




STOCHASTIC MODELING OF SURFACE STREAM FLOW
AT DIFFERENT TIME SCALES: SANGSOORAKH KARST

BASIN, IRAN
M. REZA GHANBARPOUR1*, KARIM C. ABBASPOUR2, GOUDARZ JALALVAND3, AND

GHODSIEH ASHTIANI MOGHADDAM1

Abstract: Karstic watersheds are one of the most important areas for water supply.

Because the role of groundwater contribution to surface water flow in karst watersheds is

not well understood, the commonly used hydrologic models in most regular basins do

not provide satisfactory estimates of runoff in karstic regions. This paper uses time-series

analysis to model karstic flow in the Sangsoorakh karst drainage basin in the Karkheh
subbasin of southwest Iran. The comparison of model forecasting performance was

conducted based upon graphical and numerical criteria. The results indicate that

autoregressive integrated moving average (ARIMA) models perform better than

deseasonalized autoregressive moving average (DARMA) models for weekly, monthly

and bimonthly flow forecasting applications in the study area.

INTRODUCTION

Accurate simulation and forecasting of water avail-

ability is a key step in efficient planning, operation, and

management of water resources. Developing reliable sur-

face water flow forecasting methods for real-time opera-

tional water resources management becomes increasingly

important. Various approaches, including physical and

mathematical models, have been used for this purpose. The

problem is more complicated in karstic basins due to the

nature of the dynamic processes involved. Therefore,

karstic basins should be considered distinct from other

drainage areas (LeGrand, 1973). As Graupe et al. (1976)

noted, karstic basins respond differently to rainfall than do

non-karstic drainage areas in such a way that a part of the

precipitation is often stored in underground storage spaces

that discharges at springs after a delay and long after the

rainfall has ceased. Hence, surface hydrology rules and

relationships that are valid in non-karstic watersheds have

a more complex situation in karstic basins.

Similarities of karstic aquifers to surface networks and

their consistency throughout the whole of the karst

drainage network are generally unknown (Glennon and

Groves, 2002). Discrete recharge to a karst aquifer occurs

through openings such as sinkholes. Karst aquifers

recharged in this manner typically have numerous inputs

of surface water to the subsurface with water draining

along cracks, fissures, and zones of weakness in soluble

bedrock (Lerch et al., 2005). Because karstic flow networks

occur underground, karst drainage basins possess complex

boundaries and inexact and sometimes unknown subsur-

face flow routes. Limestone basins behave differently from

normal surface stream systems because of the nature of the

underground drainage (Jakeman et al., 1984). Therefore,

the commonly used surface hydrology models, such as

curve number or rational method, which provides satisfac-

tory estimates of runoff in most regular basins, may not

provide accurate results in karstic regions.

Schomberg et al. (2005) analyzed 72 ungauged,

agricultural watersheds in Minnesota and Michigan using

the hydrologic model SWAT to determine the effects of

land use and surficial geology on stream flow, sediment,

and nutrients. Some streams in those watersheds are

influenced by karst topography. They found seasonal and

annual differences in flow and nutrient and sediment

loading across different land forms and land use types.

Jourde et al. (2007) analyzed the contribution of karst

groundwater to surface water flow using a hydrologic

model. They found that the model was unable to replicate

recorded flood hydrographs at both the upstream (non-

karstic watershed) and downstream (karstic watershed)

gauging stations.

Time-series analysis (Box and Jenkins, 1976) has been

widely used in the field of hydrology and water resources

for simulation and forecasting (Hipel and McLeod, 1994).

Time-series analysis provides effective tools for selecting a

model that describes the historical time series behavior.

Selected models could be used to forecast future events.

Studies have shown that stochastic time-series models are

very useful within the field of complex karstic flow systems,

when detailed information are not available (Graupe et al.,

1976; Jakeman et al., 1984; Dimitrov et al., 1997). The

behavior and the response function of the karstic system

can be characterized by autoregressive models, spectral and

cross correlation analyses, and transfer function noise.

Autoregressive stochastic methods have been used by Ozis
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and Keloglu (1976) for flow simulation in karstic basins in

Turkey. In these basins, karstified limestone formations are

predominant. In most basins, daily and monthly first order
autoregressive models were the most appropriate stochastic

models. Graupe et al. (1976) used an autoregressive model

and moving average for simulating and forecasting flow in

karstic basins. In their research, Graupe et al. found that

the first order autoregressive model for partial karstic

basins and second order autoregressive model for complete

karstic basins were identified as the best models. A

mathematical overview of single and cross correlation
and spectral analyses was presented by Mangin (1984).

Dimitrov et al. (1997) also used time series stochastic

models including autoregression on the dependent variable

as well as on the residuals and multiple regression using

different time lags in a karstic basin in Bulgaria. In this

basin, the limestone thickness varied within the range 20–

250 m. The average elevation of the basin was about 800–

1000 m. The Upper Cretaceous limestone is highly
karstified and both surface and underground karst forms

exist. They concluded that the stochastic linear differential

equation with independent error process was the best

approach for flow estimation when detailed information on

the rainfall-runoff processes is not available. Mathevet et

al. (2004) analyzed the hydrological functioning of a karst

system using some time-series analysis methods including

correlation and spectral analyses and noise and wavelet
analyses. The non-stationary and timescale-dependent

behavior of the system was studied.

The objective of this research was to develop and

compare two stochastic models for flow forecasting in the

Sangsoorakh karst basin located in the Karkheh sub-basin

in southwest Iran. The models are based on a seasonal

autoregressive integrated moving average (ARIMA) and a
deseasonalized autoregressive moving average (DARMA).

For this study, stochastic approaches were used to develop

weekly, monthly, and bi-monthly flow simulation and

forecasting models.

METHODS AND MATERIALS

STUDY AREA

The Sangsoorakh karst drainage basin covers an area of

53.4 km2 in the Karkheh subbasin in southwest Iran (Fig. 1).
The highest elevation of the basin is 3498 m in southeastern

portion and the lowest is 1760 m in the northeastern portion.

The average rainfall is 636 mm yr21 (Jalalvand, 1999). The

average annual discharge of the basin at the hydrometric

station is 4.2 m3 s21. The estimated runoff coefficient is

about 0.32 (Jalalvand, 1999). The average monthly tem-

perature is 6.1 uC with a minimum of 27.5 uC in December

and a maximum of 19.0 uC in August. The soil in the area is
mountainous with shallow depth and light texture (sandy)

and with plenty of stones and gravels. This area is covered

by natural rangeland especially near Sarab-Gamasyab

Spring (Fig. 2). Most parts of the basin are karstic

(Jalalvand, 1999). Flow simulation and forecasting is very

important in the study area for management of water

resources, estimation and prediction of spring floods, and

for water supply planning. Furthermore, increasing the
relative accuracy for flow forecasting in high- and low-flow

seasons for efficient water resources management has special

economic values.

DATA

The data collected in this study consisted of weekly,

monthly, and bimonthly flow rates, which were measured

using a hydrometric gauge at the outlet of the basin. The

data period for this study was for the water years of 1979–

80 to 2003–04. A split sample procedure was used for

calibration and validation. In each of the weekly, monthly,

and bi-monthly databases, flow data from 1979–80 to
1997–98 were used for calibration and data from 1998–99

to 2003–04 for validation.

GEOLOGY OF THE BASIN

This area is located in the overthrusted Zagros zone. It

is an intensely fractured and faulted narrow band found

between Sanandaj-Syrjan and the folded Zagros zones

Figure 1. Location of Sangsoorakh Basin in the Karkheh

Basin in western Iran.
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(Fig. 2). The top part of region is mainly covered by

sedimentary and metamorphic rocks. Sedimentary rocks

consist of karstic limestone and conglomerates. Meta-

morphic formations mostly consist of crystallized lime-

stone and low-grade metamorphic shale that are white-gray

to dark-gray in color, and in some cases, there are lime-

marl to marl layers. Geomorphic activities have created

many clay and calcite filled pores.

In Figure 2, the first geologic unit, Cretaceous rocks

from oldest to youngest are indicated as K1vl, K1le, K1lw.
K1lv is a pyroclastic member that consists of crystallized

limestone and volcanic rocks. As shown in Figure 2, these

rocks cover most of the northern region around the basin

outlet. The second member, K1le, consists of carbonate

rocks such as weathered microsparite and dolomicrite in

various shades of gray color in the north and northwestern

part of the region. Therefore, it can be said that these are an

indicator facie among other facies. K1lw is a thick to
massive member that is crystallized white limestone and is

located in northwestern part of the region. According to the

Nahavand geological map (1:100,000), all these members

belong to the lower Cretaceous period (Jalalvand, 1999).

The second unit is ophiolite that is exposed along Garin

Mountain in Nahavand-Nourabad road. It is about 10-km-

long and more than 200-m-wide. It is the main outcrop in

the basin and consists of red plugic limestone and

radiolarian cherts within basaltic volcanic rocks. This unit

has been covered by Oligo-Miocene deposits.

Tertiary deposits of Oligo-Miocene age cover 80 percent

of the basin, and consist of OM and M1 members. OM is a

kind of tectonic thrusted member that is composed of sand,
shale, and siltstone with thin layers of gray limestone. As a

result of faulting, bedding slopes in varying directions, and

in some places, are near vertical. The limestone has many

microfossil traces. The thickness of micro-conglomerates is

about 10 m and consists of shale, crystallized limestone,

and old sandstone. The microfossils were studied in a thin

carbonate layer and were found to belong to upper-

Oligocene and lower-Miocene units (Jalalvand, 1999).

M1, which is located in the southern part of Garin

Mountain, is 360–400-m-thick and composed of biomicrite
carbonate rocks with many microfossil traces. There are

many macropores in this unit caused by infiltrating surface

water and dissolution of limestone, which led to the

creation of a karstic environment. In addition, canyons,

clints, and avens are some other forms of karst morphology

that exist in this unit.

TIME SERIES ANALYSIS

Time-series models can be used to describe the

stochastic structure of a hydrologic data series. In this

study, the ARIMA (Box and Jenkins, 1976) and the

DARMA (Hipel and McLeod, 1994) models were used to

model weekly, monthly, and bimonthly flow time series.

The ARIMA model is constructed using a combination

of moving average (MA) and autoregressive (AR) pro-

cesses, after differencing the data to remove nonstationar-
ity. For the nonseasonal component of a seasonal ARIMA

model, the MA operator is written as

h Bð Þ~1{h1B{h2B2{ . . . {hqBq ð1Þ

where q is the order of the nonseasonal MA operator, hj, j

5 1, 2, …, q, are the MA parameters, and B is the
backward shift operator such that BZt 5 Zt-1. The AR

operator is written as

w Bð Þ~1{w1B{w2B2{ . . . {wpBp ð2Þ

where p is the order of the nonseasonal AR operator, and

wi, i 5 1, 2, …, p, are the nonseasonal AR parameters. The
nonseasonal ARIMA model for a set of equispaced

measurements, Z~fZ1,Z2,:::,Zng, can be written as

w Bð Þ 1{Bð Þd Ztð Þ~h Bð Þat ð3Þ

where d is the number of differences, t is discrete time, and

at is the white noise series which has a finite variance and a
mean of zero. Differencing removes nonstationarity in a

time series. When differencing is not required, the model is

referred to as an ARMA model. Construction of ARIMA

models is conducted based on the three stages of model

Figure 2. Sangsoorakh geology map and its karstic forma-

tions (Jalalvand, 1999).
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building: identification, estimation, and diagnostic check-

ing, which is discussed in detail by Hipel et al. (1977). The

95% confidence limits are calculated using

Var pk½ �%
1

N
1z2

Xq

i~1

p2
i

 !
for kwqð Þ ð4Þ

under the assumption that pk is zero for all nonzero lag and

N is length of the data series

The nonseasonal ARIMA model in Equation (3) can be

expanded to the seasonal case by adding seasonal

differencing, as well as seasonal MA and AR operators

to produce the seasonal ARIMA model defined as

w Bð ÞW Bsð Þ 1{Bð Þd 1{Bsð ÞD Zt{mð Þ~h Bð ÞH Bsð Þat ð5Þ

for which

1. the seasonal length is s (s 5 12 for monthly data),

2. (1{Bs)D is the seasonal differencing operator of

order D,

3. H Bsð Þ~1{H1Bs{H2B2s{ . . . {HQBQs is the sea-

sonal MA operator of order Q,

4. Hi is the ith seasonal MA parameter,

5. and W(Bs)~1{W1Bs{W2B2s{ . . . {WpBPs is the

seasonal AR operator of order P where Wi is the

ith seasonal AR parameter.

The notation (p,d,q)(P,D,Q)s is used to represent the

seasonal ARIMA model in Equation (5). The three entries

within the first set of parentheses stand for the orders of the

nonseasonal AR, differencing, and MA operators, respec-

tively, while the three numbers contained inside the second

set of parentheses give the orders of the seasonal AR,

differencing, and MA operators, respectively. Finally, prior

to fitting the seasonal ARIMA model in Equation (6) to

the Zt time series, the series may first be transformed by a

Box-Cox transformation, for which a logarithmic trans-

formation is a special case, to eliminate problems with non-

normality and heteroscedasticity in the estimated model

residuals (Hipel and McLeod, 1994).

The second stochastic method, DARMA is a widely

used approach to model seasonal data series. In this

method, first the series should be deseasonalized and then

an appropriate nonseasonal stochastic model fit to the

deseasonalized data. Two standard deseasonalization

techniques that have been widely used are

wi,j~Zl
i,j{�mmj ð6Þ

and

wi,j~
Zl

i,j{�mmj

� �
�ssj

ð7Þ

where Zi,j is the transformed observation for the ith year, jth

month, mmj is the fitted mean for season j, ssj is the fitted

standard deviation for season j, and the superscript l is the

exponent of an appropriate Box-Cox transformation (Hipel

and McLeod, 1994). After the series are deseasonalized,

nonseasonal ARMA models are fitted to the data. Finally,

the notation DARMA (p,q) is employed to represent this

type of deseasonalized model where p and q stand for the

orders of the nonseasonal and seasonal AR and MA

operators presented in Equations (2) and (1), respectively.

Calibration of time-series models is conducted based on

the three stages of model building: identification, estimation,

and diagnostic checking (Box and Jenkins, 1976; Hipel et al.,

1977; Hipel and McLeod, 1994). The purpose of the

identification stage is to determine the differencing required

to produce stationarity and the persistence structure in the

series using interpretation of the autocorrelation function

Figure 3. ACF for the monthly flow data series for the

Sangsoorakh Hydrometric Station.
Figure 5. PACF for the seasonally differenced monthly flow

data series for the Sangsoorakh Hydrometric Station.

Figure 4. ACF for the seasonally differenced monthly flow

data series for the Sangsoorakh Hydrometric Station.
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(ACF) and the partial autocorrelation function (PACF). In

the estimation stage, the approximate maximum likelihood

estimates (MLEs) for the model parameters is obtained by

employing the unconditional sum of squares method, as

suggested by Box and Jenkins (1976). The third stage of

time-series analysis consists of diagnostic checking of the

estimated model residuals and is used to evaluate the

ARIMA and DARMA models performance. To determine
whether the residual are white noise and normally indepen-

dently distributed, residual autocorrelation function

(RACF) tests (Hipel et al., 1977) are employed. The Akaike

information criteria (AIC) (Akaike, 1974) and Schwars’

approximation of the Bayes Information Criterion (BIC)

(Schwars, 1978) were utilized to select the most appropriate

model from the candidate set of calibrated models

AIC~{2Ln MLð Þz2K ð8Þ

BIC~{2Ln MLð ÞzKLn nð Þ ð9Þ

where ML is maximum likelihood, K is the number of

adjustable parameters, and n is the length of the time series.

The optimal model is chosen to minimize the AIC or BIC

criterion, depending on which criterion is selected.

For validation of the models, one-step-ahead forecasts

for the test portion of the time series were generated using

the selected set of calibrated models. Plotting the observed

and estimated data series for each model could be used as

an indication of reliability of the models at the validation

stages. The forecasting performance of all the models at the

validation stage was compared based on the mean absolute

error (MAE), root mean square error (RMSE), and Nash-

Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), as

defined in Equations 10, 11 and 12. The procedure having

lower MAE and RMSE values can be assumed to be the

most accurate model for flow forecasting in the study area.

NSE values equal to 1 indicate a perfect fit between

simulated and observed data. An NSE value of 0 indicates

that the model predictions are not acceptable (Motovilov et

al., 1999). To investigate the models’ overall forecasting

performance at the verification stage, the coefficients of

determination (R2) were considered. R2 indicates the

strength of fit between observed and forecasted stream

flow and it has the range of values between 0 and 1.

MAE~
1

n

Xn

i~1

XOi{XEi½ � ð10Þ

Table 1. Selected ARIMA models and the model parameters.

Time Interval Model

Model Parameters

p1 p2 p3 q1 P1 Q1

Weekly ARIMA(3,0,0)(0,1,1)52 0.885 … … 0.089 0.062 0.687

ARIMA(3,0,1)(0,1,1)52 0.885 … 0.662 20.009 20.384 1.345
ARIMA(2,0,0)(0,1,1)52 0.888 … … … 0.124 0.698

ARIMA(1,0,0)(0,1,1)52 0.890 … … … … 0.798

Monthly ARIMA(1,0,0)(0,1,1)12 0.889 … … … … 0.594

ARIMA(1,0,1)(0,1,1)12 0.890 … 0.138 … … 0.684
ARIMA(2,0,1)(0,1,1)12 0.890 … 20.772 … 0.552 20.220

ARIMA(3,0,1)(0,1,1)12 0.885 … 20.733 20.005 0.537 20.182

Bimonthly ARIMA(1,0,1)(1,1,1)6 0.876 20.185 20.193 … … 0.387
ARIMA(1,0,0)(1,1,1)6 0.875 20.201 … … … 0.526

ARIMA(2,0,1)(1,1,1)6 0.877 20.185 20.523 … 0.185 0.057

ARIMA(2,0,0)(1,1,1)6 0.875 20.191 … … 20.056 0.557

The notation (p,d,q)(P,D,Q)s is used to represent the seasonal ARIMA model in which p, d and q are order of the nonseasonal AR, differencing and MA operators respectively.

P, D and Q are the order of the seasonal AR, differencing and MA operators and s is number of season per year.

Table 2. Selected DARMA models and the

model parameters.

Time

Interval Model

Model Parameters

p1 p2 p3 q1

Weekly DARMA(3,0) 0.686 0.065 0.077 …

DARMA(2,1) 1.256 20.324 … 0.571

DARMA(1,1) 0.854 … … 0.178

DARMA(1,0) 0.789 … … …

Monthly DARMA(1,1) 0.671 … … 0.161

DARMA(1,0) 0.562 … … …

DARMA(2,1) 20.131 0.543 … 20.846

DARMA(2,0) 0.498 0.112 … …

Bimonthly DARMA(1,1) 0.335 … … 20.224

DARMA(1,0) 0.503 … … …

DARMA(2,1) 20.066 0.22 … 20.624

DARMA(2,0) 0.538 20.068 … …

The notation (p,q) is used to represent the deseasonalized ARMA model in which p

and q are order of the nonseasonal AR and MA operators respectively.
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RMSE~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i~1

XOi{XEi½ �2
s

ð11Þ

NSE~ 1{

P
XO i{XE i

� �2

P
XO i{XO i

� �2

0
B@

1
CA ð12Þ

where n is number of data observations, XO i is observed

value, XE i is estimated value, and XO i is the average of

observed values.

RESULTS AND DISCUSSION

Weekly, monthly, and bimonthly stochastic ARIMA

and DARMA models were developed using a time-series

analysis procedure for the basin under study. To determine

the autocorrelation structure in the series, we plotted the

ACF and PACF that reflect linear dependence among

observations separated by different time lags. As an

example, the ACF for the monthly flow is illustrated in

Figure 3. The ACF follows an attenuating sine wave

pattern. Examination of this function revealed that the

data have seasonality, which requires removal using one

order of seasonal differencing.

Figures 4 and 5 show the ACF and PACF, respectively,

for the seasonally differenced monthly flow-time series. As

Table 3. Comparison of the selected ARIMA models.

Time Interval Model

Comparison Criteria

AIC BIC RACF

Weekly ARIMA(3,0,0)(0,1,1)52 153.6 429.6 Residuals are normally distributed

ARIMA(3,0,1)(0,1,1)52 154.1 435.1 Residuals are normally distributed
ARIMA(2,0,0)(0,1,1)52 159.03 430.4 …

ARIMA(1,0,0)(0,1,1)52 171.5 438.03 …

Monthly ARIMA(1,0,0)(0,1,1)12 222.3 35.9 …

ARIMA(1,0,1)(0,1,1)12 222.3 39.3 Residuals are normally distributed
ARIMA(2,0,1)(0,1,1)12 224.5 40.6 Residuals are normally distributed

ARIMA(3,0,1)(0,1,1)12 222.3 46.2 Residuals are normally distributed

Bimonthly ARIMA(1,0,1)(1,1,1)6 22.02 32.83 Residuals are normally distributed
ARIMA(1,0,0)(0,1,1)6 22.59 26.9 Residuals are normally distributed

ARIMA(1,0,1)(0,1,1)6 21.64 30.53 …

ARIMA(2,0,1)(0,1,1)6 23.24 34.54 …

Figure 6. RACF for the selected ARIMA(1,0,1)(0,1,1)12

monthly model for the Sangesourakh Hydrometric Station.

Figure 7. Plot of the residuals (RACF) of

ARIMA(1,0,1)(0,1,1)12 monthly model with normal curve.
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evident in Figure 4, the ACF did not truncate but rather

damps out, suggesting that a nonseasonal AR parameter

was needed in the model. Because the PACF truncated

after lag 1 (Fig. 5), one nonseasonal AR parameter should

be included in the model. There was a significant value at

lag 12 that indicated the presence of a seasonal MA term in

the model. In a similar way, all possible models were

identified for data series at the other time scales. Table 1

presents the four selected ARIMA models for the weekly,

monthly, and bimonthly flow in the study area.

