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Abstract

Fluorescence intensity (FI) and organic carbon concentration of groundwater percolating through soil and rock into the

Santana Cave were monitored at eight different cave sites between 2000 and 2002 to investigate their relationships to climatic

parameters, stalactite discharge and thickness of rock overlying the cave. FI values, compared among sampling sites, are

inversely proportional to depth and directly proportional to discharge; in contrast, dissolved organic matter (DOC) shows no

significant spatial variability. Time-series analysis demonstrated similarities in DOC trends of different waters, but no

correlation was observed with FI trends. Combined evaluation of DOC of infiltration waters, rainfall data and chemical

parameters of Fe, O2, pH, Eh in soil solution indicate that peaks in DOC content coincide with more reduced conditions in the

soil and have a lag time of 2–3 months after heavy showers. Variation of FI throughout the year occurs at all sampling sites but

only higher drip discharge and rimstone pool waters were correlatable to rainfall events. FI of lower discharge sampling sites

shows similar trends, but no relationship between drip discharge and rainfall variation was observed. Ranges and means of FI

for all drip waters were significantly higher in the 2001–2002 period than in the preceding 2000–2001 period, which correlates

with a 5.5 8C increase in mean austral winter temperatures in 2001. Hence, FI variations of karst waters that form carbonate

speleothems under a humid subtropical climate may provide a useful proxy in paleoenvironmental reconstruction.
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1. Introduction

The UV fluorescence of organic matter extracted

from soil and dissolved in marine and fluvial waters

has been intensely studied as a potential natural tracer
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since it is possible to identify different sources of

waters based on their fluorescence intensity (FI) and

wavelength (WL) (Coble et al., 1990; Senesi et al.,

1991; De Souza Sierra et al., 1994; Coble, 1996).

However, few authors have applied these parameters

to groundwater studies.

Baker and Genty (1999) attributed variations of FI

and WL of drip waters in caves and mines from

different areas to differences mainly in the vegetation

cover, soil type and soil wetness, although the causes

of such variations are not yet well understood. Based

on the relationship between excitation and emission

wavelength, these authors suggested that organic

compounds with higher WL are probably absent and

that fulvic acids and proteins are the main fluoro-

phores in groundwater.

Previous studies of fissured and karst aquifers in

regions of temperate climate demonstrated that

variations in FI are related to events of rainwater

recharge, which are responsible for erosion or

lixiviation of soil organic matter (SOM) and their

transport to the drip waters in the cave (Baker et al.,

1997; Baker and Barnes, 1998). A direct relation

between FI variations and the dissolved organic

carbon (DOC) of karst percolation waters was

suggested. In this case, the increase of DOC values

is due to enhancement of the capacity of transport of

organic matter which occurs in response to recharge

increase of the system during rainy periods. In

addition, the mobility of subcomponents of SOM is

likewise enhanced by the increase in the proportion of

smaller, more hydrophilic components rather than

larger and more hydrophobic components in solution

(McCarthy et al., 1993; Kalbitz et al., 2000; Kalbitz,

2001). Both composition and transport of DOC from

the soil to drips feeding speleothems are influenced by

climatic conditions (McGarry and Baker, 2000).

Recent research on FI and WL in carbonate

deposits has shown that it is possible to get high

resolution paleoclimate records from carbonate

speleothems which allow interpretations of changes

in vegetation (Baker et al., 1996) and paleoprecipita-

tion (Baker et al., 1993, 1999b; Charman et al., 2001).

However, the interpretation of FI variations in

speleothems should be calibrated by the present day

relationship between fluorescence properties of the

water and climatic parameters in the area of the cave

(Baker et al., 1999a).
In order to support future reconstruction of

paleoclimate based on fluorescence variations of

ancient speleothems of Southeastern Brazil, this

study presents relationships between present day

climatic parameters and temporal and spatial vari-

ations of FI and DOC of percolation waters from a

karst system where soils and speleothems are

developing under humid subtropical climate and

dense vegetation. In addition, the influence of hydro-

geological characteristics, such as rock overburden

thickness and drip discharge on the FI and DOC values

of percolation waters is considered in the discussion of

the effect of groundwater residence time in the vadose

zone and the filtering effect of the fissure network in

the rock on the organic substances in solution.
2. Study area and sampling sites

The Santana Cave is located in Iporanga munici-

pality, 350 km South of São Paulo City, Southeastern

Brazil, approximately 100 km from the Atlantic coast

(Fig. 1a). The cave, with 6.3 km of conduits, is

developed in low-grade metamorphic limestones of

the Meso- to Neoproterozoic Açungui Group

(Campanha and Sadowski, 1999). The topography of

the karst system exhibits large differences in altitude

and, consequently, significant variations in the thick-

ness of the vadose zone above the cave (Fig. 1b). The

area of the cave is densely vegetated with Atlantic

rainforest. Analyses of FI and DOC were performed

on waters from runoff, soil and eight sampling sites in

the cave. Sampling took into account different

hydrological conditions represented by aquifer thick-

ness between 100 and 300 m and mean drip water

discharge between 55 and 3.5!105 ml/h (Table 1).

