner well in
June and November converge to a stable temperature of
19.6°C, 2.6°C above the mean surface temperature, at a
depth of 15 m.



are amost the same as the mean surface temperature due to air
exchange. Why the other two areas of the cave have such dif-
ferent temperatures is more problematic. Flooding of the cave
during the winter months provides the most likely reason for
the cold temperatures in the Back Section. Although flooding
does not occur every year, when it does flood, there is appar-
ently insufficient time for the Back Section to completely
return to the ambient temperature. The pattern of depressed
soil temperatures appears to match the flooded area.

Warmer temperatures in the Big Room may result from air
stratification. Cool dry surface air entering the cave remains
near the Big Room floor while warmer air rises towards the
ceiling. A thinlayer of condensation fog forms at the interface
between these two masses of air. This fog is frequently seen
along the Main Corridor during the winter months.
Condensation releases heat which warms the overlying air
mass (the upper areas of the Big Room), and condensation
droplets fall into the cooler, drier air near the floor. The
droplets evaporate, further cooling theincoming air whilerais-
ing the relative humidity of that air. Condensation-corrosion
weathering and the popcorn “line” on thewalls|eading into the
Big Room is evidence of this stratification effect.

ENTRANCE PASSAGE TEMPERATURE AND HUMIDITY

The existing natural entrance to Kartchner Caverns is the
only known connection to the surface. Early observationsindi-
cated that the natural entrance has a profound influence on
conditions throughout the cave, prompting an intensive pro-
gram of data collection. Seven dry and wet bulb temperature
probe stations were connected to a computer data logging sys-
tem. Temperatures were recorded each hour from March 1989
to June 1990. Relative humidity was calculated from the dif-
ference between the unventilated dry and wet bulb tempera-
tures. Figure 9 shows the temperature measurements and cal-
culated RH in the LEM Room, which islocated 25 m from the
entrance.

It is clear from these plots that temperature and RH follow
an annual cycle. The temperatures at even this short distance
into the cave do not mimic those on the surface but rather have
a sawtooth shape. The peak temperature in the LEM Room
occurs during late September and early October, indicating a
lag of 3 months behind the surface. The lowest temperatures
are in December, January and February and occur at approxi-
mately the same time as low temperatures on the surface. The
annual cycle is markedly asymmetric. Temperatures rise from
March to September (7 months) and fall from October to
January (4 months). Therisein air temperature is much slow-
er than the decline.

The annual cyclesof RH inthe LEM Room reveal apattern
where RH is highest from mid-June to mid-September when it
is typically at or near 100%. During this time RH stays
remarkably constant. The remaining months of the year show
numerous short periods of RH fluctuations as dry, high-pres-
sure weather systems move through theregion. The lowest rel-
ative humidity occurs during December, January and February.
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The lowest RH was recorded between 10-16 December 1989
and this very low RH allowed nitrocalcite cotton to form in the
entrance passages (Hill 1999).

The annual patterns of temperature and relative humidity
can be explained partialy by the predominant direction of air-
flow observed in the entrance passages. During the winter
months, cold dry air flows into the cave. This quickly lowers
the temperature in the entrance passages. Large fluctuations
occur because storms and short-term surface weather changes
cause reversalsin airflow direction. During the summer, from
mid-June to mid-September, the airflow reverses and warm,
moist air blows out of the natural entrance. Because the deep-
interior cave temperature is at a near-constant temperature, air
from the interior maintains this uniform temperature in the
entrance when air is blowing out of the cave. Likewise, the
high RH results from air moving from the interior of the cave.
Slight cooling of this air in the entrance passages further rais-
es the RH. The uniform rate of temperature rise and steady
flow of air out of the natural entrance during the summer
months maintains a constant high relative humidity. In sum-
mary, the entrance passages operate under two distinctly dif-
ferent seasonal modes.