For the case of DARMA models, all flow-time series

were deseasonalized. For weekly data, flows were deseaso-

nalized using the estimated means of the series (Equation

(6)). For monthly data, it was necessary to use both

Equations (6) and (7), but for bimonthly data, flows were

first transformed using natural logarithms and then

deseasonalized using Equation (6). Then, the three men-

tioned modeling stages of time-series analysis were

followed to calibrate the DARMA forecasting models.

Deseasonalized models are useful for describing time series

in which the mean and variance within each season are

stationary across the year. Table 2 presents four selected

DARMA models which might be suitable for simulating

flow time series at different time scales.

The approximate maximum likelihood (MLE) estimates

for the model parameters were obtained by employing the

unconditional sum of squares method suggested by Box

and Jenkins (1976). Model parameters for ARIMA and

DARMA models are shown in Table 1 and 2, respectively.

For checking the adequacy of the models fitted to the time

series, residual autocorrelation function (RACF) tests were

employed. The AIC and BIC were used to select the best fit

model out of the various competing models.

Table 3 shows the comparison between all ARIMA

models based on RACF, AIC, and BIC. With respect to

these criteria, the ARIMA(3,0,0)(0,1,1)52 model performs

better than the other three weekly models. For the monthly

and bimonthly flow series, ARIMA(1,0,1)(0,1,1)12 and

ARIMA(1,0,1)(1,1,1)6 are more accurate. A plot of the

RACF for the selected ARIMA(1,0,1)(0,1,1)12 model is

shown in Figure 6. From Figure 6, it can be noted that the

estimated values fall within the 5% significance interval.

The residuals were white noise and normally distributed

(Figure 7).

A comparison of all DARMA models is shown in

Table 4. Based on the mentioned diagnostic criteria,

DARMA(1,1) were selected as the most reliable weekly,

monthly, and bimonthly DARMA models, respectively.

One-step-ahead forecasts for the verification part of the

weekly, monthly, and bimonthly flow (1998–99 to 2003–04)

Table 4. Comparison of the selected DARMA models.

Time Interval Model

Comparison Criteria

AIC BIC RACF

Weekly DARMA(3,0) 2120.05 2100.66 Residuals are normally distributed
DARMA(2,1) 2120.29 2100.91 …

DARMA(1,1) 2119.07 2104.5 Residuals are normally distributed

DARMA(1,0) 2104.94 295.25 …

Monthly DARMA(1,1) 283.25 272.96 Residuals are normally distributed

DARMA(1,0) 282.89 276.03 …

DARMA(2,1) 283.5 269.84 …

DARMA(2,0) 283.8 273.53 Residuals are normally distributed

Bimonthly DARMA(1,1) 2316.39 2308.34 Residuals are normally distributed

DARMA(1,0) 2317.48 2312.12 …

DARMA(2,1) 2314.94 2304.21 …

DARMA(2,0) 2315.96 2307.91 …

Table 5. Summary of the performance analysis of

forecasting models.

Time Interval Model MAE RMSE NSE R2

Weekly ARIMA 1.41 1.82 0.49 0.52

DARMA 1.46 1.89 0.43 0.50

Monthly ARIMA 1.25 1.57 0.61 0.54

DARMA 1.29 1.68 0.56 0.60

Bimonthly ARIMA 1.24 1.5 0.62 0.56

DARMA 1.23 1.56 0.59 0.59

Table 6. Statistical comparison of the forecasting models

using paired-sample t-test analysis.

Model Time

Interval t

Degrees of

Freedom Significance

Weekly 21.732 259 0.084

Monthly 210.188 59 0.00

Bimonthly 6.457 29 0.00
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were generated using the selected set of the ARIMA and

DARMA models. The resulting calibrated models were

then examined for use in predicting flow data series at the

three different time scales.

We used the validation data sets to compare the

forecasting ability of the ARIMA and DARMA models.

Table 5 gives the indices used to compare the goodness of

model simulation for weekly, monthly, and bimonthly time

scales.

For the case of the weekly flow forecasting, the seasonal

ARIMA model provides slightly better results than

DARMA in terms of MAE and RMSE. As can be seen

in Table 6, the differences are significant at the 0.05 level

based on a paired sample t-test analysis. However, the

results of the monthly and bimonthly ARIMA and

DARMA models were slightly similar and the differences

are not significant at the 0.05 level (Table 6). The NSE was

used to evaluate the simulation accuracies of the two

models. The NSE of the ARIMA in comparison to the

DARMA models is more satisfactory (Motovilov et al.,

1999). The NSF for weekly, monthly, and bimonthly flow

is 0.49, 0.61 and 0.62, respectively (Table 5).

To show the validation results of the models for weekly,

monthly, and bimonthly flows, in Figures 8, 9, and 10,

respectively, we plot both the observations and the

predictions. As seen in Figure 8 for the weekly simulation,

DARMA slightly overestimates the flow during the

recession periods. Overestimation of the flow by the

DARMA model during recession periods also could be

seen in Figures 9 and 10. However, it could be concluded

that the weekly, monthly, and bimonthly ARIMA models

are more suitable than DARMA in the study area,

especially for dry periods.

CONCLUSIONS

Two time-series analysis models, ARIMA and

DARMA, have been used to simulate the surface water

discharges in a karst basin by the identification, estimation,

and diagnostic check stages of stochastic model construc-

tion (Hipel and McLeod, 1994). The main objective of this

work was to provide a set of numerical comparisons

between stochastic-flow simulation and forecasting models

for a small karstic watershed.

As demonstrated by the simulation experiments out-

lined in the paper, selected ARIMA and DARMA models

statistically preserve specified historical statistics. Also,

diagnostic checks reveal that the normality assumptions for

the residuals are fulfilled and model parsimony is

preserved. Therefore, the calibrated ARIMA and

DARMA models adequately simulate weekly, monthly,

and bimonthly flows in the study area.

A comparison of model predictions with historical data

for the period of 1979–80 to 2003–04 water years

demonstrated the accuracy of the models. As indicated in

this research, forecasts of flows are reasonably accurate for

both of the modeling techniques. The NSE for both models

at three time scales are more than 0.43 and it shows that

simulation results are all satisfactory (Motovilov et al.,

1999). However, it has been found that the weekly,

monthly, and bimonthly ARIMA models perform better

than DARMA models based on the results of the

Figure 8. Comparison of observed and forecasted weekly flow using ARIMA and DARMA models for validation period

(1999–00 to 2003–04).
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numerical and graphical comparison of forecasting perfor-

mance of the models.

The process of rainfall-runoff is more complicated in

karst than non-karst basins because it has been shown in

some previous studies. Schomberg et al. (2005) found that

two gauges with a predicted coefficient of variation (CV) of

flow greater than the actual CV of flow were in

predominantly loess areas with karst influence. Predict-

ability, constancy and CV of flow were all predicted as

overly flashy by their SWAT model, which is heavily

influenced by karst geology. They concluded that karst

watersheds are more complex and more poorly understood

Figure 9. Comparison of observed and forecasted monthly flow using ARIMA and DARMA models for validation period

(1999–00 to 2003–04).

Figure 10. Comparison of observed and forecasted bimonthly flow using ARIMA and DARMA models for validation period

(1999–00 to 2003–04).
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than non-karst systems (Felton, 1994) and have been

shown to require more specialized calibration to obtain

accurate results (Spruill et al., 2000). Jourde et al. (2007)
have shown that surface runoff hydrologic models cannot

simulate the flow in the karstic part of the watershed under

study because there is an additional contribution to surface

flow from the karstic area and it is probably related to a

delayed contribution of karst groundwater to surface flow.

They suggest a fully coupled surface–subsurface hydrologic

model to characterize the dynamics of the karst ground-

water contribution to the surface drainage network.
In a karstic system, surface water flow is an observed

output of the basin, which is available usually with better

accuracy. As noted by Graupe et al. (1976) and Dimitrov et

al. (1997), the application of stochastic models, such as the

ones used in this study, offers an inexpensive solution to the

operational input data, especially when insufficient spatial

and temporal hydrodynamic information is available. How-

ever, more research is necessary to prove that stochastic time-
series models could have better capabilities than physical

models within the field of complex karstic flow systems.
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DISTRIBUTION OF CYANOBACTERIA AT THE GELADA
CAVE (SPAIN) BY PHYSICAL PARAMETERS
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Abstract: As part of an extensive study of the caves in the Province of Alicante (SE

Spain), the distribution of cyanobacteria and physical data for the Gelada Cave are

presented. This cave is 9.4 m deep, 0.9 to 5.0 m high, 1.2 m wide, and is located in a karst

region. Photon flux density, relative humidity, and temperature were measured, and the

environmental ranges of conditions where growth occurred fluctuated between 0.0008–

0.06 mE.m22s21, 55.0–95.0% and 5.4–18.0 uC, respectively. All the microorganisms
determined from the Gelada Cave were cyanobacteria. Other frequently observed groups

in caves, such as Bacillariophyta and Chlorophyta, were not detected because the cave

was too weakly illuminated and dry. Cyanobacteria were found to be grouped as blue,

brown, green, or gray patina according to the sampling sites and their constituent

organisms. The primary common stress factor on the distribution of algal communities in

the Gelada Cave is light shortage, followed by humidity, lack of nutrients, and

temperature. Twenty-two epilithic cyanobacteria were identified, ten of which have not

been previously reported in caves. The species studied are included in the Chroococcales
order (77.30%), followed by the Oscillatoriales order (13.60%) and by the Nostocales

(4.55%) and Stigonematales (4.55%) orders. The extreme values of the environmental

parameters are presented for each taxon in this cave.

INTRODUCTION

Caves present a microclimate that is characterized not

only by temperature and relative humidity values that remain

nearly constant all year round, but also by a luminous

intensity that varies from the entrance to the back of the cave.

There are data sets on algal flora in caves from many

countries and most continents. However, little information

is available about algal communities in Spanish caves, and

even less about the environmental conditions they require

(Aboal et al., 1994; Asencio and Aboal, 1996, 2000 a,b;

Asencio et al., 1996; Beltrán and Asencio, in press,

Cañaveras et al., 2001; Gracia-Alonso, 1974; Hernández-

Mariné and Canals, 1994; Hernández-Mariné et al., 1999;

Ruı́z-Sánchez et al., 1991).

The purpose of this study conducted at the Gelada Cave

was to characterize the cyanobacterial communities and to

document their distribution within the cave in accordance

with environmental conditions as part of an extensive study

of caves in the Province of Alicante (SE Spain).

STUDY AREA

The Gelada Cave is located in the Font Roja Nature

Reserve (38u389510N, 0u329460W) at an altitude of 1050 m

in the municipality of Alcoy (Alicante, Spain). The climate

of this region is Mediterranean, with continental and

mountain influences depending on the altitude. Summers

are dry with not excessively high temperatures, while

winters are harsh with some snowfalls. Rainfall is relatively

high and variable depending on exposure and altitude, with

maximum precipitations in autumn (46 mm), winter

(39 mm) and spring (44 mm), and minimum precipitations

in summer (10 mm). The mean annual temperature is

between 12 uC and 15 uC. There are limestone rocks in the

area dating back to the Tertiary.

The entrance to the cave (Fig. 1) faces north and is 9.4 m

deep, 0.9 to 5.0 m high and 1.2 m wide.

MATERIAL AND METHODS

Prior to collecting from the surface of walls at nineteen

points at the Gelada Cave where colonization was evident,

photon flux density (Photosynthetically Active Radiation -

PAR), air temperature, and relative humidity measure-

ments were taken in winter and summer. An LI-1400

datalogger model (LICOR) with an LI-192 sensor and a

Delta Ohm HD 8501 H thermohygrometer, were used.

Electrodes were placed on the rock surface.

Samples were taken using a scalpel and were placed into

labeled plastic bags. Scraped material was used directly for

observation under a light microscope or as inoculate for

cultures in BG11 medium (Rippka et al. 1979). The

cultures were maintained at 25 uC, 70 mE.m22s21, with a

photoperiod of 16 h light and 8 h darkness. Species were

determined by studying the material collected from the

field and the cultured material.

RESULTS AND DISCUSSION

The mean relative humidity in the Gelada Cave was

81.0% in both summer and winter. Values ranging between

A. Martı́nez and A.D. Asencio – Distribution of cyanobacteria at the Gelada Cave (Spain) by physical parameters. Journal of Cave and
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a maximum of 95.0% inside the cave and a minimum of

55.0% at the entrance of the cave were recorded. These

values coincide with the Quinçay Cave (Leclerc et al., 1983)

and the Vapor Cave (Hernández-Mariné et al., 1999),

however, they differ from those recorded at other areas in

SE Spain, such as the Andragulla Shelter (Asencio and

Aboal, 1996), the La Serreta Cave (Asencio and Aboal,

2000a) and the L’Aigua Cave (Beltrán and Asencio, in

press), given the poor exposure of the area to the exterior,

which modifies its environmental parameters.

The mean temperature in the Gelada Cave reaches 13.6

uC in summer and 6.2 uC in winter. Values ranging between

a maximum temperature of 18.0 uC in summer and a

minimum temperature of 5.4 uC in winter were recorded at

points close to the entrance. The differences in temperature

registered during the day varied between 1.7 uC in summer

and 1.2 uC in winter, which are similar to those recorded at

Quinçay: 1 uC (Leclerc et al., 1983). These values differ

from those recorded during the most extreme seasons at

other areas in SE Spain, such as the Andragulla Shelter

with a range of 20.6 uC to 6.0 uC (Asencio and Aboal,

1996), the La Serreta Cave with between 6.4 uC in summer

and 3.8 uC in winter (Asencio and Aboal, 2000a), and the

L’Aigua Cave with a range of 12.1 uC to 4.3 uC (Beltrán

and Asencio, in press).

The mean PAR values recorded in the Gelada Cave

reached 0.01 mE.m22.s21 in summer and 0.006 mE.m22.s21

in winter. Values ranging between a maximum of

0.06 mE.m22.s21 in summer in the entrance and a minimum

of 0.0008 mE.m22.s21 in winter inside the cave were

recorded. These values were lower than those recorded at

the Quinçay Cave where the maximum value reached was

0.2 mE.m22.s21 (Leclerc et al., 1983). These values differ

from those recorded during the most extreme seasons at

other areas in SE Spain, such as the Andragulla Shelter:

1504.0 mE.m22.s21 in summer and 1.4 mE.m22.s21 in

winter (Asencio and Aboal, 1996), the La Serreta Cave:
1241.0 mE.m22.s21 in summer and 0.1 mE.m22.s21 in

winter (Asencio and Aboal, 2000a), and the L’Aigua Cave:

1142 mE.m22.s21 in summer and 0.3 mE.m22.s21 in winter

(Beltrán and Asencio, in press).

The fact that the relative humidity, temperature, and

PAR values recorded inside the Gelada Cave remained

more or less constant throughout the year indicates that

this is, strictly speaking, a cave in accordance with

Hoffmann (1989). This is in contrast to other caves and

shelters in SE Spain, which present a less constant

microclimate given their more direct exposure to the
exterior (Asencio and Aboal, 1996; Asencio and Aboal,

2000a and Beltrán and Asencio, in press).

A total of twenty-two species have been identified and
characterized along with the environmental parameters in

the Gelada Cave (Appendix 1 and Table 1).

The cyanobacteria studied are included in the Chroo-

coccales order, where the most diversity has been verified
(77.30%), followed by the Oscillatoriales order (13.60%),

then by the Nostocales (4.55%) and Stigonematales (4.55%)

orders. The abundance of the Chroococcales species in the

Gelada Cave, along with the predominance of Oscillator-

iales, as opposed to Nostocales, coincides with some caves

in Belgium (Garbacki et al., 1999) with similar temperature

and humidity values.

Of the twenty-two species found, seventeen were

coccoid and five were filamentous species. At sampling

points 1, 8, 14, 15, 16 and 17, coccoid species were found

exclusively. Coccoid species, as opposed to filamentous
species, predominated at points 2, 3, 4, 5, 6, 7, 10 and 11.

Filamentous species, as opposed to coccoid species,

predominated at points 9, 13 and 18. A number of coccoid

and filamentous species coincided at points 12 and 19. The

predominance of coccoid species, as opposed to filamen-

tous species, at the Gelada Cave coincides with the findings

in the La Serreta Cave (Asencio and Aboal, 2000a), unlike

caves and shelters that are not so deep and where
filamentous species predominate (Asencio and Aboal,

1996). Coccoid forms are more abundant in dark areas,

whereas filamentous forms tend to be more diverse in

illuminated locations, unlike the findings of Vinogradova

et al., (1998) who considered the opposite scenario.

The collected species are characterised by the presence

of mucilaginous sheaths whose volume may vary consider-

ably. Sheaths act as water reservoirs to avoid drying and

prolong activity under drought conditions (Friedmann,

1972; Caiola et al., 1996; Nienow, 1996; Potts, 1999 and

Potts and Friedmann, 1981). Occasionally, sheaths appear
coloured because of pigments acting as filters to diminish

the amount of incident light, which is in accordance with

Krumbein and Potts (1978).

Of the thirteen identified genera, the genus that presents

the most different species is Gloeocapsa with four, followed

by Cyanosaccus and Leptolyngbya with three species each,

then by Chroococcus and Pleurocapsa with two each. The

Figure 1. Geographical situation of Gelada Cave in Font
Roja Nature Reserve in Alcoy, Alicante (SE Spain).

Numbers show sampling sites.
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remaining genera: Aphanothece, Asterocapsa, Chroococci-

dium, Cyanobacterium, Cyanostylon, Pseudocapsa, Scyto-

nema and Symphyonema presented one species each.

The fact that four Gloeocapsa species were present at

the Gelada Cave indicates that the algal colonization on

the walls is at an intermediate stage, and coincides with

Fritsch (1907), Diels (1914), Häyren (1940), Garty (1990)

and Pentecost (1992), who all considered these genera to be

pioneers in rock colonization. This contrasts with similar

works in which Gloeocapsa appears less abundantly

(Iliopoulou-Georgoudaki et al., 1993, Asencio and Aboal,

2000a, and Beltrán and Asencio, in press).

Of the twenty-two species identified, the most common

are Asterocapsa divina found at ten points, Leptolyngbya

leptotrichiformis at eight points, and Scytonema julianum at

six points, while Chroococcidium sp, Cyanobacterium

cedrorum, Cyanosaccus sp, Gloeocapsa nigrescens, Lepto-

lyngbya carnea, Pleurocapsa sp and Symphyonema caverni-

colum were encountered at only one point each.

Those species which withstand less constant environ-

mental conditions at the Gelada Cave are: Cyanosaccus

aegeus (0.02–0.0008 mE.m22.s21, 91.0–55.0%, 18.0–

5.5 uC), Gloeocapsa novacekii (0.03–0.0008 mE.m22.s21,

85.0–67.0%, 18.0–5.8 uC), Gloeocapsa rupicola (0.06–

0.0008 mE.m22.s21, 91.0–69.0%, 14.3–5.5 uC), Leptolyng-

bya ‘‘Albertano/Kováčik-red’’ (0.03–0.0008 mE.m22.s21,

90.0–77.0%, 16.4–5.4 uC) and Scytonema julianum (0.06–

0.0008 mE.m22.s21, 95.0–69.0%, 15.5–5.5 uC), whereas

Cyanobacterium cedrorum (0.003–0.005 mE.m22.s21, 92.0–

73.0%, 15.5–5.7 uC) and Leptolyngbya carnea (0.003–

0.001 mE.m22.s21, 86.0–82.0%, 12.3–6.3 uC) withstand

more constant environmental conditions.

Scytonema julianum (Fig. 2) can resist extreme oscilla-

tions. It grows on well lit cave walls with maximum values

of 2000 mE.m22.s21 and under very low light conditions in

some caves, where minimum values of 0.007 mE.m22.s21

were registered (Leclerc et al., 1983; Couté and Bury 1988

and Aboal et al. 1994).

Table 1. Location of cyanobacteria at Gelada Cave and environmental conditions showing maxima and minima of PAR,

temperature, and relative humidity to which the different taxa grow. Numbers show sampling sites.