Soil water was sampled from a well at a depth of

4–5 m in clayey soils above the epikarstic zone

(Fig. 1b). Runoff was sampled nearby in a small

temporary stream during rain events. Both runoff and

soil water samples were unsaturated with respect to

CaCO3, with a saturation index of K2.4 and K1.9,

respectively (Viana Jr., 2002).

Four cave sites (ESF, EIF, TSF, TIF) are closely

distributed around the Salão das Flores, a fossil

tributary of the cave river (Fig. 1b). This point is

located 100 m below the surface, 35 m above the river

level at the main gallery and 150 m from the cave



Fig. 1. (a) Location map of study area. (b) Cave longitudinal profile showing the location of the sampling sites with depth and distance from cave

entrance.

F.W. Cruz Jr. et al. / Journal of Hydrology 302 (2005) 1–12 3
entrance. The other four sites (EE1, EE2, TSE, FR)

are located in the Salão Ester, 300 m below the

surface and about 1,500 m from the cave entrance.

In both locations, with exception of EIF, the

sampling sites were active throughout the year.

ESF, EEI, EE2 and EIF are stalactite drip waters
Table 1

Results from fluorescence intensity, drip discharge and dissolved organic

Sampling

site

Fluorescence intensity (FI)

Mean n Min Max Ra

Runoff 7391 5 4001 9999 599

Soil 2083 9 815 3596 278

TSF 851 9 489 2257 176

TIF 629 7 526 989 46

TSE 402 9 186 886 70

EIF 2758 18 520 9990 947

FR 1167 22 239 6530 629

ESF 1576 22 378 5119 474

EE1 1699 22 188 5740 556

EE2 856 23 196 2749 255

CVZcoefficient of variation.
characterized by lower discharge when compared

to FR, which is a small waterfall in the cave

(Table 1). TSF, TSE and TIF are accumulations of

water in small rimstone pools on the cave floor fed

by water from the ESF, EE2 and EIF stalactites,

respectively.
matter for runoff, soil and cave waters

Discharge

(ml/h)

CV (%) DOC

(mg/l)

CV (%)

nge CV (%)

8 34

1 39 8.2 85

8 64 10.23 51

3 26 7.2 49

0 51 8.83 77

0 101 818 O200 5.0 116

1 114 3.50!105 9.0 10.49 60

1 83 120.99 12.7 8.84 63

2 93 470.51 15.2 6.61 81

3 65 55.09 8.1 8.34 80
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3. Sampling and analytical methods

Water sampling for FI at drip water sites (ESF,

EE1, EE2, EIF) was performed between September

2000 and June 2002. The sampling frequency at these

sites varied between 1 month to 15 days. The EIF site

was not active between September and December

2000. Sampling in rimstone pools and soil waters was

carried out between September 2000 and June 2001.

Sampling for DOC was performed from September

2000 to March 2002 at ESF and EE2 sites. Because of

logistical problems, the DOC sampling period at the

other sites was shorter.

Surface and cave water samples for fluorescence

and DOC analysis were collected in 15 ml amber

glass bottles. The samples for ion analysis were

collected in 50 ml high density Nalgene polyethylene

bottles. Bottles were previously cleaned with non-

fluorescent detergent, dilute perchloric acid and rinsed

with deionized water. Soil water samples were

pumped out of the well using a Low Flow Waterra

inertial pump with high density polyethylene tubes

(previously cleaned with dilute HCl) from which the

water samples were rapidly transferred to the bottles.

For DOC and ion analysis, samples were preserved

by adding 12 drops of 10% phosphoric acid and 2–3

drops of concentrated nitric acid, respectively. These

samples were kept refrigerated at 4 8C until analysis.

Samples for fluorescence analysis were frozen for

5–10 days. All samples were filtered through Millipore

HA2500 filters (pore size 0.45 mm) prior to analysis.

pH, Eh and dissolved oxygen were measured

immediately after each collection using an Orion

Multi-Parameter Model 1230 with the following

probes: Orion Model 9107 WP, Orion Model 9778

BN, and Orion Model 083010, respectively.

Precipitation and stalactite discharge were

measured automatically using a Davis automatic

tipping bucket gauge coupled to an Onset Logger,

model Hobo for 8000 events. The discharge values

were continuously recorded on the loggers at the

slowest drip water flows (EE2 and ESF), over an

interval of 17–21 days for ESF and 8–12 days for EE2,

depending on the flow changes during the year. At

other cave sites, discharge measurements were based

on the time elapsed to fill a container of known volume.

Temperature and relative humidity (RH) were

measured automatically, every 30 min, using an Onset
Hobo RH-Temp logger H8-series at Salão Ester and

Salão das Flores in the cave and at the surface in

the forest near the water-sample collection sites.

