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A MATHEMATICAL MODEL OF AIR TEMPERATURE IN
MAMMOTH CAVE, KENTUCKY

JONATHAN W. JERNIGAN
Department of Mathematics, Western Kentucky University, Bowling Green, KY 42101, USA Jonathan.Jer nigan@wku.edu
RANDALL J. SWIFT
Department of Mathematics, Western Kentucky University, Bowling Green, KY 42101, USA

Alterations made to the Natural (Historic) Entrance into Mammoth Cave over the past two centuries
have resulted in disrupted atmospheric conditionsin the Historic Section of Mammoth Cave. In an effort
to understand atmospheric phenomena in this section of the cave, Division of Science and Resources
Management personnel at Mammoth Cave National Park collected atmospheric data from various sites

throughout the Historic Section of Mammoth Cave.

These data are used to construct a mathematical model that predicts air temperature at various sites
within the cave system. First, an approximate mathematical model is constructed that could apply to any
cave system with characteristics (such as cave geometry and the natural force driving airflow) similar to
those in Mammoth Cave. Then, the regression analysis of atmospheric data and the use of the derived
model allow the construction of a mathematical model that is specific to the Historic Section of Mammoth

Cave.

Around 175 years ago, a sequence of structural changes to
the Historic Section of Mammoth Cave, Mammoth Cave
National Park, Kentucky, was initiated, the effects of which
may still be seen today. The primary and most dramatic of
these modifications was the clearance of large rockfall debris
from the entrance passage known as Houchins Narrows. With
a clearer entrance passage, air exchange between the Historic
Section of the cave and the outdoors could readily occur.
Historically, this air movement had been retarded by entrance
structures that restricted airflow into the Historic Section of the
cave; air movement, however, was not the only activity that
these structures restricted. The movement of bats was also
impeded (Olson 1995).

Historical and paleontological data indicate that the
Historic Section of Mammoth Cave was once a major bat
hibernation site. Several 19th century estimates reported that
hibernating colonies totaled into the millions of bats (Olson
1996). Paleontological evidence includes bat bones and excre-
ment found throughout the Historic Section of the cave
(Toomey et al. 1998). Today, however, few bats are found in
this same portion of the cave where they were once so abun-
dant. In an effort to restore the bat hibernacula and atmospher-
ic conditions, the existing gate structure was replaced in July
1990 with a bat gate. The removal of the preexisting structure
opened the Historic Section of the cave to the effects of out-
door atmospheric conditions, and the atmospheric conditions
within this portion of the cave fluctuated erratically (Olson
1995). The Park’s Division of Science and Resources
Management has attempted to control this behavior by partial-
ly covering the bat gates with Plexiglas panels (Fry 1996).

In order to understand atmospheric phenomena and quanti-
fy the effects of these entrance modifications, it is necessary to
monitor atmospheric conditions within the Historic Section of
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Mammoth Cave. The Cave Atmospheric Monitoring program,
initiated in 1994, is maintained by the Science and Resources
Management division of the National Park Service at
Mammoth Cave. The program began not in the Historic
Section of Mammoth Cave, but in the ecotone of various arti-
ficial entrances to the Mammoth Cave system. The original
goal of the monitoring program was to study the effects that
airlock installations would have upon atmospheric conditions
near each of these artificial entrances. The atmospheric moni-
toring stations installed a few months later in the Historic
Section of Mammoth Cave were placed there in an effort to
understand the ecotone in that area by providing baseline data
that described atmospheric conditions in that section of the
cave (Fry 1995).

The mathematical model created in this paper uses data
from eight stations in the Historic Section of Mammoth Cave
(Fig. 1). All of the Cave Atmospheric Monitoring (CAM) sta-
tionsin the Historic Section of Mammoth Cave record air tem-
perature data on fifteen-minute intervals.

The monitoring site that is central to this study is the
Houchins Narrows site. Located 103 m from the Natura
Entrance, the Houchins Narrows CAM station is the station
closest to the Natural Entrance and the station where atmos-
pheric conditions fluctuate most in response to weather pat-
terns external to the cave system. Atmospheric parameters col-
lected at this site include not only air temperature, but wind
speed and direction measurements as well. Air flux, or the vol-
ume of air flowing past the station per unit time along with a
directional indicator, is calculated using these wind speed and
direction measurements. Denoted by Fu [m3/s], air flux is
assigned positive values when air is flowing into the cave and
negative valueswhen air is flowing out of the cave. Further, the
cross-sectional area of the cave passage is 19.2 m? at the
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Figure 1. Cave atmospheric monitoring (CAM) stationsin
the Historic Section of Mammoth Cave (modified after
Kaemper 1908).

Houchins Narrows CAM station so that air flux is given by
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The Natural Entrance is among the largest apertures that
lead into the Historic Section of Mammoth Cave. Any distur-
bance to atmospheric conditions in the Historic Section of
Mammoth Cave occurs in response to variations in atmospher-
ic conditions outside the cave system. These variations are reg-
istered at the Houchins Narrows CAM station. It can be
assumed that atmospheric conditions in Houchins Narrows are
closely related to atmospheric conditions at other sites
throughout the Historic Section’s variable temperature zone.
For this reason, the mathematical model derived in this paper
uses data from the Houchins Narrows CAM site to predict air
temperature data at sites that are deeper inside the Historic
Section of Mammoth Cave but still within the variable temper-
ature zone.

To formulate the desired mathematical model, the natural
phenomenon that drives airflow in Mammoth Cave must be
identified and understood. Empirical evidence indicates that
airflow in Mammoth Cave is driven by the chimney effect
(Jernigan 1997). The chimney effect is the natural convection
process whereby air movement occurs due to density differen-
tials between two neighboring air masses of differing temper-
atures (Wefer 1994). The baseline mathematical model derived
in the following section considers a model that relates atmos-
pheric conditions between two sites in the cave system.

A BASELINE MODEL OF AIRFLOW IN MAMMOTH CAVE

As afirst step in the mathematical modeling of a complex
system, a model is derived that describes the behavior of the
system in its smplest form. The physical model about to be
presented cannot be applied directly to airflow in the
Mammoth Cave system since many of the assumptions under-
lying the model are violated. However, the model is created not
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to be applied directly to airflow in Mammoth Cave, but to
imply the set of basis functions that is used in the regression
analysis of atmospheric data. Since the physica model is
applied very loosely to airflow in the Mammoth Cave system,
it is not rigorously constructed.

A cave system may be abstracted as a network of intercon-
necting pipes. So, when considering airflow in the Mammoth
Cave system, the mathematical model may be one that depends
upon the representation of the cave system as such a system of
networked piping. To derive amodel of airflow in this branch-
ing system, an undivided section of the network is considered.

The equation commonly used to relate conditions between
two distinct locations in a straight, non-branching section of
piping is Bernoulli’s equation. If the fluid contained in the first
location islabeled fluid element one, and the fluid contained in
the second location is labeled fluid element two, then
Bernoulli’s equation relates conditions in fluid element one to
those in fluid element two. Mott (1979) gives one form of
Bernoulli’s equation as

2
P, vl P v @
+z, + = —+z,+—

Y1
4 2g 4 2g

where pa is atmospheric pressure [N/mZ], y is the specific
weight of the fluid [N/mg], z« isthe elevation of the element of
fluid [m], va is the velocity of each element of fluid [m/g], and
g isthe acceleration due to gravity [m/s7].

The system for which equation (2) applies hasno lost work.
In acave system, lost work is a significant factor that dramati-
cally affects the energy in a system, so it is necessary to mod-
ify equation (2) to introduce lost work into the model.
Bernoulli’s equation is a conservation of energy equation, and
scaling the total energy at one location introduces the effects of
lost work and gives the total energy at the second location.
Jernigan (1997) derived

P v’ P . ©)]
(I+ AT —+z, +2|=| 2 +z, +2
" 2g Y2 2g

as amodified version of Bernoulli’s equation. In equation (3),
B [C1] is an expansion coefficient dependent upon the sub-
stance and AT is the temperature differential T>-T: [C].
Equation (3) implies that the work lost in the system is mani-
fested by a temperature difference between locations one and
two. Further, y, the specific weight of the fluid, is temperature
dependent and, therefore, different for each of the two ele-
ments of fluid. This difference is denoted by the subscripts on
Y.

To use equation (3) as a model of airflow in the Historic
Section of Mammoth Cave, the airflow must satisfy certain
properties.



1. Air flows in the Historic Section as though it were

incompressible.

2. With respect to energy exchange, the section of the

cave considered is neither a source nor a sink for other

sections of the cave.

3. Theair in this section of the cave and the cave itself are

thermodynamically isolated.

4. There is no energy loss due to friction between mole-

cules within the fluid or between the fluid and its sur-

roundings.

Assumption 1 is satisfied since air pressures and air veloc-
ities in Mammoth Cave are small enough in magnitude that
there is no compression of the fluid occurring. Assumption 4
holds since the total energy of the system considered is very
large, and, while there may be significant energy loss due to
friction, it should be small when compared to the total energy
of the system. Assumptions 2 and 3 do not hold for the Historic
Section of Mammoth Cave. The model developed in this sec-
tion is modified in the following section to include the effects
described in assumptions 2 and 3.

The data from the CAM station in Booths Amphitheater is
now predicted using data from Houchins Narrows. There are
three temperature probes at the Booths Amphitheater CAM
station, and the air temperature data considered are those
obtained from the probe near the War of 1812 era saltpeter
leaching vats. This probe is ~1 m above the floor and is
referred to as the “vat probe.”

To predict air temperatures at the vat probe using atmos-
pheric data from Houchins Narrows, it is assumed that the
velocity of the airflow at the vat probe is constant with time, so
that vi = c1, where 1 is some constant. Further, Jernigan (1997)
showed that airflow in Mammoth Cave fluctuates in response
to variations in air temperature on the surface and not to
changes in barometric pressure. Hence, it is assumed that air-
flow between two points in the cave system is driven by the
temperature differential between those two points. Therefore,
by existence of the term AT in equation (3), the resultant pres-
sure gradient is indirectly measured, and the erroneous simpli-
fying assumption that p: = p2 = ¢z, for c2 a constant, is war-
ranted. Last of all, the variation in the value of yisinsignificant
over the range of temperature values that are commonly real-
ized in Mammoth Cave, so the value of y is taken to be con-
stant over space and time. This meansy: = y2 = ¢s for some con-
Stant ca.

Substitution of these values into equation (3) gives the fol-
lowing

2 2 (4
1 + ﬁ&TI[C—2+z_ +;—1] =[C—2+z2 +v—2]

C3 g 3 g

Since B, zs, and g are constants, by equation (1), equation
(4) reducesto
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T, = aF2 + ¢ + Ty ©

where aand c are constants, and Ts and Tw are air temperatures
at the vat probe and Houchins Narrows, respectively. Equation
(5) is called the Phase 1 Bernoulli modd since it is the first
step in asequence of refinements based upon Bernoulli’s equa-
tion. The quantities that must now be determined are the val-
ues of aand c. This may be accomplished through regression
analysis of Houchins Narrows and Booths Amphitheater CAM
data using the set of basis functions {1,F+2}. Performance of
this regression analysis for Julian days 1-20 of 1997 gives the
set of results shown in table 1.

Table 1. The phase 1 Bernoulli model applied to Houchins
Narrows and Booths Amphitheater data.

Constant Coefficient P R-squared Normality Constant  Standard
Variance  Error of Estimate
a .010 <.001 73 Failed Failed 1.96

C 4.45 <.001

The value of R-sgquared equaling only .73, together with the
model’s failure of the normality and constant variance tests,
indicates that this model is not effective in predicting data at
the vat probe. Further, the standard error of the estimate is
large (1.96°C). This model is inaccurate, as expected, and is
modified in the next section to include the effects of other nat-
ural phenomena that are influencing the interrelationship of
data from Houchins Narrows and those at the vat probe.

A RerFINED MoODEL oF AIRFLOW IN MAMMOTH CAVE

In this section, the Phase 1 Bernoulli model is modified to
include the effects outlined in assumptions 2 and 3. These
maodifications will improve the values of R-squared realized by
the Phase 1 Bernoulli model.

The assumption that no energy is lost to or gained from
other passages when air moves from Houchins Narrows to
Booths Amphitheater isincorrect since air may flow into or out
of Audubon Avenue at the Rotunda. If Fn, Fs, and Fa represent
air flux in Houchins Narrows, air flux near Booths
Amphitheater, and air flux in Audubon Avenue, respectively,
then the relationship between these variablesis Fn = Fa + Fs.

Since Fs is assumed to be approximately zero, then it is
true that Fa = Fu. This approximation is transformed into
equality by scaling the value of Fy, so that

Fa = (b+tm)Fu = bFu + mFw (6)

where b and m are constants so that b+m is also a constant.
Introducing the rightmost representation of Fa into the Phase 1
Bernoulli model introduces the effects of energy exchange
with adjoining passageways.

Further, since airflow in Mammoth Cave is driven by the
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chimney effect, temperature differentials between air in the
cave and air outside the cave influence airflow patterns
throughout the cave. It will be assumed that air flux in
Houchins Narrows is directly proportional to the temperature
difference between the air in Houchins Narrows and the air
outside the cave system. Hence, if To represents the tempera-
ture of the air outside the cave system and n is a constant, then
the following relationship may be established:
Fu=n(Th-To).

Outdoor air temperature at Mammoth Cave National Park
is collected on an hourly basis. This time scale does not corre-
spond to the time scale of the CAM station measurements. As
a convenience and as an assumption in the current model, the
term To will be discarded and the above equation reduces to:
Fh=nTh.

Substituting Fn into the rightmost representation of Fa in
equation (6) yields

Fa = bFu + (d-1)Tw, (7)

where d = mn+1. This relationship replaces equation (6) as
source for the basis functions being introduced into the Phase
1 Bernoulli model to account for energy lost or gained due to
air exchange with Audubon Avenue.

Assumption 3 is that there is no energy exchange between
the air in cave passages and the rock that defines the cave pas-
sages. Empirical evidence indicates that this is not the case.
The amount of energy exchange between the air in Houchins
Narrows and the rock in Houchins Narrows is assumed to be
directly proportional to the temperature differential between
these substances. Hence, if

ATyr = Ty - Ty

represents the temperature differential obtained by subtracting
the temperature of the rock in Houchins Narrows from the tem-
perature of the air in Houchins Narrows, then a constant mul-
tiple of this quantity will represent this energy exchange.
Further, the rate of energy exchange is assumed constant as air
moves from Houchins Narrows to Booths Amphitheater, so
that the total energy lost to, or gained from, the surrounding
rock is approximately

TotEyg = k- dist- ATy g

where “dist” is the distance from Houchins Narrows to Booths
Amphitheater. The constant k is the scaling factor used to
define the proportionality relationship between the tempera-
ture differential and energy exchange in Houchins Narrows.
The term kxdist will be reduced to the constant term g. Hence,
the term that describes energy exchange between the air and
the rock as the air moves between Houchins Narrows and
Booths Amphitheater is given by
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TotE 4 =2hTxg ®

and this term is introduced into the Phase 1 Bernoulli model.

Adding the new basis functions given by equations (7) and
(8) to the existing Phase 1 Bernoulli model, the revised model
for predicting data at the vat probeis

Tp =aFj +bFy +c+ dTy +gATy, O

This model is used in the regression analysis performed in
the following sections. It will be referred to as the Phase 4
Bernoulli model since its derivation required three refinements
to the Phase 1 Bernoulli model.

REGRESSION ANALY SIS AND THE PREDICTION OF AIR
TEMPERATURE IN MAMMOTH CAVE

The Phase 4 Bernoulli model was constructed to predict air
temperatures at the vat probe in Booths Amphitheater based
upon atmospheric data that describe conditions in Houchins
Narrows. However, the Phase 4 Bernoulli model contains con-
stants a, b, ¢, d, and g that are unknown. These constants are
obtained by regression analysis of Cave Atmospheric
Monitoring data from Houchins Narrows and Booths
Amphitheater. In performing this regression analysis, Cave
Atmospheric Monitoring data are partitioned into time inter-
vals ~20 days in length. Some results obtained by using the
Phase 4 Bernoulli model along with these CAM data are
shown in table 2.

In the table of results, the columns of data detail character-
istics of theregression fits. The first column label s the data sets
being used in the analysis. For example, the results for the data
set “ba(hn)91-110,1996" present the results when Booths
Amphitheater vat probe data are predicted using Houchins
Narrows data for Julian days 91-110 of 1996. The next five
columns of data are the values of the coefficients a, b, ¢, d, and
g obtained through regression analysis. The seventh column
contains the value of R-sguared when regression anaysis is
performed on the indicated data set. The eighth and ninth
columns describe whether the residuals obtained using the
model passed (indicated by a ‘P’) or failed (indicated by an
‘F’) the normality and constant variance tests, respectively.
The final column gives the standard error produced when the
model is applied to the indicated data set.

Figure 2 shows the measured air temperature values at the
vat probefor Julian days 1 through 20 of 1997 along with those
predicted by the Phase 4 Bernoulli model and the coefficients
listed in table 2. The model accurately predicts air temperature
at the vat probe.

Values of R-squared are maximized during the winter
months; in contrast, winter is a'so when standard errors are at
a maximum. Cave geometry and the fact that airflow in
Mammoth Cave is driven by the chimney effect explain this
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Table 2. Prediction of air temperature at the vat probe with the phase 4 Bernoulli model.

Data Set a b c d g R-squared Normality ConstVar  Std Error
ba(hn)91-110,1996 0.00022 -0.029 494 0.46 -0.42 0.96 P F 0.15
ba(hn)111-130,1996 0.00018 -0.025 4.43 0.54 -0.48 0.91 P F 0.18
ba(hn)131-150,1996 -0.00032 -0.025 4.24 0.58 -0.58 0.91 P F 0.15
ba(hn)151-170,1996 -0.00038 -0.026 2.70 0.75 -0.77 0.82 P F 0.11
ba(hn)195-210,1996 -0.000032 -0.018 747 0.28 -0.20 0.49 P F 0.1
ba(hn)221-240,1996 -0.00022 -0.023 -1.40 1.10 -1.08 0.59 P F 0.083
ba(hn)245-265,1996 -0.000036 -0.013 5.79 0.45 -0.46 0.83 P F 0.074
ba(hn)270-290,1996 0.000014 -0.013 6.24 0.41 -0.37 0.92 P P 0.1
ba(hn)321-346,1996 0.00009 -0.026 6.94 0.31 -0.25 0.95 P F 0.12
ba(hn)348-366,1996 0.00048 -0.030 6.85 0.32 -0.25 0.98 P F 0.12
ba(hn)1-20,1997 0.00035 -0.020 6.04 0.42 -0.37 0.99 P P 0.19
ba(hn)21-40,1997 -0.00011 -0.030 6.34 0.32 -0.26 0.94 P F 0.14
ba(hn)41-60,1997 -0.00065 -0.018 5.99 0.41 -0.37 0.98 P F 0.12
ba(hn)61-77,1997 -0.00006 -0.021 6.83 0.27 -0.21 0.89 P F 0.15
o - At Rafinesque Hall, there are two air temperature probes: one
o 1 Actual "
: at the floor and one at the ceiling of the passage. The resultsfor
5 9- Predicted Rafinesgque Hall presented in table 3 are those obtained when
= using the Phase 4 Bernoulli model to predict air temperature at
5 7 - the ceiling probe.
E- Some sample results are shown in table 3. The Phase 4
o 5 - Bernoulli model does well when predicting air temperaturesin
t Rafinesque Hall (abbreviated ra) and the Corkscrew (co), both
< 3 : . ; ; sites that are close to Houchins Narrows. Also, the prediction
of air temperature at the River Hall (ri) CAM station is good,
0 5 10 15 20 with a value of R-squared equaling 0.84. Wrights Rotunda
Julian Day (wr), however, isagreat distance from Houchins Narrows, and

Figure 2. Actual and predicted (using equation (9) and the
coefficients in table 2) air temperatures at the vat probe
(Julian days 1 through 20, 1997).

anomaly. Since Houchins Narrows is adjacent to the Historic
Entrance (a lower entrance into the cave system), air flows
from the outdoors into Houchins Narrows in the winter. For
the same reason, air flows out of the cave system through this
passage during the summer. So, during the winter, fluctuations
in the outdoor air temperature are immediately manifested in
Houchins Narrows, as they also are in Booths Amphitheater.
During the summer, however, the air flowing past these sites
has been cooled and thermodynamically stabilized by the cave
system. The small fluctuations in air temperature in Booths
Amphitheater and Houchins Narrows do not reflect the large
fluctuations in air temperature on the surface.