Cyanobacteria Sampling Site

P.A.R. (mE.m22.s21) Temperature (uC)

Relative Humidity

(%)

max min max min max min

Aphanothece saxicola 6,10, 0.004 0.0008 14.3 5.5 91.0 76.0

Asterocapsa divina 1,2,3,4,5,6,7,8,11,13 0.03 0.001 18.0 5.4 95.0 55.0

Chroococcidium sp 4 0.01 0.004 16.0 5.4 84.0 77.0

Chroococcus spelaeus 1,4,5,6,14 0.02 0.003 18.0 5.4 92.0 55.0

Chroococcus westii 6,7,8,14 0.01 0.001 14.3 5.5 91.0 71.0

Cyanobacterium

cedrorum 5 0.003 0.005 15.5 5.7 92.0 73.0
Cyanosaccus aegeus 1,6,7,10,14 0.02 0.0008 18.0 5.5 91.0 55.0

Cyanosaccus atticus 11,18 0.03 0.002 13.4 5.6 90.0 71.0

Cyanosaccus sp 3 0.03 0.002 16.4 5.6 80.0 78.0

Cyanostylon

microcystoides 1,2,5,8 0.03 0.001 18.0 5.7 92.0 55.0

Gloeocapsa biformis 1,2,5,15 0.03 0.002 18.0 5.5 92.0 55.0

Gloeocapsa nigrescens 3 0.03 0.002 16.4 5.6 80.0 78.0

Gloeocapsa novacekii 2,8,17 0.03 0.0008 18.0 5.8 85.0 67.0
Gloeocasa rupicola 6,12,15,17,19 0.06 0.0008 14.3 5.5 91.0 69.0

Leptolyngbya ‘‘Albertano/

Kováčik-red’’ 3,4,7,10,11,12 0.03 0.0008 16.4 5.4 90.0 77.0

Leptolyngbya carnea 9 0.003 0.001 12.3 6.3 86.0 82.0

Leptolyngbya

leptotrichiformis 2,5,6,7,9,11,13,18 0.03 0.001 17.5 5.5 95.0 67.0

Pleurocapsa sp 16 0.009 0.0009 13.6 5.7 84.0 73.0

Pleurocapsa minor 8, 9,10,11 0.008 0.0008 13.1 5.6 90.0 81.0
Pseudocapsa dubia 1,2,3,4,8 0.03 0.001 18.0 5.4 85.0 55.0

Scytonema julianum 5,6,10,11,13,19 0.06 0.0008 15.5 5.5 95.0 69.0

Symphyonema

cavernicolum 18 0.03 0.002 13.4 5.8 83.0 71.0
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Plate 1. (Figures 2–13) Light micrographs [scale bar: 10 mm] of: 2- Scytonema julianum, 3- Symphyonema cavernicolum, 4-
Cyanobacterium cedrorum, 5- Cyanosaccus aegeus, 6- Cyanosaccus atticus, 7- Cyanostylon microcystoides, 8- Gloeocapsa
nigrescens, 9- Gloeocapsa novacekii, 10- Gloeocapsa rupicola, 11- Leptolyngbya ‘‘Albertano/Kováčik-red’’, 12- Leptolyngbya
carnea, 13- Leptolyngbya leptotrichiformis.
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Plate 2. (Figures 14–23) Light micrographs [scale bar: 10 mm] of: 14- Aphanothece saxicola, 15- Asterocapsa divina, 16-

Chroococcidium sp, 17- Chroococcus spelaeus, 18- Chroococcus westii, 19- Cyanosaccus sp, 20- Gloeocapsa biformis, 21-

Pleurocapsa sp, 22- Pleurocapsa minor 23- Pseudocapsa dubia.
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In contrast, other filamentous cyanobacteria, such as

Symphyonema cavernicolum (Fig. 3), cited for the second

time in such settings, require more stable temperature,

relative humidity, and PAR values. This species at the

Gelada Cave withstands PAR values below the minimum

recorded at the La Serreta Cave during its epilithic

development (Asencio and Aboal, 2000a). This confirms

that this species does not withstand high light intensity

values and implies that it develops chasmoendolithically

when light peaks are very high (Asencio et al., 1996).

Of the twenty-two species identified, ten: Cyanobacter-

ium cedrorum (Fig. 4), Cyanosaccus aegeus (Fig. 5), C.

atticus (Fig. 6), Cyanostylon microcystoides (Fig. 7), Gloeo-

capsa nigrescens (Fig. 8), G. novacekii (Fig. 9), G. rupicola

(Fig. 10), Leptolyngbya ‘‘Albertano/Kováčik-red’’ (Fig. 11),

L. carnea (Fig. 12), and L. leptotrichiformis (Fig. 13) have

not been previously cited in cave settings, but in places with

weak incident radiation. Therefore, these results confirm

the importance of light in the distribution of algae species

and coincide with those of Jaag (1945) and Zehnder (1953).

Microscopic observations revealed that cyanobacteria

are arranged in a particular assemblage named patinas

which are blue, brown, green, or gray and continuous, and

are arranged mosaically inside the Gelada Cave. These

communities contain coccoid forms that are frequently

accompanied by filamentous forms that are irregularly

distributed and do not present stratification.

We may assume two different areas at the Gelada Cave.

a) One area is the entrance level, where the microclimate is

influenced by the exterior and attenuated light, temperature,

and relative humidity fluctuate throughout the year. Patina

is greenish-bluish formed by coccoid species only, and there

are also grayish patina constituted by coccoid and filamen-

tous species. b) The second area is the inside level with a

Table 2. Characterization, composition and location of cyanobacteria communities at Gelada Cave. Numbers show

sampling sites.

Sampling Sites Cyanobacterial Comunities Patina

1 Asterocapsa divina, Chroococcus spelaeus, Cyanosaccus aegeus,

Cyanostylon microcystoides, Gloeocapsa biformis, Pseudocapsa dubia

greenish-bluish

2 Asterocapsa divina, Cyanostylon microcystoides, Gloeocapsa biformis, G.

novacekii, Leptolyngbya leptotrichiformis, Pseudocapsa dubia

greyish

3 Asterocapsa divina, Cyanosaccus sp, Gloeocapsa nigrescens, Leptolyngbya

‘‘Albertano/Kováčik-red’’, Pseudocapsa dubia

greyish

4 Asterocapsa divina Chroococcidium sp, Chroococcus spelaeus, Leptolyngbya

‘‘Albertano/Kováčik-red’’, Pseudocapsa dubia

greyish

5 Asterocapsa divina Chroococcus spelaeus, Cyanobacterium cedrorum,

Cyanostylon microcystoides, Gloeocapsa biformis, Leptolyngbya

leptotrichiformis, Scytonema julianum

bluish-greyish

6 Aphanothece saxicola, Asterocapsa divina, Chroococcus spelaeus, Ch. westii,

Cyanosaccus aegeus, Gloeocapsa rupicola, Leptolyngbya leptotrichiformis,

Scytonema julianum

bluish-greyish

7 Asterocapsa divina, Chroococcus westii, Cyanosaccus aegeus, Leptolyngbya

‘‘Albertano/Kováčik-red’’, L. leptotrichiformis

brownish-grey

8 Asterocapsa divina, Chroococcus westii, Cyanostylon microcystoides,

Gloeocapsa novacekii, Pleurocapsa minor, Pseudocapsa dubia

greenish-bluish

9 Leptolyngbya carnea, Leptolyngbya leptotrichiformis, Pleurocapsa minor brownish-grey

10 Aphanothece saxicola, Cyanosaccus aegeus, Leptolyngbya ‘‘Albertano/

Kováčik-red’’, Pleurocapsa minor, Scytonema julianum

bluish-greyish

11 Asterocapsa divina, Cyanosaccus atticus, Leptolyngbya ‘‘Albertano/

Kováčik-red’’, Leptolyngbya leptotrichiformis, Pleurocapsa minor,
Scytonema julianum

bluish-greyish

12 Gloeocapsa rupicola, Leptolyngbya ‘‘Albertano/Kováčik-red’’ brownish-grey

13 Asterocapsa divina, Leptolyngbya leptotrichiformis, Scytonema julianum bluish-greyish

14 Chroococcus spelaeus, Chroococcus westii, Cyanosaccus aegeus greenish-bluish

15 Gloeocapsa biformis, Gloeocapsa rupicola greenish-bluish

16 Pleurocapsa sp greenish-bluish

17 Gloeocapsa novacekii Gloeocapsa rupicola greenish-bluish

18 Cyanosaccus atticus Leptolyngbya leptotrichiformis and Symphyonema

cavernicolum.
brownish-grey

19 Gloeocapsa rupicola Scytonema julianum bluish-greyish
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stable temperature and relative humidity and very low light.

The patina found are greenish-bluish formed by only

coccoids species, brownish-gray patina constituted by

coccoid forms and filamentous forms, and bluish-grayish

patina formed by coccoid forms and filamentous forms

where Scytonema julianum predominates.

The points in the Gelada Cave where the largest number

of species grow were 6 and 5 with eight and seven species

respectively, and the lowest number was at 16 with only

one species (Table 2). The diversity of cyanobacteria

communities diminishes with decreasing light.

The occurrence of a particular assemblage of cyano-

bacteria in the samples taken at the Gelada Cave suggests

some stability of species composition in these communities.

The network of filaments may contribute to maintain levels

of moisture during periods in which the relative humidity

of the air is low, thus favoring all community members.

There was a larger number of species growing at the

sampling locations facing west given the presence of holm

oaks, which prevent sun rays from passing to the sampling

locations facing east. The primary common stress factor on

the distribution of algal communities in the Gelada Cave is

light shortage, followed by humidity, lack of nutrients and

temperature, which is in accordance with Smith and Olson

(2007) for cave-like environments.
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APPENDIX 1.
TAXONOMIC LIST OF CYANOBACTERIAL FLORA FROM

GELADA CAVE

Aphanothece saxicola Nägeli Fig. 14

Cylindrical cells, 2.0–3.0 mm wide and 2.5–3.5 mm long,

grouped in a gelatinous mass with no clear shape. With the

sheath, they can become 2.5–3.5 mm wide and 3.0–4.0 mm

long. This species was cited by Seckt (1938), Margalef

(1952), Dor and Dor (1999), Smith and Olson (2007) and

by Beltrán and Asencio (in press) as an epilithic species on
cave walls.

Asterocapsa divina Komárek Fig. 15

Spherical cells, 4.0–5.0(26.0) mm, surrounded by a hyaline

sheath, ornamented with wart-like structures, reaching a

diameter of 6.5–8.0(29.0) mm. They group to form colonies

reaching 30.0 mm. Komárek (1993) described this species

on limestone rocks in Mexico. Aboal et al (2003) found this

species in a cave in Murcia, Spain.

Chroococcidium sp Fig. 16

Spherical, bluish-greenish 7.6 mm-diameter cells, which

may form groups as colonies of up to 14.0 mm. They are

arranged as an undefined gelatinous mass.

Chroococcus spelaeus Ecergovic Fig. 17

Spherical, 9.0–10.0 mm-diameter, violet or dark green cells

surrounded by a hyaline sheath which reaches 15.0 mm.

After division, groups of 2–4 cells appear with a diameter

of up to 20.0 mm. Komárek and Anagnostidis (1999) cited
this species as aerophytic, and they found it on humid

rocks in Croatia. Poulı́čková and Hašler (2007) noticed it

in caves in the Czech Republic.

Chroococcus westii Boye-Petersen Fig. 18

Violet spherical cells of 11.0 mm diameter, surrounded by a

lamellate hyaline sheath reaching 15.0 mm. After division,

groups of 2 to 4 cells appear to reach a diameter of 20.0–

25.0 mm. Komárek and Anagnostidis (1999) cited this
species as subaerophytic and found it on humid rocks in

mountainous areas. Garbacki et al (1999) referred to it in

caves in Belgium.

Cyanobacterium cedrorum (Sauvageau) Komárek et al.

Fig. 4

Cylindrical bluish-greenish cells, either alone or in pairs,

4.5 mm long and 2.0 mm wide.

Komárek and Anagnostidis (1999) cited this species as
being subaerophytic on humid rocks of warm areas of the

temperate zone and in tropical countries. Uher et al (2005)

noted it on monuments in Murcia, Spain.

Cyanosaccus sp Fig. 19

Spherical or pyriform purple cells, 6.0 mm. They are single

or form groups of 2–4, surrounded by a gelatinose, hyaline,

penduculated glass-shaped sheath of up to 20.0 mm wide.

Presence of spherical nanocytes, 2.5(23.0) mm diameter.

Cyanosaccus aegeus Anagnostidis et Pantazidou Fig. 5

Ellipsoidal or pyriform violet cells with a granular content,

measuring 12.0 3 9.0 mm. They are single or form groups of

2–4, surrounded by a mucilaginous, colourless and
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penduculated sheath. These structures, measuring as much

as 37.0 mm wide, form groups of 4 and appear dendriform.

Anagnostidis and Pantazidou (1985) described this species

as endolithic on carbonate rocks of the Aegean Sea.

Komárek and Anagnostidis (1999) cited it on the coast of

South Africa.

Cyanosaccus atticus Anagnostidis et Pantazidou Fig. 6

Spherical or pyriform purple cells of around 5.4 mm. They

are single or form groups of 2 to 4, surrounded by a

mucilaginous, hyaline and pedunculated sheath of up to

15.0–20.0 mm wide. Presence of spherical, 1.5(22.0) mm-
diameter nanocytes. Anagnostidis and Pantazidou (1988)

described this species as endolithic on carbonated rocks of

the Aegean Sea.

Cyanostylon microcystoides Geitler Fig. 7

Reddish, spherical 4.0 mm-diameter cells which are either
alone or form groups of 2–4 cells, surrounded by a

mucilaginous and hyaline sheath which extends to become

penduculated. Komárek and Anagnostidis (1999) referred

to this species on the walls of alpine lakes and waterfalls in

Central Europe.

Gloeocapsa biformis Ecergovic Fig. 20

Bluish-greenish spherical cells with a diameter of 3.0–

4.0 mm, surrounded by a hyaline or yellowish sheath

that reach up to 5.0–6.0 mm. Golubic (1967) found

this species inside a cave in Croatia. Anagnostidis

et al. (1981) mentioned it in the Perama Cave at

Ioannina in Greece. Chang and Chang-Schneider (1991)

found it in caves in Germany, while Ilipoulou-Georgou-
daki et al. (1993) referred to it in a cave in Greece. Asencio

and Aboal (1996) found it in a cave in Murcia, Spain.

Garbacki et al. (1999) cited it in a cave in Belgium, whereas

Beltrán and Asencio (in press) noticed it in a cave in

Alicante, Spain.

Gloeocapsa nigrescens Nägeli in Rabenhorst Fig. 8

Spherical cells, 4.0–5.0 mm, surrounded by a reddish

sheath reaching 6.0–7.0 mm. They group to colonies

with a diameter of 10.0–20.0 mm. Komárek and Ana-

gnostidis (1999) cited this species as aerophytic on

calcareous rocks in poorly illuminated areas and with a

high atmospheric humidity. It was cited by Uher and

Kováčik (2002) in epilithic subaerial populations of
Slovakia.

Gloeocapsa novacekii Komárek et Anagnostidis Fig. 9

Spherical cells, 5.2 mm, surrounded by a hyaline or dark

red-coloured sheath reaching 6.5 mm, which groups to form

colonies, 11.0–35.0mm, with colourless or reddish mucila-
ginous, non-lamellated sheaths. Komárek and Anagnosti-

dis (1999) referred to this species as aerophytic on

periodically dampened serpentine rocks in the Czech

Republic. Rifón-Lastra (2000) cited on monuments of

historic interest in Galicia, Spain. Domı́nguez and Asencio

(in press) also cited it in gypsum areas of Alicante, Spain.

Gloeocapsa rupicola Kützing Fig. 10

Bluish-greenish spherical cells measuring 3.0–4.0 mm,

surrounded by a lamellated, 6.0 mm-diameter reddish

sheath. They may group to form colonies measuring

35.0–50.0 mm. Komárek and Anagnostidis (1999) described

this species as being aerophytic on periodically dampened

rocks and on mountain walls in Central Europe. Dom-

ı́nguez and Asencio (in press) cited it in gypsum areas of

Alicante, Spain.

Leptolyngbya ‘‘Albertano/Kováčik-red’’ Fig. 11

Filaments with a diameter of 3.0 mm formed by a hyaline

sheath and a constricted trichome formed by 2.0 mm-

diameter and 2.0 mm-long brownish-reddish cells. Conical

apical cell. Komárek and Anagnostidis (2005) cited this
species as subaerophytic on humid walls of poorly

illuminated areas.

Leptolyngbya carnea (Kützing ex Lemmermann) Anagnos-

tidis et Komárek Fig. 12

Densely interwoven filaments, 4.0 mm, made up of a
hyaline sheath and non-constricted trichome with reddish

3.0 mm isodiameterical cells. Rounded apical cell. Uher and

Kováčik, (2002) cited this species in subaerial epilithic

habitats in Slovakia. Komárek and Anagnostidis (2005)

noted it as a subaerophytic species on the walls of

greenhouses and on drenched rocks in Central Europe

and in North America.

Leptolyngbya leptotrichiformis (Krieger) Anagnostidis et

Komárek in Anagnostidis Fig. 13

Filaments, 2.0–3.0 mm wide, with a hyaline sheath which

surrounds the trichome made up of cells that are longer

than they are wide, 2.0 mm long and 1.0 mm wide. Rounded

apical cell. Komárek and Anagnostidis (2005) cited this
species as an aerophytic species on walls made out of

humid rocks in Greece.

Pleurocapsa sp Fig. 21

Colonies made up of bluish-greenish pseudofilaments, 3.0–

4.0 mm, joined laterally by gelatinous hyaline sheaths.
Rounded 2.0 mm-diameter cells. Nanocytes, 0.8 mm, group

as cenobio with a diameter of 5.0 mm.

Pleurocapsa minor Hansgirg Fig. 22

Colonies formed of bluish-greenish pseudofilaments with a

diameter of 3.0–9.0 mm with gelatinous hyaline sheaths
which surround the 3.0–4.0 mm-diameter cells. This species

has been cited in the Perama Cave at Ioannina in Greece

(Anagnostidis et al., 1981). It has also been observed in the

L’Aigua Cave in Alicante, Spain (Beltrán and Asencio, in

press).

Pseudocapsa dubia Ercegovic Fig. 23

Spherical cells of a 4.0 mm diameter surrounded by a

hyaline sheath, reaching a size of 5.0 mm. Cells vary in

number and group in more or less rounded colonies,

reaching 11.0–19.0 mm. Nanocytes with a diameter of 1.5–

2.0 mm. Palik (1938) mentioned Pseudocapsa dubia in a cave

in Hungary and Skuja (1970) observed it in a cave in Italy.

Ariño et al. (1997) found it on Roman tombs in Seville,
Spain, while Asencio (1997) cited it as an epilithic and

casmoendolithic species in several caves in Murcia, Spain.

It also appeared in the L’Aigua Cave in Alicante, Spain

(Beltrán and Asencio, in press).
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Scytonema julianum (Meneghini ex Frank) Richter Fig. 2

Greenish-bluish filament, 10.5 mm wide, surrounded

by a considerably thick calcium carbonate sheath
with which the filament reaches 13.0 mm. Hyaline sheath.

Trichome formed by cells measuring 5.5–6.5 mm wide

by 5.0–6.0 mm long. Rectangular heterocytes (5.0 mm 3

7.0 mm). Friedmann (1979) cited this species on the walls

of calcareous caves. Couté and Bury (1988) found it

in numerous calcareous caves in France, while Hoffmann

(1989) considered it characteristic of areas close to

cave entrances. Iliopoulou-Georgoudaki et al. (1993)
referred to it in a cave in Greece and Aboal et al. (1994)

found it in a cave in Murcia, Spain. Ariño et al (1997) also

cited it on Roman tombs in Seville, Spain. Cañaveras et al

(2001) found it in caves at Altamira and Tito Bustillo,

Santander, Spain, whereas Smith and Olson (2007)

mentioned it in a cave in Kentucky, USA. Finally, Beltrán
and Asencio (in press) found it at the L’Aigua Cave in

Alicante, Spain.

Symphyonema cavernicolum Asencio, Aboal and Hoffmann

Fig. 3

Filaments, diameter 5.0 mm, made up of constricted

trichomes with tapering ends and with brownish cells

measuring 4.0 mm wide and 11.0 mm long, surrounded by a

hyaline sheath with calcium carbonate incrustations. They
present genuine V-, Y- and T-shaped branches (infre-

quent). This species was described by Asencio et al. (1996)

in cave settings in Murcia, Spain.
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DIRECT MEASUREMENT OF PRESENT-DAY TECTONIC
MOVEMENT AND ASSOCIATED RADON FLUX IN

POSTOJNA CAVE, SLOVENIA
STANKA ŠEBELA1, JANJA VAUPOTIČ2, BLAHOSLAV KOŠŤÁK3, AND JOSEF STEMBERK3

Abstract: Micro-tectonic deformations have been monitored continuously in 3D in

Postojna Cave, Slovenia with TM 71 extensometers since 2004. Two instruments, 260 m

apart, were installed on the Dinaric oriented (NW-SE) fault zone that is situated about

1,000 m north of the inner zone of the regionally important Predjama Fault. Monitoring on

both instruments has shown small tectonic movements (i.e., a general dextral horizontal
movement of 0.05 mm in four years [Postojna 1] and extension of 0.03 mm in four years

[Postojna 2]). Between the longer or shorter calm periods, eleven extremes have been

recorded regarding characteristic changes in displacement. The largest short-term

movement was a compression of 0.04 mm in seven days, detected in March 2005, which

coincided with the 25 km distant Ilirska Bistrica earthquake (ML 5 3.9). About two months

before the earthquake an extension of 0.05 mm occurred and one month before the

earthquake the strain changed into a compression of 0.05 mm. The largest permanent peak

was detected at the end of 2004. Along the y-axis (Postojna 1) there was a dextral horizontal
movement of 0.075 mm in one month (November 10 to December 15, 2004). After the

sinistral horizontal movement of 0.02 mm (December 15–27, 2004), the y-axis retained its

permanent position on 0.05 mm, where it remained for more than a year. Regarding the

extremes, ten earthquakes were selected that coincided with tectonic micro-displacements.

In terms of speleogenesis, the monitored fault zone represents a stable cave environment.

Because radon flux is known to change significantly during tectonic and seismic activities,

radon air concentrations were monitored in parallel since 2006. During horizontal

movements, either dextral or sinistral, radon pathways underground were partly closed,
thus hindering radon migration and reducing its concentration in the cave air. Extension

movements do not appear to have affected radon transport. Alternatively, the compression

process (Postojna 2, February–August 2007) appears to have opened some new routes for

radon transport, facilitating radon migration and increasing its concentration in air.

INTRODUCTION

Caves are very special environments where traces of

different speleological events can be preserved for over

106 years. However, caves are also dynamic environments.

Karst waters forming underground passages use preferen-

tially structural geological elements such as bedding planes,

especially slipped bedding planes, fissures, faults, folds, etc.

(Knez, 1996; Šebela, 1998; Kogovšek and Šebela, 2004;

Šebela et al., 2004; Petrič and Šebela, 2004). In most

studied cases, geological structures guiding the caves are no

longer active. Some examples of active tectonics in karst

described from different countries are included in Bini et

al., 1992; Gilli and Delange, 2001; Mocchiutti and

D’Andrea, 2002; and Plan et al., 2005.

Active tectonic structures in Postojna Cave have been

monitored with TM 71 extensometers since 2004 (Šebela,

2005; Šebela et al., 2005; Gosar et al., 2007). Our goal was

to detect the size and mechanism of tectonic movements

along a well-expressed fault zone in the longest Slovenian

cave and to evaluate the coincidence with seismic activity in

that karst massif.