SoIL TEMPERATURE

Soil temperatures taken on a monthly basis at each of the
monitoring stationswereidentical to the air temperature (Table
1). Inorder to determine how temperature varies between the
stations, a comprehensive survey of soil temperatures through-
out Kartchner Caverns was conducted during April 1990.
Temperatures were measured approximately every 15 m to 30
m aong the trails throughout the cave to provide detailed
information between monitoring stations. The results of the
survey (Fig. 9) show a surprisingly large variation in soil tem-
perature throughout the cave.
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Figure 9. Average daily temperature and relative humidi-
ty in the LEM Room, ~25 m from the cave entrance.
Temperatures show a sawtooth pattern that peaks in
October. RH hasaflat plateau near 100% duringthe sum-
mer months.
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The purpose of the survey was to: (1) determine the tem-
peratures of those areas poorly represented by the environ-
mental monitoring stations; and (2) identify areas of anom-
alous temperature. Areas of unusualy high or low tempera-
tures can be indicative of outside air entering or leaving the
cave. The average of 119 individual soil temperature mea-
surements was 19.3°C. The areas near the natural entrance are
unusually cool and bias this average. A better representation
of the true interior temperature of the cave obtained by aver-
aging al areas of the cave exclusive of the entrance passagesis
19.6°C.

Wigley and Brown (1971) developed a mathematical
model of temperature and RH profiles at cave entrances. An
important aspect of this model is the use of the relaxation
length, Xo, to describe these profiles.

Relaxation length (m) = Xo = 100r12 Vo2
where r = passage radius in meters and V = air velocity in
m/min.

The relaxation length is a measure of the rate of exponen-
tial damping of temperature differences as one proceeds deep-
er into conduit, in this case a cave. Temperatures should
remain constant year-round a distance of 4 to 5 timesthe relax-
ation length. The model predicts the relaxation length under
assumptions of uniform air velocity and passage geometry
where passages are considered to be essentially circular pipes
with moist walls. Air entering the passage gradually comes to
thermal equilibrium with the walls through conduction, and
gain or lose of water by evaporation or condensation.

Based on known entrance passage geometry and measured
airflow rates in Kartchner Caverns, the anticipated relaxation
length was calculated using an airflow of 10 m/min and pas-
sage areas of 0.30 m2and 1.0 m2. Calculated relaxation lengths
are 39 m and 80 m, respectively. Based on the soil tempera-
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Figure 10. Profile of soil temperatures near the natural
entrancein April 1990. An exponential curvefit tothetem-
peratures has arelaxation length of 44 m.
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tures measured in April 1990, a relaxation length of 44 m pro-
vided the best fit to the measured temperatures (Fig. 10). The
profile of soil temperatures in the entrance passages shows an
exponential decay, and the observed relaxation length is in
good agreement with that predicted by the Wigley-Brown
model. The best fit to the measured profile is a small average
passage cross-section and daily air volume of 4,300 m3,

The soil temperature survey shows that the natural entrance
has the largest horizontal temperature gradient of any areain
the cave. The effect of the natural entrance on soil tempera-
tures extends for at least 120 m from the entrance (Fig. 10).
Approximately 100 m from the entrance, a temperature gradi-
ent of 0.018°C/m exists. Examining the soil temperature map
for large horizontal temperature gradients should identify areas
of the cave that are near even a small entrance. Other than the
entrance passages, only the Pyramid Room/Granite Dells area
have temperature gradients in excess of 0.018°C/m. The steep
gradient in this area is more likely the result of cooling by
floodwater than from entrance airflow. The lack of high soil
temperature gradients in other areas of the cave indicates that
itisunlikely there are additional entrances that draw apprecia-
ble outside air into the cave. However, there may be other
small openings where air is being expelled from Kartchner
Caverns.

CAVE AIRFLOW

Air exchange to the surface causes moisture loss from the
cave. Controlling the air exchange rate is one of the most
important concerns in commercial cave development. Airflow
isalso strongly related to other processes within the cave, such
as the concentration of carbon dioxide and radon gas.
Management of these gases may contradict the most effective
means of controlling cave moisture. Increasing air exchange
rates would lower gas concentrations but also would increase
evaporation, drying of the cave, and potentially damage the
beauty of the cave. A knowledge of how these three parame-
ters- evaporation rate, carbon dioxide concentration, and radon
concentration- relate to airflow facilitates predicting the likely
effect of devel opment.