Although it was designed to model air temperatures at the
vat probe in Booths Amphitheater, the Phase 4 Bernoulli model
can be used to predict air temperatures at other points through-
out the Historic Section of Mammoth Cave. Some sites where
this is possible are Wrights Rotunda, River Hall, Rafinesgue
Hall, and the Corkscrew. Each of these sites (with the excep-
tion of Rafinesque Hall) has one air temperature probe on site.

this may explain the low value of R-sgquared (0.32) shown in
the table.

SUMMARY AND CLOSING REMARKS

The authors have presented a mathematical model that pre-
dicts air temperature in the Historic Section of Mammoth
Cave. Based upon basic laws of physics and Cave Atmaospheric
Monitoring data, this model accurately predicted air tempera-
ture at sites near Houchins Narrows during the winter. In the
prediction of air temperature at the vat probe in Booths
Amphitheater, values of R-squared obtained during the
warmer, summer months were not as high as those obtained
during the cooler, winter months. In contrast, standard errors
are highest when the values of R-squared are highest. Air tem-
perature could also be predicted at sites other than Booths
Amphitheater, and the mathematical model that predicts these
conditions also resulted in high values of R-squared.

In the development of the Phase 4 Bernoulli model, the
effects of outdoor air temperature upon air temperature at the
vat probe in Booths Amphitheater were disregarded. However,
hourly air temperature measurements are available from a
weather station located on the surface and near the boundary of
Mammoth Cave National Park. One improvement to the model
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Table 3. Prediction of air temperature at sitesin the Historic Section of Mammoth Cave.

Data Set a b c d g R-squared Normality ConstVar Std Error
co(hn) 1-20, 1997 -0.000013 0.0026 7.92 0.23 -0.26 0.98 P P 0.16
ba(hn) 1-20, 1997 0.00035 -0.02 6.04 0.42 -0.37 0.99 P P 0.19
wr(hn) 1-20, 1997 -0.00032 0.11 8.42 0.34 -0.62 0.32 F F 2.43
ri(hn) 1-20, 1997 -0.000021 0.0073  7.37 0.077 -0.12 0.84 F F 0.14
ra(hn) 1-20, 1997 -0.000013 0.0052 5.95 0.18 -0.2 0.96 P F 0.14
presented is the inclusion of outdoor air temperature as a new REFERENCES

basis function. This inclusion should improve the regression
results obtained using the Phase 4 Bernoulli model, particular-
ly during the warmer months.
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This paper describes the karst of Guam in terms of the Carbonate Island Karst Model (CIKM), a gener-
al model for the unique karst carbonate islands. The CIKM recognizes several processes and conditions
unique to carbonate islands: 1) enhanced dissolution at the surface, base, and margin of the fresh-water
lens, 2) the history of both vertical migration and stable positioning of these zones according to
glacioeustatic and tectonic changes in relative sea level; 3) the size of the island’s catchment area rela-
tive to its perimeter, which can vary with sea level change; 4) the hydrologic implications of the unique
eogenetic environment of their young limestones; and 5) the position of the island’s carbonate-basement
contact relative to sea level and the island surface over time.

Guam's complex depositional and tectonic histories have endowed it with a unique legacy of karst fea-
tures. The northern half is a Pleistocene karst plateau in Plio-Pleistocene limestone units that exhibit all
the characteristic karst features of carbonate islands, from the simplest to the most complex. The epikarst
issimilar to that on other carbonate islands. Most closed depressions are broad and shallow, probably
reflecting original depositional morphology, although vertical-walled collapse and banana-hole type
features are al so present. Cavesinclude a few pit caves, some of which are very deep. Traversable stream
caves occur where the limestone-basement contact is exposed on the flanks of volcanic outcrops. The
most abundant caves are flank margin caves, which can be found all along the modern coast, and which
occupy distinct horizons in the faces of the cliff line surrounding the plateau. Discharge features have
been documented for three types of coastline around the northern plateau: (1) deeply scalloped embay-
ments with broad beaches; (2) linear beaches fronted by fringing reefs; and (3) sheer cliffs with narrow
or no benches, and only occasional small reefs. In the embayments, karst groundwater discharges by dif-
fuse flow from numerous seep fields and as concentrated flow from springs along the beach. Seeps are
found along the linear beaches, but we have not noted significant flow from springs or coastal caves.
Along the cliff-dominated coast, karst groundwaters discharge in spectacular flows from dissolution-
widened fractures, coastal caves, and submarine vents, most notably along the northwest coast.

The southern half of Guam is an uplifted volcanic highland containing a karst terrain on Mio-Pliocene
limestone remnants in the interior. Because these units lie above the influence of the fresh water lens, sea
water mixing, and sea level change, the karst is a classic tropical continental karst, with features that
include contact springs issuing from well-devel oped caves, sinking streams with resurgences, and coni-
cal cockpit karst. Along the southeast coast, which is flanked by a continuous uplifted Pleistocene lime-
stone unit, antecedent streams draining the interior have incised deep canyons. Dry valleys and large
closed depressions in this unit appear to be associated with allogenic waters originating in the interior.

Guam is the largest and southernmost of the Mariana
Islands (Fig. 1). It is 550 kmz in area, 48 km long, and varies
in width from 6-19 km (Fig. 2). The Mariana Islands are
thought to have been first inhabited between 3000 and 2000
B.C. Spain colonized them subsequent to Magellan’s landing
in 1521 on either Guam or one of the islands to the north, his
first landfall after crossing the Pacific Ocean. Spanish rule
ended when the United States took possession during the
Spanish-American War in 1898. The U.S. Navy administered
the island until Japan captured it in 1941. Following liberation
by U.S. forcesin 1944, administration eventually shifted to the
Department of Interior, but access was restricted for military
security until 1962 (Rogers 1996). After the island was opened
to commerce, the economy grew slowly but steadily until the

Copyright © 2001 by The National Speleological Society

Asian expansion of the 1980s brought an avalanche of capital
investment and an economic boom. Guam'’s tourism-driven
economy now supports 150,000 permanent residents plus over
amillion visitors a year.

Eighty percent of theisland’s drinking water is drawn from
the karst aquifer in the limestone plateau of the northern half
of the island (Jocson et al. 1999; Contractor & Jenson 2000).
Mink & Vacher (1997) have summarized the results of previ-
ous hydrogeological studies of the northern aquifer. Such stud-
ies have been oriented, however, toward determining engineer-
ing parameters to support development rather than to gain
more fundamental understanding of the karst geology. This
paper is the first report from a two-year study aimed at inven-
torying and describing the karst on Guam in terms of a gener-
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Figure 1. Location of Guam, Mariana Islands, in the west-
ern Pacific Ocean. CNMI stands for “Commonwealth of
theNorthern Marianalslands’ and includestheislands of
Rota, Tinian, and Saipan (after Tracey et al. 1964).

a model of carbonate island karst (Mylroie et al. 1999;
Mylroie & Jenson 2000).

THE CARBONATE ISLAND KARST MODEL

Small carbonate islands are a unique genetic environment,
which produce a distinct karst (Mylroie & Vacher 1999). First,
the carbonate units on islands have al spent some time in the
island’s fresh-water lens, where they have been exposed to the
vadose-to-phreatic groundwater transition zone at the top of
the lens (as in karst in general), and to the brackish transition
zone between the fresh-water lens and the underlying marine
groundwater (which is peculiar to coastal/island karst
aquifers). Each is an especially aggressive dissolutional envi-
ronment (Mylroie & Carew 1995). Second, carbonate islands
worldwide have experienced Quaternary glacioeustatic sea
level changes. The fresh water lens, along with its upper and
lower zones of aggressive dissolution, has similarly migrated,
with the longest exposure durations associated with strati-
graphic levels coinciding with eustatic sea-level maxima, min-
ima, and stadial intervals. On tectonically active islands such
as Guam, episodes of uplift and subsidence overprint
glacioeustatic sea level migration, introducing further com-
plexity. Third, the small catchment-to-perimeter ratio (for
which catchment area is proportiona to the sgquare of the
island radius, while the perimeter is only directly proportional)

10 « Journal of Cave and Karst Sudies, April 2001

Carbanaie Gaology of Gueam

Mriifad s pergishies bron Trecep &t ol TH

Ao

Sl Limagiondg Linits

| R
N syl Mersmna Limeosdorm
e Toamgess Lessins
SELEA Limusiney
I Sorpa Limsslors
L} Iarvam Limedore | Mincs s insd |
Miwsman) Limwsiinni |Msor ispigas i eddainid rookl|

fr
T Ry

“T]
£

};_ﬁ

Figure 2. (a-top) Simplified geologic map of Guam (vol-
canic rocks in white). The Marianas units are Plio-
Pleistocene; theAlifan, Bonya, Janum, and Maemong lime-
stones are Miocene. The Holocene Merizo Limestone
occursassmall, isolated patches primarily along the south-
east coast. (b-bottom) Locations of features described in
thetext and figures. Major roads are shown for reference.



on small islands is hypothesized to facilitate diffuse discharge
at any given rate of recharge, obviating—but not necessarily
eliminating—the development of conduits to promote more
efficient discharge (Mylroie & Vacher 1999). On large islands,
on the other hand, the larger catchment-to-perimeter ratio
favors the development of conduits. Moreover, the karst in the
interior of islands such as Jamaica or Puerto Rico is likely to
have been out of the influence of fresh/salt water mixing and
glacio-eustasy for much of its history. Islands with interior car-
bonates thus exhibit forms similar to continental karst. Finally,
the karst in most island environments, whether large or small,
is eogenetic, i.e, it has developed in young carbonate rocks
that have never undergone deep burial, and thus have never
been out of the reach of meteoric diagenesis (Mylroie &
Vacher 1999). This situation implies that the rock began with
and can retain high porosity, and that development of sec-
ondary porosity takes place concurrently with the ongoing
occlusion of primary porosity. This has important implications
for interception, storage, and transmission of groundwater, and
the consequent evolution of karst landforms and aquifer prop-
erties.

Mylroie & Jenson (2000, in press) have integrated these
observations with Mylroie & Carew’s (1995, 1997) systematic
geomorphic description of small carbonate islands studied in
the Atlantic-Caribbean to propose the Carbonate Island Karst
Model (CIKM) as a descriptive model for the unique karst of
small carbonate islands. Initial research to develop a general
model for carbonate island karst began in the Bahamas and
Bermuda, which are relatively uncomplicated islands that have
developed in tectonically stable settings (e.g. Mylroie et al.
1995). Subsequent observations from Ida de Mona, Puerto
Rico (see Wicks 1998), asimple carbonate island that has been
tectonically uplifted, extended the model to include the effects
of relative sea-level change. Current work to extend the CIKM
is focused on Guam (Jenson 1999; Taborosi 1999, 2000),
which has not only been uplifted but has had complicated tec-
tonic and depositional histories, with important conseguences
for the evolution of its karst features. Extending the CIKM to
accommodate the unique characteristics of the karst on Guam
takes it an important step closer to a fully general model of
karst for small carbonate islands. Such a model is prerequisite
to successful development and management of groundwater
resources on small carbonate islands, especialy in the face of
their rapidly growing populations and economies (Falkland
1991).

Besides recognizing the unique attributes of island karst,
the CIKM divides carbonate islands into three broad geomor-
phic types (Fig. 3) in terms of the position of the carbonate-
basement contact with respect to sea level and the island sur-
face. Smple carbonate islands contain only carbonate rocks on
the surface and at a depth deep enough to interact with the
fresh water lens. The Bahama Islands are an excellent exam-
ple. Carbonate cover islands are defined by non-carbonate
basement rocks that extend above sea level beneath the car-
bonate bedrock (but are not exposed at the surface), deflecting
descending vadose water to the flank of the fresh water lens.
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Figure 3. Geomor phic classification of carbonate isands,
based on the position of the carbonate-noncarbonate con-
tact with respect to sea level and the surface of the island
(from Mylroie et al. 1999).

Islands can shift between simple and carbonate cover condi-
tions with changesin relative sea level. Bermuda, for example,
is a simple carbonate island during glacioeustatic sea-level
highstands, but a carbonate cover isand during lowstands
(Mylroieet al. 1995). Composite islands contain carbonate and
non-carbonate rocks exposed on the surface, in varying rela
tionships and amounts. Barbados is a well-studied example.
Islands in which volcanic rocks form the vast majority of the
surface outcrop, with only limited carbonate exposures, as on
some Hawaiian islands, are considered to be volcanic islands
(Vacher 1997), outside of the CIKM classification scheme. The
full range of differences in carbonate island aquifer character-
istics occurs in the transition from a small, simple carbonate
island to a large composite island. For a given island, sea level
change may control the transition of idand type. When sea
level falls, anisland will become larger as lagoons and forereef
slopes become exposed. The fresh-water lens may also drop
into the area of influence of basement rocks, forcing a smple
carbonate island transition to a carbonate cover island. If a car-
bonate island has a minor basement rock inlier at ahigh eleva
tion, arisein relative sealevel can decrease overall island size
and carbonate outcrop area, making the basement outcrop a
consequently more important component of the island's
hydrology.
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CLimATIC AND GEOLOGIC CONDITIONS

CLIMATE AND HYDROLOGY

Guam is located at 13°28' north latitude, and has an
equable mean annual temperature of 27° C. Rainfall averages
220-250 cm/yr, 70-80% of which arrives during the wet season
from July to December. Trade winds bring dry conditions from
January to May. During El Nifio events, drought can be severe.
Daily rainfall is highly variable, with important hydrological
consequences. Some 20% of the mean annual rainfall arrives
on days seeing less than 0.6 cm; it is thus unlikely to infiltrate
past the root zone. At least another 20% arrives on days receiv-
ing 5 cm or more. Rapid rise and recovery of aquifer water lev-
es immediately following such events, especialy during the
wet season, suggests that recharge from such heavy rainfal is
transient. The proportion of rainfall contributing to the long-
term equilibrium thickness of the fresh water lens thus seems
likely to be no more than about 60% of the mean annual rain-
fall (Jocson et al. 1999; Contractor & Jenson 2000). Tropical
cyclones, with an average recurrence of about one in three
years, can bring up to 50 cm of rain in asingle event. Although
the hydrologic responses to these heavy storms are transient,
cumulative effects on cave and karst evolution over geologic
time could be significant. The nature of Guam’s paleoclimate
is unknown, including the degree to which Quaternary climate
fluctuation affected rainfall and evapotranspiration. It should,
therefore, be kept in mind that while the isand’s fresh-water
lens is now equilibrated to current climatic conditions, the car-
bonate rock and the terrain formed on it might have gained
their current characteristics under different (and varying) cli-
matic conditions.

LIMESTONE GEOLOGY OF GUAM AND ITS RELATION TO THE

CIKM

The seminal study on the geology of Guam is the work of
Tracey et al. (1964). Reagan and Meijer (1984) made some
revisions to the volcanic stratigraphy, but Tracey et al.'sreport,
with its 1:50,000 scale map, remains the primary reference
(Fig. 2a). Early stage idand-arc volcanism is recorded by Late
Middle Eocene pillow lavas, breccias, and dikes. Subsequent
volcanism in the Late Eocene to Middle Oligocene produced
an overlying unit of breccias, tuffaceous sandstones, flows, and
sills. These two units are unconformably overlain by a Late
Miocene volcaniclastic unit containing occasional limestone
fragments named the Maemong Limestone Member, indicat-
ing that a shallow carbonate depositional environment existed
nearby. Overlying the Miocene volcanic unit are the Miocene
Bonya and Alifan Limestones. These limestones now appear
primarily as outliers on the high points of the underlying vol-
canic terrain of southern Guam, although small outcrops are
mapped in northeastern Guam, near Mt. Santa Rosa, where the
contemporaneous Janum Limestone, a rhythmically bedded
argillaceous limestone deposited on its flank, is also exposed
in the sea cliffs nearby.

On northern Guam, the most extensive limestone unit isthe
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detrital Mio-Pliocene Barrigada Limestone, which lies atop the
volcanic basement and comprises most of the bedrock. In
much of the interior of northern Guam, the Barrigada
Limestone extends to the plateau surface. Elsewhere, it grades
laterally and upward into the Plio-Pleistocene Mariana
Limestone, a reef and lagoonal deposit that occupies the
largest surface area of any carbonate unit on Guam and domi-
nates the perimeter of the northern plateau as well as the east-
ern edge of southern Guam. The Barrigada and Mariana
Limestones are the major aquifers of northern Guam.

Guam has evolved in atectonically active area. Episodes of
uplift and subsidence, with associated normal faulting, have
been ongoing prior to, during, and subsequent to carbonate
deposition. Earthquakes are common, including a magnitude
8.1 event in August 1993. Recent uplift can be seen in the
raised terraces of the Holocene Merizo Limestone, which isthe
final unit of the limestone succession on Guam. The predomi-
nant structural feature of the island is the NW-SE trending
Pago-Adelup Fault, which separates the limestone plateau in
the north from the primarily volcanic terrane in the south. (See
Fig. 2 for the location of this and the rest of the features
referred to in thisreport.) The northern plateau rises from near
sea level adjacent to the fault to 190 m at the northernmost tip
of theisland. Volcanic outcrops form the summits of Mt. Santa
Rosa and Mataguac Hill, rising to 252 m and 189 m, respec-
tively, above the limestone plateau. The volcanic terranein the
south is deeply dissected hilly to mountainous uplands, with
scattered limestone remnants. Mount Lamlam, the highest
point on Guam at 405 meters (1,334 ft) a.sll., isformed in the
remnant of Alifan Limestone comprising much of the crest of
the cuesta fronting the western coast of southern Guam.

The complex geologic history of Guam has produced an
especialy wide variety of karst landforms and caves. Guam
combines, on asingleisland, features ranging from those char-
acteristic of the simplest islands to those resembling continen-
tal landforms. At modern sea level, the volcanic basement lies
well below the base of the fresh-water lens beneath about 80%
of the northern limestone plateau. This portion of the plateau,
thus, fits the simple carbonate island model (Fig. 3). Beneath
the other 20% of the surface, however, the volcanic basement
rises above sea levd, thus fitting the carbonate cover model.
Emery (1962) concluded that there were four submerged ter-
race levels around Guam, presumably marking prolonged rel-
ative sea level dtillstands. Figure 4 shows the relative propor-
tions of the plateau occupying simple vs. carbonate cover con-
ditions for sea levels inferred to correspond with each of the
terrace levels reported by Emery (neglecting any errors due to
differential displacements of separate fault blocks). Finaly, at
Mt. Santa Rosa and Mataguac Hill in the northeastern corner
of the plateau, about 1% of the basement is exposed at the sur-
face, fitting the composite island model. Uplifted terraces are
aso common (Fig. 5).

The southern half of Guam is uplifted volcanic terrane
upon which lies carbonate remnants, outliers, and occasional
fragments of shallow-water carbonate deposits embedded in



Figure 4. Contours (in feet) on volcanic basement rock cor -
responding to modern sea level and the four submerged
terrace levels as mapped by Emery (1962).

Figure 5. Karrenfeld on marine terrace, with further
uplifted terraces in the background, on the east side of
Guam, south of Sasajavan.

the upper volcanic units. With the exception of the Mariana
Limestone on the Orote Peninsula and the eastern coast of
southern Guam, the base of the carbonate units in the south is
now elevated above modern sea level, so that the units are
removed from the direct influence of glacioeustasy and from
the dissolution effects of fresh and marine water mixing. The
karst of southern Guam is, thus, more analogousto that in larg-
er idands such as Puerto Rico and Jamaica; as in these larger
idands, the inland limestone units of southern Guam exhibit
caves and karst landforms similar to those found in tropical
continental settings.