Beginning in 2006, we extended our study to include

radon (222Rn) as an indicator of tectonic and seismic

activity. This radioactive noble gas originates from radio-

active decay of 226Ra in the 228U radioactive decay chain in

the Earth’s crust. Only a fraction of the radon atoms

created in a mineral grain emanate into the void space

between grains, where they are dissolved either in water or

in carrier gases, such as helium or nitrogen, and are thus

transported by advection toward the ground surface and

the atmosphere (Nero, 1988). This transport is influenced

by a number of geophysical and geochemical parameters

(Etiope and Martinelli, 2001).

Because in the area of faults the material is crushed, and

hence more permeable to radon, the level of radon activity,

either in the outdoor air or in soil gas at a fault, is generally
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elevated. Changes in fault activity result in changing radon
levels (Virk et al., 1997; Wu et al., 2003). In addition, the

phenomena preceding and accompanying an earthquake

can significantly change the radon pathways underground

and thus govern radon levels appearing at the surface

(Etiope and Martinelli, 2001). Thus, if radon is monitored

in the outdoor air, soil gas, or thermal water, and a long-

term time series of the resulting data is analyzed, in

addition to regular fluctuations in radon levels ascribed to
the effects of environmental conditions (e.g., temperature,

barometric pressure), some anomalous increases or de-

creases in radon level may be observed and attributed to

seismic events (Etiope and Martinelli, 2001).

In this study, radon was monitored continuously in

Postojna Cave, together with measurements of micro

movements. Micro tectonic movements and radon con-

centrations in air, observed at two sites at the Dinaric

oriented (NW-SE) fault in the Postojna Cave, are examined

in relation to seismic activity in the area. This is the first

such comparative study between micro tectonic movements
and radon air concentration to be investigated in a cave in

Slovenia.

GEOLOGY AND SEISMICITY OF THE STUDY AREA

Slovenia is situated in the NE corner of the Adria-

Europe collision tectonic zone. The Istria Peninsula
(Fig. 1) contains the only outcrop of Adria microplate in

the northern Adriatic region. The thrust belts of the

Dinarides and Southern Alps form a rim of high

topography around Adria. Major Dinaric (NW-SE)

strike-slip faults cut and displace fold and thrust structures.

Slovenia has considerable seismicity (Vrabec and Fodor,

2006), and this complex and neotectonically active region is

of special interest because of the Classical Karst-Kras area
(Fig. 2A).

Paleomagnetic data indicate that the motion of the

Adriatic microplate has been associated with an approxi-
mately 30u counterclockwise rotation (Márton et al., 2003)

since the late Miocene or Pliocene. GPS measurements

suggest sharp (some mm/year) dextral (transpressive)

movements along the Sava Fault and Periadriatic Linea-

ment (Fig. 1), showing that the side intrusion in the

northeast Alps is still active (Weber et al., 2004).

The strongest earthquakes that have occurred in

Slovenia in recent years were situated along the Ravne

Fault (Bajc et al., 2001; Kastelic and Cunningham, 2006).

Slovenia is considered to exhibit moderate seismicity, and

the External Dinarides (Fig. 1), in particular, are char-
acterized by moderate historic and recent seismicity.

Regarding the fault plane solutions, it is evident that the

governing stress in the region runs in an approximate N-S

direction (Poljak et al., 2000).

According to a geological interpretation based on the

analysis of repeated levelling line campaigns data along the

Sečovlje-Bled polygon in western Slovenia, the active

tectonic structures (vertical movement) include at a

minimum: a juvenile syncline between Strunjan and Koper,

the Kras (Fig. 2A) Imbricate Structure, The Divača Fault,

the Raša Fault, the Southalpine Front (Fig. 1), and the

Julian Alps thrust (Rižnar et al., 2007). The Ravne Fault

was responsible for the 1998 (MW 5 5.6) and 2004 (Krn,

MW 5 5.2) earthquakes and appears to be an outstanding

example of an actively propagating strike-slip fault cutting

through pre-existing mountainous terrain (Kastelic and

Cunningham, 2006).

LiDAR mapping to image seismogenic strike-slip faults

in the Julian Alps in Slovenia was performed along the

Idrija and Ravne Faults (Cunningham et al., 2006). One

site (Kapa) in the Idrija LiDAR survey area may indicate

some surface rupturing and other landscape features

typically associated with strike-slip faulting. The Tolminka

springs basin on the Ravne Fault is an example of a

localized and active transtensional basin constructed within

an overall transpressional system (Cunningham et al.,

2006).

The strongest seismic event in the last 100 years around

Postojna was the Cerknica earthquake (1926) (Mm 5 5.2)

that probably originated on the Idrija Fault (Ribarič,

1982). The epicenter was 10 km east of Postojna. The

Figure 1. Tectonic situation of W Slovenia. 1-Eastern Alps

(Alps), 2-Southern Alps (Dinarides), 3-External and Internal

Dinarides, 4-Adriatic foreland, 5-Faults (A-Periadriatic

Lineament, B-Labot Fault, C-Sava Fault, D-Stična Fault,
E-Ravne Fault, F-Idrija Fault, G-Predjama Fault, H-Raša

Fault, I-Palmanova Fault, J-Karst thrust edge), 6-South-

alpine thrust front (after Poljak, 2007 and Placer, 1999).
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Figure 2. Tectonic structure of Postojna Cave. A.-The position of Postojna and Kras in Slovenia with epicenters of the stronger
earthquakes. Grey areas are karst outcrops, B.-The passages of Postojna Cave with monitoring sites (1-Postojna 1, 2-Postojna 2),

C.-Structural-geological map of the monitoring sites, D.-AB cross section, E.-CD cross section, 1-Underground river Pivka, 2-

Monitoring sites: 1 (Postojna 1) and 2 (Postojna 2), 3-Postojna Anticline, 4-fault with horizontal (dextral) displacement, 5-fault

with vertical displacement, 6-strike and dip of fault, 7-fault zone, 8-Upper Cretaceous limestone, 9-cross section.
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newspaper Edinost (Anonymous, 1926) reported that in

Postojna Cave a large stalagmite, one meter in diameter,

collapsed due to the earthquake.

EXPERIMENTAL SETTING

SITE DESCRIPTION

The Postojna Cave (Fig. 2B), with 20 km of galleries, is

the longest known cave system in Slovenia. The passages

are developed in an approximately 800-m-thick package of

Upper Cretaceous bedded limestones (Šebela, 1998).

The cave is situated between two important Dinaric

faults, the Idrija Fault on the north and the Predjama Fault

on the south (Fig. 1). The tectonic structure of the area

between these faults is characteristic of a transition zone

between two dextral strike-slip faults. In Postojna Cave, we

can distinguish older overthrusting and folding deforma-
tions and younger faulting deformations. Overthrusting

took place after the deposition of Eocene flysch. During

the Miocene and Pliocene, the overthrusting was accom-

panied by folding. The principal folding deformation in the

cave is the Postojna Anticline. Cave passages are developed

in both flanks of the anticline (Fig. 2C) and follow the

strike and dip of the bedding-planes, especially those with

interbedded slips (Čar and Šebela, 1998).

The northern edge of Velika Gora (Fig. 2C and 2D) is

developed along the Dinaric oriented (NW-SE) reverse

fault zone, with traces of vertical displacement for some

meters (Fig. 2C, monitoring site Postojna 1). The same

fault zone from Velika Gora can be traced in some parts of

the cave, but other parts do not exhibit the same tectonic
characteristics. In the SE part of the cave, a horizontal

sinistral movement with 60u dip angle for fault zone NW

from Velika Gora is observed. The same fault zone exhibits

vertical and horizontal displacements (Fig. 2C, monitoring

site Postojna 2) and is cut by the cross-Dinaric fault zone

(Sasowsky et al., 2003). Different tectonic activities are

observed on the same Dinaric-oriented fault zone, some-

times with four individual tectonic phases.

The locations for installation of the extensometers in

Postojna Cave were selected to evaluate if the monitored

fault is tectonically active and to determine whether the

tectonic activity has any influence on speleogensis. The two

devices were installed in the same fault zone but on

different fault planes. Postojna 1 was installed at the
contact point between a fault plane (dip angle 70–90u to the

NE) and a collapse block, partly covered with flowstone

(Figs. 2D and 3). The second device (Postojna 2) was

installed in a narrow natural passage, which was enlarged

artificially 30-years-ago, between two fault planes that are

about one half meter apart (Figs. 2E and 4). The northern

fault plane dips to the NE at 60u and has horizontal

striation, representing dextral movement. The southern one
constitutes the normal fault, dipping towards the NE by

80–90u and shows vertical striation. The fault zone being

monitored is about 1,000 m north of the inner zone of the

Predjama Fault (Fig. 1). Postojna 1 is 68 m below ground

surface and Postojna 2 is 60 m below ground surface and

about 1,400 m from the entrance to the cave.

MEASUREMENT TECHNIQUES

MEASUREMENT OF MICRO MOVEMENTS

We employed a TM 71 extensometer, developed by
Blahoslav Košťák (Košťák, 1969). This is a mechano-

optical instrument that measures displacement in three

dimensions (x, y and z). It works on the principle of the

Moiré optical effect, which changes when two transparent

plates move (Košťák, 1977; 1991). Each plate is fixed into

the outcrop of a fault plane or fissure. The instrument is

very robust and simple, and needs no source of energy.

This is good for long-term observations under varying

Figure 3. Monitoring site Postojna 1 with TM 71 instru-
ment (photo S. Šebela).

Figure 4. Monitoring site Postojna 2 with TM 71 instru-
ment (photo S. Šebela).
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meteorological conditions (Avramova-Tacheva and Koš-

ťák, 1995). The characteristic of the TM 71 is long-term

measurement of movements accurate to within 0.01 mm.

Measurements at Postojna 1 began May 26, 2004 and at

Postojna 2 on February 26, 2004. The instruments are set

permanently at the sites and their readings are taken

generally once a month. Because the cave temperature is
stable throughout the year (9 uC to 11 uC), any influence of

temperature on data records can be disregarded. The

measurements have an evaluation accuracy of 0.01 mm in

all three displacement co-ordinates, x, y and z.

MEASUREMENT OF RADON

Barasol probes (MC-450, ALGADE, France) were used

during the first two years, and then replaced by Radim 5

WP monitors (SMM Company, Prague, Czech Republic).

The Barasol probe is designed primarily for radon

measurements in soil gas. The probe gives radon concen-

tration, based on alpha spectrometry of radon decay

products in the energy range of 1.5 MeV to 6 MeV using an

implanted silicon detector. The detector sensitivity is 50 Bq
m23 with a sampling frequency of four times an hour. In

addition to radon concentration, the probe also records

temperature and barometric pressure. The Radim 5

monitor is used mostly for radon measurements of indoor

air. It determines radon concentration by measuring gross

alpha activity of the decay products 218Po and 214Po,

collected electrostatically on the surface of a semiconductor

detector. The sensitivity is about 50 Bq m23 and the
sampling frequency is twice an hour. Data are stored in the

inner memory of both instrument and then transferred to a

personal computer for further evaluation, usually once

every two months. Instruments are checked regularly, using

a portable AlphaGuard radon monitor (Genitron, Ger-

many) as a reference instrument. Radon measurements

were collected from the beginning of April through

October 2007 at Postojna 1 (Fig. 7) and from October
2006 through October 2007 at Postojna 2 (Figs. 8 and 9).

Hourly average values of the outdoor air temperature at
the Postojna meteorological station were obtained from the

Office of Meteorology of the Environmental Agency of the

Republic of Slovenia. Data on seismic events were obtained

from the Office of Seismology of the same Agency. We

considered only those earthquakes for which the magni-

tude ML was higher than 2 and the distance R between our

measurement site and the epicenter was less than 3 times

Dobrovolsky’s (Dobrovolsky et al., 1979) radius RD,
defined by RD 5 100:43|ML . Origin 6.1 Data Analysis and

Graphing Software were used for statistical data evaluation

and presentation.

RESULTS AND DISCUSSION

MICRO DISPLACEMENTS

The measurement results include three coordinates, x, y,

z, which are principally perpendicular to the observed fault

zone (i.e., +x represents compressive movement of the

monitored fault zone, +y represents sinistral-lateral move-

ment, and +z vertical movement) relative shear in the fault:

N subsidence or S uplift. Displacements recorded at both

sites (Figs. 5 and 6) are generally small, the range of

movements being within 0.1 mm (+0.02 to 20.075). The

plots show a number of sharp peaks. However, the

development of such peaks in individual coordinates

generally could not be matched between the two monitored

sites. Some peaks are thus due to records close to the limits

of recording accuracy. A certain similarity, however, can be

observed between the two sites regarding the trend of

development and periods of unrest. The total length of the

displacement vector at each of the two sites developed

parallel increasing short-term trends of about 0.1 mm yr21

in the period July 2004–March 2005; later the trend fell to

zero.

Detailed analysis of the individual coordinates show

evidence of some periods of unrest alternating with more

quiet periods. Movements detected in the y- and z-axes for

both instruments were simultaneous, which suggests real

tectonic movements. In general, unrest was recorded from

the start of measurements at the beginning of 2004 until

about March 2005, and then again during the period from

October 2006 to January 2008.

Extremes (E) of the periods of unrest (Figs. 5 and 6) are

indicated at the following periods/sites/coordinates/dates:

(a) E1: Postojna 2/x R 20.055 mm/March–June 2004

(March 11 to June 29, extension; June 29 to July 13,

compression; Krn earthquake July 12, 2004);

(a) E2: Postojna 1/z R 20.03 mm/May–June 2004;

(b) E3: Postojna 1/x R 20.04 mm/July 30 to December

15, 2004 (extension); x R 20.02 mm/December 27,

2004 to January 26, 2005 (extension);

(b) E4: Postojna 1/ y R 20,075 mm/November 10, 2004

to December 15, 2004 (dextral horizontal movement);

December 15 to December 27, 2004 (sinistral hor-

izontal movement)-permanent change of 0.05 mm;

(b) E5: Postojna 2/ z R 20.03 mm/September–November

2004;

(b) E6: Postojna 2/z R 20.05 mm/February–March 2005

(+0.04 mm in 7 days);

(b) E7: Postojna 2/xR 20.04 mm/January–March 2005;

January 14 to March 22, 2005 (extension); March 22

to May 6, 2005 (compression); Ilirska Bistrica earth-

quake April 24, 2005;

(b) E8: Postojna 2/yR 20.04 mm/January–March 2005;

January 14, to February 23, 2005 (dextral horizontal

movement); March 29 to May 6, 2005 (sinistral

horizontal movement); Cerkno earthquakes January

14, 2005; Ilirska Bistrica earthquake April 24, 2005;

(b) E9: Postojna 1/z R 20.02 mm/January–March 2005;

(the value in the error limit);

(c) E10: Postojna 2/y R 20.025 mm/October 2006–

January 2007; October 13 to November 16, 2006
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Figure 5. Displacements recorded by TM 71 at Postojna 1 monitoring site.
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Figure 6. Displacements recorded by TM 71 at Postojna 2 monitoring site.
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Figure 7. Time series plot of radon concentration in air (black line) at the Postojna 1 site and temperature of the outdoor air

(grey line) at the Postojna Meteorological Station (April–October 2007); the relevant earthquakes are inserted, with ML and

R/RD values indicated, ML = 3.4 (Ebriach, Austria), ML = 4.6 (38 km south from Zadar, Croatia), ML = 4.1 (near Rovinj,

Croatia), ML = 3.1 (Krško, Slovenia) (see Table 1).

Figure 8. Time series plot of radon concentration in air (black line) at the Postojna 2 site and temperature of the outdoor air

(grey line) at the Postojna Meteorological Station (October 2006–March 2007); the relevant earthquakes are inserted, with

ML and R/RD values indicated, ML = 3.8 (Freistritz, Austria), ML = 4.5 (Drežnica, Croatia) (see Table 1).
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(dextral horizontal movement); January 12 to Feb-

ruary 16, 2007 (sinistral horizontal movement);

Freistritz earthquake (Austria) January 1, 2007;

Drežnica earthquake (Croatia) February 5, 2007;

(c) E11: Postojna 2/x R 20.035 mm/February–August
2007; February 16 to August 29, 2007 (extension);

August 29 to October 16, 2007 (compression).

When looking for earthquakes that might coincide with
the registered displacements we found 10 events (Table 1,

Figs. 5 and 6). The first was the Krn earthquake of July 12,

2004 (Mw 5 5.2), which had an epicenter 70 km NW from

the measuring sites. The earthquake occurred during the

period of E1 and E2 when some fault opening along the x-

axis at Postojna 2 (Fig. 6) and vertical movements along z-

axis at Postojna 1 (Fig. 5) were recorded. Lateral move-

ments observed at Postojna 1 and 2 during the (a) period
were of special interest and were first reported by Šebela et

al. (2005). Before the earthquake, the displacement along

the y-axis corresponded to dextral lateral movement, and

just before or during the earthquake, the movement

changed to sinistral, with a step of about 0.03 mm (Šebela

et al., 2005).

The second event, comprising two earthquakes (Cerk-

no, ML 5 4.0 and 3.8 on January 14, 2005), appeared in the
(b) period, just after the extreme E4 in the y-axis (Fig. 5)

that represents a dextral lateral slip of 20.075 mm. The

most significant change in our observations appeared

between November 10 and December 15, 2004. Between

December 15, 2004 and Decemebr 27, 2004 movement on

the y-axis was +0.03 mm (horizontal sinistral lateral slip).

After the event, the step on the y-axis remained at about

20.05 mm, where it remains today. On December 26, 2006,

the large Sumatra earthquake (MW 5 9.2) occurred. Can

long-distant changes in stress and strain in the Earth’s crust

be an alternative cause of the big step or we registered just

a coincidence? The slip registered on the y-axis at Postojna

2 was not as large as that registered at Postojna 1, even if

we are observing the same fault zone, but not the same

fault line. The movement on the y-axis (Postojna 2, first

peak on E8) was 20.02 mm (dextral lateral slip from

December 15 to December 27, 2004) and +0.04 mm

(sinistral lateral slip from December 27, 2004 to January

14, 2005). During the Cerkno earthquakes, the TM 71

instrument registered significant movements on the z-axis

(E5) at the Postojna 2 site (Fig. 6).

The extreme E6 on the z-axis (Fig. 6) appeared before

the Ilirska Bistrica earthquake (April 24, 2005, ML 5 3.9)

that was situated 25 km SE from Postojna. From March 22

until March 29, 2005, +0.04 mm was registered in seven

days on the z-axis, the largest displacement recorded in one

week. The Cerkno earthquakes and the Ilirska Bistrica

earthquake occurred during three extremes (E6, E7 and E8;

Postojna 2, Fig. 6). At Postojna 1, during the period of the

Cerkno-Ilirska Bistrica earthquakes, we detected small

displacements along the z (E9) and y-axes (20.02 mm)

(Fig. 5).

Figure 9. Time series plot of radon concentration in air (black line) at the Postojna 2 site and temperature of the outdoor air

(grey line) at the Postojna Meteorological Station (April–October 2007); the relevant earthquakes are inserted, with ML and

R/RD values indicated, ML = 3.4 (Ebriach, Austria), ML = 4.6 (38 km south from Zadar, Croatia), ML = 4.1 (near Rovinj,

Croatia), ML = 3.1 (Krško, Slovenia) (see Table 1).
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Between May 6, 2005 and October 13, 2006, the
Postojna 2 monitoring site was very stable on all three

axes. The only reliable disruption (Fig. 6) was from July 1

to October 7, 2005 during the Medvode earthquake

(August 30, 2005, ML 5 2.8), being about 0.02 mm along

y-axis. A displacement peak of about 0.02 mm was also

recorded along the y-axis at Postojna 1 (Fig. 5), from July

1 to September 7, 2005.

The Postojna 1 site was very stable from June 9, 2005

until the beginning of 2007. Even during the earthquakes in
2007, significant movements were not detected, the y-axis

in particular being very stable. During the third time (c)

period (the year 2007), some movements on Postojna 2

(E10 and E11) were recorded. During the earthquakes in

Austria (Freistritz, January 1, 2007, ML 5 3.8) and in

Croatia (Drežnica, February 5, 2007, ML 5 4.5) we

detected movement along the y-axis by 20.025 mm

(E10). The Brežice (September 26, 2007, ML 5 2.8 and
2.9) and Krško earthquakes (September 29, 2007, ML 5

3.1) in Eastern Slovenia coincided with an extension along

the x-axis of 20.035 mm from February 16 until August

29, 2007 and with a compression of +0.025 mm between
August 29, 2007 and October 16, 2007. The fact that

movements were recorded both before and after the

earthquakes is important. Preceding movements, based

on observation of micro-movements, have also been

reported on several other occasions in Europe (Košťák et

al., 2007; Stemberk and Košťák, 2007).

Monitoring results show small movements along all

three axes. At Postojna 1 (Fig. 5), 20.05 mm dextral lateral
movement (y-axis) was recorded over four years, and at

Postojna 2 (Fig. 6), an extension of 20.03 mm over four

years was recorded. The short-term rate of change

averaged 20.05 mm yr21 at Postojna 1 in the first year

of monitoring (2004). The measurements for the y-axis in

the year 2006 were very stable for both devices and show

no movement at all.

The micro displacements determined in Postojna Cave
were very small and frequently within the limits of error

(0.01 mm). However, on the basis of some obvious

extremes that generally coincided with seismic activity

and of silent periods with almost no movement (Figs. 5 and

Table 1. Stronger earthquakes in Slovenia and neighbouring countries during the period of monitoring (sources: Ministry for

Environment and Spatial Planning, Environmental Agency of the Republic of Slovenia, 2008, Seismology: http://www.arso.

gov.si/potresi/ [accessed January 9, 2008] and European-Mediterranean Seismological Center, 2008, Database of Local
Seismological Bulletins from European-Mediterranean Networks: http://www.emsc-csem.org/index.php?page=data&sub=base

[accessed January 9, 2008]).