The most reliable method for determining the rate of air
exchange is by directly measuring the quantity of air entering
and leaving the cave. Unfortunately, the entrance passages are
in a breakdown complex with many small (inaccessible) open-
ings, so that air follows many different paths. Furthermore
bats entering and |leaving the cave during the summer use these
passages, restricting the time for winter measurements. Thus,
no single passage in the front part of the cave seems appropri-
ate. Airflow measurements at a few locations can only give us
alower limit on the rate of air exchange.

The equipment used to measure airflow consisted of a sen-
sitive hotwire anemometer, airflow direction indicator, wet and
dry bulb temperature sensors, and an atmospheric pressure
sensor, all connected to a datalogger. One-minute averages of
each parameter downloaded to a computer. Airflow was mea-



sured at the interior end of the Blowhole crawlway and at the
entrance to the River Passage. Airflow was measured 22 times,
yielding atotal of 22.7 days worth of data.

Selected data from the Blowhole provided an understand-
ing of airflow near the entrance of Kartchner. Measurements
taken during the winter of 1989 and 1990 were selected
because they represent a nearly continuous record of airflow
over severa days (Table 2). The Blowhole area at the mea-
surements station has a cross-sectional area of 0.47 m2. Using
the average of the measurements in Table 2, the volume of air
that entered the cave averaged 4,000 m3/day during the coldest
part of the winter. But the Blowhole is not the only known
route for airflow. Air also enters through the Babbitt Hole and
other small openings in the LEM and Crinoid Rooms. Based
on the cross-sectional area of these other openings, the rough-
ly estimated total airflow is about three times that entering
through the Blowhole, or 12,000 m?/day.

Table 2. Airflow Measurements at Blowhole.
Air Movement*

Start Date  Sample Duration Airflow Rate/Day

12/23/89 0.44 days 3,288 m (IN) 7,470 m/day
12/27/89 0.26 days 2,069 m (IN) 7,956 m/day
12/29/89 0.35 days 3,383 m (IN) 9,666 m/day
12/31/89 0.18 days 3,453 m (IN) 19,185 m/day
01/12/90 1.74 days 14,552 m (IN) 8,363 m/day
01/14/90 1.39 days 9,261 m (IN) 6,662 m/day
01/16/90 1.71 days 15,612 m (IN) 9,130 m/day
TOTALS 6.07 days 51,616 m (IN) 8,503 m/day

A minor amount of air moved out of the cave during these measurements.
Thetotal airflow out was 1,788 m or 3.4% of the inflow.

The most surprising finding of the airflow measurementsis
that during the winter months, the direction of airflow is over-
whelmingly (97%) into the cave. Direct observations of air-
flow direction confirm that air is moving ailmost exclusively
into the cave at the Blowhole during the winter. The simplest
explanation for this airflow pattern isthat the cave functions as
a“chimney”. During thewinter, colder, denser air enters at the
natural entrance, becomes warmer, and rises out of openings at
ahigher elevation. The naturally induced airflow into the low-
est entrance is strongest in the winter, weakening and reversing
direction during the summer. The airflow measurements pro-
vide strong evidence that other small entrances to the cave
exist at elevations higher than the natural entrance. No higher,
second opening has been found, but the inferred opening must
be smaller than the natural entrance to create the observed pat-
tern of air movement. Such an opening may be comprised of
several smaller openings or be covered by loose soil.

CAVE AIRFLOW PATTERNS

The pattern of airflow through the cave was mostly
deduced by two methods. Airflow direction can be felt in con-
stricted passages if there is sufficient air movement (Fig. 11).
An indirect method is to observe the growth patterns of certain
cave deposits (spel eothems) known as “popcorn”. The growth,
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orientation, and type of popcorn are influenced by long term
patterns of airflow (Fig.12). Using these methods, the follow-
ing pattern of winter airflow is hypothesized.

The natural entrance is the only (known) point where air
enters the cave. In the Anticipation Room, air entering the
cave divides, part going into Main Corridor and the remainder
going to Grand Central Station (Fig. 11). Outside air that
enters the cave is cooler, drier and denser than the cave air so
it flows aong the floor. This displaces the warmer, more
humid air in the Big Room and results in the stratification of
air with the warm, moist cave air forming alayer starting about
1 m above the floor. The air that enters Grand Central Station
flows under the breakdown of the Big Room and exits at the
start of the River Passage. During the winter, a steady breeze

BACK SECTION

€= NFERRED ARFLOW
DIRECTION

rencr .
EB 1R Srerrosmwon —

FRONT SECTION

77 ENTRANCE SINK

Figure12. Airflow pattern deduced from the orientation of
popcorn speleothems.