MYLROIE, JENSON, TABOROSI, JOCSON, VANN & WEXEL

KARST FEATURES ON GUAM

The karst landforms of Guam can be placed into two broad
physiographic groups: those exemplary of carbonate island
karst, which dominate the north, and those that imitate the
karst of continental settingsat similar latitude, which are found
in the upland areas of the south. From the hydrologic and karst
genetic perspectives, there are three logical subdivisions for
karst features on carbonate islands regardless of physiograph-
ic provenance: surficial features, which are associated with
catchment, infiltration, and surface dissolution from meteoric
waters; subsurface features, which are involved in vadose and
phreatic groundwater transport and dissolution; and coastal
features, which are associated with groundwater discharge. We
now describe the major types of karst features found on both
northern and southern Guam in terms of these three groupings.
For a complete and thorough description of caves and karst on
Guam, with numerous maps and figures, the reader is referred
to Taborosi (2000), a masters thesis written as the foundation
for the karst inventory of Guam.

SURFACE FEATURES. EPIKARST & CLOSED DEPRESSIONS

The epikarst is the zone of dissolutional sculpturing (kar-
ren), weathered bedrock and soil products that develops from
the surface downward for a few meters. Karren is a general
term for dissolutional sculpturing in the millimeter to meter
scale. Carbonate island karren is similar to that in interior con-
tinental settings, except that the salt spray of island and coastal
environments produces the phytokarst of Folk et al. (1973) or
the biokarst of Viles (1988) (Fig. 5). Below the salients of the
karren, soil and weathered bedrock debris overlie solution fis-
sures, holes and other shallow, small cavities in the bedrock to
make up the epikarst. The most striking difference between
island and continental epikarsts follows from the eogenetic
character of the island rocks, which commonly produces an
extensive chaotic surface of porous, dissolutionally modified
rock fragments. The epikarst on Guam appears identical to that
found on any number of carbonate islands in the Atlantic and
Caribbean region (e.g., Bermuda, the Bahamas, |lade Mona).

Closed depressions on carbonate islands can result from
any combination of dissolution, natural construction, and
human modification. Dissolution on young islands generally
produces closed depressions of small to modest size, metersto
tens of meters (Mylroie & Carew 1995; Wilson et al. 1995).
Areas with autogenic recharge are unlikely to develop large,
deep depressions because dissolution tends to be dispersed
rather than focussed. Most large depressions on simple car-
bonate islands appear to be constructional, i.e., they are the
result of depositional topography, or subsequent tectonic
deformation (Mylroie & Carew 1997). In Bermuda and the
Bahamas, for example, swales between eolianite ridges pro-
duce extremely large and deep closed depressions. Human
activities such as quarrying and construction of stormwater
ponding basins tend to accentuate pre-existing closed depres-
sions because closed depressions are typically selected for
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such activities. On the other hand, depressions are also fre-
quently filled to support construction or dispose of waste.

In the Barrigada and Mariana Limestones of northern
Guam, closed depressions tend to be broad and shallow, sug-
gesting origin by deposition and secondary structural modifi-
cation. Streams are compl etely absent, except in the vicinity of
Mt. Santa Rosa, Mataguac Hill, and Harmon Sink. Small
ephemeral streams head on the volcanic outcrops at Mt. Santa
Rosa and Mataguac Hill, where allogenic water sinking at the
limestone contact has produced blind valleys that have evolved
into locally significant dissolutional depressions. Harmon
Sink, adeep elongate depression in awestward-trending valley
terminating just inland of Tumon Bay (Fig. 2), is fed by auto-
genic water carried by an ephemeral sinking stream. The
Harmon Sink stream system appears to be the single, though
significant, exception to the otherwise general absence of deep
closed depressions and stream courses on the limestone terrain
of the northern plateau. Collapsed sinkholes can aso be found
on Guam, although they do not appear to be common. The few
collapsed sinkholes that we have documented include some
small cenotes 3-10 m deep in the Tarague area, a 25-m deep,
vertical-walled sink in Chalan Pago (Carinos Pit), a 10-m deep
sink in Barrigada (Appealing Cave), and a 3-m deep banana
hole-type depression at Finegayan. The Chalan Pago and
Barrigada pits are each associated with about 100 m of lateral
passage development.

Immediately north of the Pago-Adelup Fault, the limestone
area mapped (by Tracey et al. 1964) as the Argillaceous
Member of the Mariana Limestone exhibits karst topography
and hydrologic characteristics that set it apart from the rest of
the northern plateau. Terrain is characterized by relatively
large and deep, steep-walled, closed depressions and deeply
incised rectilinear dry valleys following trends consistent with
local fracture orientations. These valleys support ephemeral
sinking streams that disappear into the valley floor before emp-
tying into the Agana Swamp to the west, or Pago Bay to the
east. Theterrain is, thus, reminiscent of classic karst terrain in
continental settings, in contrast to the rest of the limestone
plateau. The reason for this contrast is not yet clear, but seems
likely to be related to differences in the lithology (as suggest-
ed by Tracey et al. 1964) and/or stratigraphy arising from the
area’s juxtaposition against the nearby higher volcanic terrain,
which provided a source of non-carbonate terrigenous sedi-
ment during and following carbonate deposition. The armoring
of the carbonate surface by volcaniclastic debris from the high-
lands to the south may also be responsible for the large num-
ber of sinking streams. This question is under active study
(Mylroie et al. 1999).

The Bonya Limestone in southern Guam is entirely sur-
rounded by volcanic rocks, and several streams flow through
the area. These streams provide local base level and underdrain
the limestone. As a result, large, deep closed depressions (50
m across, 20 m deep) have developed so close to one another
that they are now separated by very narrow (down to less than
ameter wide) ridgesreflecting the original surface, to form ter-
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rain reminiscent of the cockpit karst of Jamaica. At least one of
the base-level streams flows through the subsurface in large
conduit passages. To the west, in the Mt. Almagosa area, some
large closed depressions are found in the Alifan Limestone,
probably associated with major internal conduits. Contact
springs at the base of the Alifan Limestone augment stream
flow that develops on the volcanic terrain of the mountain
flanks. Large closed depressions are also located in southern
Guam within the broad band of limestone mapped as Agana
Argillaceous Member on the southeastern flank of the island
(Fig. 2d). Such depressions in the vicinity of Talofofo include
dry valleys. We propose that the observed large closed depres-
sions could not have formed without the adjacent insoluble
volcanic surfaces, and the colluvium derived from them, to
perch surface water and isolate it from active contact with the
limestone prior to the stream sink point.

CavEs

Systematic attempts to document the caves on Guam have
begun only in recent years. Historically, indigenous people
used sea-level caves containing fresh water as water sources,
but not as dwellings. During the Second World War, Japanese
garrisons modified caves for fortification, and stragglers took
refuge in caves following the liberation. Live ordinance
remains in many (Fig 6). Subsequent to the war, U.S. military
personnel and other visitors made maps and sketches of caves,
but none were published, and most maps left the island with
their authors. The single best published source of information
about caves on Guam is the comprehensive compendium by
Rogers & Legge (1992), who list 74 caves based on systemat-
ic work that they did as part of the Pacific Basin Speleological
Survey. In recent years, a local NSS-affiliated group, the

Figure 6. Live munitions from World War |1 exposed in a
cave. Care must be taken to avoid these and other relics
when working in caves on Guam.



Figure 7. Deep vadose shaft (45 m) behind Amantes Paint,
west coast of Guam.

Micronesian Cavers, has been making systematic efforts to
locate and explore caves on Guam and elsewhere in the region.
Currently, a scientific karst and cave inventory of Guam is
being led by the Water and Environmental Research Institute
of the Western Pacific, University of Guam (Taborosi 1999,
2000), as part of the work reported in this paper.

We discuss the caves of Guam here in terms of three field
categories that are germane to carbonate islands: pit caves,
stream caves, and flank margin caves. Pit caves (Mylroie &
Carew 1995; Mylroie et al. 1995) carry vadose water from the
epikarst into the subsurface, and can be very abundant locally
on carbonate islands in general. A broad gradation of sizes can
exist, from shallow and narrow pipes that barely penetrate the
epikarst, to enlarged fissures, to classic vadose shafts. The
deeper ones are effective vadose bypass routes for infiltrating
water. Pit caves may intersect other voids at depth, including
stream caves or flank margin caves (Mylroie & Carew 1995;
Mylroie et al. 1995). In contrast to their occurrence on
Caribbean islands (Harris et al. 1995), pit caves on Guam do
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not occur in clustersand arerelatively rare. Tracey et al. (1964)
noted the presence of cavernous development in the Mariana
Limestone. This unit features well-developed pits along the
cliffs at Amantes Point (45 m deep, Fig. 7) and Tanguisson (10
m deep) on the west coast, and at Talafofo Caves (35 m deep)
on the east coast.

Traversable stream caves have developed on Guam aong
the contacts between limestone and the underlying volcanic
units (Jenson et al. 1997) in both the north and the south. In
northern Guam, several can be found on the flank of Mt. Santa
Rosa. These are active caves fed by allogenic water from the
volcanic slopes above the contacts. The primary discharge
point for the water carried by the caves on the eastern flank of
Mt. Santa Rosa is probably Janum Spring (discussed in
“Discharge features’ below). The upper levels of Awesome
Cave, one of the more spectacular of the severa Mt. Santa
Rosa caves, exhibits a series of wide chambers, now undercut
by avadose streamway (Fig. 8). We propose that these are dis-
solutional features marking relative sea-level tillstands, dur-
ing which vadose stream water mixed with the top of the fresh-
water lens to create a broad dissolutional horizon.
Alternatively, the broad chambers may represent collapse fea-
tures formed as aresult of vadose streamways meandering and
undercutting the volcanic-limestone contact, as has been pro-
posed for large chambersin Bermuda (Mylroie et al. 1995). In
Awesome Cave, the well-developed phreatic dissolution fea
tures on the cave walls (cusps, rock pillars, etc.) arguefor anin
situ dissolutional origin in the fresh-water lens. Nearby Piggy
Cave, however, has large collapse chambers that might follow
the Bermuda model or merely be large phreatic dissolution
chambers now undergoing collapse. In the Agana Argillaceous
Member of the Mariana Limestone, at the opposite end of the
plateau, we have identified no stream caves in the dry valleys
we have explored so far. Relief is low, however, so whatever
conduits may have developed during Pleistocene sea-level
lowerings might now be below base level and inaccessible,
perhaps clogged with sediment in the low gradient conditions
currently present.

In southern Guam, stream caves occur in the Bonya
Limestone and in the Alifan Limestone at Mt. Almagosa (Fig.
9). These caves have also formed at the contact with underly-
ing volcanic rock, but are in limestone remnants positioned
well above sea level, and thus unaffected by dissolution asso-
ciated with fresh-water lens positions. These caves are, there-
fore, similar in origin and morphology, if not size, to similarly
situated continental or large-island caves. In the Bonya
Limestone, the perennial Tolagyuus River (ak.a. “Lost River”)
isfed by allogenic water from streams heading on the volcanic
terrain above, plus discharge from Bona Spring, which riseson
the contact between the Alifan Limestone and the underlying
volcanic rock. In the basin, it disappears into a flooded cave
and reemerges some 500 meters downstream. Almagosa
Spring, one of the contact springs at the base of the Alifan
Limestone, issues from a cave that is traversable for some 250
m. Flow is seasonally variable, but sufficient to have justified
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Figure 8. a-left top) Upper phreatic chamber of Awesome Cave, on the flank of Mt. Santa Rosa, northeast Guam. Note the
dissolutional surfaces. b-left bottom) Typical vadose passage found at Mt. Santa Rosa, formed at the contact of the white
limestone and the black volcanics, with incision into the volcanics. c-right) Map of Awesome Cave (Taboros 2000) showing
stacked phreatic chambersunderdrained by vadose flow. The phreatic chambers formed within a fresh-water lens, fed by
allogenic vadose flow, and wer e sequentially abandoned by tectonic uplift of theisland.

development of the spring as awater source by the U.S. Navy. they reflect mixing chambers rather than conduits. Their pres-

Flank margin caves are characteristic carbonate island fea- ence indicates, in fact, that conduit flow was not operating in
tures that form at sea level in the distal margin of the fresh- their immediate vicinity—or it would have captured the diffuse
water lens. They have been well documented in the Caribbean flow that helped develop the caves. Low, wide chambers ori-
(Mylroie & Carew 1995; Mylroie et al. 1995 and references ented parallel to past shorelines are abundant on Guam. We
therein). Because they are fed by diffuse groundwater flow, have interpreted these as flank margin caves. Pagat Cave (Fig.
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Figure 9. Cave in southern Guam, developed in the Bonya
Limestone, which carries a base level stream at the lime-
stone/volcanic contact and connects to deep cockpits.

10) at sea level on the northeastern coast of Guam, for exam-
ple, istypica of flank margin caves, and shows overprinting by
subsequent sealevel events. It is currently half-filled with fresh
water, yet the walls show evidence of vadose calcite deposition
with later dissolution under phreatic conditions; stalagmites
are found beneath the fresh water currently filling the lower
regions of the cave. Given glacio-eustasy, and the uplift of the
island, such a complex history is expected. During agerial
reconnaissance of the island, we saw numerous cave openings
on the cliffs along the periphery of the northern half of the
idand, as well as in the Talofofo area on the southeast coast
(Fig. 11). Most of these voids were clearly at preferred hori-
zons, indicating paleo-horizons of the fresh-water lens associ-
ated with a glacio-eustatic sea level stillstand, a period of tec-
tonic quiescence, or both.

DISCHARGE FEATURES

In the karst region in the interior basin of southern Guam,
water discharges from karst springs and resurgences into
streams that determine the local base level, asin classica con-
tinental karst. The streamsfrom theinterior converge on trunks
that flow east out of the basin across vol canic terrane until they
intercept the limestone apron flanking the southeast coast.
Because they are antecedent to the limestone, they have incised
sheer canyon walls where they pass through. Between the
trunk streams, small amounts of locally captured water dis-
charge from the limestone.

In the northern plateau, fresh water discharges entirely
from ubiquitous coastal springs and seeps, except at the south-
ern end near the Pago-Adelup Fault. Here, the Fonte and Pago
Rivers head on the volcanic terrain opposite the fault, then turn
to run parallel or along it, discharging, respectively, into Agana
Bay on the northwest and Pago Bay on the southeast.
Immediately south of the Agana Swamp, the perennial Chaot
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Figure 10. (a-top) Fresh water pool at sea level in the Lake
Room of Pagat Cave, a typical flank margin cave located
on the northeast coast of Guam. (b-bottom) Map of Pagat
Cave showing development north-south, parallel to the
coast line and the distal margin of a past fresh-water lens.
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Figure 11. (a-top) Air photo of the Talafofo area, showing
cave entrances in a cliff developed in Mariana Limestone;
it isuncertain if these are flank margin caves or remnants
of stream caves draining the volcanic uplands to the west.
(b-bottom) Tarague cliffs on the north coast of Guam,
showing breached flank margin caves containing abundant
speleothems. The caves, while at a constant horizon, show
the “beads-on-a-string” morphology produced by cliff
inter section of adjacent cave chambers.

River heads and runs through a deeply incised valley in the
AganaArgillaceous Member, first running inland, then turning
back to discharge into the swamp. Agana Spring, which rises
in the Agana Argillaceous Member and discharges at the south
end of the Agana Swamp, is reported to have been along-used
local drinking water source, but from reports by local resi-
dents, flow fell to insignificance when pumping wells were
installed on the terrain above. The only other inland spring on
northern Guam is Mataguac Spring, in the northeast, on the
flank of Mataguac Hill. It disappears into a small cave that is
traversable for only some 30 meters.
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Figure 12. Vista of Tumon Bay, looking southeast. Note the
extensive beach, with the recessed cliff line trending from
theforeground inland to the east and trending back west in
the background.

Coastal groundwater discharge around the northern plateau
is highly variable from one location to another, both in volume
and style, as reported by earlier workers (Emery 1962; Matson
1993). We have examined the entire coastline on various occa-
sions by foot or from boat or airplane. Our efforts have
focused, however, on the 16-km sector along the northwest
coast from Tumon Bay to Double Reef, which we have exam-
ined in detail on foot and by diving along the near-shore to
locate sources of fresh-water discharge. This sector is accessi-
ble and representative of the coast as awholein that it exhibits
each discharge style found along the 80-km coastline of north-
ern Guam. Significantly, it drains about 40% of the plateau
while constituting only 20% of the coastline.

Jenson et al. (1997) described the coastline of northern
Guam in terms of three distinct coastal morphologies. About
16% of the coastline is occupied by deeply scalloped embay-
ments with broad interior beaches fronted by shallow platform
reefs extending to the mouth of the bay (Fig. 12.). These
include Agana Bay and Tumon Bay on the southwest coast,
Pago Bay at the southeast corner of the plateau, and Haputo
Bay, much smaller than the other three, on the northwest coast.
In each of these embayments the cliffline is typically recessed
10s to 100s of meters behind the beachfront, and groundwater
discharge is characterized by permanent seeps (Fig. 13 ) and
springs (Fig. 14) distributed along the perimeter of the bay,
with rarely more than about 100 meters between significant
seeps or springs. Effluent is well exposed by the lowest tides,
with the larger springs typically reworking the beach sand into
meter-scale channels and deltas, as seen in figure 13. Jocson
(1998) estimated low tide discharge for the largest Agana Bay
and Tumon Bay springs to be about 0.2 m3s1. On the east side
of the idland, nearly opposite Tumon Bay, is Sasgjyan, a scal-
|loped area where the cliff line lies about 1.5 km inland and is
fronted by a sloping surface (4-5% grade) rising from a few
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Figure 13. Large seep field behind Pacific Iland Club com-
plex in Tumon Bay. Estimated flow is about 30 L/sec
(Jocson 1998). Sand channelsand small deltasare built and
destroyed with each tidal cycle.

Figure 14. Wet Willies Spring. Estimated flow is about 50
L /sec (Jocson 1998).

meters at the shoreline to 50-60 meters near the base of the
cliff line. Its size and shape are reminiscent of Tumon Bay,
suggesting it could be an uplifted embayment of similar origin,
athough this question has yet to be investigated.

The second type of coastal morphology is sandy beaches
following linear coastline with fringing reefs, which provide
the sand and protect the beach from the surf (Fig. 15). These
occupy about 24% of the total coastline, mostly in a continu-
ous stretch from Uruno Point clockwise around Ritidian Point
to Tagua Point at the northwestern corner of the island. The
clifflineis generally recessed 10s to 100s of meters behind the
shoreline. We have observed numerous seeps along the beach-
es but, with one exception partway between Ritidian and
Tarague Points, we have not found significant concentrated
flow from either caves or sea-level coastal springsin this envi-

ronment. o ) )
About 60% of the total coastline is sheer cliffs with narrow
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Figure 15. Linear beach along north coast of Guam,
between Tarague Beach and Ritidian Point; lowest cliff
near beach in center of the photograph contains the cave
entrances shown in figure 11b.

to no benches, which support no beaches and only occasional
small reefs (Fig. 16). Rock along the coast is typically strong-
ly indurated, and we have found no evidence of distributed,
diffuse seepage in this zone. Discharge appears rather to be
associated with dissolution-widened fractures, flowing caves,
and submarine vents. The largest of the dissolution-widened
fractures are up to about 2 or more meters wide, are traversa-
ble a few 10s of meters into the cliff face, and discharge an
estimated 0.1 m3st (Fig. 17-19). The largest single discharge
observed on the coast of the plateau so far is at Coconut Crab
Cave, which Jocson (1998) estimated to be at least 0.25 mss.
Finally, we have observed afew small submarine discharges at
~4-6 m depth along this zone, and three larger vents at ~10 m
depth. Flux is difficult to measure from these, but our initial
impression of discharge from the large vents, based on visual
observation while diving to observe the cold plume issuing

Figure 16. Rocky coastline with no beach along northeast
Guam, near Janum.
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from the vents, isthat flux from each may be comparableto the
discharge from Coconut Crab Cave (theterm “cold” isrelative,
as the springs discharge water at a temperature of 26-27°C,
while the shallow lagoon can easily exceed 30°C as a result of
solar heating).