Date Depth, km ML Location Air distance from Postojna

July 12, 2004 13 Mw 5 5.2 Krn 70 km NW

September14, 2004 8,9 (?) 4.2 Fužine-Rijeka (Croatia) 50 km south

September 22, 2004 16 3.5 Zgornji Prekar 70 km NE

November 24, 2004 25 5.2 Manerba del Garda (Italia) 290 km W
November 25, 2004 15 5.2 Jabuka (Croatia) 310 km S

January 14, 2005 20 4 Cerkno 45 km NW

January 14, 2004 20 3.8 Cerkno 45 km NW

April 24, 2005 17 3.9 Ilirska Bistrica 25 km SE

August 30, 2005 18 2.8 Medvode 45 km NE

November 24, 2005 16 2.5 Postojna 5–10 km W

December 12, 2005 19 2.9 Žiri 30 km NW

January 30, 2006 12 2.1 Prestranek 10–15 km south
June 21, 2006 16 2.8 Gorski Kotar (Croatia) 70 km SE

August 30, 2006 22 2.4 Škofja Loka 45 km north

September 3, 2006 13 2 Podnanos 22 km W

September 24, 2006 15 2.2 Podnanos 22 km W

January 1, 2007 16 3.8 Freistritz/Bistrica v Rožu (Austria) 80 km north

February 5, 2007 10 Mw 5 4.5 Drežnica (Croatia) 90 km south

May 2, 2007 16 3.4 Ebriach/Obirsko (Austria) 80 km NE

July 18, 2007 ? 4.6 38 km south from Zadar (Croatia) 240 km SE
August 13, 2007 27 4.1 Adriatic sea, near Rovinj (Croatia) 95 km SW

September 26, 2007 3 2.8 Brežice 115 km E

September 26, 2007 5 2.9 Brežice 115 km E

September 29, 2007 10 3.1 Krško (Raka) 105 km E

November 25, 2007 12 3.3 Paternion (Austria) 107 km NW

ML 5 local magnitude

MW 5 moment magnitude
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6), we believe that slow tectonic processes are being

monitored within the aseismic fault zone.

In 2004 and the first part of 2005, some significant

peaks, the largest being 0.075 mm in one month on the y-

axis, were registered at Postojna 1 (Fig. 5, E4). From

September 2005 till January 2008 (Fig. 5), the Postojna 1

monitoring site was very stable, especially along the y-axis.

Because the extensometer is fixed between the collapse
block and the fault wall of the collapse chamber (Fig. 3),

we would expect some non-tectonic movements due to the

instability of the collapse blocks, especially on the z-axis.

The only two marked extremes along the z-axis (Fig. 5, E2

and E9) are very small, 0.020–0.025 mm, and coincided

with the Krn, Cerkno and Ilirska Bistrica earthquakes. The

stability of the largest collapse chamber in the cave, Velika

Gora, is in this sense, very high.

The Postojna 2 site (Fig. 4) is in an artificially enlarged

small natural passage, where the extensometer is fixed

between two striated fault planes. The curves show some
well-expressed peaks (Fig. 6), some of which coincide with

earthquake activity. The highest extremes (E1 and E6,

Fig. 6) do not exceed 0.05 mm. The calm period starting in

September 2005 was interrupted at the end of September

2006. In 2007, two extremes (Fig. 6, E10 and E11) were

concurrent with the Freistritz, Drežnica, Brežice and Krško

earthquakes.

Even though we are observing the same Dinaric-

oriented fault zone, the same response is not, in general,

observed at the two monitoring sites that are separated

260-m-horizontally and 33.5-m-vertically (Fig. 2). One of
the causes can be that the Dinaric-oriented fault is cut by a

relatively younger cross-Dinaric fault (Sasowsky et al.,

2003). Another fact is that the same fault zone is not

necessarily tectonically active to the same degree along its

length. Along the monitored fault zone we have found

traces of at least four different old movements, but recent,

very slow tectonic movements, that are showing a general

horizontal dextral-lateral movement (Postojna 1) and
extension (Postojna 2), are in agreement with the active

tectonic situation on Dinaric faults in SW Slovenia. The

earthquakes (Table 1) with lower magnitudes, even those

close (5–22 km) to the monitoring sites, do not coincide

with the micro-tectonic movements.

RADON LEVELS

Time series of radon activity concentrations (CRn in Bq

m23) were measured at Postojna 1 and Postojna 2 (Figs. 7,

8 and 9) and recorded in parallel with the outdoor air

temperature. CRn at Postojna 1 (Fig. 7) showed regular

diurnal fluctuations, as previously observed at other

locations in the cave (Vaupotič et al., 2001). The arithmetic

mean of CRn over the whole period of monitoring is 2380 6

376 Bq m23. During this time, no unrest was recorded at

Postojna 1 and no effect of the unrest at Postojna 2 on

radon level at Postojna 1 can be seen (extension until

August 29 and compression from August 29 to October 16,

2007; Fig. 6). None of the earthquakes on May 2, 2007

(ML 5 3.4, R/RD 5 2.8), July 18, 2007 (ML 5 4.6, R/RD 5

2.5) or August 13, 2007 (ML 5 4.1, R/RD 5 1.6) appear to

have had any connection, although their magnitudes were

relatively high for the region and their R/RD values quite

low (Zmazek et al., 2003). The decrease in CRn after

September 26, 2007 (Fig 7) cannot be paralleled with

earthquakes that occurred in the period September 26,

2007 to September 29, 2007 because their epicenters were

too far away (R/RD between 4.8 and 7.1) although their

magnitudes were not so low for the region (ML from 2.1 to

3.1). This decrease in CRn was most probably caused by

decreases in outdoor air temperature. It is well known that

radon level in the Postojna Cave is governed mainly by the

so called chimney effect (Vaupotič et al., 2001; Vaupotič,

2008). The cave system behaves as a huge fireplace: when

the outdoor air temperature falls below the temperature of

the cave, the air current from the warmer cave carries

radon-rich air towards the outdoor air, causing fresh

outdoor air with low radon levels to enter the cave and

reducing the CRn in the cave. This occurred at Postojna 1

towards the end of September 2007 (Fig. 7) when the

outdoor air temperature, which was below 0 uC for several

days, fell far below the cave temperature. The arithmetic

mean of CRn without the contribution after September 26,

2007 is 2445 6 275 Bq m23 and may be considered as the

summer radon level at Postojna 1.

During radon monitoring at Postojna 2, two tectonic

unrest periods were observed, E10(y) and E11(x) (Fig. 6).

These may be further subdivided: E10(y) into (1) E10a(y):

dextral horizontal movement starting on October 13, 2006

(before radon measurement had started) and ending on

November 16, 2006, and (2) E10b(y) sinistral horizontal

movement from January 12 to February 16, 2007); and

E11(x) into (1) E11a(x) extension from February 16 to

August 29, 2007, and (2) E11b(x) compression from

August 29 to October 16, 2007. The diurnal variations in

CRn are different from those observed at Postojna 1, thus

presumably indicating the effect of micro movements on

the transport of radon and its entry into the cave air.

The overall arithmetic mean CRn(tot) for Postojna 2

(Figs. 8 and 9) during the entire period of monitoring

(October 2006–October 2007) is 3853 6 2527 Bq m23,

being about 60% higher than at Postojna 1. The standard

deviation is high because of larger fluctuations than at

Postojna 1 (Fig. 7). The winter arithmetic mean radon

concentration CRn(w) 5 1492 6 1334 Bq m23 was

calculated from the beginning of December 2006 to the

end of February 2007, and the summer mean CRn(s) 5

4857 6 1681 Bq m23 from the beginning of July to the end

of August 2007. The ratio CRn(w)/CRn(tot) 5 0.39 is much

lower than, and CRn(s)/CRn(tot) 5 1.26 similar to other

parts of the cave (Vaupotič, 2008). This low CRn(w)/

CRn(tot) value could have been caused by micro move-

ments, as well as the chimney effect. At the beginning of the

plot in Figure 8 CRn, values are high, start to decrease as
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E10a(y) approaches its end, and are very low at the end

of this period, although the outdoor temperature was

above 10 uC and, hence, the chimney effect could not be

operative. Soon after that, two CRn peaks appear at the

temperature minima, which is contrary to expectations

based on the chimney effect. CRn then remains constantly

low till almost the end of the E10b(y) unrest. There are

periods of elevated CRn in the second halves of November

and December 2006 and January 2007, and the beginning

of February 2007, again at the temperature minima as

before. Because no unrest was recorded during these times,

these elevated Rn levels, except for those in the second half

of November 2006, may be assumed as anomalies, possibly

coinciding with earthquakes on January 1, 2007 (ML 5 3.8,

R/RD 5 1.9) and February 5, 2007 (MW 5 4.5, R/RD 5

1.1), respectively. The November 2006 anomaly could not

have been paralleled with the January 1, 2007 earthquake

because the anomaly precedes the earthquake. The

arithmetic means of CRn for the periods from October 13

to November 16, 2006 (E10a(y) unrest) and from January

12 to February 16, 2007 (E10b(y) unrest) are CRn(E10a) 5

3267 6 2925 Bq m23 and CRn(E10b) 5 1105 6 1040 Bq

m23. If the first average is compared with the summer

average and the second with the winter average, the

following ratios are obtained: CRn(E10a)/CRn(s) 5 0.67

and CRn(E10b)/CRn(w) 5 0.74. This suggests that hor-

izontal movement (Fig. 6, E10), either dextral or sinistral,

significantly reduced radon levels on the observed fault.

With the appearance of the E11a(x) unrest (from

February 16 to August 29, 2007; Fig. 6), CRn starts to

increase (Figs. 8 and 9), resulting in an arithmetic mean of

the entire unrest of CRn(E11a) 5 4314 6 2273 Bq m23.

This value is not significantly higher than CRn(tot), the

ratio CRn(E11a)/CRn(tot) being 1.12, and it may therefore

be concluded that extension did not influence radon

transport. No radon anomalies have been observed during

the earthquakes occurring on May 2, 2007 (ML 5 3.4, R/

RD 5 2.8), July 18, 2007 (ML 5 4.6, R/RD 5 2.5) or August

13, 2007 (ML 5 4.1, R/RD 5 1.6), although their

magnitudes were relatively high for the region and R/RD

values quite low (Zmazek et al., 2003).

On August 29, 2007, the E11(x) unrest continued but

changed from extension to compression (E11b(x) from

August 29 to October 16, 2007; Fig. 6). CRn started to

increase, giving an arithmetic mean for this period

CRn(E11b) 5 5184 6 2163 Bq m23. When on September

19, 2007 the compression process slowed down (Fig. 6),

CRn started to decrease and reached very low values

towards the end of E11b(x). As for Postojna 1, it is not

believed that this decrease coincided with earthquakes that

occurred in the period September 26, 2007 to September

29, 2007 because their epicenters were too far away (R/RD

between 4.8 and 7.1), although their magnitudes were not

so low for the region (ML from 2.1 to 3.1) (Zmazek et al.,

2003). Because CRn(E11b) is significantly higher than

CRn(tot), with CRn(E11b)/CRn(tot) 5 1.35, it can be

concluded that compression significantly facilitates radon

transport, thus increasing its activity in air. If only the fast

compression period (from August 29 to September 19,

2007; Fig. 6) is taken into account, the related CRn

arithmetic mean is 6150 6 1739 Bq m23 and the effect of
compression on radon transport is even more pronounced.

CONCLUSIONS

Recent studies of active tectonics in Slovenia (Cunning-

ham et al., 2006; Poljak, 2007; Rižnar et al, 2007; Verbič,
2005; Vrabec and Fodor, 2006) suggest that some caves

should preserve and generate traces of active tectonics. In

this context, two TM 71 extensometers were installed in

2004 in Postojna Cave on the Dinaric-oriented fault zone,

situated about 1,000 m to the north of the Predjama Fault

(Fig. 1)

The measurements of tectonic micro-displacements

showed small tectonic movements on both instruments, a

general dextral horizontal movement of 0.05 mm in four

years (Postojna 1, Figure 5) and an extension of 0.03 mm

in four years (Postojna 2, Figure 6). Eleven extremes of
characteristic changes in displacement were determined

between variable calm periods. Contemporaneous with

some stronger earthquakes (for example Krn earthquake,

July 12, 2004, MW 5 5.2), unrest was detected. For

example, movements of 0.03–0.075 mm were detected in

the period of one month along the fault zone. However,

after the earthquake, the rock generally returns to the same

position as before the earthquake. Similar behavior was
described in Slovakia (Briestenský et al., 2007) and other

countries (Košťák et al., 2007) where we were monitoring a

seismic fault zone and detecting the micro-tectonic changes

in Earth’s crust before, during and after the earthquakes.

The greatest short-term movement was a compression

of 0.04 mm in seven days, detected in March 2005 and

coincided with the 25 km distant Ilirska Bistrica earth-

quake (ML 5 3.9). About two months before the

earthquake, an extension of 0.05 mm occurred, and one

month before the earthquake the stress changed into a

compression of 0.05 mm. The largest permanent shift was
detected at the end of 2004. Along the y-axis (at Postojna

1), a dextral horizontal movement of 0.075 mm was

observed in one month. After the sinistral horizontal

movement of 0.02 mm (December 15, 2004 to December

27, 2004), the y-axis retained its position on 0.05 mm,

where it is still today. Regarding the extremes, ten

earthquakes that coincide with tectonic micro-displace-

ments were selected. In the time frame of speleogenesis, the
monitored fault zone today represents a stable cave

environment.

During horizontal movement, either dextral or sinistral,
radon pathways underground were partly closed, thus

hindering radon migration and reducing its concentration

in the cave air. Extension does not appear to have affected

radon transport. Alternatively, the compression process
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(Postojna 2, February–August 2007) appears to have

opened some new routes for radon transport, thus

facilitating radon migration and increasing its concentra-

tion in air. In the present state of knowledge, a more solid

explanation of these findings is not possible.

The comparative study is ongoing. The observed fault

zone transmits only very small tectonic movements, but

long-term monitoring of different parameters could suffi-

ciently explain the relations in Earth’s karst massif related

to changes in stress and strain before, during, and after the

stronger earthquakes. Finally, we will continue our

comparative research with other monitoring sites where

we have results and ongoing data collection (Stemberk et

al., 2003; Košťák et al., 2007; Stemberk and Košťák, 2007;

Briestenský et al., 2007).
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DEVELOPING A GIS-BASED INVENTORY FOR THE
IMPLEMENTATION OF CAVE MANAGEMENT

PROTOCOLS IN WITHLACOOCHEE STATE FOREST,
FLORIDA

GRANT L. HARLEY1, PHILIP P. REEDER2, JASON S. POLK3, AND PHILIP E. VAN BEYNEN2

Abstract: The type of data collected during cave inventories includes a myriad of

different parameters; however, the actual practice of field data collection lacks a modern,

standardized method. The integration of GIS with methods associated with the inventory

of cave resources and utilization patterns improve upon the previously utilized paper-form

of inventory. This article discusses the development of a GIS-based method of cave

inventory and how its implementation advanced cave management protocols in
Withlacoochee State Forest (WSF), Florida. After realizing the need for a more

sophisticated and secure method to inventory caves in WSF, an alternative data

collection, storage, and manipulation method was expanded that allowed the input and

storage of large amounts of spatially-referenced data. The overarching purpose of this

study was to create a modernized and user-friendly GIS-based method of cave inventory

that encompassed all aspects of the inventory (i.e., data collection, storage, manipulation,

and post-processing) for the efficient management of caves in WSF. The GIS-based

inventory developed for WSF caves is easily applied by state forest personnel and is aiding
in the drafting of management plans for each cave they manage. Having rigorously tested

this method in 19 caves, we feel it is applicable to cave systems in all karst areas.

INTRODUCTION

Geographic Information Systems (GIS) are used in a

variety of fields such as urban and regional planning (Dai

et al., 2001; Jankowski, 1989), criminology (Brantingham

and Brantingham, 1995; Chainey and Ratcliffe, 2005), and

natural sciences (Carrara et al., 1991; Goodchild, 1993).

GIS is now being applied to various aspects of cave and

karst science for its ability to integrate data storage with a
spatial component. The integration of GIS with karst

research has furthered the study of speleogenesis (Horrocks

and Szukalski, 2002; Hung et al., 2002), cave ecosystems

(Despain and Fryer, 2002), cave geomorphology and

hydrology (Florea et al., 2003; Florea, 2006), the con-

sideration of caves as a monetary resource for tourism

(Ohms and Reece, 2002), cave archaeology (Moyes, 2002),

and the human disturbance of karst environments (van
Beynen and Townsend, 2005). In this paper, we present a

new method for using GIS to inventory cave contents for

resource management purposes.

More than 25% of the world’s population either lives on

or obtains drinking water from karst terranes, with caves

being an integral component of karst landscapes (KWI,

2009). Understanding caves as natural systems and

potential groundwater resources is the key to their

management and protection, with the first step being to
conduct a cave inventory (DuChene, 2006). However, cave

inventories are not widely published in the popular and

professional press, vary in both purpose and method, and

are often subjective with respect to the amount and type of

data included. Assimilating GIS with methodologies

associated with the inventory of cave resources and

utilization patterns could make the paper-form inventory

of cave systems obsolete, thereby moving towards more

comprehensive data collection and user flexibility.

This project was initiated through a collaborative effort

between the Withlacoochee State Forest (WSF) and the

Department of Geography at the University of South

Florida. Prior to this project, state forest personnel had

limited knowledge of their caves and expressed the need for

a comprehensive cave management strategy. The research

design for this study was to develop and test a method for

conducting inventories in WSF terrestrial caves using GIS,

thereby allowing state forest personnel to easily access and

manipulate data, and provide a replicable method for

future inventories of other cave systems in west-central

Florida. Given the widespread lack of cave management in

WSF, the inventory served as the first account of cave

contents in WSF and the first step in developing ongoing

management strategies.
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The overall purpose of this study was to create a

modernized and user-friendly GIS-based method of cave

inventory that encompasses all aspects of the inventory

(i.e., data collection, storage, manipulation, and post-

processing) for the efficient management of caves in WSF.

This article presents a GIS-based method and database

design the authors developed to facilitate cave inventories

in WSF.

BACKGROUND: CAVE INVENTORY

Since the 1700s, cave inventories involved cataloging

biota, archaeological sites, and fossil deposits (DuChene,

2006). A number of different groups have conducted cave

inventories throughout the United States with varying

objectives (Brown and Kirk, 1999; Douglas, 1999; Du-

Chene, 2006). Data collected during these inventories

included a wide variety of cave features and their attributes.

However, the actual practice of field data collection has

lacked a modern, standardized method. Although paper

inventory forms are the most widely used and accepted tool

for recording cave inventory data (DuChene, 2006), they are

especially difficult to use in tight, wet, and muddy cave

environments, as experienced in the preliminary stages of

this project. These conditions made it necessary to utilize

alternative means of data collection that could withstand the

rigors of harsh cave conditions. Since the advent of GIS,

researchers have realized the potential of combining cave

inventory data and GIS (Knutson, 1997; Pfaff et al., 2000;

McNeil et al., 2002; Moyes, 2002; Horrocks and Szukalski,

2002; Ohms and Reece, 2002; Despain and Fryer, 2002;

Walz and Spoelman, 2005). By integrating GIS with

previous forms of inventory, additional data can be collected

in a quicker, more efficient manner, thus reducing the cost

and staffing needs, and eliminating the aforementioned

problems associated with paper inventory forms.

STUDY AREA

WSF is a vast stretch of land in west-central Florida

that covers approximately 637 km2 and spans four counties

(Citrus, Pasco, Hernando, and Sumter). The karst features

found in WSF include: springs, sinkholes, and terrestrial
caves. Currently, there are 19 known caves located in WSF,

all of which are developed within the Brooksville Ridge.

The Brooksville Ridge is the largest of the ridges located in

the Central Upland of the Florida Peninsula (White, 1970).

Elevations vary throughout its length from 21 to 60 m

above mean sea level. The topography is rolling hills with

internal drainage occurring mostly through caves asso-

ciated with the Floridan Aquifer System. Additionally,
upland mesic-hardwood hummocks separate sinkhole

lowlands that are mostly occupied by wetlands or lakes

(Florea, 2006) (Fig. 1). The WSF caves are all located

within the Citrus Tract, which is positioned on the border

of Citrus and Hernando Counties (Fig. 2). WSF is state-

owned, public land and any recreational activity requires a

special-use permit, including cave access.

METHODS

LOCATING CAVES FOR INVENTORY

All 19 known caves within WSF were visited in the

spring of 2007 in order to assemble a detailed record of

Figure 1. Gentle, rolling topography near Withlacoochee State Forest, Brooksville, Florida. In the background is an upland

mesic-hardwood hummock adjacent to a sinkhole lowland in the foreground.
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resources using a GIS-based inventory. A Global Position-

ing System (GPS) was linked with ESRI ArcPad 7.1, which

allowed for cave entrance location acquisition in the field

and storage directly into the geodatabase (Fig. 3). ArcPad
7.1 is GIS software for mobile devices and provides the

ability to collect field data in a reliable and efficient manner

(Clarke et al., 2002). A mobile Haicom HI-303III GPS unit

was used to locate cave entrances with known waypoints.

However, caves with unknown waypoints were marked in

the field using the mobile GPS unit. Because of the link

between GPS and GIS, these caves were immediately added

to ArcPad 7.1 and made available for inventory data input
directly in the geodatabase.

INVENTORY FRAMEWORK AND CONTENTS

The cave inventory framework is based on a paper

inventory model described by O’Dowd and Broeker (1996).