Journal of Cave and Karst Studies, August 1999 « 115



80 * KARTCHNER CAVERNS STATE PARK SYMPOSIUM

1080 4 LI -

1070 -
- NIGHT SURFACE

Y AIR DENSITY n
1060 MEAN SURFACE / .
AIR DENSITY - -

CAVE AIR DENSITY

AIR DENSITY (g/m®)
2 88 8 8

1000 4

990 4

980 T T T — T T T
Jan Feb Mar. Apr. May Jun. Jly. Aug Spt Oct. Nov. Dec.

MONTH OF YEAR

Figure 13. Direction of airflow estimated from mean
monthly surface air density.

can be followed along the River Passage to the Grand Canyon
Passage. A continuation of thisairflow is seldom noticeablein
the crawlway at the west end of Grand Canyon. Condensation
fog is also frequently visible in the Grand Canyon. The
bedrock in the Grand Canyon passage is quite fractured. It is
not difficult to envision small cracks and fissures continuing to
the surface. Inthe summer, the airflow pattern appears to stag-
nate or perhaps weakly reverse. Moist air frequently flows out
of the natural entrance but this pattern is not as strong or con-
sistent asthe dry air that entersin the winter. Infrequently, air-
flow has been felt in the Triangle Passage crawl blowing into
the cave toward the Subway Passage. Airflow has also been
observed entering the Throne Room from the Rotunda Room.
The observed popcorn growth is consistent with this airflow
pattern (Fig. 12), as popcorn grows into the direction of dry,
cool air movement (Hill & Forti 1997).

The annual pattern of air exchange can be quantitatively
understood by comparing the density of surface air and cave
air (Fig. 13). During winter months, surface air is colder and
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Figure 14. Winter and summer air density profile of
entrance passages. In the summer, air in the LEM Room
has greater density than air at the surface or deeper in the
cave, thusrestricting airflow.
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denser than cave air and therefore flows into the cave. During
the summer, the surface air is warmer and less dense than air
in the cave and so ar would tend to flow out the natural
entrance. Two other effects complicate this smple relation-
ship. First, asdiscussed previously, the cave is several degrees
warmer than the average surface temperature. As aresult the
density difference driving winter air exchange is twice as great
asit isduring the summer. The geothermal warming also low-
ers the air density in the cave causing the summer airflow out
of the cave to last for only 4 months. This asymmetric pattern
of airflow creates the second effect. Air will movealong agra-
dient of decreasing air density, as shown in the winter profile
of Figure 14. But because a greater volume of air enters the
cave during the winter, the entrance passages become quite
chilled. Inthe summer, air moving out of the caveis cooled as
it approachesthe entrance. This creates a pocket of cool dense
air that partially blocks the summer airflow out of the natural
entrance.

CARBON DioxIDE

Measurement of carbon dioxide concentrations consisted
initially of collecting “grab” samples in a number of locations
throughout the cave. Then, beginning in the summer of 1990,
COz was intensely monitored on a monthly basis at two loca-
tions - the Throne Room and the Big Room at Sharon’s Saddle.
The results of these measurements are given in Table 3. COz
concentrations are highest during the summer and can reach
5400 ppm.

Table 3. Monthly CO2 Measurements.

Upper Throne Sharon’s
DATE Room DATE Saddle
07/18/90 2910 07/26/90 3610
08/26/90 3925 08/23/90 4680
09/30/90 5400 09/27/90 4100
10/30/90 4935 10/23/90 2220
11/24/90 3827 12/05/90 1130
12/19/90 3296 12/19/90 1132
01/15/91 2430 01/17/91 852
02/14/91 1690 02/21/91 1147
03/24/91 2620 03/31/91 1190
05/05/91 2167 04/23/91 1746
05/29/91 1660 05/29/91 1190
06/11/91 2650 06/10/91 2130

Measurements in ppm by Drager diffusion tubes, corrected to 854 Mb
pressure.