The Pacific (eastern) coastline of the northern plateau is
notably devoid of beaches and reefs, and the total dischargeis
limited by the restricted size of the groundwater catchment
area bounded by the basement ridge (Figs. 2 and 4) running
from the Barrigada Hill area to Mt. Santa Rosa. Here, some
35% of the coastline drains only about 10% of the plateau.
Discharge is difficult to observe because of the usually heavy
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Figure 17. a-left top) Entrance to No Can Fracture. b-left
bottom) Phreatic tube, back end of No Can Fracture. c-
right above) Map of No Can Fracture (Taborosi 2000).

surf from the easterly Trade Winds and lack of footing beneath
the cliffs, but observations so far suggest that discharge is
sparse and relatively small over most of this stretch of coast-
line. The important exception is Janum Spring, which is well
known locally and supported an ancient settlement on the adja-
cent terrace. The cavern at the mouth of the spring collapsed
during the 1993 earthquake, so that the discharge point is now
covered with rubble and is unobservable. Authors Jenson and
Wexel, however, observed an extensive plume of reddish dis-
charge from Janum Spring during a local heavy rainfall while
working in the Mt. Santa Rosa area, suggesting that Janum
Spring is the mouth of atrunk by which water discharges from
a cave system descending the eastern flank of Mt. Santa Rosa.

CONCLUSIONS

Guam represents as complete a site for the investigation of
island karst as exists anywherein the world. In the south, it has



MYLROIE, JENSON, TABOROSI, JOCSON, VANN & WEXEL

Figure 18. Haloclinein No Can Fracture. White objectsare
water proof casings holding temperature probes, note that
lower ones appear fuzzy as they are below the halocline.
The entire view isunder water. Photo by J. Carew.

interior elevated limestones that contain karst identical to that
of inland, tropical continental situations. In the north, it con-
tains the karst characteristic of simple carbonate islands, car-
bonate cover islands, and composite isands (Fig. 19). The
southern half of Guam therefore can be characterized in terms
of established karst ideas derived from continental settings.
However, the northern half of the island, which contains the
vast majority of the island’s water reserves, must be viewed in
terms of the unique characteristics of the Carbonate Island
Karst Model (CIKM) in order for those water resources to be
successfully conserved and utilized.
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Figure 19. Cliff at Amantes Point, showing stacked cave
levels, now breached with speleothems exposed. A modern
bioerosion notch isvisible at sea level. As uplift occurs, cliff
erosion first removes evidence of older bioerosion notches,
then further erosion exposesthe flank margin caves within
the cliff.
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BY-PRODUCT MATERIALS RELATED TO H2S-H2SO4
INFLUENCED SPELEOGENESIS OF CARLSBAD,
LECHUGUILLA, AND OTHER CAVES OF THE

GUADALUPE MOUNTAINS, NEW MEXICO

VICTOoR J. PoLyAk

PauLA PROVENCIO
Sandia National Laboratories, Albuquerque, New Mexico 87185, U.SA.

Carlshad Cavern, Lechuguilla Cave, and other large caves of the Guadalupe Mountains, New Mexico,
contain minerals and amor phous materials derived as by-products from H2SO4 spel eogenesis (process of
cave formation influenced by sulfuric acid). These materials, referred to as“ speleogenetic by-products;’

are categorized as primary or secondary. Primary speleogenetic by-products are formed directly from
H2S04 speleogenesis by H2S-H2S04 reaction with carbonate bedrock and internal sediments. They are
found in cave areas protected from flood or drip waters. Secondary speleogenetic by-products are min-
erals and amorphous materials that formed by the alteration of the primary speleogenetic by-products,
or by the late-stage remobilization of elements concentrated during speleogenesis. Primary speleogenet-
ic by-products in these caves are gypsum, elemental sulfur, hydrated halloysite, alunite, natroalunite,
jarosite, hydrobasaluminite, quartz, todorokite, rancieite, and amorphous silica and aluminum sulfates.
Gypsum is the most abundant by-product, whereas alunite is the most significant because it can reveal
the timing of speleogenesis. Aluminite, tyuyamunite, quartz, opal, and gypsum are secondary speleoge-
netic by-products. Other possible spel eogenetic by-products are celestite, hydrousiron sulfates, gibbsite,
nordstrandite, goethite and dolomite. The carbonate bedrocks in which the caves have formed are pre-
dominantly dolostone and limestone; mineral assemblages of these host rocks include calcite, dolomite,
quartz, illite, dickite, kaolinite, interstratified illite/smectite, montmorillonite, and mica. The process of
H2S04 speleogenesis for Carlsbad Cavern and Lechuguilla Cave, and its by-products provide a general
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model for similar cave and non-cave systems worldwide.

Caves formed solely by the most widely known process of
cave formation, carbonic acid dissolution of limestone, are not
known to contain obvious remnant by-product materials of
speleogenesis. In contrast, speleogenesis influenced by H2SOa
(H2S04 speleogenesis) produces by-product materials (speleo-
genetic by-products) by: (1) the alteration of insoluble sedi-
ments, (2) replacement or alteration of the carbonate rocks, or
(3) precipitation of dissolved species. Thisis of importance to
the subject of speleogenesis, because there is “left-over” mate-
rial directly related to speleogenesis. Carlsbad Cavern,
Lechuguilla Cave, and other caves of the Guadalupe
Mountains, New Mexico, formed partly if not predominantly
by H2SO4 speleogenesis. We do not imply that H2SO4 speleo-
genesisisinfluenced solely by H2SOs; carbonic acid generated
from significant amounts of CO2 must also play arole. These
caves of the Guadalupe Mountains formed by H2SOs speleo-
genesis, herein referred to as the “ Carlsbad caves,” contain an
exceptional assemblage of materials generated by speleogene-
sis that will serve as a template for future studies. Figure 1
shows the study area with locations of caves most pertinent to
this study.

The idea of H2SOs speleogenesis was introduced by
Morehouse (1968), Egemeier (1973, 1981), Jagnow (1977),
Davis (1980), Hill (1981, 1987), and van Everdingen et al.
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Figure 1. Map showing location of the study area. The
approximate locations of the five most pertinent H2SO4
caves are also given. The stippled pattern shows the extent
of the exposed section of the Capitan reef in the study area.

(1985). More recently, White (1988), Hill (1990, 1996),
Palmer (1991), Ford and Williams (1992), Buck et al. (1994),
Pisarowicz (1994), Polyak and Giiven (1996), Polyak et al.
(1998), Polyak and Provencio (1998), and Palmer and Pamer
(2000) made contributions to strengthen the theories that caves
form by the influence of H2SOa. Studies of H2SOs caves thus
far have been focussed on four cave systems: (1) the Kane
caves in Wyoming, (2) the Carlsbad cavesin New Mexico, (3)
Cueva de Villa Luz in Tabasco, Mexico, and (4) caves of the
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Umbria and Marche regions, Italy. Cueva de Villa Luz is an
active H2SOs cave, whereas the Carlsbad caves are relict
H2S04 caves. Lower Kane Cave is still actively forming,
whereas Upper Kane Cave is relict. The Italian caves are also
both relict and active (Galdenzi & Menichetti 1995). The lower
passages of Movile Cave, Romania, are probably being formed
in an active H2SOs cave environment (Sarbu & Kane 1995).
Mbobo Mkulu Cave in South Africa contains minerals that are
characteristic of H2S0s speleogenesis (Martini et al. 1997),
and may be arelict H2SO4 cave. The Carlsbad caves are repre-
sented by at least 15 of the 300+ caves in the Guadalupe
Mountains, five of which contain significant quantities of
spel eogenetic by-products.

ORIGIN OF THE CARLSBAD CAVES

Five Carlsbad caves important to this study are Carlsbad,
Lechuguilla, Cottonwood, Endless, and Virgin (Fig. 1), which
are located in the Permian Capitan Limestone, Goat Seep
Dolomite, and associated backreef carbonate rocks in the
Guadalupe Mountains of southeastern New Mexico and West
Texas (Hill 1987, 1996). These caves formed when HzS was
oxidized to H2SOa as it migrated upward and mixed with fresh
waters in the thick Capitan reef and forereef limestones and
dolostones (Hill 1987). The ascending H2S-rich water
exchanged its sulfur with many of the by-product minerals of
speleogenesis. Light isotopic values of sulfur from speleoge-
netic by-products [83S = -30 to 0 per mil (%o); relative to the
Carion Diablo troilite] reported by Hill (1987), Pisarowicz
(1994), and Polyak & Gilven (1996) indicated that the H2S-
H2S04 associated with speleogenesis was derived from bio-
genic alteration of hydrocarbons. The dissolved H:S gas was
most likely produced at the base of the highly impermeable
Permian Castile (anhydrite) Formation in the Delaware Basin
immediately south of the Guadalupe Mountains (Hill 1987).

The gross morphol ogy of the Carlsbad caves suggests large
horizontal passages were formed at the water table, and verti-
cal pits and fissures were formed below the water table along
the paths of rising Hz2S (Hill 1987; Palmer 1991). Formation of
these caves followed an apparent decline of the water table,
which created the multi-levels of Carlsbad Cavern and
Lechuguilla Cave (Jagnow & Jagnow 1992; Polyak et al.
1998). Large quantities of carbonate rocks were dissolved or
replaced with gypsum by H2SOs-bearing waters during this
process. Recently published ages of formation for the Carlsbad
caves, using the #«Ar/Ar dating of aunite, indicated that
H2S04 speleogenesis took place in the late Miocene and
Pliocene (Polyak et al. 1998). A simple schematic of this type
of speleogenesisis presented in figure 2.

ENVIRONMENT OF H2SO4 SPELEOGENESIS

The environment of H2SO4 speleogenesis in the Carlsbad
area during the late Miocene was probably similar to the low
temperature cave environment reported for the active H2SO4
caves today. Studies of Lower Kane Cave and Cueva de Villa
Luz are providing significant insight into the environment of
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Figure 2. (a) Proposed progression of speleogenesis that
formed the large complex multi-level caves such as
Carlsbad Cavern and Lechuguilla Cave. Major speleogen-
esis occurred mainly along the water table as the water
table declined relative to the strata during the Miocene.
Deeper phreatic development occurred along paths of H2S
input. Theyounger cavesor cave sectionscomprisethe pas-
sages at the lowest elevation intervals. (b) Simple model of
H2SO«+influenced speleogenesis for a single level in the
Carlsbad caves. This simplified model comes from ideas of
Hill (1987), Jagnow & Jagnow (1992), Polyak et al. (1998),
and Palmer & Palmer (2000).

H2S04 speleogenesis, especially at and above the water table.
Thisis an environment conducive to the production of speleo-
genetic by-products. For example, Lower Kane Cave and
Cueva de Villa Luz have microbe-bearing, bubbling, sulfurous
springs, and gypsum-encrusted cave walls. Some bacteria and
other organisms seemingly thrive in the H2SOs-bearing cave
environment (Kane et al. 1994, Sarbu & Kane 1995, Lavoie et
al. 1998, Taylor 1999, Engel et al. 2000, Hose et al. 2000). In
Cueva de Villa Luz, Pisarowicz (1994) reported acid burns to
clothing worn by investigators. Skin burns were experienced
by investigators, and values of pH <1 were measured on some
drip water and microbia substances in this cave (Hose 1998;
Lavoieet al. 1998; Palmer & Palmer 1998; Hose & Pisarowicz
1999; Taylor 1999). Maslyn and Pisarowicz (1994) described
seepage of H2S and small globules of hydrocarbons from
springs in Lower Kane Cave. Palmer and Palmer (2000) pro-
vide important constraints on the hydrologic and chemical
conditions for the H2SO speleogenesis of the Carlshad caves
based on cave patterns and speleogenetic by-products.

The speleogenetic by-products from H2SO4 speleogenesis
are important indicators of the cave-forming environment, and



probably equally important for some non-cave environments.
We present the mineral assemblage associated with relict
H2S04 caves of the Guadalupe Mountains, New Mexico and
briefly discuss the significance of this assemblage to geology
and speleology.

SAMPLE COLLECTION AND IDENTIFICATION

Samples were collected with the permission of the
National Park Service, Lincoln National Forest, and Bureau of
Land Management. Mineral assemblages were established
using X-ray diffraction (XRD), energy dispersive X-ray (EDX)
microanalysis, transmission electron microscopy (TEM), and
optical microscopy. Table 1 lists all the speleogenetic by-prod-
ucts identified, states chemical composition, and establishes
the by-products as primary, secondary, and not-yet-classified.
All of the materials listed in table 1, with the exception of sul-
fur and celestite, were examined by this study.

SPELEOGENETIC BY-PRODUCTS AND THEIR
GENETIC CLASSIFICATION

We refer to speleogenetic by-products that formed as a
direct result of H2SO4 speleogenesis as “primary speleogenet-
ic by-products.” Speleogenetic by-products that have formed
from the alteration of primary spel eogenetic by-products or by
|ate-stage remobilization of elements associated with speleo-
genesis are referred to as “secondary speleogenetic by-prod-
ucts.” Primary speleogenetic by-products of H2SO4 speleogen-
esis are gypsum, elemental sulfur, hydrated halloysite, alunite,
natroalunite, jarosite, hydrobasaluminite, quartz, todorokite,
and rancieite. Amorphous materials produced by this process
are opa and aluminum sulfates. Secondary speleogenetic by-
products are aluminite, tyuyamunite, gypsum, opal, and
quartz. Less-understood, and therefore not-yet-classified,
speleogenetic by-products are celestite, hydrated Fe-sulfates,
gibbsite, nordstrandite, goethite, dolomite, and perhaps cran-
dallite-beudantite group minerals such as goyazite and svan-
bergite. Speleogenetic by-products are preserved in the
Carlsbad caves only in areas that have been protected from
post-spel eogenesis drip and flood water. For this reason, many
other H2S04 caves in the Guadalupe Mountains that were sub-
jected to extensive drip and floodwaters are devoid of these
materials.

PRIMARY SPELEOGENETIC BY-PRODUCTS

Gypsum. Gypsum is the most abundant primary speleoge-
netic by-product in the Carlshad caves. Gypsum may also
occur as a secondary precipitate (speleothem) unrelated to
speleogenesis (Hill 1987). In the Carlsbad caves, speleogenet-
ic gypsum is observed as thick floor blocks and wall/ceiling
rinds. Floor blocks in Lechuguilla Cave exceed 6 m in thick-
ness, and 3 m in Carlshad Cavern. Egemeier (1973, 1981) and
Jagnow (1977) first recognized the exceptional quantities of
gypsum floor blocks and wall rinds as evidence of speleogen-
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Figure 3. Photograph and sketch of speleogenetic gypsum
in a passage in Endless Cave. The gypsum floor block isa
replacement of the dolomitic bedrock. The bedrock con-
tains a moder ate amount of quartz, illite, and dickite, and
these minerals have apparently been altered to hydrated
halloysite, which isfound as small podsin the gypsum. The
hydrated halloysite fell out onto the passage floor as the
gypsum isremoved by condensation-induced weathering.

esis related to H2S0s. Later, Hill (1981, 1987) showed that
negative sulfur isotope values measured for the gypsum blocks
and rinds linked the source of sulfur to hydrocarbons in the
adjacent Permian Delaware Basin. Queen et al. (1977) and
Egemeier (1981) described some of these wall rinds as
replacement of dolostone by gypsum. Hill (1987) showed that
gypsum could either replace bedrock during speleogenesis, or
be precipitated during and soon after speleogenesis as thick
floor blocks. Buck et al. (1994) provided a genetic classifica
tion for H2S-H2SO«—derived gypsum, which includes: (1) sub-
agueous replacement crust; (2) subaqueous sediment; (3) sub-
aerial replacement crust; (4) subaerial replacement-crust brec-
cia; and (5) evaporitic crust. This genetic classification is par-
ticularly significant as it shows a spatial relationship to the
water table, thus adding information about the cave-forming
environment. Figure 3 shows primary speleogenetic gypsumin
apassage in Endless Cave.

Although the morphology of these gypsum deposits has
been moderately well described, the purity of the gypsum
remains relatively unknown. For example, gypsum in Endless
Cave contains pods of hydrated halloysite in replacement floor
blocks. Removal of the gypsum by later condensation-induced
weathering has left remnant floor deposits of the halloysite
(Fig. 3). Minerals and amorphous materials incorporated with-
in primary speleogenetic gypsum have potential to reveal fur-
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Table 1: List of known speleogenetic byproducts in the Carlsbad caves.

Mineral Formula Cave

Primary speleogenetic byproducts

alunite KAI5(SO,),(OH)g CaCEHLeV
amorphous silica Si0,°nH,0 C

gypsum CaS0,+2H,0 BCaCDEHKLeSV
hydrated halloysite Al,Si,O5(0H)4+2H,0 CaCEHLeV
hydrobasaluminite Al (SO, OH), g+ 12-36H,0 C

jarosite KFe3(S0,4),{0OH)g Cle
natroalunite NaAl{SO4),(OH)g Ca,lLe

quartz Si0, CaCE,
rancieite (CaMn)MnyOg+3H,0 Le Sp

sulfur (elemental) = CCale
todorokite (Mn,Ca)Mnz Oy, +4H,0 Ca,lLe
Secondary speleogenelic byproducts

aluminite AlLISO4)(OH)y*7TH,O C

amorphous silica Si0,°nH,0 CaCEHLeV
gypsum CaS042H,0 Sp
metatyuyamunite Ca(UO,)5(VO4)5*3H,0 Ca,lLeSp
quartz Si0, Cale
tyuyamunite CalU0,),V,0445-8H,0 Cale

Other possible or less-understood speleogenetic byproducts

celestite Srs0, Cale
copiapite (Fe Ma)Fe,(SO4)s(OH),*20H,0 Ca

coquimbite Fe,(S0,);°9H,0 Ca

dolomite CaMg(COs), Le

gibbsite Al{OH}; CV
nordstrandite Al{OH}; Le

romerite Fes(S0O,)4014H,0 Ca

Bedrock minerals

calcite CaCOy

crandallite-beudanite group  AB;(XO4},(OH)g, where A=Ca, Ce, 51, Th; B=Al, Fe; X=P, &, As
dickite AlLSHLOL(OH),

dolomite CaMg(CO;),

illite K{ALMg Fe),(SiLAl,O45(OH),

illite-srmectite mixed-layers  KAl,(Si,Al}gO44(OH)4 +4H,0

kaolinite AlLSLOL(OH),

montmorillonite (Na,Ca Kl 5(Al Mg),Siy05(OH),enH,0

B=Black Cave, Ca=Carlsbad Cavern, C=Cottonwood Cave, D=Dry Cave, E=Endess
Cave, H=Hell Below Cave, K=KFFC Cave, Le=Lechuguilla Cave, S=Slaughter

Canyon Cave, Sp=Spider Cave, V=Virgin Cave
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Figure 4. (a) Photograph of green montmorillonite-rich
clay pod with white alteration rims of hydrated halloysite
and alunite. (b) Scanning electron micrograph of alunite
rhombsin amatrix of hydrated halloysite tubes. These two
minerals are usually found together as white pasty to
chalky material in the alteration zones.

ther information about the environment of speleogenesis.
Elemental sulfur. Davis (1973) reported elemental sulfur in
Cottonwood Cave. Later, Davis (1980) and Hill (1981) sug-
gested that such elemental sulfur might be a by-product of
H2S04 speleogenesis. Hill (1981, 1987) and Pisarowicz (1994)
measured negative stable isotope values for the elemental sul-
fur, which linked the source of sulfur to microbial activity and
hydrocarbons (Hill 1987). Some deposits of elemental sulfur
are so large in Lechuguilla Cave (>1000 kg, Cunningham et al.
1994) that open flame lights are no longer allowed in this cave.
Hydrated halloysite. Davies and Moore (1957) first report-
ed hydrated halloysite (endellite) from Carlsbad Cavern. Hill
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(1981, 1987, 1990) and Polyak and Giiven (1996) later report-
ed it as a primary by-product of H2SO4 speleogenesis by the
ateration of smectite (montmorillonite) and other clays. In the
Carlsbad caves, hydrated halloysite is most discernable as
waxy, white or blue nodules in pockets of altered bedrock, dis-
seminated in speleogenetic wall residues, and less commonly
as floor deposits. Hydrated halloysite is generally associated
with aunite, and the blue variety is relatively pure. The Green
Clay Room of Carlshad Cavern exhibits the most convincing
evidence of green smectitic clay-filled solution cavities that
were truncated and altered by the H2SOs speleogenesis. The
hydrated halloysite with alunite makes up awhite reaction rind
around the green montmorillonite clay (Polyak et al. 1998)
(Fig. 4). In Endless Cave, hydrated halloysite in pockets of
atered bedrock and floor deposits is probably the by-product
of ateration of illite, interstratified illite-smectite, and dickite,
which are the most common clay minerals in the surrounding
Permian carbonate rocks (Polyak 1998).