This inventory model was one of the most comprehensive

inventory models available and proved to be easily

adaptable to suit the objectives of this project. The
inventory model was adjusted to comprehensively fit in a

GIS geodatabase by creating categorized attributes with

detailed descriptions and fields for data input. Cave-survey

data containing stations were necessary to give cave

resources a reference point during inventory. Each survey

station was given an absolute location based upon the

entrance GPS data. Several caves in WSF were previously

surveyed and maps were acquired from the cartographers.
However, the majority of caves were simultaneously

surveyed and inventoried, which is a widely practiced and

accepted method (Ohms and Reece, 2002; Horrocks and

Szukalski, 2002; DuChene, 2006). For caves lacking an

existing survey, one was conducted using a compass,

inclinometer, and tape (Dasher, 1994). A detailed account

of specific cave contents was inventoried at each survey

station. Features within each cave located between survey
stations were assigned to the closest survey station. These

parameters are presented in the geodatabase data dic-

tionary, which is used to describe each field and its possible

values (Table 1).

USING GIS FOR CAVE INVENTORY

Collecting and storing inventory data in the same step

was a more efficient method that saved time and work and
eliminated human error during the process of data

transcription from paper forms. In order to facilitate data

collection, ArcPad 7.1 was loaded onto a Dell Axim X51

personal digital assistant (PDA) (Fig. 4). An Aqua Quest

Figure 2. Location of caves within Withlacoochee State

Forest, Florida. Figure 3. A mobile GPS unit was linked with the PDA to

facilitate the acquisition of cave locations.
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Table 1. Geodatabase Data Dictionary.

Attribute Name Description

Name All known names of cave
Inventory Date Date the inventory was conducted

Inventory ID Unique ID given to each cave for geodatabase identification

Township Township in which cave is located (Public Land Survey System)

Range Range in which cave is located (Public Land Survey System)

Section Section in which cave is locate (Public Land Survey System)

County Florida county in which cave is located

Personnel People who conducted inventory

Cave Ownership Ownership of cave. Values 5 Commercial, Private, Public, Government Park,
Unknown Status

Equipment Needed Equipment needed to cave. Values 5 Boat or Floatation, Diving Equipment,

Handline, Kneepads, Cable ladder, Normal Speleo Gear, Shovel-Blasting, Rope

or Vertical Equipment, Other special equipment, Unknown, Wet-Suit, Mask/

snorkel, None, NA

Other Equipment Needed Same values as Equipment Needed (above) to list multiple equipment needs

Elevation Elevation of cave entrance in meters above mean sea-level

Cave Map Status Current status of cave map. Values 5 Improved map, New map/survey, Redraw
of old map, In progress, No map, Complete map, Sketch only, not to scale

Cave Length Current surveyed length of cave (m)

Cave Vertical Extent Current surveyed vertical extent of cave (m)

Management Notes Notes pertaining to the management of cave

Entry Status Accessibility of cave. Values 5 Fees charged for entry, Destroyed or closed,

Forbidden by owner, Locked/Gated, Navigable Waterway, Open access,

Permission required, Waiver required, Temporarily blocked, Unknown status,

NA
Multiple Entrances Indicates whether there are multiple entrances to cave. Values 5 Y (Yes) or N

(No)

Type Of Entrance: Vertical Indicates type of cave entrance if vertical. Values 5 Artificial shaft, Bottleneck/

small but bells out, Chimney/climb, Very wide pit (+20 ft), Pit, Tight pit,

Enlarged fissure, Tight squeeze, NA

Type Of Entrance: Horizontal/

Downward Sloping

Indicates type of cave entrance if horizontal or downward sloping. Values 5 Large

horizontal (+ 20 ft), Stoop/duck walk, Crawl, Artificial tunnel, Tight squeeze, NA

Entrance Topo Position Describes the topographic position of the cave entrance. Values 5 Sinkhole,
Hillside, Topographic low, Hilltop, Quarry, Floodplain, etc.

Entrance Visibility Indicates visibility of cave entrance. Values 5 Clearly visible, Obscured by

vegetation, Obscured by rocks, etc.

Entrance Modification Describes any modifications made to the cave entrance. Values 5 Widened,

Artificial entrance, Gated, Road construction, Quarry, Blocked, Dug out/open

Entrance Min Size Indicates the minimum size of cave entrance. Values 5 Squeeze, Crawl, Stoop,

Walk, Vertical drop

Entrance Drop Depth Depth of entrance drop if vertical (m)
Entrance Notes Any notes relating to cave entrance

Passage Orientation Passage orientations per survey station. Values 5 N-S, E-W, NE-SW, NW-SE,

NE-SW & NW-SE, NE-SW & NW-SE & N-S & E-W

Passage Types Passage type per survey station. Values 5 enlarged fissure, key hole, plus-sign,

breakdown, phreatic, etc.

Passage Min Sizes General size of passage per survey station. Values 5 squeeze, crawl, stoop, walk, etc.

Passage Hydrology Hydrological resources per survey station. Values 5 seeps, drips, pool, aquifer,

NA, etc.
Passage Floor Floor type per survey station. Values 5 sediment, clay, breakdown, etc.

Passage Hazards Possible hazards per survey station. Values 5 guano, unstable breakdown, steep

drop, etc.
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water-proof case was used to ensure the protection of the

PDA device while conducting the inventory in wet and/or

muddy cave environments (Fig. 5). Certain GIS data layers

were loaded into ArcPad 7.1 for use in the field. These

layers included: a polygon coverage of Florida counties

and roads, a point coverage of WSF cave locations, and a

polygon coverage of WSF. Both polygon coverage layers

were acquired from the Florida Geographic Data Library

and served as a spatial reference for the point coverage of

WSF caves that was created during this study. All shapefile

layers and the geodatabase were viewable on the PDA,

which allowed for editing and updating in the field.

The cave inventory data for each cave was stored in a

GIS geodatabase (Table 1). The cave inventory geodata-

base was created in ArcCatalog and maintained in ArcMap

9.2, both of which are applications included in the ESRI

ArcView 9.2 ArcGIS software package. ArcPad 7.1 and

ArcView 9.2 are interchangeable GIS applications, making

data transfer from the PDA to the geodatabase straight-

forward. When data were ready to be transferred to the

geodatabase after applying the inventory, the PDA was

synced to a personal computer via Microsoft Active Sync

version 4.1.0. Once synchronized, the data were copied

from the PDA directly to the geodatabase in ArcMap 9.2.

Attribute Name Description

Passage Notes Notes pertaining to passage characteristics

Tites/Mites/Columns/Condition Stalactites, stalagmites, and/or columns and condition (depositing, dry, damaged,

etc.) per survey station. NA 5 Not Applicable

Drapery Condition Drapery and condition per survey station. NA 5 Not Applicable
Helictites Condition Helictites and condition per survey station. NA 5 Not Applicable

Rimstone Condition Rimstone and condition per survey station. NA 5 Not Applicable

Popcorn Condition Popcorn and condition per survey station. NA 5 Not Applicable

Flowstone Condition Flowstone and condition per survey station. NA 5 Not Applicable

Spar Condition Spar and condition per survey station. NA 5 Not Applicable

Calcite Coating Calcite coating and description per survey station. NA 5 Not Applicable

Calcite Rafts Calcite rafts and description per survey station. NA 5 Not Applicable

Ripple Marks/Scallops Ripple marks and/or scallops per survey station. NA 5 Not Applicable
Anastomoses Anastomoses per survey station. NA 5 Not Applicable

Sediments Describes sediment per survey station in cave. Values 5 sorted, unsorted, clay,

fine lamination, organics present, etc.

Sediment Notes Any notes relating to cave sediments

Fossils Location and description of fossils per survey station. NA 5 Not Applicable

Bones Location and description of bones per survey station. NA 5 Not Applicable

Geologic Strata Geologic unit per survey station. Values 5 Ocala limestone (Eocene), Suwannee

Limestone (Oligocene), Avon Park Formation (Middle Eocene), Tampa
Member (Arcadia Formation)(Upper Oligocene-Lower Miocene)

Other Geologic Strata Other geologic unit found per survey station. Same values as ‘‘Geologic_Strata’’

(in case of more than one strata per station)

Geologic Notes Any notes for geology of cave

Biological Vertebrates List and location of biological vertebrates per survey station. NA 5 Not

Applicable

Biological Invertebrates List and location of biological invertebrates per survey station. NA 5 Not

Applicable
Mold/Bacteria List and location of any mold or bacteria per survey station. NA 5 Not

Applicable

Roots Location of roots per survey station. NA 5 Not Applicable

Roost Stains Location of roost stains per survey station. NA 5 Not Applicable

Guano Piles Location of guano piles per survey station. NA 5 Not Applicable

Biological Notes Any notes pertaining to cave biology.

Artifacts- Historical List and location of possible historical artifacts per survey station. NA 5 Not

Applicable
Cultural Notes Any notes pertaining to possible cave artifacts. NA 5 Not Applicab

Scientific Potential Area Note Notes for scientific potential areas (location and description) per survey station

Special Interest Areas Note Notes for special interest, non-scientific areas (location and description) per

survey station.

Table 1. Continued.
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Additionally, each cave was documented with photographs

using a digital camera. Documenting cave features with

photographs produces a visual representation of those

features during the time of inventory and is useful when

comparing cave conditions through time (DuChene, 2006).

FIELD INVENTORY METHODS

Cave inventory teams consisted of an average of three

people, depending upon the availability of an existing

survey. If an accurate survey existed, two people were

sufficient; while one read the map and identified resources

at and between each survey station, the other input the

data into the PDA. If no survey was available, then a three-

person team simultaneously surveyed and inventoried the

cave, as the additional person sketched and assisted with

the survey/inventory. Every participant in this project was

an experienced caver or karst scientist well-versed in the

identification of features within the caves.

The inventory of each of the 19 caves in WSF began at

the entrance, and included both vertical and horizontal

openings. Data collection commenced at the entrance with

one person using the PDA to input features found within

the cave as identified by the second and/or third individual.

Survey stations were used as markers to spatially identify

features entered into the geodatabase. This method of data

entry continued until the entire cave and its contents were

surveyed (if needed) and inventoried.

DATABASE DESIGN

A comprehensive cave inventory geodatabase was

created using the electronic PDA inventory method. The

inventory database includes a point shapefile (each point

represents a cave) and a database file (dbf). The dbf contains

the descriptive data for each cave obtained during inventory

in the field (Table 1). This database is easily queried to

locate cave features and parameters by WSF personnel,

which also allows future updates as cave inventories are

added for newly discovered caves, or updates from future

inventories of existing caves. By using an electronic cave

inventory method, the functionality, comprehensiveness,

and transferability of cave inventory data were improved,

Figure 4. The tools used for inventory data collection in the

field included ArcPad 7.1 displayed on a Dell Axim X51

device.

Figure 5. The PDA device was protected in the field with an Aqua Quest, water-proof cover.
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thereby providing WSF personnel with the necessary

information to use in managing their caves. Additionally,

the variety of fields (Table 1) in the geodatabase allowed for

substantial data collection above and beyond that of

standard inventories collected by other methods. Cave

inventory data are secured via password-protected software

used by WSF to guard the inventory information and allow

access only by authorized users. Thus, WSF personnel are

able to use additional data to manage caves by resources,

location, size, features, etc. by querying the geodatabase and

utilizing ArcGIS to determine which caves require special

management and attention.

WSF personnel are now able to view the exact locations

of caves and access the associated attribute table (dbf) to

view the cave-specific resources, anthropogenic impacts,

and other characteristics of each cave. Knowing the

entrance location and attribute data for each cave are the

initial steps needed for resource protection and proper

management decisions, emergency response planning,

prevention of unintentional impacts to cave systems from

land management activities such as logging, road main-

tenance, construction of recreational facilities, prescribed

forest burns, exotic plant control, and other activities. By

having the ability to query and rank caves based on their

features and resources, land managers are able to use the

geodatabase to help prioritize cave management based on

their needs.

With a comprehensive inventory system in place, WSF

continues the inventory of each cave on a regular basis.

The inventory system also provides them the basis needed

to conduct visitor impact mapping, such as that described

in Bodenhamer (1995, 2006), as well as implement a GIS-

based management strategy that geospatially links cave

inventory data with each geo-referenced survey station

(Despain and Fryer, 2002). By using an easily adapted

electronic method for inventory, data fields can be added in

the field, and data transcription errors and time are

reduced, which is a benefit for management entities such

as WSF that have limited personnel and financial resources

to address cave protection and management.

This GIS-based method of cave inventory is easily

adaptable for use in caves in other karst areas, including

water-filled cave systems. The limiting factors are the

availability of the necessary computer hardware and

software and the expertise to link all the components of

the inventory together using GIS. However, these factors

can be overcome with expanded funding and staffing.

Additionally, those conducting the inventory need to adapt

the comprehensive fields included in the geodatabase to

include the parameters specific to their particular caves.

For example, we tailored the original cave inventory

parameters from O’Dowd and Broeker (1996) (which was

created for use in Oregon caves) for applicability in caves

of west-central Florida. Certain parameters were simply

not applicable, as the caves and karst of Oregon differs

from Florida.

MOBILE GIS AS AN INVENTORY TOOL

A new electronic method for cave inventory using

ArcGIS and ArcPad allows for enhanced data collection

and reduces the need for WSF personnel to conduct and
transcribe data acquired during inventories. In this pilot

study, the cave inventory geodatabase serves as the first

step in developing a cave management strategy for each of

the 19 caves in WSF. This first step of understanding cave

contents is crucial in drafting, implementing, enforcing,

and analyzing sound management policy for each cave.

The completion of the inventory in each of the 19 WSF

caves reveals several important findings:

1. Several species of invertebrates were discovered in six

caves, which were previously unbeknownst to WSF

biologists. This demonstrates the need for a biological,

project-specific inventory of each cave containing
these resources.

2. Pristine speleothems were found in several caves in

need of immediate protection from vandals and

souvenir-seekers.

3. The data reveal the need for gates on numerous caves,

either for resource protection or liability issues

brought on by day-use activities.

4. Several caves were found to be in areas of forest-

personnel activity (logging, control burning, cattle

grazing, etc.) and procedures can now be implemented

to protect the resources found within these caves.

WSF is constantly performing prescribed control burns

and granting agricultural lease permits in certain sections

of the forest. Forest personnel can now reference the cave

inventory geodatabase when making land use decisions.

The inventory GIS data also enables WSF personnel to
make conservation-wise decisions regarding the relative

location of caves in relation to their daily activities which

could result in the degradation of a cave environment. This

decreases the human-environmental impact and ensures the

conservation and protection of each cave in WSF.

Currently, the GIS-based inventory developed for

WSF caves is easily applied by state forest personnel and

is progressing the drafting of management plans for each
cave. Furthermore, we believe this method of inventorying

caves should be incorporated in other karst areas, as it can

be more beneficial to cave managers than previous

methods.
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THE SULFIDIC THERMAL CAVES OF ACQUASANTA
TERME (CENTRAL ITALY)

SANDRO GALDENZI1*, FILIPPO COCCHIONI2, GIAMPAOLO FILIPPONI3, LUCIANA MORICHETTI2,
STEFANIA SCURI2, ROSARIO SELVAGGIO3, AND MARIO COCCHIONI2

Abstract: The caves of Acquasanta Terme (central Italy) open at the core of a wide

anticline, in the valley of the Tronto River. Cave development is due to the rise of sulfidic

thermal water flowing through a thick marine limestone sequence, overlain by thick, low-

permeability formations. Some minor caves are developed in the terraced travertines

deposited by the thermal water, but the major caves are developed in marine limestone in
the small gorge of the Rio Garrafo stream, a tributary of the Tronto River. These caves

have a rising pattern, due to the past flow of thermal water toward the surface. The

deepening of the Tronto River Valley lowered the regional water table, perching the Rio

Garrafo stream ,50 m above the thermal groundwater. At present, surface water sinks

through the pre-existing karst passages to reach the thermal water flowing in the lower

parts of the caves. Where these waters mix, rapid corrosion of the walls through sulfuric

acid speleogenesis occurs. Annual temperature and chemistry monitoring of the cave water

showed that freshwater contributes up to 45% of the volume at the water table. Dilution
events are associated with falling water temperature, which ranges between 44uC and 32uC.

At the main spring, 2 km downstream, groundwater dilution was higher resulting in lower

temperatures (32uC–21uC) and salinity. The periods of high freshwater dilution correspond

with a lowering of pH in the phreatic water and with the release of H2S and CO2 to the cave

atmosphere. In the thermal zones, the concentration of H2S increased from 40 to over

240 ppm, while CO2 increased from 0.44% to 2.7%. These data evidence the influence of

sinking surface water on the cave environment and speleogenesis.

INTRODUCTION

The thermal caves of Acquasanta Terme represent a

window on active sulfuric acid speleogenesis. Some caves in

the area have been known since ancient times due to their

large entrances and easy accessibility. A modern explora-

tion, however, began only after World War II when the

management of the thermal baths invited the speleologist

of the Società Adriatica di Scienze Naturali (Trieste, Italy)
to explore the area some tens of years later than in nearby

zones. The speleologist of the Società Adriatica, helped by

the Gruppo Speleologico Marchigiano from Ancona

(G.S.M.), explored the siphon in the Acquasanta cave,

which feeds the spring and some short caves in the narrow

limestone outcrops of the nearby Rio Garrafo Valley.

Based on these explorations, Maucci (1954) recognized the

possibility of a hydraulic connection between the caves in
the Rio Garrafo Valley and the thermal spring. He believed

that the role of the thermal water was only secondary,

because in his opinion, the rising thermal water used a pre-

existing cave to reach the surface and caused only minor

chemical alteration of the cave walls. Even if this

interpretation is clearly related to the ideas of the period,

Principi (1931) had already proposed, based on his study of

the nearby thermal sulfidic Triponzo spring, that sulfidic
water causes cave formation due to sulfuric acid produc-

tion, followed by the replacement of limestone with

gypsum that is easily removed by flowing water.

New explorations were carried out by speleologists of

the G.S. CAI Teramo, who explored the Grotta Fredda

during the 1970s, and by the members of the G.S.M. CAI

di Ancona and the Associazione Speleologica Acquasan-

tana, who explored the Grotta Lunga and the Grotta

Nuova in the 1980s. Cave explorers in the Grotta Lunga

and Grotta Nuova reached some active thermal zones

below the valley of the Rio Garrafo. Since these

explorations, the speleologists have continuously explored

the area even though a complete survey of the explored

passages is not still available. At present, the total

extension of the cave passages exceeds 3000 m in length.

New ideas about the cave origins were discussed in 1994

at the XVII National Congress of Speleology, where

Galdenzi described the general features and setting of the

caves, attributing their development to the mixing of this

rising sulfidic water with the descending freshwater

infiltrating from the Rio Garrafo, mainly in phreatic

conditions. These ideas, published in 1997, were then

summarized in a paper on the sulfidic caves of central Italy

(Galdenzi and Menichetti, 1995). In a subsequent paper,
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Galdenzi (2001) compared geomorphic characteristics and

environmental conditions of the Acquasanta caves with

those of the Frasassi caves and Movile Cave (Romania).

More recently, research on the microbiota of the thermal

zone of the cave has begun (Jones et al., 2006). In this

paper, we present new data on the air and water

characteristics and discuss the present and past conditions

of the cave development.

GEOLOGIC SETTING

LOCATION AND CLIMATE

The karst area of Acquasanta Terme is on the eastern

side of the Apennine Mountains, 40 km from the Adriatic

Sea, in the southern Marche region (central Italy). The

caves open in the deep transverse valley that Tronto River

cuts in the northern termination of the Laga Mountains

(Fig. 1). A mountainous landscape prevails, with altitudes

ranging between 300 m at the bottom of the valley to about

1100 m in the surrounding mountains. The climate is

Apenninic sub-continental, with an annual average tem-

perature of about 12uC and an average rainfall of about

950 mm yr21 in the valley (Nanni, 1991). Precipitation

generally reaches a maximum in autumn and spring and

thunderstorms are frequent at the end of summer. In the

winter, snowfall is common in the mountains where the

thawing occurs at the beginning of the spring.

REGIONAL GEOLOGY

The Appennines consist of a sequence of anticlines

overthrust to the east. The folds originated during the late

Miocene and the Pliocene during a tectonic compressive
phase that caused the uplift and emersion (for details on

the regional geology, see Regione Marche, 1991, and

Crescenti et al., 2004, with references).

The lower part of the stratigraphic sequence includes a

2000-m-thick Late Triassic evaporitic sequence. Jurassic,
Cretaceous, and Paleogene deposits are 2000-m-thick and

mainly carbonates. In the Oligocene and Miocene, marl

deposition prevailed in the whole area. Messinian (Late

Miocene) deposits consist of a foredeep turbiditic siliciclastic

sequence (Laga Formation, over 3000-m-thick), where thick

beds of sandstone alternate with thinner mudstone. The very

fast sedimentation rate overprinted the effects of the

Messinian salinity crisis that occurred in the Mediterranean
Basin, and as a result, only a few gypsum-arenitic turbidites

record evaporitic conditions in the source area. The area

emerged over sea level during the Pliocene; after this event, a

low relief energy paleosurface developed. At the end of early

Pleistocene, the river entrenched the present valleys into the

old erosional surface.

SITE GEOLOGY

The karst area is located in the core of the wide anticline

of Acquasanta Terme, constituted by Miocene marl,

sandstone, and mudstone (Fig. 1). The thick marly and
terrigenous Oligocene and Miocene sequence outcrops

everywhere and only in the core of the anticline the top of

the underlying limestone sequence is exposed in the valley

of the Rio Garrafo, a tributary of the Tronto River.

A gently dipping bedding prevails in the core of the

anticline even if some detachment levels occur (Marsili and
Tozzi, 1995). On the eastern limb, the bedding inclination

increases rapidly and the Acquasanta Anticline overthrusts

the Miocene sandstone of the Laga Formation (Fig. 1) with a

throw of up to 2 km (Scisciani and Montefalcone, 2005). The

Acquasanta anticline, 10 km to the west, lies on the footwall

of the Sibillini Mountain Thrust, a regional structure that

carries the Mesozoic limestone above the Messinian sequence.