The measurement of COz isimportant for a number of rea-
sons. First, high levels of COz in Kartchner Caverns during
late summer and autumn raise some concerns regarding the
levels that may be present after the cave is open to the public.
Visitors to the cave will add more COz to the air, possibly rais-
ing it to unacceptable levels (Cabrol 1997). Second, the con-
centration of COz is an important parameter in determining if



the water percolating into the cave will deposit or dissolve cal-
cite. The growth of carbonate speleothems (such as helictites)
depends on the concentration of CO: entering the cave via
vadose seeping dripwater and equilibrating with the cave air
(Hill & Forti 1997).

Third, changes in the concentration of COz gasin the cave
air can be used to approximate the rate of air exchange
between the cave and the surface. The outside air contains
approximately 300 ppm CO2. Within the cave, COz concen-
trations vary seasonally from approximately 1000 ppm in late
winter to over 5000 ppm in late summer. The amount and rate
of COz entering the cave follows an annual cycle, being depen-
dent on the rate of drip water entering the cave and the biolog-
ic activity in surface soils. The measured concentration of COz
in Kartchner Caverns varies by a factor of 3 to 5 over the
course of ayear. If we make two simplifying assumptions that
the rate at which CO: enters the cave is constant, and that ven-
tilation with outside air is the primary method of removal, we
can make asimple estimation of the ventilation rate. The equa-
tion for the time-dependent concentration of a tracer being
removed at a constant rateis:

Concentration = Starting Concentration exptky

Where: K = flow rate/ Volume (air exchanges per day)
t = time (days)

For the Throne Room measurement station, CO: levels
decreased from 5400 ppm on 9/30/90 to 1690 ppm on 2/14/91,
aperiod of 137 days. For this station K was determined to be
0.0085; the reciprocal is the time for a complete air exchange,
or 118 days. For the Big Room at Sharon’s Saddle, CO: levels
decreased from 4100 ppm on 9/27/90 to 1130 ppm on 12/5/90,
a period of 69 days. For this station K was determined to be
0.0187 and the ventilation rate 54 days. These ventilation rates
(118 and 54 days) are equivalent to air exchange rates of 1,100
to 2,400 m3/day, respectively.

RADON

Radon?22 gas is an intermediate product in a chain of
radioactive decays that begins with uranium and ends with
lead. Radon gasis present in caves as aresult of the liberation
of radon from low concentrations of uranium in bedrock or
sediments. Radonisan inert gasand, unlike all other uranium-
series decay products, does not form chemical bonds. As a
result, radon atoms can move freely through the pore spaces of
porous materials like bedrock or sediments without bonding to
other substances. Radon2 has a half-life of 3.82 days, and
decays into a series of atomic-sized particles known as radon
decay products or radon daughters. A few seconds after for-
mation, the daughters may become attached to airborne dust
and condensation particlesin cave air. If the radon daughters
are inhaled, their further disintegration by radioactive decay
releases a high-energy alpha particle that can be injurious to
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WL arein the Echo Passage during the winter.

healthy lung tissue. It isimportant to measure radon in caves
for two reasons: (1) at high levels radon decay products have
been shown to cause increased incidence of lung cancer, and
(2) it is useful as a natural tracer gas in understanding the
movement of air.

Radon?z22 gas is measured in picoCuries per liter of air
(pCi/L) but its decay products, radon daughters, are common-
ly reported in “Working Levels’ (WL), a unit of exposure.
Under ideal conditions 1 pCi/L of radon222 will decay and pro-
duce atotal exposure of 0.01 WL from radon daughters. This
conversion is only approximate since we are comparing radon
gas with the sum of the decay products, some of which may
have been removed from the air prior to measurement.

Radon daughters in Kartchner Caverns were first measured
by OUL during September and December of 1989, (Aley 1989,
1990). These measurements demonstrated that alpha radiation
levels from radon daughters were high enough to possibly be
of concern for the long-term health of employees spending a
lot of timein the cave. However, the OUL measurements were
taken only twice and did not provide an adequate picture of
radon variations over an entire year. Nor were the OUL mea-
surements sufficiently detailed so as to be useful in character-
izing the reasons for the variations found in different areas of
the cave.

ACPI followed up with a more comprehensive study. This
study included measurements on:

(1) Radon Working Levels,
(2) Radonzz gas, and
(3) Individua radon daughters.