Alunite group minerals. Alunite, natroalunite, and jarosite
are primary speleogenetic by-products found in pockets of
atered bedrock, some floor deposits, and in wall residues in
the Carlsbad caves. Alunite and natroalunite are associated
with hydrated halloysite in nearly all occurrences (Polyak &
Glven 1996). The alunite occurs as white to pale-white chalky
nodules of <1 to 30 um diameter cube-like rhombs. Hydrated
halloysite and alunite are the result of clay alteration by H2SOa
speleogenesis. Clay minerals such as illite and montmoril-
lonite, in internal sediments and in the bedrock, provide the
source of the potassium for alunite. Natroalunite instead of alu-
nite may form if sufficient sodium is available (Polyak &
Given 2000). The aunite group minerals are probably the
most significant speleogenetic by-products because they can
be dated using the K-Ar or «Ar/3Ar method. Their stable iso-
tope geochemistry can also reveal important information about
the environment of speleogenesis. Jarosite has been noted only
in trace amounts. This iron-bearing, yellow mineral was found
in association with opal near an occurrence of hydrobasalumi-
nite in Cottonwood Cave (Polyak & Provencio 1998).

Hydrobasaluminite. Hydrobasaluminite occurs as white
pods in pockets of altered bedrock. It results from the interac-
tion of the H2SOsbearing waters with kaolinite rather than
with potassium-bearing clays such as illite and smectite.
Crystals are micrometer-sized platelets, which dehydrate to
basaluminite in <2 hours exposure to arelative humidity <70%
a 25°C. In Cottonwood Cave, a kaolinite-rich seam in dolo-
stone has been altered to hydrobasaluminite, amorphous silica,
amorphous aluminum sulfate, and minor amounts of aunite
and hydrated halloysite (Polyak & Provencio 1998) (Fig. 5).

Quartz. Chert was reported by Hill (1987) as a speleoge-
netic by-product of the ateration of montmorillonite (Big
Room, Carlsbad Cavern). In other occurrences, quartz is found
in the Carlshad caves as chert and chalky unconsolidated pow-
der in association with primary speleogenetic gypsum. A well-
exposed gypsum block in Endless Cave, which replaced dolo-
stone, contains a line of white chalky pods of micrometer- to
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Figure 5. Sketch of a small room in Cottonwood Cave con-
taining by-product materials such as hydrobasaluminite.
In this case, kaolinite-bearing dolostone was altered to
hydrobasaluminite during speleogenesis. Hydrobasalumi-
nite was the primary speleogenetic by-product mineral
because potassium and sodium were lacking in the
bedrock. Figure modified after Polyak and Provencio
(1988). Note that aluminite moonmilk (secondary by-prod-
uct) formed along the cave walls below, and from the alter -
ation of, the hydrobasaluminite.

deci-micrometer-sized, double-terminated euhedral quartz
crystals. These pods form a stratum that is in line with a
Permian clay bed in the nearby unaltered cave wall (Fig. 6). It
appears that during H2SOs speleogenesis, the surrounding
dolostone was replaced by gypsum and the clay was altered to
quartz within the gypsum. The unaltered clay bed consists of
kaolinite and interstratified illite/smectite. Between the gyp-
sum block and the unaltered bedrock, the clay bed was partly
atered to hydrated halloysite and alunite during H2SOa speleo-
genesis (Fig. 6). A chert bed with the same thickness as the
Permian clay bed (10 cm) is remnant along the same stratum
in other areas of this cave. A similarly thick chert bed occurs
in gypsum blocks in Cottonwood Cave. Near the Bottomless
Pit in Carlsbad Cavern, a chalky layer of quartz has formed
directly under a thick (3 m) gypsum block. Crystals in this
deposit are clay-sized (0.2 — 0.5 um) euhedral quartz. Clay and
silt were atered to quartz, probably at low temperature during
final stages of H2SO4 speleogenesis. Study of the stable isotope
geochemistry of this quartz may yield important information
about the environment of speleogenesis. Chafetz and Zhang
(1998) reported a similar low-temperature occurrence of
quartz in Quaternary evaporite-associated carbonate rocks.
Hydrous manganese oxides. Todorokite and other hydrous
manganese oxides occur around the perimeter of many pockets
of altered bedrock closely associated with alunite and hydrat-
ed halloysite (Polyak & Giiven 1996, 2000). Todorokite and
rancieite are also constituents of the black wall residues in
Lechuguilla Cave. In silvery black wall residues, rancieite is
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Figure 6. Setting in Endless Cave showing the relationship
between speleogenetic gypsum, quartz, alunite, hydrated
halloysite, and a thin Permian clay bed. The clay bed con-
taining kaolinite and interstratified illite-smectite was
altered to alunite and hydrated halloysite at the gypsum-
bedrock interface, and to quartz in the replacement gyp-
sum. Note that the quartz pods are stratigraphically equiv-
alent to the clay bed.

most abundant on the surface of truncated schalenohedral cal-
cite spar (Modreski 1989). The todorokite associated with alu-
nite, natroalunite, hydrated halloysite, and hydrobasaluminite
probably formed along sharp high-low pH or Eh boundaries
produced by H2SOs speleogenesis (Polyak 1998). TEM of
todorokite, rancieite, and other hydrous manganese oxides
show three-dimensional, box-like or dendritic crystal-fiber
structures, platelets that consist of packed fibers, or individual
fibers. Some occurrences of hydrous manganese oxides are
probably secondary speleogenetic by-products, or unrelated to
speleogenesis.

SECONDARY SPELEOGENETIC BY-PRODUCTS

Aluminite. In Cottonwood Cave, aluminite moonmilk
drapes the walls below hydrobasaluminite (a primary speleo-
genetic by-product). It formed as a secondary speleogenetic
by-product by the alteration of the overlying hydrobasalumi-
nite (Polyak & Provencio 1998). Gypsum moonmilk, another
secondary speleogenetic by-product, is associated with the alu-
minite moonmilk. Pods of dark gray gibbsite also occur in the
hydrobasal uminite/aluminite setting.

Gypsum. Speleothemic gypsum derived from speleogenet-
ic gypsum is common in the Carlsbad caves, but may have lit-
tle significance as a speleogenetic indicator mineral because
speleothemic gypsum is common in al types of caves.



Uranyl vanadates. Tyuyamunite and metatyuyamunite
have been found in association with quartz and opal coatings
on dolomite and gypsum crusts and floor clay in three
Carlsbad caves (Polyak & Mosch 1995; Polyak 1998). The
uranyl vanadates precipitated long after speleogenesis as a
result of excess silicafrom clay alteration and concentration of
uranium and vanadium along oxidation/reduction zones creat-
ed by H2S04 speleogenesis. The quartz and opal coatings asso-
ciated with the uranyl vanadates are also secondary speleoge-
netic by-products.

OTHER POSSIBLE SPELEOGENETIC BY-PRODUCTS

Celedtite. Celestite occurs in Carlshad Cavern (Hill 1987)
and Lechuguilla Cave (DuChene 1997) as crusts and crystals
on cave walls. The moderately light sulfur isotope composi-
tions of -14.5 to +7.4%0 9Hill 1996, DuChene 1997) suggest
that celestite may also be a speleogenetic by-product.
However, Hill (1987) reported celestite as probably
speleothemic and unrelated to speleogenesis.

Hydrous iron-sulfate minerals. Hydrous iron-sulfate miner-
a's (copiapite, coquimbite, romerite) are associated with some
occurrences of celestitein Carlshad Cavern, and were suggest-
ed to be speleogenetic by-products by Mosch and Polyak
(1996).

Gibbsite. Gibbsite occursin two Carlsbad caves in pockets
of altered bedrock that were partly covered with calcite coat-
ings. The pockets contain speleogenetic by-products that were
subjected to alteration by the carbonate-bearing seepage water
that deposited the calcite during post-speleogenesis weather-
ing. The gibbsite may be a secondary speleogenetic by-product
from the ateration of alunite. Gibbsite can be obtained from
aunite by the Bayer Process (Ruvalcabaet al. 1995), by which
aunite is dissolved slowly in alkaline solutions (i.e., contain-
ing COs?), and gibbsite is consequently precipitated.

Nordstrandite. Nordstrandite occursin Lechuguilla Cave as
afloor deposit below what appears to be leached spel eogenet-
ic wall residues, and may be the result of the alteration of
hydrated halloysite and alunitein the black wall residues at this
location.

Crandallite-beudantite group minerals. Goyazite-svanber-
gite and other crandallite-beudantite group minerals occur with
the nordstrandite in this floor deposit. EDX microanaysis of
some of the goyazite-svanbergite rhombs indicates the pres-
ence of rare earth elements. The crandallite-beudantite group
minerals were noted in trace amounts in residues of dolomite
bedrock dissolved in the laboratory (Polyak 1998). It is there-
fore possible that these minerals may be inherited from dis-
solved bedrock as insoluble residues.

Goethite. Goethite is the most abundant crystalline iron
oxide phase in the Carlsbad caves. It iscommon in brown wall
residues, which are probably products of condensation-
induced weathering rather than speleogenesis. It is also com-
monly associated with pockets of altered bedrock. Provencio
& Polyak (2001) suggested that goethite in the “Rusticles’ is
associated with speleogenesis. It islikely a speleogenetic by-
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product, but may be difficult to show in many cases because of
its widespread occurrences in these caves.

Dolomite. Dolomite occurs in Lechuguilla Cave as white
clasts of a breccia with primary speleogenetic gypsum as the
matrix between the clasts. The altered (dolomite) clasts contain
in situ Permian fossils, which indicate they were fragments of
atered bedrock. The stable isotope values of these dolomite
clasts (two samples) are 83C = -5.49 to -4.95 and 6180 = -6.02
to -4.40%0 V-PDB, which are in contrast with values for
Permian dol ostone samples (8:3C = 6.4 to 7.1%. and 5180 = 0.6
to 2.8%o0, Polyak et al., 2001). This at least suggests that the
dolomite clasts inherited their lighter isotopes from meteoric
waters. Palmer and Palmer (1992) reported similar replace-
ment dolomite as crusts in Lechuguilla Cave, and Hill (1996)
speculated the possible origin of speleogenetic dolomite. The
dolomite clasts in the gypsum matrix are fragments of bedrock
(originally limestone) that appear to have been atered by
H2S04 speleogenesis.

H2S04 SPELEOGENETIC FEATURES

Pockets of altered bedrock. Polyak and Giiven (1996)
described centimeter-sized pockets of altered bedrock, which
contain nodules of hydrated halloysite and alunite bounded by
hydrous manganese- and iron-oxides. Pockets of altered
bedrock are important features because they contain abundant
amounts of primary speleogenetic by-products.

Cusp features. Buck et al. (1994) described gypsum-car-
bonate rock replacement boundaries as rounded and oblong
bulges extending into the bedrock. They suggested that these
oblong bulges were due to differential solubility of individual
beds or varying rates of diffusion of ions through the develop-
ing gypsum-replacement crusts. Given this scenario, removal
of the replacement gypsum bulges by post-speleogenesis
weathering would expose cusp features in the cave walls. Such
meter-sized scallop-like features appear to be exhibited
throughout much of Carlsbad Cavern. In the New Mexico
Room of Carlsbad Cavern, pockets of altered bedrock that con-
tain aunite, hydrated haloysite, and hydrous manganese
oxides are associated with these features possibly indicating
that the pockets formed at the gypsum/bedrock interface (Fig.

) Black wall residues. Wall residuesin the Carlsbad caves are
complex. These have been referred to as condensation-corro-
sion residues (Hill 1987; Cunningham et al. 1995). Northup et
al. (2000) favored a condensation-corrosion method of origin
related to microbial-assisted dissolution of the bedrock. Our
mention of condensation-induced weathering or speleogene-
sis-related weathering does not discriminate between inorgan-
ic or microbial-related origin for the wall residues. We suggest
that at least two types of wall residues exist: (1) brown
goethite- and clay-rich wall residues, and (2) black manganif-
erous wall residues. The brown wall residues appear to be
related to weathering of dolostone bedrock by condensation
water (condensation-corrosion). These contain abundant
amounts of illite and dickite inherited from the bedrock
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Figure 7. Sketch of cusp featuresin the New Mexico Room
of Carlsbad Cavern. The cusp features are found through-
out Carlsbad caves, and they probably result from differ-
ential replacement of the bedrock gypsum during speleoge-
nesis as described by Buck et al. (1994).

(Polyak & Giiven 2000), and formed during post-speleogene-
sis weathering. Samples of black residues from Lechuguilla
Cave contain todorokite, alunite, and hydrated halloysite, and
are probably indicative of differing pH and Eh boundaries
related to H2S04 speleogenesis (Polyak 1998). We therefore
suggest that the black wall residues formed primarily during
H2S04 speleogenesis. These may have initially developed
behind the speleogenetic gypsum blocks/rinds at the gypsum-
bedrock contact. Condensation-induced weathering (after
speleogenesis) probably removed the gypsum and later modi-
fied the wall residues. The black wall residues contain signifi-
cant microbial communities (Northup et al. 2000), and may
contain minor goethite, dickite, illite, and nordstrandite
(Polyak 1998).

IMPLICATIONS

The material assemblages presented in this study have a
potentially far-reaching impact, even beyond the study of
caves. Hill (1981, 1987, 1990), Polyak and Gliven (1996),
Polyak and Provencio (1998), and Palmer and Palmer (2000)
reported that the H2S- H2SOs—bearing waters that formed these
caves also atered the carbonate rocks as well as the insoluble
residues from their dissolution to produce various speleoge-
netic by-products. Carbonic acid generated from significant
amounts of CO2 that migrated with H2S must have also played
arole in the dissolution of the carbonate rocks to form these
caves (Hill 1987). However, it was the H2S-oxidation-process
that produced H2SOs and other sulfur species that resulted in
the formation of speleogenetic by-products. We suspect,
because of the abundant microbial communities associated
with active H2S04 caves today (Engel et al. 2000, Hose et al.
2000), that microorganisms and their excretions also played a
role in the alteration of clays and other insoluble minerals dur-
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Figure 8. Idealized model of sulfide oxidation along a
declining water table. The model of speleogenesis present-
ed for the Carlsbad caves may apply in non-cave areas as
well. For instance, water table decline through sulfide ore
zones could also result in the same acid-sulfate by-product
materials as found in the Carlsbad caves.

ing speleogenesis. Studies of the material assemblages associ-
ated with speleogenesis are important because they enable
advanced interpretations of cave-forming environment, in this
case, during and subsequent to the late Miocene.

The ages of formation of the Carlsbad caves, and the tim-
ing of an apparent regional water table decline during the late
Miocene and Pliocene were derived from the study of speleo-
genetic by-products (Polyak et al. 1998). This has offered
insight into the development of the Guadalupe Mountains,
which took place concurrently with H2SO4 speleogenesis. This
illustrates how understanding the origin of the by-products of
H2S04 speleogenesis offers a potentially powerful tool for the
study of Cenozoic geologic history.

Furthermore, the substance of this study is not restricted to
the cave environment. For instance, we predict that sulfide ore
deposits, or clays above hydrocarbon reservoirs, can undergo
ateration to similar mineral associations (where regional water
table movement has been active, Fig. 8). A potential example
of this is the Grand Canyon, Arizona, where similar minerals
are found in association with a possible water table decline that
may be related to the canyon’s origin (Hill et al. 1999). Study
of speleogenetic by-products has advanced our understanding
of the Carlshad caves and the Guadalupe Mountains, and will
provide information that can be applied elsewhere.
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Maharlu basin, with an approximate surface area of 4000 kn®, is located in the central part of Fars
Province, Iran. The basin is the first candidate site for karst hydrogeology research in the country. The
karstified Asmari-Jahrum Formation covers ~37% of the total surface area of the basin with huge reser-
voirs of karst water. To establish the relationship between rainfall and evaporation with groundwater
level and spring discharge, the fluctuations of groundwater level at nine piezometric and exploration
wells, discharge of two springs, rainfall records, and pan evaporation are analyzed by employing time-
series techniques both in time and frequency domains. Results are presented as correlograms, variance
spectra, phase diagrams, coherency diagrams and cross correlograms. A time lag of 1-3 months was
found between rainfall occurrence and the response of groundwater levels and spring discharges. There
isno clear relation between evaporation and groundwater level and spring discharge. Different response
in different wells is due to the different path lengths of percolated water from sinking point to the water
table. The time response of groundwater level and spring discharge suggests that springs are fed through
a diffuse karstic flow system that is in accordance with the physical characteristics of the springs. The
lag times of Pirbanow and Pol-Brengi springs are equal in response to rainfall, but zero and 1-2 months
respectively, in response to groundwater level at exploration well E-17. This point, together with the high
value of specific conductivity of Pol-Brengi spring, suggests that the two springs have no hydrogeol ogic
connection. The Ghasrodasht Fault may be the cause of this separation. It isfinally concluded that a com-
bination of time series analysis/physical properties of springs and geologic evidence can provide useful

information about the hydrogeology of a region prior to large-scale and expensive tests.

A groundwater level indicates the elevation at which the
water is at atmospheric pressure within the aquifer. Any phe-
nomenon that produces a change in pressure on groundwater
will cause the groundwater level to vary. Differences between
supply and withdrawal of groundwater cause levels to fluctu-
ate. Rainfall, evapotranspiration, pumpage, stream flow, and
spring discharge variations are closely related to groundwater
levels. The mechanism of groundwater level variations by
these factors and other diverse phenomena, urbanization,
earthquakes, and external loads, is given by Todd (1980).
Groundwater level variations in some karst aquifers are ana-
lyzed in this work.

Karst aquifers are, in general, heterogeneous in character.
As aresult, quantitative data obtained from selected points in
the system either by pumping or by using tracer dyes can be
rarely extrapolated to evaluate the average function of the sys-
tem as awhole. In contrast, analysis of groundwater level and
spring discharge variations and related hydrologic controls
(e.g., precipitation, evaporation) can reflect overall response of
the aquifer and help in evaluating its storage, drainage poten-
tial, degree of karstification, hydrogeologic boundaries, etc.,
without imposing any external stresses on the system. Spring
hydrograph recession curves may also be used to define the
degree of karstification and conduit/diffuse flow regimes in
karst aquifers (Padilla et al. 1994; Samani & Ebrahimi 1996).
In this paper, an attempt has been made to determine whether
the existing record of natural groundwater level variation could
yield information on the hydrogeology of the Maharlu karst
basin situated in Fars Province of Iran prior to large-scale tests.

For this purpose, time-series techniques are used and the fol-
lowing thirteen sets of data (Sahraie 1995; Tamab 1993) are
anayzed (Fig. 1):

a) monthly rainfall (cumulative rainfall depth of al rainfal
events during each month) monitored at Shiraz Airport and
Doboneh stations;

b) monthly pan evaporation (cumulative evaporation during a
month) at the above stations;

¢) monthly groundwater level at three piezometers and four
exploration wells;

d) instantaneous monthly discharge of Pirbanow and Pol-
Brengi springs.

All data sets extend for 7 years from October 1987 to
September 1994. Figure 2 isthe geological map of the Maharlu
basin and shows the location of meteorological stations,
piezometers, exploration wells and springs. Note from table 3
that piezometers are wells of small diameter (101 mm) with
high depth (>400m) and exploration wells are shallower, large
diameter wells (300-360 mm). Methods of investigation began
with the application of various time-series techniques and geo-
logic evidence and physical properties of springs are used to
test the inference drawn from the time series analysis.