Continental deposits in the Acquasanta zone form a

diffuse, thin cover of colluvial and detrital slope deposits

and, in the main valleys, some terraced sand and gravel

deposits. The most significant terrestrial unit, however, is

the large plate of travertine along the right bank of the

Tronto River, whose deposition was related to the rise of

sulfidic water from a confined aquifer (Boni and Colacicchi,
1966). Both alluvium and travertine deposition were

influenced by climate changes between glacial and intergla-

cial periods that caused alternating depositional and

Figure 1. Geologic map of the study area. Geologic section

after Scisciani and Montefalcone (2005), simplified.
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erosional periods in the river valley. More recently,

Farabollini et al. (2001) related the travertine deposition to

revegetation in the mountains at the beginning of intergla-

cials. The increase of CO2 content in the seepage water that
reaches the confined aquifer should have favored the

travertine deposition. Madonna et al. (2005) described the

physical and petrographic characteristics of travertine,

linking their depositional setting to the rise of thermal water.

LITHOLOGY

The lowest stratigraphic unit that outcrops locally is the

Scaglia Rossa Formation (Cenomanian – Middle Eocene).

This unit has variable regional characteristics and its

thickness can vary between 200 and 500 m. In the area,
only the upper part of the Scaglia Rossa outcrops, and

consists of reddish limestone and marly limestone that is

well stratified in layers of ,20 cm. The top of this unit also

contains cherty beds, while in its lower levels (not

outcropping in the area), a gradual decrease of the marly

content occurs. At depth, below the Scaglia Rossa

Formation, the carbonate sequence continues with other

limestone and cherty limestone formations that are
interbedded with two main marl levels (up to 50 m thick).

This mainly permeable sequence reaches 1500–2000 m in

thickness and outcrops widely in the Umbria-Marche

Apennines where it hosts the most important aquifers.

The overlying Scaglia Variegata (Middle Eocene – Upper

Eocene) is a 50 m thick unit, which represents the transition be-

tween the Scaglia Rossa and the Oligocene marls. It is a cherty

and marly limestone with alternating whitish and reddish color.

In the Acquasanta area, this unit has been karstified.

The carbonate content further decreases in the Oligo-
cene Scaglia Cinerea, a marl unit up to 200-m-thick. This

Formation and the overlying Miocene marly units (Bis-

ciaro, Marne con Cerrogna, Marne a Pteropodi) constitute

the most important regional aquiclude, with a total

thickness that exceeds 500 m.

The Messinian Laga Formation outcrops everywhere in

the surrounding mountains. This unit alternates thick

turbiditic sandstone and clay and silt beds to create

characteristic steps in the mountainsides. Groundwater
flow is possible in the permeable sandy zones where small

springs can occur.

The pure, porous limestone of the Pleistocene travertine

represents a further karstified unit. These deposits reach a

thickness of tens of meters and extend for several km2 at

three different elevations located along the right bank of

the Tronto River (Fig. 2; Boni and Colacicchi, 1966).

HYDROGEOLOGY

The Tronto River and its tributaries have an irregular

discharge due to the low permeability of their basins and to
the contribution of snow thawing from the mountains. The

groundwater in the area consists mainly of the thermal sulfidic

water that rises from the capped aquifer hosted in the

carbonate sequence. The most important spring in the area is

in the village of Acquasanta Terme at the outflow of the

Acquasanta Cave. This spring has a discharge that seasonally

varies between 60 and 220 L s21 (Perrone, 1911) and is
located in the right bank of the Fiume Tronto stream (Fig. 3),

near the core of the anticline in the Scaglia Cinerea formation.

Some further minor thermal springs are downstream

near the river bed and also at higher altitude in the right side

of the valley. One spring is located at the bottom of a large

shaft in the terraced travertine deposits, ,100 m above the

river bed. The thermal groundwater can be reached also in

the lower sections of the caves in the Rio Garrafo Valley.

The groundwater flowpath in the area is heavily
influenced by the geologic setting. The prevailing low-

permeability formations that cap the thermal aquifer

reduce the local recharge of the aquifer. Only in the Rio

Garrafo Gorge, sinking stream water directly reaches the

thermal water inside caves.

The chemistry of the spring water, enriched in Cl2 and

Na+, and the isotopic data (Zuppi et al., 1974) indicate the

co-existence of a deep circuit involving water with a

probable meteoric origin that rises and dilutes with a
variable amount of cold water coming from fast surface

circuits. The high salt content could be acquired flowing

through the underlying Triassic evaporitic sequence at the

core of the anticline or through Messinian gypsum in the

footwall of the Acquasanta thrust (Nanni and Vivalda,

2005). Madonna et al. (2005), however, hypothesize a

contribution of volcanic fluids to explain the water

chemistry. The high temperature of the geothermal field
of Acquasanta could also be due to a magmatic intrusion

at the core of the anticline (Madonna et al., 2005), that,

however, is not reported by most authors who have

analyzed the deep structure of the anticline (Scisciani and

Montefalcone 2005, with references).

THE KARST AREA OF ACQUASANTA TERME

Surface karst phenomena are not well developed in the
area where mainly siliciclastic or marly formations prevail.

The widest limestone outcrop, the large travertine plate, is

generally covered by colluvial deposits or soils and only

small scale corrosion features develop in narrow zones

where the limestone surface is directly exposed to meteoric

water. Deep karst, however, has a greater development in a

hypogenic setting and thirteen caves are known with a total

length that exceeds 3 km. Only a few caves are known in
the large travertine deposits, and the major caves (Grotta

Fredda, Grotta Nuova, and Grotta Lunga) developed in

the small limestone outcrop of the Meso-Cenozoic marine

sequence in the Rio Garrafo Valley.

THE TRAVERTINE CAVES

Grotta di Acquasanta
The Grotta di Acquasanta (length: ,300 m) is the main

cave in the travertine. It is a wide chamber flooded by

sulfidic water that directly feeds the main thermal spring
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through a brief active passage. This cave developed at the

base of the travertine body where it overlies the Oligocene

marl formation of Scaglia Cinerea (Fig. 2). The bottom of

the lake in the cave is covered by soft organic mud and

water rises to the lake through a highly inclined passage

explored up to 12-m-deep (Maucci, 1954). Gas release

causes the corrosion of walls and roofs in the whole cave.

The thermal stream water is causing carbonate deposition

near the spring. At present, the cave is not directly utilized

for thermal baths and water in the nearby commercial bath

is derived from a drilled well.

THE RIO GARRAFO CAVES

The most important caves are located in a small area in

the lower part of the Rio Garrafo Valley, where the stream

entrenches in a narrow canyon inside the limestone

sequence (Fig. 4). Rio Garrafo is a small tributary of the

Tronto River with a recharge basin almost entirely in the

Laga Formation at altitudes ranging from 300 m to

2050 m. Gravel deposits, coming from the upper part of

the basin, fill the bottom of the gorge near the caves

entrances, while in the lower part of the canyon, the stream

is still eroding the bedrock.

Figure 3. The thermal spring of Acquasanta Terme.

Figure 2. Geologic sections in the central (A) and south (B) part of the travertine deposit (after Boni and Colacicchi, 1966).
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The main caves open at different altitudes in the

vertical sides of the canyon and extend beneath the

marly cover that outcrops above the canyon (Fig. 5);

many passages in the caves develop below the present

level of the stream. Other caves in the gorge are

short fissure passages or rooms opened near the sur-

face. These minor caves are often located in the

same fracture in both the sides of the canyon. Some of

these fissures near the river bed were artificially sealed

in a rough attempt to prevent the loss of water in

the stream (Fig. 6). Historically, the water sinking from

the stream was identified as the cause of the cooling of

the thermal spring.

Small travertine deposits overlying coarse fluvial gravel

are on the canyon walls about 100 m downstream from the

main cave entrances (Fig. 7). The presence of the travertine

demonstrates that in the past the thermal water fed springs

directly in the canyon. At present, the sulfidic water flows

,50 m below the Rio Garrafo bed in the lower levels of the

caves.

Grotta Fredda
This cave has two nearby cave entrances, which open on

the right side of the valley a few meters above the stream.

The cave is sub-horizontal, with a ramified pattern, and

consists mainly of bedding-plane passages developed at

,1500 m (Fig. 8). The main passage has an ascending

profile from the east towards the canyon and clearly

following the limestone bedding. Fractures and faults

Figure 4. The Rio Garrafo gorge, at the Grotta Fredda

entrance.

Figure 5. Plan view of the caves in the Rio Garrafo gorge.

Note that caves develop below the marly cover. Cave maps

based on survey by G.S.M.

Figure 6. Old dry walls, built to waterproof the Rio Garrafo

stream bed.
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influence the cave development causing local changes in the

direction of the main passages and in originating small

lateral branches. Some fracture passages developed below

the main passage and originated as crevasses that continue
downward. In some crevasses, elevated rock and air

temperature indicate the presence of unexplored thermal

zones beneath. The low permeability of the overlying

formation reduces the recharge of seepage water; therefore,

flowstones develop mainly below the main fractures in the

limestone.

The passage morphology is influenced by the lithology

and breakdown deposits and unsteady blocks in the

ceilings are common in the cave. Phreatic features prevail

in the main passages with some wide cupolas on the roofs.

On the floor, widespread deposits of sand partly covered by

calcite deposition, might be due to past direct flooding of
the cave. Furthermore, in some internal rooms, wood and

shells on the walls clearly indicate the level reached by

water inside the cave after recent flooding events.

White and microcrystalline gypsum occurs mainly as

replacement crusts on the walls and generally it is re-
crystallized at the surface. The most important floor

deposits can be 1–2 m thick and are clearly associated

with replacement crusts and wide cupolas on the roofs

(Fig. 9). These deposits often overly a silica silt that

contains chert or limestone clasts. Together, the gypsum

and the silt can constitute pebbly mud due to flow and re-

deposition.

Grotta Lunga and Grotta Nuova
These caves provide access to the groundwater in a

thermal active zone ,50 m below the Rio Garrafo bed.

They were explored through two different natural entranc-

es, but a small passage partly filled by sand was later

opened by speleologists to join the caves.

These caves extend ,1200 m and have a mainly vertical

development in a fault zone with some horizontal or

inclined passages at different altitudes. The upper horizon-

tal passages open near the entrance zones at the same

altitude of Grotta Fredda. In this zone, sand deposits can

be related to the past direct influence of stream water as in

the Grotta Fredda. In the inclined and vertical passages,
roof features show the original ascending flow of the

thermal water in the phreatic zone. These passages

remained in the vadose zone after the lowering of the

groundwater level and a few of them are permanently

utilized by sinking water directly absorbed from the Rio

Garrafo stream to the thermal aquifer.

The thermal water flows in the lower part of the cave

and can be reached in four different areas with different

environmental conditions (Fig. 10). Upstream a pool of

thermal water (named lago arsenicale, for a suspected
presence of arsenic, and identified herein as anoxic lake)

can be reached in the Grotta Lunga beyond a siphon, at the

end of a descending passage. Here, the rise of water from

the depth feeds the pool, but the low air exchange makes

this place extremely dangerous because of the high

temperatures and unbreathable atmosphere.

The most well-known pool (lago dei bagni, i.e., baths

lake) is in the Grotta Nuova at the bottom of the main

shaft. Thermal water flows in some interconnected pools
and small streams coming from the anoxic lake of Grotta

Lunga through flooded passages. Warm vapor clouds rise

from the stream toward the shaft and the free air exchanges

permits speleologists to enter the rooms for a short time.

Downstream, other pools can be reached, including a

small one in a different area of the main shaft. In this pool,

the descending freshwater infiltrating from the surface

directly mixes with the thermal water. This mixed water,

after a narrow sandy passage, joins with thermal water in

the last pool (Lago della Miscela, i.e., mixture lake) where
it disappears into underwater passages.

Gypsum deposits are diffuse in these caves mainly as
replacement crusts on the cave walls. They can encrust the

whole passage section originating as a continuous rim few

cm thick.

Figure 8. A typical passage in the Grotta Fredda. Sand

deposits constitute the floor.

Figure 7. The small travertine deposit inside the Rio

Garrafo gorge.
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Large floor deposits are rare but one is presently

forming at the end of a passage in the thermal zone where

active gypsum formation occurs on the cave walls. Here,

the gypsum falls from the walls and is re-deposited as soft

mud by the stream, occluding the passage itself. A further

deposit, a few meters thick, is located on the rock bridge

that divides the wide shaft over the thermal zone. This

deposit, clino-stratified, originated from the detachment of

replacement gypsum from the overlying wall.

Labirinto Rosso
Labirinto Rosso is a small cave (,170-m-long) with

mainly small passages and a ramified, three-dimensional

labyrinthic pattern. The cave opens near the Rio Garrafo

bed in the left bank, upstream with respect to the other

caves. The cave develops mainly below the present altitude

of the stream and the high temperature of the limestone in

some passages testifies to the presence of thermal active
zones nearby. Gypsum replacement crusts also characterize

many passages in this cave.

THE CAVE ENVIRONMENT

METHODS

The study was based on field measurements of

environmental parameters and on chemical analyses of

water samples in the laboratory. Throughout the year, the

water temperature was monitored every hour using four

temperature loggers (Escort, New Zealand) with a resolu-

tion (0.3uC) that was considered sufficient for the large

range of the temperature variations. The challenging
environmental conditions and possible sabotage of the

instruments required thick stainless steel boxes to contain

the data loggers. Preliminary measurements verified that

the thermometers inside the box equilibrates with the

external water temperature after ,15 minutes. After more

than a year of immersion in the sulfidic groundwater, the

boxes were heavily corroded, with up to 3-mm-deep-

cavities in the steel.
The water characteristics were analyzed at three

localities: Acquasanta Terme spring, in the baths lake of

Grotta Nuova (Fig. 10), and in the Rio Garrafo. Field

measurements and water sampling were repeated for

different hydrologic conditions and completed over a few

hours. The water temperature, pH, and conductivity were

measured in situ using probes (WTW, Germany). The

sulfide and the dissolved oxygen were precipitated in situ

Figure 9. Cupola with gypsum deposits, in the Grotta

Fredda.

Figure 10. Map of thermal section of the cave, with sampling point locations.
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for laboratory analysis. In the laboratory, the water

samples were diluted, if necessary, and their physicochem-

ical parameters were measured using the methods shown in

Table 1.

The cave air was analyzed at the same time as water

sampling at two localities and at different distances from

the thermal water. We used a hand pump and short-term

detector tubes (Gastec Corporation, Japan) for O2

(measurement range: 3–24%), H2S (0.1–4, 0.25–120 and

1–240 ppm), CO2 (300–5,000 ppm and 0.13–6%), SO2

(0.05–10 and 0.5–60 ppm). On two different occasions,

unexpectedly high H2S and CO2 concentration exceeded

the ranges of the available tubes.

WATER CHEMISTRY

Groundwater comprises two main types, bicarbonate

and sulfidic. Bicarbonate water in the vadose zone consists

of dripping water derived from the infiltration of meteoric

water through fissures in the low permeable marly

limestone, or which sinks directly through the bed of the

Rio Garrafo stream.

The Rio Garrafo water, that in part feeds the thermal

aquifer, was analyzed together with sulfidic water (Ta-

ble 2). The stream water has a low salinity (about 250–

300 mg L21) and a prevailing bicarbonate composition.

The temperature fluctuates with seasonal cycles, while the

chemical characteristics have shown only minor changes

during the period. Once inside the cave, the stream water

flows in wide inclined channels and quickly joins the

thermal water in the deep zones of the cave.

The sulfidic thermal water has a higher salinity than the

bicarbonate water, up to 7 g L21, has a high content of

chloride, sodium, calcium, bicarbonate, sulfate, and

contains hydrogen sulfide. These dissolved components

are acquired before the water rises upward. The thermal

water was sampled in the small stream at the entrance of

the baths lake zone of Grotta Nuova before the junction

with a descending stream of infiltrating freshwater

(Fig. 10) and at the outflow of the Acquasanta Cave, the

main sulfidic spring for the whole area. Water levels in the

Grotta Nuova can increase up to 2.5 m during flooding

events even though changes in the water levels were not

observed on the sampling dates described here. From

Grotta Nuova, the spring is almost 2 km distant and

,20 m deep; therefore, the hydraulic gradient should be

,1%.

The sulfidic water in the Acquasanta spring is more

diluted than in the Grotta Nuova, but the seasonal trend of

conductivity, salinity, and temperature is very similar

(Fig. 11). The lowest values for these parameters occurred

in April when rains and snow melt cause an increase in the

surface discharge. In the Grotta Nuova, salinity ranged

between 7.2 g L21 (October 16, 2004, water temperature:

42.2uC) and 4.4 g L21 (April 26, 2004, water temperature:

33.1uC). In the Acquasanta spring, salinity values were

lower with the same seasonal variations; the highest values

were on December 1, 2003 (4.6 g L21; temperature

31.4uC), and the lowest occurred on April 26, 2004

(1.9 g L21; temperature 21.9uC). Cation and anion com-

positions confirm the differences between these two types

of water (Table 2). The concentration of ions is higher in

the Grotta Nuova and follows the same annual trend, even

if the seasonal dilution is less important than in the

Acquasanta spring. In the baths lake of Grotta Nuova, the

pH values are lower than in Acquasanta spring where the

deposition of small amounts of carbonate occurs. During

flood events, the pH values decreases at both locations.

To estimate the importance of the seasonal dilution, we

assumed that the dilution is mainly due to the mixture of

bicarbonate water that has low chloride content

(,0.3 mmol L21) with the rising thermal water. Therefore,

we compared chloride concentration in each sample with

Table 1. Chemical and physiochemical parameters of water samples and measurement methods.

Parameter Method Range Analytical Error

Temperature Digital thermometer, Hanna Instruments HI805 250 to +150uC 60.4uC
Conductivity Conductivity meter, Crison mod. 524 0.0–199.9 mS cm21 #0.5%

pH Digital pH-meter, Hanna Instruments HI 824 0.0–14.0 60.01

Hardness Titrimetric Method, Standard Methodsa 2340 C 0–50 mg L21 0.8%

Calcium Titrimetric Method, Standard Methodsa 3500 B 0–200 mg L21 1.9%

Magnesium Calculation Method, Standard Methodsa 3500 B 0–120 mg L21 2.1%

Sodium, Potassium Flame Photometric Method, Standard Methodsa 3500 B 0–50 mg L21 0.5 mg L21

Chloride, Sulfate Ion Chromatography Method, Standard Methodsa 4110 B 0–100 mg L21 0.26, 2.7 mg L21

Carbon dioxide Titrimetric method, Standard Methodsa 4500 C/D 10–2000 mg L21 610%

Bicarbonate Titrimetric method, Standard Methodsa 2320 B 10–500 mg L21 1 mg L21

Sulfide Iodometric method, Standard Methoda 4500 F 0–50 mg L21 0.1 mg L21

Dissolved Oxygen Iodometric method, Standard Methodsa 4500 C 0–15 mg L21 ,5%

Oxygen Saturation % Calculation method 0–100% ,5%

Ionic balance D% 5 [(meq. Cations – meq. Anions)/meq. Cations] 3100

a Standard Methods for the Examination of Water and Wastewater 20th Edition.
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the values measured in the Grotta Nuova in October after

a long dry period. Simple analytic calculations show that in

the same lake the October water was diluted with ,45% of

freshwater during flood events. In the Acquasanta spring,

the dilution calculation for the Grotta Nuova water varied

between ,40% in the autumn and 80% during floods.

Seasonal changes in sodium and potassium content have

the same seasonal trend as chloride, while the other major

ions have a slightly different seasonal trend influenced by

interaction with the bedrock and oxidation-reduction

reactions.

Dissolved H2S has higher concentration values in the

Grotta Nuova (up to 0.66 mmol L21) when compared to

Acquasanta spring where values were as high as

0.31 mmol L21. The sulfide, however, represents a small

percentage (not exceeding 6%) of the total sulfur species

dissolved in the water. The concentration of dissolved H2S

follows the general dilution of the thermal groundwater in

the baths lake of Grotta Nuova, while during floods in the

Acquasanta spring, it decreases to 0.04 mmol L21. These

low values cannot be due only to dilution by nonsulfidic

water, but are also accompanied by an increase in the

dissolved O2 concentration, suggesting that oxidation due

to oxygenated freshwater from the surface contributes to

H2S decrease in the water.

WATER TEMPERATURE

The temperature of the water was monitored with data

loggers placed at the same points where water samples were

collected (i.e., Rio Garrafo Gorge, baths lake of Grotta

Nuova and Acquasanta Spring, the outflow of Acquasanta

Cave) and in the mixture lake of Grotta Nuova, where a

stream of vadose water infiltrated from the Rio Garrafo

directly mixes with the thermal sulfidic groundwater.

The thermograms confirm the seasonal variations

suggested by the water chemistry and indicate that the

water temperature was influenced by rain and flood events

(Fig. 12). After a flood event, the temperature dropped

quickly and the return to the pre-existing temperatures

required a longer time. The maximum water temperature

was ,44uC in baths lake of Grotta Nuova and ,32uC in

the Acquasanta spring. Therefore, water samples collected

December 1, and October 16, 2004, are representative of

low-dilution periods. The lowest temperature values

occurred on April 26, 2004 and December 10 and 11,

2003 (baths lake of Grotta Nuova, ,33uC; Acquasanta
spring, ,21uC). The April 26 samples represent the

composition of water during one of the main floods in

the cave, corresponding to the most diluted water that

occurred over the whole year. In the mixture lake of Grotta

Nuova, the water temperature remained lower than in the

baths lake throughout the year.

The thermograms of Grotta Nuova baths lake and

Acquasanta spring have the same trends and changes in
temperature are clearly related in timing and duration

(Fig. 12). The temperature decrease in Grotta Nuova is

very rapid following flooding events in the Rio Garrafo.

The same occurs in the Acquasanta spring, showing that

the spring is directly influenced by the same flooding

events, but here the lowest temperature values are reached

later, by a few days, and maintained for a longer time

compared to baths lake (Fig. 13).