The distribution of all 275 radon daughter measurements
by ACPI and OUL is shown in Figure 15. The most of the
measurements (263) are below 3 working levels and average
0.77 Working Levels. A second group of 12 measurements
clusters at higher values, averaging 3.96 Working Levels.
These measurements all came from near the start of the Echo
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Figure 16. Average monthly radon daughter “Working
Levels’ for all of Kartchner Caverns excluding the Echo
Passage, and for only the Echo Passage.

Passage during the winter months. Measured radon daughter
concentrations in the cave appear to exhibit a seasonal pattern,
with lower levels in the winter and higher levels in the late
summer (Fig. 16). The Echo Passage has the largest variation,
ranging from ahigh of 5.09 WL in January to alow of 0.59 WL
in March. Therest of the cave varies from a high of 1.33 WL
in September to alow of 0.50 WL in February.

A series of radon?22 gas measurements were made utilizing
aphatrack detectors that maintain a high degree of sensitivity
even at high humidity levels. The detector is a small plastic
film that is damaged by the track of a particle of alpha radia-
tion. By counting the number of alphatracks and knowing the
length of exposure, the average radon gas concentration was
determined. Detectors were |eft in the cave for three to four
weeks. These tests gave along-term average of the radon gas
concentration in the cave. The results of the alphatrack radon
measurements are given in Table 4. While only alimited num-
ber of measurements were made, these show that in the Big
Room the concentration of radon2 is highest in summer and
decreases by a factor of 2.5 during the winter. In the Throne
Room, which is far from the natural entrance, the concentra-
tion of radon dropped 11% from summer to winter. The Echo
Passage was found to have the highest concentration of radon
gasin the cave.

Table 4. Alpha Track Radon Gas M easurements.

Location Start Date End Date Radon
(pCilL)

Big Room near Bishop 05/05/89 07/10/89 162.0

Big Room near Bishop 03/07/90 03/31/90 66.0

Throne Room EMS 18 05/05/91 05/29/91 58.5

Throne Room EMS 18 12/19/90 01/15/91 52.1

Echo Passage EMS 10 12/05/90 12/18/90 368.7

Average (all) 1415 +135

Average (w/o Echo) 84.7 +52
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A total of 17 additional measurements were made in order
to determine the concentration of three of the individual radon
daughters; radon A (Po2s), radon B (Pb24), and radon C
(Bi24). The method used was the modified Tsivoglou method
(Harley 1988; Nazaroff & Nero 1988). The results of these
measurements are shown in Table 5. The average concentra-
tion for the first radon daughter, Radon A, was 101 pCi/L.
Radon A has a short half-life of approximately three minutes.
Because of the short half-life, it is likely to be in equilibrium
with the parent radon gas. The fact that the average Radon A
(101 pCi/L) is within the range of measured radon gas con-
centrations reinforces this conclusion. The second radon
daughter, Radon B, has a half-life of 27 minutes. The average
concentration of Radon B was found to be 73 pCi/L. Thethird
radon daughter, Radon C, has a half-life of 20 minutes. The
average concentration of Radon C was found to be 60 pCi/L.

Table 5. Individual Radon Daughter M easurements.

Sample Radon-ARadon-BRadon-C  Comments

Date Location # pCi/lp  Cill pCill

3/31/91 Echo Passage 2 208 219 210 Equilibrium
3/31/91 Big Rm-Kartchner Towers 3 66 61 61 Equilibrium
2/24/91 Big Rm-Main Corridor 5A 39 32 40 Equilibrium
2/24/91 Big Rm-Overlook 1 59 48 51 Equilibrium
2/24/91 Big Rm-Mud Flats 1 61 62 64 Equilibrium
5/29/91 Throne Rm-Upper 1A 57 53 40 Equilibrium
3/24/91 Big Rm-River Passage 4 46 35 33 Non-equilibrium
3/31/91 Big Rm-Traverse 1A 62 43 38 Non-equilibrium
3/31/91 Throne Rm-Lower 2A & 3A 84 58 50 Non-equilibrium
5/5/91 Big Rm-Bat House 2 143 118 97  Non-equilibrium
5/16/91 River Passage-Grand Cny 2 84 60 49  Non-equilibrium
5/16/91 Big Rm-Fallen Shield 5 83 51 36 Non-equilibrium
5/29/91 River Passage-Grand Cny 2 99 61 42 Non-equilibrium
5/29/91 River Passage-Thunder Rm 1 241 153 93  Non-equilibrium
6/25/91 River Passage-Grand Cny 2 175 66 33 Non-equilibrium
5/16/91 Grand Central 1 66 53 43 Outside Air Dilution
6/21/91 Entrance Passages-Pop-up 5A 147 63 34 Outside Air Dilution