GEOLOGY AND HYDROGEOLOGY OF THE BASIN

Maharlu karst basin has an approximate surface area of
4000 kmz and is located in the central part of Fars Province,
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Figure 1. Raw data.

Iran (29°1'30"N, 52°12'28"E). The basin falls in zone three
(smple folded belt) of the Zagros Orogenic Belt. The exposed
geologic formations in decreasing order of age consist of
Pabdeh-Gurpi shales and gypsiferous marls (Santonian-
Oligocene), Sachun gypsum (Paleocene-L.Eocene), Asmari-
Jahrum limestones and dolomites (Paleocene-Oligocene),
Razak evaporites (Oligocene-Miocene), Aghgjari sandstone
(Miocene-Pliocene), and Bakhtiari conglomerates (Pliocene)
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Figure 2. Geological map of Maharlu basin, location of
springs, piezometers and exploration wells and meteoro-
logical stations.

(Fig. 2). James and Wynd (1965) give the detailed lithology of
these formations. The karstified Asmari-Jahrum Formation is
exposed over 37% of the total surface area of the basin (Tamab
1993), forming three huge reservoirs of karst water in the
Gharah, Kaftarak, and Sabzposhan anticlines. The overal
trend of these anticlines follows the general NW-SE trend of
the Zagros Orogeny.

Sabzposhan anticline, in the south of the basin, is crossed
by three major faults and many minor ones. The major faults
are the Ghasrodasht, Sabzposhan, and Gharebagh faults (Fig.
2). Pirbanow (S-4) and Pol-brengi (S-7) springs drain the
Sabzposhan aquifer. The exploration well E-17 penetrates this
aquifer. Tables 1 and 2 summarize the statistics for some of the
physical parameters of Pirbanow and Pol-Brengi springs
(Sahraei 1995).

The Kaftarak anticline, in the north of the basin, is crossed
by a major fault whose hydrogeologic role is not known. The
exploration well E-8 and the piezometric wells P-2 and P-23
penetrate the karst aquifer in the south flank of this anticline.
Gharah anticline forms the third karst aquifer studied in this
paper. The exploration wells E-14 and E-10 and the piezomet-
ric well P-6 are located in the Gharah aquifer. Some specifica-
tions of all the wells are presented in table 3.

The climate is semi-arid, with an average annual precipita-
tion over the basin of about 350 mm. Rainfall infiltrates
through karst formations to the impermeable cores (Gurpi
Formation) of the anticlines. The Razak Formation behaves as
an aquitard and segregates the groundwater of the karst
aquifers from that of the aluvial aquifersin the basin.

METHODOLOGY
The statistical methods for analyzing time series are well

established (Jenkins & Watts 1968; Chow 1978; Yevjeich
1982; Chatfield 1982; Salas et al. 1988). This paper focuses on



Table 1. Physical parameters of Pirbanow spring (S-7).

Parameter Minimum  Maximum Mean Standard  Coefficient of
deviation  variation%

Discharge 107.00 311.00 216.76 39.59 18.35

(L/s)

EC 647.00 762.00 708.86 39.76 5.61

(uS/em)

Water 18.00 22.00 19.80 1.04 5.24

temperature

(°0)

Air 4.89 28.98 16.88 7.93 47.00

temperature

(°0)

Table 2. Physical parameters of Pol-Brengi spring (S-4).

Parameter Minimum  Maximum Mean Standard  Coefficient of
deviation  variation%

Discharge 75.00 282.00 144.55 44.92 31.08

(L/s)

EC 1190.00 1693.00 1437.00 126.21 8.78

(nS/cm)

Water 19.00 23.00 20.83 1.10 5.29

temperature

(°0)

Air 4.89 28.98 16.88 7.93 47.00

temperature

(°0)

Table 3. Some specifications of wells, elevations are from
m.s.| (Tamab 1993).

Well no. Elevation of Mean Mean Depth  Diameter Casing
of well site  elevation depth of well (mm) depth
(m) of GWL*  to GWL (m)
(m) (m)
E-8 1509.2 1478.5 30.70 177 300 105
E-10 1474.43 1464.24 10.19 186 360 12
E-14 1513.32 1464.25 49.07 187 360 135
E-17 1527.87 1484.55 43.32 174 300 50
P-2 1562.49 1489.77 72.72 500 101 99
P-6 1489.04 1481.43 7.61 400 101 70
P-23 1512.62 1478.54 34.08 400 101 48

*Groundwater level

the methods of analyzing a single time series (univariate) as
well as adouble time series (bivariate). The traditional method
for analyzing a univariate time series involves isolating the
deterministic (trend and periodic) components and stochastic
components. The stochastic components may then be
explained in terms of stochastic models such as moving-aver-
age or autoregressive models. It is often the case in hydrology
that a variable proceeds the other variable in time, like peak
rainfall intensity proceeding the peak runoff discharge. Insuch
cases bivariate time series techniques may be used to examine
the relationship between two time series. A brief summary of
the methods used to screen the components of a single time
seriesisfirst discussed and then the methods for examining the
relationship between two time series are followed.

SAMANI

TREND

The presence of trend or long-term fluctuations can be eas-
ily distinguished by inspection of annual mean against the
sample mean. Other procedures, such as weighted moving
average, differencing, and curve fitting may also be used.
Figure 1 illustrates the polynomials fitted to the water level in
wells and discharge at springs and table 4 shows the values of
coefficients in the polynomials. In this table and in table 5,
symbols E, P, and S denote exploration well, piezometer, and
spring, respectively. Of thirteen time series considered, coeffi-
cients of polynomialsfitted to the rainfall and evaporation time
series (in both stations) were not statistically significant and,
therefore, not included in table 4.

PeriopiCITY

To inspect the presence of periodic components, among
which seasonality is the most important, two diagnostic tools
are the correlogram and power spectrum in time and frequen-
cy domains.

The correlogram is a graphical representation of serial-cor-
relation coefficient r(k) as afunction of lag k, where the values
of r(k) are plotted as ordinates against their respective values
of k. The serial correlation coefficients of lag k are calculated
by (Cheatfield 1982):

_C®) &)

=20

Where C(K) is the auto covariance of a sample of N values of
X with an estimated mean ¥ at lagk, that is:

] g ) T g7
Ck) = FZ (X, - X)X, —X)

t=1

and C(0) is the estimation of the variance of the process asfol-
lows:

2

N .
CO) =~ (X, - B)
NS

As an example correlograms of rainfall and evaporation in
Doboneh station are shown in figure 3a, and those of water
level at piezometer P-6 and Pirbanow spring discharge (S-4)
are shown in figure 3b.

Correlograms for all the time series analyzed show oscilla-
tions with negligible damping, thus revealing the presence of a
periodic component in the total data set.

The spectrum can help determine the periods of the har-
monic components in a time series. It is a plot of the spectral
density S(f) against frequency f. In the case of an infinite
series, Jenkins and Watts (1968) show that the spectral density
is.
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Table 4. Coefficients of polynomialsfitted to time series.

well or order of 3 a & & & 3 8 rz
spring polynomial
E-8 5 1476.93 0.295 -0.023 6.15 E-04 -6.4 E-06 2.37 E-08 0.679
E-10 4 1463.82 0.088 -.006 1.00 E-04 -7.7 E-O07 0.411
E-14 5 1463.76 0.095 -0.0051 5.59 E-05 5.7E-07 8.12 E-09 0.436
E-17 6 1483.81 0.311 -0.034 1.50 E-03 -3.1-E-05 3.21 E-07 -1.25 E-09 0.548
P-2 5 1480.10 1.822 -0.121 3.05 E-03 -3.2E-05 1.25 E-07 0.742
P-6 5 1481.35 -0.007 -0.004 -2.74 E-04 5.6 E-06 -3.52 E-08 0.755
P-23 5 1477.08 0.2732 -0.021 490 E-04 -4.3 E-06 1.25 E-08 0.594
S4* 5 117.84 0.3225 0.291 -1.68 E-02 3.1E-04 -1.83 E-06 0.381
ST+ 4 219.53 -2.224 0.219 -5.24 E-03 3.5 E-05 0.695
* Pol-Brengi spring, r2 is coefficient of correlation
** Pirbanow spring

+o ()] Table 5. Cross-correlation coefficient and lag-time
S = [C(z‘) Cos 277fi & response of groundwater level and spring discharge to

o rainfall.
and for afinite series: Rainfall A D D A A D A A A

Spring E-8 E10 E14 E-17 P-2 P6 P23 S4 S7
1 | -y 3 or well
£ g C 062 072 070 082 060 070 060 0.60 0.70

S(fH=—|CO) +2Z C@).cos—+C(n).coswk ot

% i1 % Lagtime 12 12 12 23 23 2 12 1 1

Where frequency f = k/2ndi, n=maximum number of lags
investigated, and & is the time interval of one month. If the
time series contains distinct periodic terms, the spectral densi-
ty of these terms will appear as high and sharp peaks in the
estimated spectrum. Figure 3 illustrates the raw or detrended
data, correlograms, and spectra of four sample time series. The
spectrum of all series exhibits highest peaks at 0.083 cycle per
month, The sharp peak indicates a significant amount of the
variance having a 12-month periodicity (annua cycle). A
smaller peak with a 6-month periodicity is also observed in the
rainfall series. This apparently reflects the influence of the reg-
ular annual variations implied in the climatic condition of the
region. Rainfall records show an obvious division of rainfall
occurrence throughout the year, with the bulk of rainfall occur-
ring from mid-fall to mid-spring, while the rest of the year is
amost rainless.

The methods for examining the relationship between two
time series are cross correlation and cross-spectrum functions
in time and in frequency domain, as follows:

CROSS-CORRELATION FUNCTION

The cross-correlation function rxy(k) is defined as
(Chatfield 1982):

C,, (k) 4)

JC. @ xC,, (0)

r (k) =
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(month)

A: Airport, D: Doboneh

where

1 N-k

1 N N
C,k)=—— 2 XY, . —— ) X, ). ¥
?:p( ) “‘,_kg it itk ‘NQE IZ H

i=l

is coefficient of cross covariance at lag k for time series Xt and
Yt, and

1 N _ 2
Cm(0)=§Z(X,-—X)

il
and

2

lN _
C (0)==>F-Y
w0 Nt;(z )

are variance at lag zero for the two series. The plot of rxy(k)
against k is the cross correlogram. The maximum values of
r«y(K) observed at alag d indicates that one seriesis related to
the other when delayed by time d. Figure 4 illustrates the cross
correlogram of four pairs namely a) rainfall-spring discharge,
b) pan evaporation-water table, ¢) rainfall-water table, and d)
pan evaporation-spring discharge. From these figures it can be
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Figure 3a. Raw (or detrended) data, correlogram and spec-
trum. a) Groundwater level (P-6) b) Spring discharge (S-4).

observed that there is no relation (i.e. no clear peak observed)
between pan evaporation-water table and pan evaporation-
spring discharge pair series, however there is a month lag
between rainfall-spring discharge and a two-month lag
between rainfall-water table. Table 5 summarizes the maxi-
mum value of rxy(k) and corresponding lag time for the related
series.

CROSS- SPECTRUM FUNCTION

The cross spectrum function is the Fourier transform of the
cross covariance. Various functions may be derived from the
cross spectrum among which the coherence and phase spectra
are used in this paper. The coherence spectrum is defined as:

ol 2 ©)
o (= BBV

Sy (%8, (f)
in which Chxy(f) is the coherence spectrum in frequency
domain,

7o) :é >lc, ®-c, (k)]}sm 7

k=1
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Figure 3b. Raw data, correlogram and spectrum of a)
Evaporation and b) Rainfall at Doboneh station.
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Figure 4. Cross correlograms: a) Rainfall (Airport)-spring
discharge (Pirbanow), b) Evaporation (Airport)-spring dis-
charge (Pirbanow), c) Rainfall (Doboneh)-groundwater
level (P-6), and d) Evaporation (Doboneh)-groundwater
level (P-6).
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is the quadrature spectrum, and

1

T

c, (N=—|c, 3 [c, (fc)+C'yx(z’c)]}cos f
K=l

is the co-spectrum, and Sx(f) and S,(f) are spectral densities of
time series Xt andYt, respectively (Eq. 3). The plot of coher-
ence spectrum against frequency is the coherency diagram.
The values of Chy vary between unity and zero, where unity
indicates that the two series are fully dependent and zero
shows two independent series (Chow 1978; Granger &
Hatanaka 1964).

The phase spectrum determines the time lag between the
two series and defined as:

5 (f) ©)
C, ()

£ ()= arctan[

Where
gy (1) = ili e, w-c, (,e;)]}m 7
7T | kel

The plot of Px(f) against f is the phase diagram. On the phase
diagram, the frequency at which coherence is maximum gives
the phase between the two series. In turn, division of phase by
angular frequency gives the lag between the two series. This
time lag may be compared with that found from the cross cor-
relogram, table 5. As an example, coherence and phase dia-
grams for the four pair series of rainfall-water table, rainfall-
spring discharge, evaporation-water table and evaporation-
spring discharge are shown in figure 5. Maximum coherency
and phase between these series are noted on these figures and
listed in table 6. The values in the sixth column are calculated
from k = 8T/21, where k is the time lag, 6 angular frequency,
and T is period.

Discussion

The time series analyses conducted in this study show that
atime lag of one to three months exists between rainfall occur-
rence and both the groundwater level response and spring dis-
charge, whereas there is no significant relation between evap-
oration and groundwater level or spring discharge (see Figs. 3b
and 3d). To draw some conclusions about the hydrogeol ogy of
the karst basin from these analyses the following discussion is
pertinent.

The response time of the groundwater level and spring dis-
charge to rainfall gives some indication of the degree of kars-
tification, type of flow regime, and the drainage/transmission
and storage potential of a karst aquifer. A short time response
of less than 10-15 days, or along time response of more than
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Figure 5. Coherency and phase diagrams:

a) Rainfall(Airport)-groundwater level (P-6)

b) Rainfall(Airport)-spring discharge(S-4).

¢) Evaporation(Airport)-spring discharge(S-4), and
d) Evapor ation(Doboneh)-groundwater level (P-6).

2 months, corresponds to high and low degree of karstification,
respectively (Obarti et al. 1988). A high degree of karstifica-
tion reflects development of speleological features, like sink-
holes, interconnected caves, and solution channels. As aresult,
a well-karstified aquifer is characterized by high drainage
potential, high transmissivity, and turbulent type of flow with-
in conduits. Groundwater response at al the studied sites
shows alag time of 1-2 months. From this it may be conclud-
ed that the studied karst systems are intermediate class
between high and low karstification, according to Obarti’'s



Table 6. Timelag response of groundwater level and spring
dischargeto rainfall based on cross-spectrum analysis.

well or greatest Frequency, f Period Uf Phase, 6 lag
spring coherency, (cycles'month) (month) (radian) (month)
Chxy(f)max
E-8 0.94 0.083 12 0.94 18
E-10 0.94 0.083 12 0.84 1.6
E-14 0.95 0.083 12 0.84 1.6
E-17 0.89 0.083 12 1.09 21
P-2 0.94 0.083 12 1.09 21
P-6 0.94 0.083 12 1.09 21
P-23 0.96 0.083 12 0.94 18
S4 0.93 0.083 12 0.48 0.9
S7 0.95 0.083 12 0.60 11

classification. Higher frequency data (i.e. weekly or daily) are
needed for the identification of highly karstified systems with
conduit flow. But for the case of our karst system, based on
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Figure 6. Cross correlograms. a- (E-17 and S-4), and b- (E-
17 and S7).
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weekly data, Samani and Ebrahimi (1996) analyzed the reces-
sion curves of the spring hydrographs. They reported that the
discharge of both Pirbanow and Pol-Brengi springs consists of
90% diffuse and 10% conduit flow.

On the basis of statistical parameters of the physical char-
acteristics of thetwo springs (Tables 1 & 2), and with reference
to Jacobson and Langmuir (1974), the flow regime in the karst
system feeding Pirbanow spring is of diffuse type. Similarly,
and with the exception of high values of EC (more than 600
puScm, i.e., the upper limit given by Jacobson and Langmuir,
1974), the flow regime in the system feeding Pol-Brengi spring
is also of diffuse type. Both springs emerge from the
Sabzposhan anticline and the lag-time responses (residence
times of the infiltrated rainfall in the karst system) of both
springs are close to each other, therefore the flow regime of
their respective karst system is diffuse. It islogical to consider
Sabzposhan aquifer as a single hydrogeological unit. However,
the high value of EC for Pol-Brengi spring (1190-1693 pS/cm)
refutes this conclusion. To substantiate this the cross correla-
tion coefficient between the springs and water levels at explo-
ration well E17 were computed. A lag time of 1-2 month exists
between Pirbanow spring discharge and the groundwater level
at exploration well E-17 (Fig. 6a), but Pol-Brengi discharge is
totally independent of groundwater level variations at explo-
ration well E17 (Fig. 6b). In other words there is no connection
between Pol-Brengi spring and exploration well E-17, and they
are not fed by the same aquifer. This, together with the high
value of EC and the fact that Pol-Brengi spring is 2 km further
away from E-17 compared to Pirbanow spring, imply that
Sabzposhan aquifer consists of two hydrogeological units, the
North Sabzposhan unit drained by Pirbanow and the South
Sabzposhan unit drained by Pol-Brengi spring. It seems that
the Ghasrodasht fault is the cause of this separation that brings
lower shaly and gypsiferous marly Pabdeh-Gurpi Formationin
contact with karst water and, hence, increases EC value of Pol-
Brengi and creates a groundwater barrier between two units
(see Fig. 2).

In order to interpret different lags of water level-rainfall in
different wells, well logs were examined and depth to water
table or the water percolation path from ground surface to the
water table for each well was estimated. Table 3 summarizes
the mean elevation and depth of groundwater level in all the
wells.

Groundwater level variations at wells P-2, P-23, and E-8
penetrating into the Kaftarak aquifer show the same patterns
(see Fig. 1). Visua inspection of their logs indicates similar
lithology and structural features, in terms of porosity and frac-
tures density (Sahraie 1995). The mean depth of groundwater
level a P-2, P-23 and E-8 is 72.72 m, 34.08 m and 30.70 m,
respectively (Table 3). The time lag response of E-8 and P-23
with respect to rainfall is 1.8 month and that of P-2 is, howev-
er, somewhat longer, i.e. (2.1 months) (Table 6). From this
comparison it seems logical to assume the longer time lag
response of P-2 to rainfall is a result of a deeper groundwater
level.
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Figure 7. Geological cross section of the Gharah Anticline.

In spite of the fact that exploration wells E-10 and E-14 and
piezometer P-6 penetrate into the Gharah aquifer, and the
water level at P-6 is at a considerably shallower depth (7.61
m), the time lag response of P-6 is longer. Therefore, in con-
trast to the Kaftarak aguifer, the mean depth of water level does
not control the time lag. Inspection of well logs shows no
major contrast (in terms of porosity and fractures density)
between them (Sahraei 1995) that would cause faster flow
towards E-10 and E-14 or that would slow down flow toward
P-6. Piezometer P-6 is located at the foot of the southwestern
flank of the Gharah anticline and exploration wells E-10 and
E-14 on the northeastern flank. Examination of the geological
map and cross-section of the anticline (Figs. 2 & 7), shows that
the SW flank of the anticline covers a more extensive surface
area than the NE flank and the slope of the NE flank is very
much steeper than that of the SW flank. From these observa-
tionsit may be concluded that the mean groundwater flow path
toward P-6 is longer, causing a longer time-lag response to
rainfall.