Thermograms for the two lakes of Grotta Nuova
during the flooding events may have different trends. In

most periods, flood events cause temperature decreases in

both lakes (Fig. 13A, B). Sometimes, however, the two

lakes show opposite variations during the same flood

(Fig. 13C). While the baths lake is directly influenced by

surface meteoric events, the mixture lake floods may

produce a temperature increase. This is due to changes in

the discharge of the karst channels that feed the lake with
vadose and thermal water, which can cause a more direct

contact between the warm water and the thermometer,

with a consequent increase in the measured temperature.

Figure 11. Correlation between temperature and conductiv-

ity in the Acquasanta spring and in the baths lake of Grotta

Nuova on the sampling dates.

Figure 12. Temperature in the groundwater related to rain

during the monitoring period. The arrows indicate the

sampling days.
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Changes in water temperature during the summer are

further indications of the complex pattern of karst water

flow. In dry periods, corresponding to the lowest recharge

of cold freshwater, the increase of water temperature

ceased at all the monitoring locations. In the baths lake, the

temperature remained even lower than the average annual

temperature, probably due to slow water flow and heat

exchange with the rock. A major rain event at the end of

the summer (September 17) caused a small, but rapid

decrease in water temperature in the baths lake and in the

Acquasanta spring (Fig. 13D). In the following days, water

temperature increased in the baths lake (DT ,+6uC) and in

the spring (DT ,+3uC), while temperature decreased in the

mixture lake (DT ,22uC). Similar changes, with a lesser

range, also occurred after an important isolated rain event,

on July 25 (Fig. 12). These data suggest that after these

rains, the infiltration of surface water produced an increase

in hydraulic pressure and a faster water flow, which

restored normal conditions at the end of the dry season

with an increase in water temperature at the spring and at

the baths lake.

The thermograms and water chemistry of Grotta

Nuova and Acquasanta spring suggest a different impor-

tance at the input of freshwater in the different sites. The

mixture lake water has a generally lower temperature due

to the direct arrival of freshwater and is also affected by

Figure 13. Temperature changes during flooding events. (A) The groundwater temperature after the rain of December 9, 2004.

(B) February, 2004 – the arrival of freshwater was due to snow melt in the surrounding mountains. (C) December 11, 2003,

temperature changes after an isolated snowfall in the mountains. (D) Groundwater temperature at the end of summer, after the

rain of September 17, 2004.
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changes resulting from flow of thermal and vadose water.

The baths lake is directly influenced by the flood events

that cause dilution immediately after the meteoric events.

Acquasanta spring is also directly influenced by a rapid

recharge of freshwater through karst passages, but it is

probable that the average temperature and salinity remain
lower than in the Grotta Nuova partly because of the

contribution of water infiltrating from Rio Garrafo.

Thermal water dilution at the spring might also depend

on the contribution of different sources of water

infiltration in the Tronto Valley, including the large

travertine plate where the Acquasanta Cave and spring

develop.

AIR COMPOSITION

The air composition changes in the different cave

branches, depending on the connection with the sulfidic

lakes or streams and with the surface. Extremely dangerous

conditions for humans are present in isolated rooms, such

as the anoxic lake in the Grotta Lunga where the small

water-filled entrance reduces air exchange with the non-

sulfidic upper cave levels.

After considering the features of the rooms and the

difficulties of accessing them with appropriate safety

equipment, we decided to analyze the air composition in

the main room of Grotta Nuova where water samples were

also collected. This room has a complex structure (Fig. 10).

It is developed along a fault and is divided by a rock bridge

into two different shafts. Sub-horizontal or inclined

passages intersect the room in its upper and lower parts

and active flow of sulfidic thermal water occurs in the

lowest zones. Two room entrances are known, constituted

by an inclined passage and by a narrow shaft, that isolate

the room from the upper zones of the cave. A small

waterfall of freshwater, infiltrated from the Rio Garrafo

stream, permanently runs along the shaft wall coming from

a narrow vertical passage.

The cave atmosphere is influenced by the gas released

from the thermal water. The presence of sulfur gases is

clearly detectable by smell at the top of the room near the

entrances. A first sampling point was located at the top of

the shaft, where the rising sulfur-rich air mixes with air

coming from the surface (Fig. 10). The second sampling

point was at the bottom of the shaft, inside the warm zone

of the baths lake at the same location where water samples

were collected. The high temperature, humidity, and

dangerous air composition, allow only a few minutes for

sample collection. This thermal part of the cave is well-

divided from the remaining part of the room by a small

descending passage where a steam cloud continuously rises

and mixes with the cave air.

The air composition at both sampling sites was

significantly influenced by gases released from the sulfidic

water (Fig. 14). The O2 concentration remained high

(,20%), thanks to rapid air exchange with the nonsulfidic

sections of the cave. The amount of CO2, SO2, and H2S

was significantly higher in the thermal section than at the

top of the shaft. In the thermal zone, the CO2 varied

between 0.44% to 2.7%, H2S between 40 to over 240 ppm1,

and SO2 between 1.1 to 9.2 ppm. At the top of the shaft,

the CO2 ranged between 0.20% and 0.64%, H2S between 3

and 8 ppm, while SO2 had lower concentrations, not

exceeding 0.2 ppm.

The most extreme conditions were measured on April

26, after a strong rain event when CO2, SO2, and H2S

reached maximum percentages in the air. This unexpected

high concentration of gases in the air made measurement

Figure 14. Relationships between gas concentration in the

cave atmosphere and pH in the groundwater. The arrows

indicate values outside the range of the available detector
tubes. Therefore the reported values are minimum estimates.

1 Editors Note: The atmospheric concentrations of H2S reported here are hazardous

to human health. The United States Occupational Safety and Health Adminstration

(OSHA) has specified a Permissible Exposure Limit (PEL) of 10 ppm and an

Immediately Dangerous to Life and Health (IDLH) limit of 100 ppm. Atmospheres

with H2S at the concentrations reported here should not be entered without proper

monitoring and protective equipment.
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and sampling operations very difficult. Similar flooding

incidents have also put cavers in danger in the past.

Seasonal variations in the cave atmosphere composition

have similar trends at both sampling locations (Fig. 14).

Minor differences may be attributable to differences in the

air flow patterns in the cave during the cold and warm

seasons. Gas concentration is clearly related to the

hydrologic cycle and increases for the dilution of thermal

water by the freshwater. The highest values occurred

during important flooding events, confirming cavers’

observations about unbreathable air in the days following

large rain events.

The gas concentrations have an opposite trend to water

temperature, conductivity, and dissolved gases or their

ionic equivalents. H2S in the air has higher values when

total sulfide concentration in the water is lower. A similar

trend also occurs for CO2 in the air and HCO{
3 in the

water. The increase in gas released to the cave atmosphere

is correlated with pH (Fig. 14). At values close to the pK of

H2S and H2CO3, pH influences the following equilibria:

HzzHS{<H2S ð1Þ

HzzHCO{
3 <H2CO3 ð2Þ

H2CO3<H2OzCO2 ð3Þ

For this reason, the lowering of pH favors the release of

H2S and CO2 into the cave atmosphere.

DISCUSSION

The development of the Acquasanta caves is related to

the rise of thermal water at the core of the anticline and the

oxidation of H2S enhanced by the recharge of freshwater is

probably the main cave forming process (Galdenzi, 1997).

The characteristics of each cave are influenced by the

hydrologic and geomorphologic settings and by their

evolution through time.

The Acquasanta Cave is a young cave, formed after the

deposition of the lowest travertine plate in the Tronto

Valley. The explored part of the cave represents the

outflow of sulfidic water rising from the thermal aquifer

and flowing at the bottom of the travertine plate,

influenced by the difference of permeability with the

underlying marl. The cave has evolved near the water

table, and easy gas changes with the atmosphere produce

condensation corrosion on the walls in the whole cave.

The Rio Garrafo caves have had a more complex

history. Their general features are due to their development

as phreatic passages, but each zone of the cave has been

influenced by different processes after the water table

lowered to its present level. Their evolution will be

discussed in detail in the following sections, considering

both active processes and old morphologies and deposits.

They also provide a useful example of the evolution of

speleogenetic conditions in hypogenic caves as a conse-
quence of the increase of direct connections with the

surface.

ACTIVE PROCESSES

Large parts of the old phreatic passages in the Rio

Garrafo caves emptied after the lowering of the ground-
water level, and thermal water flow continued down into

the lowest sections of the caves where sulfidic water is in

contact with the cave atmosphere in a few rooms. The

analytic measures demonstrate that the thermal water

chemistry undergoes seasonal changes because of the

variable recharge of cold meteoric water. This recharge of

O2-rich water can contribute to maintain active solutional

processes in the thermal groundwater because it can cause
the oxidation of H2S to sulphuric acid and the consequent

dissolution of limestone where the mixture of waters

occurs.

Above the water table, the cave evolution is mainly due
to dripping water, sinking stream water, and gases released

from the thermal zones, which have a different importance

in each part of the caves.

The flow of dripping water has produced flowstone in

some parts of the cave, but this process is significant only in

some rooms and passages. The thick marly cover, in fact,

prevents infiltration, which is possible only through

important fractures or faults, or in the zones nearest to the

gorge where the limestone outcrops. Also, the water directly

infiltrated from Rio Garrafo does not play a significant

morphogenetic role and causes only minor changes in the
old phreatic passages utilized by water to descend.

In the zones directly exposed to the flow of thermal

water, the release of gas has important influences on the
cave evolution. The high bicarbonate content of thermal

water causes the release of CO2 when the water reaches the

cave atmosphere; this phenomenon, however, produces

deposition of carbonates only at the outflow of the

Acquasanta Cave, where gours are forming in the stream

before it reaches the surface.

Inside the caves, corrosion due to condensing water is

the dominant process. Steep air temperature gradients

favor air convection, and gases released from the ground-

water consequently rise toward the upper levels. Low pH

values were measured in all the rooms sampled for gas
composition, including at the top of the shaft (Fig. 10).

These data are consistent with the presence of H2S and SO2

detected in the air. The oxidation of H2S leads to an active

replacement of the limestone with gypsum in all zones, even

where the walls are not directly exposed to the thermal

water flow. The gypsum can be white or weakly colored

due to impurities in the marly limestone and is generally

found as thin crusts that are re-crystallized at the surface.
The intensity of the corrosion strongly increases in the

thermal section where the walls are more directly exposed

to the degassing phenomena. A continuous crust of

gypsum covers the walls and ceilings; the crust can be
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dry, and often it is detaching from the limestone. In the

places most directly exposed to degassing, elemental

sulphur deposits are found on the walls and the gypsum.

Gypsum replacement crusts, however, are also in zones

of the cave that, at present, are not influenced by the flow

of thermal water. These deposits testify to the past

influence of gas released by thermal water in a different

hydrologic or morphologic setting.

GYPSUM FORMATION AND BIOLOGIC ASPECTS

Actively forming gypsum crust at Acquasanta has

different features when compared with gypsum crusts

observed in Frasassi sulfidic zones. At Frasassi, the

gypsum is a moonmilk-like rim growing in a well-defined

surface crust or in limestone pockets. In contrast, in the

Acquasanta caves, the replacement gypsum has a grada-

tional relationship to the underlying limestone. This is

probably due to the higher silt and clay content of the

limestone, which favors alteration without a well-defined

separation surface. To clarify this aspect, limestone tablets

composed of Acquasanta marly limestone were exposed for

three years in the Frasassi caves, repeating an experiment

previously conducted using pure limestone tablets (Gal-

denzi et al., 1997). The pure limestone tablets in the first

experiment were covered by a thin layer of gypsum, whose

removal revealed a hard, irregularly corroded limestone

surface with incipient pockets a few millimeters deep. In

contrast, the marly limestone tablets were covered by a

layer of gypsum grading through a nondefinite surface into

a soft, friable layer of limestone which crumbled as the

gypsum was removed. Compared to other caves known to

have active gypsum formations, such as Frasassi (Sarbu et

al., 2000) and Cueva de Villa Luz (Hose et al., 2000), the

growth of gypsum replacement crusts at Acquasanta is

rarely associated with evident biofilms.

Inside the thermal zone, bacterial mats colonize the

running sulfidic water, but no macroscopic evidence of life

was found on the walls above the water table. On the

contrary, thin, extremely acidic (pH 0–1) organic forma-

tions are present at the entrance to the thermal zone where

curtains, stalactites, and balloons (Fig. 15) are forming in a

zone with active condensation phenomena, due to the rapid

rise of warm air. These thin, weak structures, swinging in

the air currents, disappear in the intensely thermal zone

below and are also absent on nearby walls not directly

influenced by the warm air currents and condensation.

Their development is likely related to sulfur oxidizing

bacteria or archaea (Jones et al., 2006). Sulfur bacteria

living at extremely low pH have been described at Frasassi

and Cueva de Villa Luz (Vlasceanu et al., 2000; Hose et al.,

2000; Macalady et al., 2007).

In the same room, in the zones not directly exposed to

intense warm air flow, small zones of the walls with active

gypsum growth are covered by a thin organic layer that can

give rise to small gelatinous stalactites. These formations

are similar to widespread features described in the Frasassi

caves (Vlasceanu et al., 2000; Macalady et al., 2007), where

the active gypsum replacement crust is often covered by an

organic layer involved in the oxido-reduction of sulphur

species.

In the Frasassi caves, bacterially-produced organic

matter on the cave walls represents the main food source

for the cave fauna (Sarbu et al., 2000), as shown earlier in

Movile Cave (Sarbu and Kane, 1995; Sarbu et al, 1996).

Preliminary research carried out in Acquasanta in 1997

revealed a non specialized fauna, with surface sources of

organic matter (bat guano) as the main food source (Sarbu,

unpublished data). At present, however, the importance of

life, its adaptation to the cave environment, and the

possible role in speleogenesis are interesting subjects that

remain to be explored and discussed.

ORIGIN AND EVOLUTION OF THE CAVES

The general development of the Rio Garrafo caves can

be related to the same speleogenetic processes that are still

active, although changes in the geomorphic and hydro-

geologic setting in the area through time also have

influenced speleogenesis and cave characteristics. The cave

development began under phreatic conditions because of

the rise of thermal water to the surface through vertical

fissures in the marl units. These first phases that were

partly concealed by the subsequent evolution probably

Figure 15. Organic formations at the entrance of the thermal zone (Scale bar: ,1 cm). (a) stalactites with acidic droplets; (b)

curtains; (c) sequence of gas-filled and empty balloons.
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occurred before the stream valley had cut down to the top

of the limestone sequence.

The progressive deepening of the valley, however,

permitted the stream to reach the top of the limestone

sequence, where erosion of the gorge began. The pre-existing

small passages remained perched above the water table,

where they had evolved only because of the flow of vadose

water. The thermal water flow continued into the upper part

of the limestone sequence. In this phase, the mainly

horizontal passages of Grotta Fredda and the upper levels

of Grotta Nuova and Grotta dei Pipistrelli evolved, at the

same altitude as the small travertine deposits produced by

thermal springs in the Rio Garrafo gorge (Fig. 16A).

Because the stream bed was close to the water table, small
changes in the stream bed elevation could have emptied the

cave passages or caused a return to phreatic conditions, also

favoring the deposition of sand in the caves.

An important change in the evolution of these upper

cave levels was due to the deepening of the Tronto Valley,

which also caused the deepening of the tributary valleys

and the generalized lowering of the regional base level. The

most important consequence of this event was the lowering

of the water table in the Rio Garrafo Valley where it

became significantly lower than the canyon bottom

(Fig. 16B). Therefore, after this event, direct input of

thermal water at the surface in the canyon was no longer

possible and the cave water emerged at the main spring

farther downstream in the Tronto Valley. Moreover, the

stream remained perched above the already karstified

limestone and rapid recharge of surface water to the
aquifer through the pre-existing phreatic karst passages

became very easy. The deepening of the canyon bottom

also prevented any direct flooding of stream water in the

upper level of Grotta Fredda and Grotta Lunga where

dripstones covered the old sand deposits.

These old cave levels, however, were newly influenced

by the stream because the recent deposition of gravel in this

part of the gorge caused a small increase in the elevation of

the stream bed. Subsequently, stream water could flood the

Grotta Fredda in rare occasions as evidenced by the recent

wall deposits of organic material floated into the cave.

The changes in the geomorphic and hydrologic setting

significantly modified the speleogenetic conditions for the

cave development over time. In the beginning, the surface

recharge of freshwater was probably low and the cave
evolved mainly under phreatic conditions even if the

progressive deepening of the Rio Garrafo Valley facilitated

exchanges between thermal and surface stream water in the

caves (Fig. 16A). After the deepening of the main surface

stream (Tronto River) and resulting lowering of the water

table, the amount of water infiltrating from the Rio

Garrafo strongly increased, while interfaces between the

cave atmosphere and the thermal water became more

common inside the pre-existing cave passages (Fig. 16B).

Rapid air exchange with the surface also favored conden-

sation corrosion and gypsum formation on the cave walls.

CONCLUSIONS

The Acquasanta hypogenic caves formed at the core of

an anticline because of the rise of thermal water in a capped

aquifer hosted in the carbonate sequence. Cave develop-

ment, however, was influenced by changes in the surface
geomorphic and hydrologic setting, which have modified

the morphogenetic processes and the general features of the

caves over the course of their history.

The present morphogenetic conditions in the caves are

strongly influenced by freshwater infiltrating from the Rio

Garrafo canyon, perched ,50 m above the water table.

The descending oxygen-rich freshwater has only minor

influences on cave features in the vadose zone, but
enhances limestone corrosion when it mixes with the

thermal groundwater by the H2S oxidation.

The data on water chemistry show that the increased

freshwater recharge during floods causes the lowering of

Figure 16. Sketch of the Rio Garrafo karst area. (A) The

gorge in the past, with sulfidic spring located in the valley.

(B) The gorge in the present, after the lowering of the water
table. The water loss from the stream can easily reach the

thermal groundwater.
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pH of the groundwater and the release of significant

amount of H2S, S2O, and CO2 to the cave atmosphere. Due

to strong air convection related to high air-water temper-
ature differences, these gases can reach upper cave levels

where they cause corrosion of the limestone or its

replacement with gypsum.

The current conditions, however, originated only after

the deepening of the regional base level lowered the

thermal water level. In the beginning, the direct sinking

of stream water was more difficult and had minor

importance for the cave development. It is probable that

cave development began before the Rio Garrafo reached

the top of the limestone sequence, in a wholly phreatic
setting, but an important step in the cave development

occurred after the incision of the river canyon at the top of

the limestone sequence. During this phase, some well-

developed ascending passages testify to the flow of sulfidic

water towards springs inside the canyon where travertine

deposition occurred. These conditions were maintained

until the present hydrogeologic setting originated.
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BOOK REVIEW

Subterranean Twin Cities

Greg Brick, 2009. Minneapolis, MN, University of

Minnesota Press, 227 p., ISBN 978-0-8166-4597-8, 6 3 9

inches, softbound, $18.95.

Geologist and long-time NSS member Greg Brick has

written a delightful and witty book on the underground

spaces found in the Twin Cities of St. Paul and

Minneapolis, Minnesota, which include both man-made

and natural caves. Part adventure memoir, part geology

text, and part local history, this book is a valuable account

of how caves in this predominantly sandstone area were

formed (and made), how they were utilized for industries

such as tourism, brewing, mushroom growing, cheese

production, and sand mining, and how these spaces

became important parts of the urban infrastructure,

serving as conduits for water, sewerage, and other utility

systems. It is an important, though often neglected topic, as

caves have increasingly been integrated into the built

environment. The author gives the readers pause as he

challenges them to think more broadly about caves and

their role in contemporary America. After reading this

book, no one will hold onto the false idea that caves are

only to be found in rural or wilderness areas.

It is also a darn good tale. Brick relates harrowing

stories of urban exploration under the city streets that both

fascinate and revolt the reader. It is a form of caving that

few people have undertaken. Brick’s rich descriptions of

his often surreptitious experiences, especially in the sewers

of St. Paul, will leave most readers willing to contemplate

urban underground spaces only from afar. Well written,

and well produced, this book contains many archival

photographs that add visual depth to the text. The

addition of a few contemporary photographs, especially

of some of the nightmarish spaces Brick describes, would

have further enhanced the work, as would a map of the

Twin Cities showing some of the subterranean spaces

featured in the text. The exclusion of the latter is

understandable, though, as Brick notes that exploration

of some of the spaces is quite dangerous. It is illegal to

enter some, and many others are now closed. This is not

intended as a guidebook.

Nor is it a scholarly work in the ordinary sense.

Although deeply grounded in geological and historical

research, it is episodic in organization and has no central

thesis. Scholarly notation (e.g., footnotes or endnotes) is

lacking, though some sources are identified in the text.

The book does include a bibliography. The author

references other works on urban underground spaces in

his introduction but seldom returns to that literature or

attempts to place his work in the field. In general, the

book focuses on the local. Thus, the larger context is

absent; and how this study relates to the larger history of

American caves or urban history is not explored. But this

is small criticism, because as the Press description notes,

this is a work of regional and local interest, not a scholarly

monograph. As such, it works very well and deserves wide

readership.

One of Brick’s major innovations is his attention to the

similarities and differences between caves intentionally

made by humans, and those whose creation was inadver-

tent, formed for example through piping related to leaks in

wells and sewers, which he calls anthropogenic. Many

scholars already use anthropogenic to refer to artificial

caves, but highlighting these differences and the key

question of intent is a valuable insight. Other important

topics in the book include the impact of railways on urban

topography, especially the ravines and streams of St. Paul,

and the re-engineering of natural streams below ground as

a solution to competing land uses. Future scholars will use

DOI: 10.4311/jcks2009br0111

BOOK REVIEW

Journal of Cave and Karst Studies, April 2010 N 59



this work for case studies to help build larger interpretive

models of the history of the urban environment.

The book has much to recommend it. Merely relating

what the author knows of the history, geology, and caves

of the area would have been an important achievement,

while a memoir only relating his personal experiences

exploring the urban underground would have been an

exciting adventure tale. Here, we have it all in a single

work.

Reviewed by Joseph C. Douglas, Department of History, Volunteer

State Community College, 1480 Nashville Pike, Gallatin, TN 37066

(joe.douglas@volstate.edu).
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