If air exchange or other processes remove none of the
radon daughters, then the concentration of each radon daugh-
ter will be in equilibrium with the parent and all should be
equal. Thisistruein the case of six of the measurements. This
indicates that for some areas of Kartchner thereis little or no
remova of radon daughters other than by radioactive decay.
The remaining measurements for other areas of the cave show
that the concentration of each successive daughter is generally
smaller than the preceding daughter. This indicates that some
process is actively removing the successive radon daughters
from these areas. Two mechanisms that can remove radon
daughters are air exchange and attachment to surfaces. In
order for air exchange to be a significant factor in removing
radon daughters, the exchange rate must be relatively large
compared to the half-life of the radon. Because the half-life of
each radon daughter is less than half an hour, the air exchange
rate must be greater than once per hour to remove a significant
quantity of radon daughters. High rates of air exchange have
been found only in the entrance passages and may account for
the reduction in radon daughter concentrations in two of the
samples. For the remainder of the samples, it appears that the



individual radon daughters are being removed by plate-out
onto aerosols or cave surfaces.
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CONCLUSIONS

The amount of water reaching the cave from surface
precipitation is estimated to be 7.9 mm/yr. This is
less than 2% of the annual precipitation at Kartchner
Caverns State Park.

The average rate of evaporation for the whole cave is
9.4 mL/m?day, while areas of the cave far from the
natural entrance have a rate of evaporation as low as
3 mL/m?day. Evaporation rates are highly skewed
toward very low rates that approach no evaporation at
all.

Relative humidity averages 99.4% for the whole cave.
The distribution is highly skewed toward RH values
above 99.5%.

Comparison of RH and evaporation rates shows that,
as expected, the rate of evaporation is proportional to
the RH difference from 100%. Evaporation increases
by 27 mL/m2/day for each additional 1% RH below
100%.

Using the measured evaporation rates, the amount of
moisture being lost from cave surfacesis estimated at
134,700 L/yr. Thisrepresents over half of the 7.9 mm
of water that infiltrates into the cave. During a dry
year the cave will lose more moisture by evaporation
than is resupplied by surface precipitation.

The soil and air temperatures in the cave are in equi-
librium. The temperatures within the cave are always
above the mean surface temperature. This is due to
regional geothermal heating. The dlightly warmer
cave temperatures have a profound influence on the
air exchange rate.

Annual temperature and RH measurements in the
entrance passages of Kartchner indicate that during
the winter cold air enters the cave, and during the
summer warm moist air is expelled.

A profile of the cave soil temperature from the
entrance shows that the influence of the small natural
entrance extends 120 m into the cave. This profile
agrees well with theoretical predictions and is sup-
porting evidence for the volume of air entering the
cave.

Measurement of airflow near the cave entrance shows
that during the winter the direction of airflow is over-
whelmingly into the cave. This is taken to be evi-
dence that the cave has unidentified small openings at
a higher elevation than the natural entrance. The vol-
ume of air that enters the cave during the coldest part
of the winter is estimated to range from 4,000 to
12,000 m3/day.

Seasonad fluctuationsin CO2 concentrations collected
in the fall in two areas of the cave were used to make
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independent estimates of the ventilation rate. These
measurements indicate that air was moving into the
cave at 1,100 to 2,400 m3/day.

High radon levels in the cave were found to be a pos-
sible heath concern for long-time workers in the
cave. Radon levels are not high enough to cause con-
cern for the viewing public. Radon?22 concentrations
average 90 pCi/L and radon daughters average 0.77
WL in the main cave. The Echo Passage has radon
levelsthat are as much as seven times higher than this
during the winter. This is due to the stable microcli-
mate and limited air movement in this passage.
Natural removal of radon daughters occurs predomi-
nantly by plate-out onto cave surfaces or aerosols,
while removal by ventilation seemsto be aminor fac-
tor.