CONCLUSIONS

A combination of statistical methods, physical characteris-
tics of springs, and geologic evidence was used to study the
interrelationship of groundwater level and spring discharge to
rainfall and evaporation in the Maharlu karst basin. The avail-
able groundwater data were the result of several years of mon-
itoring natural level variation at various boreholes (extending
through three karst aquifer systems) and of the natural varia-
tion of discharge of two springs. Rainfall and evaporation data
were taken from two meteorological stations in the basin. The
combination of dstatistical analysis, physical properties of
springs, and geologic evidence proved to be complementary in
providing useful information about the hydrogeology of the
study area. Groundwater levelsin all the boreholes respond to
rainfall but are independent of evaporation. Different lags
between rainfal and water level in different boreholes are
probably due to different path lengths of percolating water
from sinking points to the water table. The Sabzposhan aquifer
was previously believed to be a single hydrogeol ogic unit, but
seems to consist of two separate units. The Ghasrodasht fault
isthe possible cause of this separation. The impermeable shaly
Pabdeh-Gurpi Formation may be an impediment to groundwa-
ter flow. This type of study has several advantages: 1) lack of
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disturbance to the groundwater system; 2) relative simplicity in
terms of the statistical method; 3) low cost associated with
analysis of data from existing wells and springs.
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Caverna dos Ecos (Echoes Cave) occurs in low-grade metamorphic rocks of the Mesoproterozoic
Canastra Group, 60 km west of Brasilia, and exhibits a total linear development of 1600 m and a depth
of 140 m, with halls up to 100 m across and 35 m high, a gallery 350 m long and 70 mwide, and at its
lowest point, alake 280 mlong and 10 m deep. What makes this cave so unusual isthat ~70% of itslarge
volume is presently devel oped within schist and quartzite. Detailed structural study, together with speleo-
morphologic analysis, revealed two phases of speleogenesis: the first, typical of carbonate rocks, creat-
ed phreatic tubes along the intersections of fractures and bedding planes, whereas the second involved
breakdown processes that opened up large vadose cavities in the overlying schist and quartzte but with-
out producing any indication of karstic relief in the overlying topography.

Caverna dos Ecos (Echoes Cave; Sociedade Brasileira de
Espeleologia register number GO-18) occurs at 15°40°S,
48°15°'W, and 1050 m altitude in the Municipality of
Cocalzinho, State of Goias (GO), about 60 km west of Brasilia,
central Brazil (Fig. 1). Contrary to typical regions of carbonate
caves, there is no evidence whatsoever of karstic relief, either
at the local scale or on aeria photographs, that might suggest
the presence of this or any other cave in this area. This paper
describes the morphology and geology of the cave and propos-
es amodel for its formation based on a detailed study of geo-
logic structures in the cave. Exploration and mapping of
Caverna dos Ecos was first carried out by the Espeleo Grupo
de Brasilia in the 1970s. Remapping by the Grupo de
Espel eol ogia da Geologia of the University of Brasilia between
1990 and 1996 increased its known dimensions.

Despite its relatively small proportion of carbonate rocks
and isolated nature, Caverna dos Ecos is a remarkable subter-
ranean karstic feature held in special esteem by Brazilian
speleologists as no other Brazilian cave of comparable size is
known from similar lithologies (mica schist, quartzite, and
marble), with ~70% of its volume devel oped within schists and
quartzite. The cave also represents a potential geotechnical
hazard, as aroad, albeit a secondary dirt track, passes directly
over the unsuspected and surficially undetectable, voluminous
35-m high Hall of Clouds.

Copyright © 2001 by The National Speleological Society

RecioNAL CONTEXT OF THE CAVE

The cave is on the Central Goiano Plateau in the highest
part of central Brazil that divides the Parana and Amazon River
Basins. It lies specifically within the Verde River Basin, a
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Figure 1. Location of Caverna dos Ecos in central Brazil.
GO, Goias,; DF, Distrito Federal; MG, Minas Gerais.
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Figure 2. Geologic setting of Caverna dos Ecos.

southern tributary of the Maranhdo River, which itself com-
prises part of the headwaters of the Tocantins River (Fig. 1).
The region is hilly, between 450 and 1200 m in altitude, with
very broad, flat divides and symmetrical valleys predominant-
ly with convex slopes.

A geomorphologic feature typical of the region (and of
great importance for understanding the timing of speleogene-
sis) is the lateritic crust that developed during the Sul-
Americano erosional cycle (King 1956; Braun 1971) and gave
rise to vast planar surfaces, dissected and incised by Holocene
and earlier erosional processes to produce tabular relief.

The Caverna dos Ecos lies within the Cerrado
Morphoclimatic Dominion (Saber 1977), typified by open
scrub and savanna with two distinct seasons, one cool and dry
from May to September, and the other warmer with irregular
rain between October and April. Annual rainfall is ~1500 mm
and mean annual temperatures are between 19°-22°C.

The cave developed within metasediments of the
Mesoproterozoic Canastra Group (Fig. 2), regionally made up
of muscovite schist, muscovite-chlorite schist, calcschist,
quartz schist, and garnet-biotite schist, with subordinate lenses
of calcitic and dolomitic marble (Schobbenhaus et al. 1975;
Marini et al. 1984). Dardenne (2000) estimates the age of sed-
imentation between 1200 and 900 Ma and regional metamor-
phism between 800 and 630 Ma for the Araxa and Canastra
Groups in this region.

The schistosity of the metasediments in the area is associ-
ated with low-angle reverse faults, as well as with recumbent
folds whose axial planes dip SW from 20°-30° with NE-direct-
ed tectonic transport. Farther to the east, the Canastra and
Araxa Groups override the slate, metasiltstone, and metalime-
stone of the Paranoa Group (Fig. 2).
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Figure 3. Geospeleologic map of Caverna dos Ecos.
CAVE MORPHOLOGY

Caverna dos Ecos exhibits a total linear length of 1600 m
and a depth of 140 m. There are two entrances, the main oneto
the NE and the other to the SE (Fig. 3 & 4). In plan view the
cave exhibits an orthogonal rectilinear pattern of conduits fol-
lowing two main directions. In cross section the ceilings are
domed, typical of breakdown profiles (Fig. 4). Except in the
area of the lake and in some parts of the large conduits, the pri-
mary morphology of solutional enlargement has been com-
pletely modified by collapse processes.

The cave floor is dominated by 1-m or even 10-m blocks of
mica schist and quartz schist that have fallen from the ceiling.
Lower in the cave, close to the lake, great fallen blocks of car-
bonate occur. Fine-grained detritus, partly external in origin,
partially covers blocks and the lateral portions of the lowest
parts of the galleries and halls. Such sediments totally cover
blocksin Clay Hall.

The roof and floor of the cave are generally paralld.
Lengthwise in the Entrance Hall and in the southeast entrance
to the cave, the roof roughly follows the slope of the pile of
falen blocks. In the Greater and Lesser Galleries, roof and
floor are approximately horizontal, as can be seen in the map
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Figure 4. Cross-sections of the cave. See figure 3 for loca-
tion of sections.

and cross sectionsin figures 3 and 4.

A subterranean lake, 280 m long, 2-50 m wide, and 10 m
deep in July 1980, stretches between the Hall of Clouds and
Hall of Bats (Fig. 5). Water depth varies, as the lake is known
not only to have dried up but also to have completely filled its
gallery, cutting off access to the northwest portion of the cave.
An annua variation of 2 m has been observed. The bottom of
the lake consists of limestone blocks covered by fine, white
calcite and quartz sand. The water is crystal clear, and currents
are not evident.

GEoLOGY OF THE CAVERNA Dos Ecos

LITHOLOGY AND STRUCTURE

The geologic section in figure 6 schematically shows the
lithologies observed along the walls of the galleries and halls
of the cave. Two distinct units are apparent: upper metapelites
and metapsammites and |ower metacarbonates. Chlorite schist,
predominant in the upper unit, is made up of chlorite, mus-
covite, biotite, and quartz, with such accessory minerals as
tourmaline, epidote, pyrite, abite, and calcite. Intercalated
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Figure 5. Block diagram of Caverna dos Ecos. Altitude in
metersindicated along right side of diagram. Vertical lines
represent walls of the cave.

subordinate quartz-chlorite schist and muscovite quartzite
within the predominantly pelitic succession provide evidence
of original bedding. Contacts between these strata are grada-
tional. The quartz-chlorite schist contains rotated porphyro-
blasts of chlorite with quartz at their centers, representing gar-
nets altered by retrograde metamorphism. Quartz-bearing mar-
ble and muscovite-bearing marble comprising the lower unit
are made up of carbonate (calcite and dolomite), muscovite,
and quartz. Two distinct beds of fine-grained black marblerich
in organic matter and tiny pyrite crystals stand out in this part
of the section.

Schistosity is concordant with bedding in both the schists
and the marbles with the principal foliation (bedding and
schistosity) striking approximately N60°-70°W and dipping
15°-20°SW. In the marbles, foliation is expressed by the flat-
tening and recrystallization of carbonate grains. Common tight
to isoclinal folds have axial planes parallel to bedding, attest-
ing to a phase of transposition and shearing during generation
of the schistosity. Fold axes associated with transposition have
horizontal attitudes near N8O°E. Later deformation produced
crenulation cleavage expressed locally as undulations on the
principal foliation surface.

FRACTURE SYSTEMS

Various sets of fractures (Fig. 7 & 8) are recognizable along
thewalls of the cave. A set with steep NW and SE dipping beds
that strike N30°-50°E, almost perpendicular to the principal
axis of the cave, is prominent in both the metapelites and the
carbonates. Fractures of this set are closely spaced (from 0.1m
to several meters apart), commonly filled by quartz, and evi-
dent for lengths of 1-10 m in the marbles, principally near the
lake (Fig. 3 & 8).

Sets oriented N30°-40°W and N70°-80°W are represented
by unfilled subvertical fractures that are few in number but
rather extensive within the cave. These sets are continuously
evident for the entire extent of the roof of the Greater Gallery
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Figure 6. Lithologic columnar section for the cave.

(Fig. 3). Quartz-filled fractures of the N70°-80°W set, oblique
to the cave walls, stand out in relief due to carbonate dissolu-
tion, whereas fractures of the N30°-40°W set, paraleling the
principal direction of cave development, although visible on
the roof, cannot be observed along the walls. Despite the
greater abundance of structural data for the N30°-50°E frac-
tures oblique to the main direction of cave development (Fig.
8), aeria photographs of the area of the cave at a scale of
1:60,000 reveal the regional importance of linear topographic
features (Fig. 9; interpreted as disruptive subvertical planar
structures) exactly paraleling the primary direction of devel-
opment (N30°-40°W), with a secondary direction oriented
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N40°-50°E, parallel to the secondary direction of devel opment.
SPELEOGENESIS

The genesis of Caverna dos Ecos can be differentiated into
two principal phases according to the traditional model (Bogli
1969). The first phase (phreatic initiation and development)
took place under phreatic conditions and resulted in the open-
ing of conduits along discontinuities in the carbonates. In the
second phase (vadose development), collapse occurred under
vadose conditions while phreatic dissolution processes contin-
ued deeper within the carbonates. The change from one phase
to the other was related to regional epeirogenic uplift.

The first phase is evidenced by phreatic dissolution fea-
tures, such as tubular “wall pocket” cavities (Bretz 1942),
observed principally along the walls of the Greater Gallery and
aong the margins of the lake, where phreatic dissolution is still
active. There, “boxwork” structures (Bretz 1942) appear as the
carbonate dissolves away, revealing intersecting platy, micro-
crystalline quartz-filled fracturesin relief.

Given that phreatic dissolution of carbonate occurs along
the paths of greatest groundwater flux (Bogli 1978; Ford &
Ewers 1978), the opening of phreatic conduits in Caverna dos
Ecos most likely began along the lines of intersection between
bedding planes (and foliation) in the marble and the two prin-
cipal sets of fractures described above. Their intersection pro-
duces N35°W lineations plunging gently SE and N40O°E lin-
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observed in Caverna dos Ecos.

eations plunging S10°-20°W (Fig. 10), that are exactly
collinear with the major and minor axes of cave development,
respectively. Thisis strong evidence that the opening of proto-
caves began along these lines of intersection. As these conduits
enlarged by dissolution, and water flux gradually increased,
the principal fracture and bedding planes in the carbonate lay-
ers themselves began to open up, thereby giving rise to ever
larger phreatic conduits.
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Figure 9. Topographic lineaments traced from aerial pho-
tographs of the study area (1:60,000 scale, USAF 1964).

The second phase began when the original phreatic cavities
started to drain, withdrawing considerable support (potentially
up to 42% according to Warwick 1976) from the roof. Thisled
to physical accommodation through the process of breakdown,
in which roof blocks delimited by the fracture system and bed-
ding planes collapsed to the floor. Phreatic cavities began to
drain when local valleys deepened due to regional epeirogenic
uplift and surficial erosional processes intercepted the phreatic
level of the cave. As local base level changed, phreatic disso-
lution continued ever deeper within the carbonates below the
water table. These processes correspond to typical covered-
karst speleogenesis.

GEOMORPHOLOGIC CONTEXT OF CAVE DEVELOPMENT

The geomorphologic history of central Brazil during the
final part of the Mesozoic and the Cenozoic was one of slow
uplift of the South American Platform, as deduced from the
relatively low elevations of this region and partially quantified
by recent fission-track analysisin apatite (Amaral et al. 1997).
Superimposed upon this general tendency for uplift were two
periods of peneplanation, first recognized by King (1956) on
the basis of comparison and correlation of the topographic
relief of southern Africa and eastern Brazil.

The older period was responsible for the development of
the most extensive and most nearly horizontal planation sur-
facein Brazil, known as the Sul-Americano Surface. The dura-
tion of Sul-Americano erosion is not well defined.
Nevertheless, by identifying sedimentary deposits correlative
with erosion and on the basis of correlation with southern
Africa, Braun (1971) attributed the peneplanation phase of the
Sul-Americano cycle to sometime between the Eocene and
Pliocene, ending with deposition of the extensive Barreiras
Group along the coast in the Tertiary (Neogene).

Peneplanation and aggradation of the Sul-Americano
Surface were interrupted by an uplift event resulting in the
Velhas cycle of King (1956), evidenced by the dissection of
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Figure 10. Wulff net stereographic representation of the
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intersection (L1 and L2) and the main axes of cave devel-
opment.

both the Barreiras sediments along the coast and the detrital-
|ateritic cover in central Brazil. Thiscycle gaveriseto themain
drainage pattern presently observed in central Brazil and con-
tinues to this day. Based on geochronology of the Barreiras
Group aong the coast (Braun 1971), but without equivalent
data available for the interior of Brazil, the beginning of this
cycle is placed somewhere within the Pliocene or Pleistocene.
There are suggestions that this cycle may have begun first
along the coast, perhaps in the Miocene (Valaddo &
Dominguez 1999), subsequently extending further into the
country.

In previous studies, Karmann (1994) has shown that large
phreatic volumes in other caves in the state of Goiés are relat-
ed to dow cratonic uplift in the same manner as the Sul-
Americano surface. We interpret the large phreatic volumes of
Caverna dos Ecos in a similar manner. Thus, we correlate ini-
tiation and development of phreatic cavities, the first phase of
speleogenesis of Caverna dos Ecos, with peneplanation and
aggradation of the Sul-Americano Surface, sometime between
the Eocene and Pliocene, following King's (1956) suggestion
for the initiation of calcareous caves of the State of Minas
Gerais. Later generalized uplift associated with the Velhas
cycle (beginning in the Pliocene or Pleistocene) led to the
installation of the present-day drainage pattern, gradually low-
ering the water table and draining the phreatic conduits within
the carbonates, subjecting them to vadose conditions. Thisini-
tiated the second phase of speleogenesis, marked by the insta-
bility of the open spaces and modification of the conduits by
breakdown. Upward propagation of open spaces through a
series of roof collapses eventually breached the surface, allow-
ing access to the present-day Caverna dos Ecos.
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CONCLUSION

Caverna dos Ecos represents an isolated feature of covered
karst that developed within mica schist, micaceous quartzite,
and marble of the Proterozoic Canastra Group. An initial
phreatic phase of cave formation opened up conduits along the
intersection of bedding planes with two sets of subvertical
fracture planes, one oriented N30°-40°W and the other N4Q°-
B50°E. A second phase greatly enlarged cavities under vadose
conditions as a result of the collapse of phreatic conduits due
to the mechanical instability of the rock mass as aresult of the
lowering of the water table. The first phase may be correlated
with the formation of the Sul-Americano Surface sometime
between the Eocene and Pliocene, the second phase began with
the Velhas cycle in the Pliocene or Pleistocene and continues
to the present.

Besides being one of the largest Brazilian caves devel oped
in areas without karst topography, the Cavernados Ecosisalso
important as a reminder of the potential problems and danger
of carrying out large construction projects above undetected
caves in non-karstic terrains. Hence, thorough investigation of
the subsoil is necessary in order to detect large subterranean
cavities prior to initiating major civil engineering projects in
terrains occupied by the extensive Canastra Group in central
Brazil. It is, thus, significant that other smaller caves have been
reported in the same geological context from areas under con-
sideration for power plant construction in this region (Augusto
Auler, pers. comm., December 2000).
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DiscussioN AND REPLY

DISCUSSION: “EXTRAORDINARY FEATURES OF
LECHUGUILLA CAVE, GUADALUPE MOUNTAINS,
NEW MEXICO”

DALE J. GREEN
4230 Sovereign Way, Salt Lake City, UT 84124 USA, dajgreen@burgoyne.com

| would like to address some matters of basic physics and
morphology concerning Davis's explanation of rimmed vent
formation. He states: “The mechanism of rim formation is not
well understood, but they are believed to develop via simulta-
neous condensation and evaporation across a wall projection.
The encrusted sides normally face the surface or the entrance
(i.e., asource of cooler, drier air), while the corroded sides face
the warmer, moister cave interior. The moisture condensing on
the corroded side is assumed to dissolve the substrate there,
then move by wicking action to the other side, where evapora-
tion redeposits the material as arim. In some places, aragonite
rims form along walls and ceiling while gypsum rims grow on
the floor at the same site, suggesting that slightly drier and
therefore denser air tends to follow the floor. (Davis 2000,
p.149.)"

Heat flux can only move from a higher temperature to a
lower temperature. As Davis observes, this makes the interior,
lower areas of a cave warmer than the outer, higher areas. All
condensation is the result of decreasing temperature. If warm
vapor rising from the cave's interior isin contact long enough
with a cold surface for the vapor to be cooled below its dew
point, then condensation results. Upon condensing, the vapor
transfers the latent heat of condensation, equal to ~600 cal/gm,
to the cooling surface, thereby warming the surface unless a
heat sink is provided. In the case of a cave roof, the latent heat
is probably dispersed throughout the limestone. If this conden-
sation is wicked to a cooler area, then evaporation is impossi-
ble. Evaporation requires the addition of 600 cal/gm of water,
the latent heat of vaporization, before vapor will enter the air.
No source of heat to cause evaporation is available since the
rim area (vent exit) is cooler than the vent entrance where con-
densation occurred, given the direction of heat flow. Dry, or
“drier air” may allow evaporation to occur if its vapor pressure
is below the vapor pressure of the condensate, but heat is still
required.

Physics aside, the morphology of vents and associated rims
cannot be explained by a process of condensation, wicking and
evaporation, in my opinion. The inside surface of rims appears
to be dissolving from the inside out and is always concordant
with the bedrock surface of the vent. A physical force, like
moving air or water through the vent, must be involved. If air,
several obstacles are presented. To overcome surface tension, a
velocity of over 40 km/hr is required to drag condensate along
the surface. At the same time, for condensation to form, the air
must be in contact with a cool surface long enough to reduce
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its temperature below the dew point, which would not happen
unless the velocity was considerably less than 40 km/hr.
Consider also, that at these velocities, evaporation is greatly
increased, even in 99% RH. How does condensate get blown
aong awall for several meters from an entrance to vent with-
out evaporating? Further, the turbulence within the calcite-
laden moisture being dragged by air currents would surely
cause the loss of COg, resulting in deposition long before
reaching the vent exit.

Vents, rims, and a wide variety of associated forms appear
in al stages of development in caves of the Basin and Range,
where | have studied them. Many of these occurrences are in
physical situations where only the force of moving water
would be considered as the likely cause of rims and vents, not
condensation corrosion (Green 1997a).

It was a study of vents and rims that led me to the formula-
tion of atotally different theory for deposition of foliathan that
presented by Davis. He believesthem to “...represent a water-
table equivalent of shelfstone. Shelfstone maintains a distinct
horizontal level controlled by a fixed, perched overflow point.
Folia shelves are sloping and overlapping because the calcite
accretion attempts to follow the irregular fluctuations of a cal-
cite-saturated water table” (Davis 2000, p.152).