ACKNOWLEDGMENTS

The author wishes to thank Jeff Dexter, Paul Malmberg,
Jerry Ravert, and Dick Ferdon of the Arizona State Parks
Department for their cooperation during this study. Thanks
asoto Carol Hill and Chuck Graf for review of the manuscript
and helpful comments.

Data collection and field support were provided by Anita
Pape, Debbie Buecher, Hans Bodenhamer and many others.

Journal of Cave and Karst Studies, August 1999 « 119



84 ¢ KARTCHNER CAVERNS STATE PARK SYMPOSIUM

REFERENCES

Aley, T. (1989). Summer alpha radiation monitoring, Kartchner
Caverns, Arizona. Unpublished report for Arizona Conservation
Projects, Inc.: 14 pp.

Aley, T. (1990). Alpha radiation monitoring—winter conditions.
Unpublished report for Arizona Conservation Projects Inc.: 9 pp.

Buecher, R.H. (1992). Final report, environmental and geologic stud-
ies for Kartchner Caverns Sate Park. Unpublished report for
Arizona State Parks Department: 328 pp.

Buecher, R.H. (1977). Factorsinfluencing the temperature of Arizona
caves. Unpublished report for Arizona Regional Association: 8

pp.

Cabroal, P. (1997). Protection of speleothems. In Hill, C.A. & Forti,
P. (eds). Cave Minerals of the World, 2nd edition, NSS,
Huntsville, AL: 294-300.

Cropley, J.B. (1965). Influence of surface conditions on temperature
in large cave systems. National Speleological Society Bulletin
27(1): 1-10.

Graf, C. (1999). Hydrogeology of Kartchner Caverns State Park.
Journal of Cave and Karst Sudies 61(2): 59-67.

Harley, N. (1988). Measurement of radon and radon daughtersin air:
NCRP Report No. 97, National Council on Radiation Protection
and Measurements: 172 pp.

Hill, C.A. (1999). Mineralogy of Kartchner Caverns. Journal of
Cave and Karst Studies. 61(2): 73-78.

Hill, C.A. & Forti, P. (1997). Cave Minerals of the World, 2nd edi-
tion, National Speleological Society, Huntsville, AL: 463 pp.
Lee, W. H. (1965). Terrestrial Heat Flow, Geophysica Monograph

Number 8, American Geophysical Union: 276 pp.

120 « Journal of Cave and Karst Sudies, August 1999

McLean, J.S. (1976). Factors Altering the Microclimate In Carlsbad
Caverns, New Mexico. US Geologic Survey, Open File Report
National Park Service Research Project CACA-N-1a,
Albuquerque, NM: 56 pp.

McLean, J.S. (1971). The Microclimate in Carlsbad Caverns, New
Mexico. US Geologic Survey, Open File Report 76-171,
Albuquerque, NM: 67 pp.

Moore, G.W. & Sullivan, G.N. (1978). Speleology The Sudy Of
Caves, Revised Second Edition. Teaneck, N.Y. Zephyrus Press:
150 pp.

Nazaroff, W. W. & Nero, A. V. (1988). Radon And Its Decay Products
In Indoor Air. New York. John Wiley & Sons: 518 pp.

Sellers, W.D. & Hill, R.H. (1974). Arizona Climate 1931-1972,
Second edition. Tucson, Arizona. University of Arizona Press:
616 pp.

Whitaker, S. (1977). Fundamental Principles of Heat Transfer.
Pergamon Press Inc., New York: 556 pp.

Wigley, TM.L. & Brown, M.C. (1971). Geophysical Applications of
Heat and Mass Transfer in Turbulent Pipe Flow. Boundary-Layer
Meteorology: 300-320.

Witcher, J.C., Stone, C. & Hahman, W.R. (1982). Map of the
Geothermal Resources of Arizona. Arizona Bureau of Geology
and Mineral Technology. Single sheet map with text.

Zimmerman, O.T. & Lavine, 1. (1964). Psychrometric Tables and
Charts. Second edition, Dover, New Hampshire. Industria
Research Service, Inc.: 172 pp.