In Goshute Cave, Nevada, two side-by-side passages are at
the same elevation. In the west passage, a thick mammillary
coating of calcite is mostly dissolved away, exposing bedrock.
A rimmed vent connects from the west passage to the east pas-
sage, where the mammillary coating is undisturbed and is coat-
ed with folia. The lowest folia occurrence is coincident with
the lowest part of the vent. If folia are deposited at a fluctuat-
ing water table, then why are there no folia in the west pas-
sage? My interpretation is that the west-side dissolution, vent
scouring, rim and folia deposition, were al occurring at the
same time. As the dissolving waters in the west passage
emerged from the vent, an out-gassing of CO:z occurred,
depositing the rim and creating calcite nuclei, which then form
crystallites. It is beyond the scope of this discussion to explain
how these crystallites attach to the downward-facing surfaces
(folia are only found on downward-facing surfaces), form
small ribs, then through accretion, create upside-down cups
capable of trapping gas. When studied in detail, folia exhibit
very complex forms that, in my opinion, cannot be explained
with the fluctuating water table theory but are completely plau-
sible with a subagueous origin. A more compl ete discussion of
this theory of folia genesisis described in Green (1997h).



Additionally, it is stated in Davis's article that Utah has
caves with folia. | believe thisis an error.
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REPLY: “EXTRAORDINARY FEATURES OF LECHUGUILLA
CAVE, GUADALUPE MOUNTAINS, NEW MEXICO”

DoNALD G. Davis
441 S Kearney ., Denver, CO 80224-1237 USA, dgdavis@nyx.net

Condensation-corrosion/evaporation cycles have been
shown to be capable of significant influence on cave morphol-
ogy (Sarbu & Lascu 1997). | know of no quantitative studies
specifically on rimmed vents, but my speculative rim model
does not violate the physics of evaporation. External warming
is not needed to evaporate condensed moisture that has seeped
to a cooler, drier spot. If atmospheric humidity is low enough
that the condensate’s vapor pressure is not in equilibrium with
it, evaporation will take place. The air, water, and, to a lesser
extent, the substrate will cool further to satisfy the energy bud-
get.

Green devises an alternative subaerial mechanism postul at-
ing strong wind blasting the condensate film along the wall,
then dismisses it, for good reasons. Having rejected both my
idea and his, he concludes, in effect, that a subaerial mecha-
nism for rimmed vents is theoretically impossible, so they
must be subagueous. This reminds me of proverbial theoretical
claims that bumblebees can’t fly. There is overwhelming evi-
dence, in composition, morphology, and context, that the hun-
dreds of rims in Lechuguilla Cave originated subagerialy.
Those composed of carbonates are mostly acicular aragonitein
the form of frostwork. Frostwork grows in air, typically under
evaporative conditions; | am aware of no example of demon-
strated subagueous growth. The many non-carbonate rims in
Lechuguillaare gypsum. | know of no plausible mechanism to
deposit and preserve gypsum preferentially around underwater
orifices; COz degassing is irrelevant. Nor do these rims ever
show any genetic association with demonstrably subagueous
features.

My suggested model for rimmed vent devel opment may or
may not be correct, but the correct one (at least for Lechuguilla
Cave) must certainly be subaerial. The process is apparently
very slow and subtle, and may have started almost as soon as
the water table dropped bel ow the levels where the rims occur,
taking up to severa million years to translocate a few cen-

timeters of wall rock from one side of a projection to the other.
The physical gradients involved may be extremely small.

Green has never been to Lechuguilla Cave, but extrapolates
from observations in Great Basin caves. In Goshute Cave,
Nevada, he proposes that wall dissolution, creation of a
rimmed vent, and folia deposition via COz degassing in the
next chamber outflow, were simultaneous and subaqueous. |
have also visited Goshute Cave, and saw no proof of this asser-
tion. The denuded chamber and rimmed vent appeared consis-
tent with condensation-corrosion. Goshute Cave, like
Lechuguilla, is an old cave of hypogenic origin—quite possi-
bly hydrothermal—and could have had a sufficient tempera-
ture gradient to drive a corrosion/evaporation cycle before it
was entirely drained. If folia had existed in the corroded cham-
ber, they would have been the first layer removed. If they never
grew there, it may be because this chamber was closed to air
circulation by a sump at the connecting orifice, so COz
degassing and evaporation could take place only on the outer
side of the constriction.

In Green's model, as exemplified by Goshute Cave, the
relationship between rimmed vents and folia deposition pre-
dicts that folia should occur in the outflow direction from
vents. In Lechuguilla Cave, the converseistrue. Ventsand rims
are predominantly in the middle to upper levels, whereas folia
are limited to the lower levels, in the inflow direction (assum-
ing rising water) from any scoured and rimmed vents. The
Lechuguillafolia are well developed only in two laterally sep-
arated areas within ~40 m vertically above the present water
table. In all other caves where | have observed folia, they are
even more restricted to a narrow vertical range, being limited
in the most extreme case to a few-centimeter-high “bathtub
ring” in Groaning Cave, Colorado. This seemsto me consistent
only with a fluctuating-water-level interpretation, not with a
fully subagueous one. The invariable association of calcite
rafts with calcite folia also strongly suggests water-level con-
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trol. Deposits of unquestionably subagqueous origin, such as
mammillary crusts, may be associated with rafts but often are
not.

Green has made a valuable observation in pointing out that
folia can trap gas when they are submerged. This is no doubt
important in development of folia morphology (restricting
most accretion to the top and edge of each inverted cup). This
gas may be degassing COz, or it may be no more than cave
atmosphere trapped when water level rises periodically. CO,
degassing, though clearly favorable to carbonate folia growth,
is not essential to folia accretion, as the existence of mud folia
(Davis 1984) and sulfur folia (Hose et al. 2000) shows.
Probably the critical requirement is smply a variable water
level with a surface scum and/or subsurface suspension of fine
particles capable of adhering to growing folia

| have read Green’s prior publications on these matters, but
remain unconvinced that rimmed vents develop underwater
(though subagueous features of similar appearance—variants
on “geysermites’ ?—may be possible), or that folia are more
than intermittently subagueous. Continued controversy, how-
ever, shows that these phenomena are not understood well
enough to remove al doubt. | hope that this will provoke oth-
ers to contribute new thoughts and observations.

Finally, Green is probably correct in questioning my inclu-
sion of Utah among states known to have folia. | may have
been thinking of Indian Burial Cave, which is just inside
Nevada.
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Foeleogenesis, published by the National Speleological
Saciety in 2000, isamonumental book, long in the making and
eagerly awaited by speleologists and cavers worldwide.
Without doubt, it is the most inclusive compilation of English-
language papers yet published in a single volume on the origin
of caves and the hydrogeomorphic evolution of karst ground-
water systems. It is a veritable textbook on the subject of karst
processes.

The concept of a comprehensive reference book on the
physical and chemical processes that form caves and karst had
been discussed and formulated for many years. In fact, several
notable textbooks in English have been published within the
|ast three decades, including those of Sweeting (1973), Jakucs,
(1977), Bogli (1980), Jennings (1985), Trudgill (1985),
Dreybrodt (1988), White (1988), Ford and Williams (1989),
and Gillieson (1996). Most of these works are an assimilation
of knowledge compiled by one or two internationally recog-
nized authors.

Foeleogenesis, as stated in the preface and introduction, is
“a pioneer attempt by an international group of cave scientists
to summarize modern knowledge about the origin of cavesin
various settings, to examine the variety of approachesthat have
been adopted, and to outline the role of speleogenesis in the
evolution of karst aquifers” Concepts presented in this com-
pilation arelargely based on advancesin cave and karst science
made during the last few decades.

The book consists of 61 selected contributions from 44
authors and co-authors representing 15 countries. The papers
were prepared during the years 1994 to 1998 and edited by
four internationally noted speleologists: Alexander B.
Klimchouk (Ukraine), Derek C. Ford (Canada), Arthur N.
Palmer (USA), and Wolfgang Dreybrodt (Germany). Some of
the papers are upgrades, revisions, or summaries of previously
published findings of the individual authors, many of which
have appeared in refereed journals, proceedings of symposia,
or elsewhere in the technical literature. The astute reader will
recognize many of the contributions as modified benchmark
papers. However, many of the articles in this book are original
contributions. In all cases, Speleogenesis includes the most
recent findings, interpretations and principles as described by
those who have developed them. The most important aspect of
the volume is that it represents the state of the art in modern
speleology, as presented by the leading researchers, al in one
readily accessible resource. Not only is the book encyclopedic
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Speleogenesis

Evalution of Karst Agquifers

in covering virtually all aspects of speleogenesis and karst
processes, but each paper is supported with ample references
to the extant literature of interest. This fact alone is of prime
consideration, as anyone wishing to access current research in
speleology need only refer to this book, rather than track down
dozens if not hundreds of references in a widely scattered lit-
erature. There is alarge bibliography (28 pages) on caves and
karst at the back of the book, as well as detailed indices to
authors and subjects covered in the text.

Some comments on the contents, layout, and organization
of the book are in order. The magnitude and scope of the
emerging book dictated that it would have to be produced as a
volume of large format (22 cm x 29 cm) and length (527
pages), which makes it similar in size to a standard desktop
dictionary. Pages are laid out in three columns, 6 cm wide and
the type is a small (~8) font. Despite this compact style, the
text is clear; although prolonged reading may lead to eyestrain.
The staff responsible for design, layout, style and production
(in particular, David McClurg, Margaret Palmer, and George
Moore) is to be commended for maximizing the content while
keeping the cost of this encyclopedic tome at a minimum. In
comparison to other geologic advanced textbooks and special-
ized reference books produced by major publishers,
Soeleogenesis is a bargain, well within the budget of any seri-
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ous speleologist or caver.

The articles range in length from 2-14 pages, with most
around 6-8 pages. Thisis comparable to the length of papersin
professional journals. The figures, photographs and line draw-
ings have been reduced to efficiently fit 1, 2, or 3 columns or,
in places, half the width of a page. Many of the figures are
quite detailed; however, clarity has been maintained despite
reduction. All photographs are black-and-white and are rea-
sonably clear. The line drawings are crisp and very readable.

As expected, each paper is technical in nature, comparable
in scientific detail and vocabulary to articles in refereed tech-
nical journals. Geologists, especially geomorphologists and
hydrogeologists specializing in karst, will find the writings and
expositions to be consistent with the geotechnical literature
and should have little difficulty following the text. Cavers who
are not professional earth scientists, for example most of the
rank-and-file members of the National Speleological Society,
may find the material somewhat challenging to read. However,
agreat many cavers have been exposed to cave science in the
course of exploring, mapping, and communicating about caves
and, in general, have assimilated considerable knowledge
about geologic processes in the development of caves and
karst. By and large, long-term active cavers should benefit
greatly from this book. As a whole, Speleogenesis integrates
the complexities implicit in the hydrogeomorphology of karst
into a coherent whole.

Papers are grouped into seven major parts within the book.
The first two are an introduction (1 paper) and a historical
overview of cave science (3 papers) consisting of abbreviated
versions of more extensive discourses by Shaw (1992), Lowe
(1992a,b) and Watson and White (1985), respectively. Parts 3
and 4 include geologic and hydrogeologic controls on the
development of caves and karst (7 papers) and theoretical fun-
damentals of speleogenetic processes (15 papers). Part 5
includes 27 papersrelated to cave development in various geo-
logic and hydrologic settings. Speleogenesis of many of the
largest cave systems in the world is included in this part. Part
6 (2 papers) considers the origin of small and mid-scale fea-
turesin caves (dissolutional features and breakdown). Part 7 (4
papers) considers speleogenesis in non-carbonate rocks.
Finally, Part 8 (3 papers) is a brief introduction to applied
speleology. The major emphasis of Speleogenesis (and the
most comprehensive coverage) lies in the papers in Parts 3, 4,
and 5.

Who should own this book? The answer is unequivocal.
Anyone who has a need or desire to understand how speleoge-
netic processes work, including research scientists, cavers, col-
lege students, and those working in applied karst projects such
as geotechnical consultants, environmental geologists and
hydrologists and appropriate personnel of governmental agen-
cies. This book should be on the shelf of anyone involved in
the study and understanding of karst systems.
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ESRI OffersWeb Sitefor Caveand Karst GIS

Leading Geographic Information Systems (GIS) software
developer ESRI, based in Redlands, California, offers a Web
site for those using ESRI GIS software for cave and karst
applications. GISis used by various government agencies and
an increasing number of private organizations and individuals
to store, map, manage, and analyze cave and karst data, and is
an important tool in the management and conservation of cave
and karst resources.

The site offers a variety of resources, including a discus-
sion forum, examples of utilizing GIS in cave and karst appli-
cations, an electronic newsletter, white papers, technical docu-
ments, and news and contributions from various users. The site
also includes links to the ESRI Cave and Karst Conservation
Program, offering grants and other assistance in software
acquisition for those involved in cave and karst conservation
and management activities.

For more information contact NSS member Bernie
Szukalski, ESRI Cave and Karst Program Manager (volun-
teer), at bszukalski@esri.com, or visit the ESRI Cave and
Karst Web site at:

http://www.esri.com/industries/cavekarst/index.html

Deadline for Abstract Submission for Geology and
Geography Section at 2001 NSS Convention Announced

The NSS Section of Cave Geology and Geography is
accepting abstracts of papers for presentation at the Geology
and Geography Session of the 2001 NSS Convention, to be
held in Mt. Vernon, Kentucky, from 23-27 July 2001. Abstracts
should be no more than 250 words in length (this limit must be
strictly met). In addition to the text, the abstracts should con-
tain the title of the paper, and the name(s) and address(es) of
the author(s). The abstracts should be informative summaries
that include the conclusions, and not lists of topics that “...will
be discussed.” Bibliographies and references should not be
given in the abstracts. Papers may be submitted for either oral
presentation or as a poster.

Send any questions and your abstracts by mail, e-mail,
disk, or fax to: George Veni, 11304 Candle Park, San Antonio,
Texas 78249-4421 210-558-4403 413-383-2276 (fax)
gveni @flash.net

The deadline for abstracts is 1 May 2001. Early submis-
sions are encouraged. Confirmation notes will be sent to every-
one sending an abstract. Details on presentations times, dates,
and other information will be sent to all confirmed participants
after the deadline. For online details about the convention,
visit: http://www.nss2001.con.

Position Available - Chairperson of the NSS Research and
Advisory Committee

The Research and Advisory Commiittee is in the office of
the Executive Vice President. The duties include coordinating
the research grants given by the Society, offering candidates
for the annual Ralph W. Stone Research Award, administering
the NSS Young Investigator Award program, designating offi-
cial NSS research projects, collecting annual project sum-
maries for NSS Projects and Study Groups, providing advice
to members concerning scientific efforts, answering spel eol og-
ical inquiries from others, and reviewing research proposals
and award grants. Members interested in this position should
contact the NSS Executive Vice President, Ray Kedler, via
email <rkeder@pcslink.com> or call h/602-561-2917, w/602-
822-3954.

Obituary

Kim Cunningham
NSS 22063

Kimberley (Kim) I. Cunningham (NSS 22063) died from
heart complications at his home outside Boulder, Colorado, on
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December 20, 2000. Born March 11, 1954 in Austin, Texas, he
grew up in Northern Virginia and began caving in West
Virginia. Sites Cave with its 190-foot entrance pit was hisfirst
in 1977. Other trips quickly followed to Windy-Cassell and
Cass in West Virginia, and many of the vertical caves of
Skydusky Hollow, Virginia. Kim completed his undergraduate
Geology degree at the State University of New York - Stony
Brook. His senior research project involved measuring amino
acids contained in calcite at Cass Cave.

He moved to Colorado in 1979 to work for the United
States Geological Survey and was well respected for his pio-
neering work in developing exploration technologies for oil
and gas. This extended to his recent employment with Geo-
Microbial Technologies, Inc. Kim enjoyed many of the caves
in the Guadalupe Mountains of New Mexico and co-authored
a research paper on Wind Cave, South Dakota, helictite bush-
es. Hetraveled to Ukraine and collaborated with the Ukrainian
Speleological Association on studies of aerosol spelecthemsin
the large gypsum caves of the Western Ukraine.

Kim was perhaps best known in caving for his scientific
research in Lechuguilla Cave, New Mexico. These activities
included coordinating extensive climate/ radon survey expedi-
tions and initially recognizing the diverse microbiology of the
cave (i.e. corrosion residues are from rock-eating bacteria) and
its possible analog to Martian ecosystems. He also served on a
Bureau of Land Management task force to prevent oil and gas
drilling from impacting Guadalupe caves (including the heli-
um expedition using the “cylinders from hell”). He gave many
presentations promoting science in Lechuguilla Cave, includ-
ing appearing in the National Geographic Society TV produc-
tion “Mysteries Underground”.

Kim’'s enthusiasm for the potential role of microbesin geo-
logical processes seen in Lechuguilla Cave successfully
“infected” a number of microbiologists who are actively work-
ing on these issues. The study of microorganismsin the corro-
sion residue of Lechuguillaand Spider Cavesis currently sup-
ported by a Life in Extreme Environments Grant from the
National Science Foundation, and the role of caves in future
extraterrestrial missions is currently supported by a NASA
Institute for Advanced Concepts Grant. These are important
parts of Kim's legacy.

Kim's wife Holly, son Kyle, daughter Shannon and family
in Virginia survive him. His family and many caving friends
across the US and around the world will miss him. Members
of the Ukrainian Speleological Association pushing toward the
world depth record in West Caucasus will name a new pit
below the -1410 meter (4625 foot) depth after Kim. The Imax
film “Journey into Amazing Caves’ will include a memorial
credit for Kim's cave research. He was a true advocate for
caves and cave science throughout his professional and per-
sonal life. His work is published in many USGS reports and
other professional journals including the old NSS Bulletin.
Kim’'s latest research concerns a sulfide source for Guadalupe
speleogenesis from breached backreef hydrocarbon deposits
and will be submitted to this publication in the future.
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A fund is being created to provide grants to individuals
doing their own in-cave research. Contributions can be made
to: The Kim Cunningham Cave Research Fund, National
Speleological Society, First National Bank of Colorado c/o
Maureen Mac Mackin, PO Box 9032, Boulder, CO 80301-
9683.

Ed LaRock and Penny Boston
ERRATUM

In Figure 1 of Davis's “Extraordinary Features of Lechuguilla
Cave, New Mexico” (Journal of Cave and Karst Studies 62(2):
147), the map location numbers starting with 19 in the caption
are out of phase with the numbersin theimage. To find the cor-
rect locations, add 2 to each caption number above 18.

EDITOR'SNOTE

The authors of “Eyed cave fish in a karst window” in the
December 2000 issue of Journal of Cave and Karst Studies (p.
180-183) have asked us to note that correspondence should be
directed to R. Borowsky.

OMISSION

The following abstract was inadvertently omitted from the
publication of Selected Abstracts from the 2000 National
Soeleological Society Convention in Elkins, West Mirginia —
Survey & Cartography

How AcCURATE ARE OUR CAVE SURVEYS?

Robert Thrun, 204 Blair Rd. No. 204, Indian Head, MD. 20640
In one of the earliest papers on cave survey errors, Denis
Warburton compared the actual loop misclosures in cave sur-
veys with theoretical expected errors. Following this lead, the
CMAP survey data reduction program does a similar compar-
ison. For this study, the BCRA Grade 5 error specification was
used instead of the CMAP defaults. The BCRA grade is the
only standard that has a widespread acceptance, at least in
some countries. The most informative plot seems to be error
ratio vs. traverse length on alog-log plot. The plots consist of
acloud of pointsthat can be used to judge a survey’s accuracy,
or at least its internal consistency. Many cave surveys of dif-
ferent types were studied. No survey met the expectations of
the BCRA specification, though a few were close. A typical
survey might have 2-4 times the Grade 5 errors. Poor surveys
have 5-7 times the BCRA errors. The dispersion of the clouds
was always wider than would be obtained from a single ran-
dom error distribution. It may be possible to characterize the
accuracy of a survey from the shape and size of the point
clouds. The amount of adjustment and the percentage adjust-
ment are possible aternatives to error ratio for characterizing
survey accuracy.
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