Monthly variance of RH values was calculated as

follows: VarZnSx2K ðSxÞ2=n2; where n is the

number of observations and x is the mean daily

value. Because of technical problems with the RH

sensor, variance values were not obtained for the

period between May 2001 and September 2001.

DOC samples were analyzed using a Shimadzu

TOC-5000 analyzer. The results are expressed as the

mean of triplicate analyses with analytical errors of

approximately 1%. Ion analyses of water samples

were made by inductively coupled plasma optical

emission spectroscopy (ICP-OES) using an ARL 3410

instrument with a CETAC ultrasonic nebulizer model

U 500 AT (precision of G1%).

The FI of water samples was determined using a

Hitashi F-4500 luminescence spectrophotometer. The

excitation source was a xenon lamp. The slits were set

at 10/20 nm for excitation and emission. The photo-

multiplier was operated at 950 V. The samples were

placed in 2.0 ml quartz cells with a 1.0 cm optical path

length.

Fluorescence analyses with excitation at 300 nm

and emission wavelength at 430 nm were carried out

for water samples at 25 8C. Stability of the machine

was tested based on the Raman peak of deionized

water excited at 350 nm, after every 5–20 analyses.

Differences in DOC and FI between sites were

tested using the one-way ANOVA procedure in order

to examine the effects of discharge and depth on their

variability.
4. Results and discussion

4.1. Climate in the studied area

The climate of the region is subtropical humid,

with rainfall and relative humidity uniformly dis-

tributed throughout the year (Nimer, 1989). The mean

annual precipitation at the Bairro da Serra Station,

located 7 km from the Santana Cave entrance, was

1631 mm from 1973 to 2000 (source DAEE: www.

daee.sp.gov.br). During this period, the maximum and

minimum values for annual precipitation were 1860

and 1069 mm, respectively. Although the rainfall is

http://www.daee.sp.gov.br
http://www.daee.sp.gov.br
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uniformly distributed throughout the year, winter

(June–August) is usually drier than summer (Decem-

ber–March). Monthly mean precipitation, temperature

and variance of relative humidity monitored from

August 2000 to June 2002 over the Santana cave are

presented in Fig. 2. Precipitation was highest from

November 2000 to January 2001 and in October 2001.

Temperature between July 2000 and June 2002

ranged from K0.2 to 28.3 8C, averaging 18.6 8C. Like

the precipitation values, mean monthly temperature

varied significantly during the studied period

(Fig. 2b), with the lowest temperatures recorded in

June/July (winter) and the highest in February/March

(summer). The range between winter and summer in

2000–2001 and 2001–2002, were 12.9 and 7.4 8C,

respectively, as a consequence of an increase of 5.5 8C

in mean winter temperature in 2001.

Although the mean relative humidity (RH) in

the atmosphere under influence of a dense rain

forest is close to 100% during the year, there are

diurnal fluctuations directly related to insolation.
Fig. 2. Climatic parameters in the Santana Cave area. (a) Monthly

rainfall variations. (b) Temperature and variance of relative

humidity.
RH decreased to as little as 60% during the day,

returning to saturated conditions in the late afternoon.

Variance of mean monthly humidity, based on mean

daily values, was highest between October and

December of 2001, indicating less humid conditions

for this period (Fig. 2b). During the other months, RH

variance changed slightly, with lowest humidity in

February and March (lowest values of RH variance).
4.2. FI and DOC concentration of the waters

The FI and DOC results for runoff, soil and cave

waters are presented in Fig. 3 and Table 1. Comparing

the different waters, it can be seen that values for FI

decrease significantly along the infiltration pathway

from surface to drip waters.

The highest FI values, observed in all waters

between September/2000 and March/2001, are in

runoff waters (7391G2265, nZ5), followed by soil

water at a depth of 4–5 m deep (2083G818, nZ9),

cave drip waters (1699G1587, nZ107), and rimstone

pool waters (627G395, nZ25).

Although FI values for soil and cave waters show

significant variations, the DOC of the samples did not

vary with depth along the infiltration pathway. DOC

concentrations of the samples range from 1 to 25 ppm

and do not define fields in the graph of FI vs. DOC

(Fig. 3). In the same plot, there is no obvious

correlation between FI and DOC. These results

suggest that FI values cannot be directly related to
Fig. 3. Scatterplot of fluorescence intensity and dissolved organic

carbon variations for runoff, soil and cave waters between

September/2000 and March/2001.
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total DOC, but more probably reflect the differing

proportions of fluorophores.
4.3. Temporal variation of DOC

DOC results for soil water, rimstone pools and cave

drip waters from EIF and FR are presented in Fig. 4b. In

order to investigate possible causes of the variations in

soil water DOC, other parameters, such as Fe and

dissolved oxygen concentrations, pH and Eh for soil

waters, were compared with the DOC curve in Fig. 4c–f.

All sampled cave waters collected prior to March

2001 show small variations of DOC for most of the

time (mean of 7.22G2.07, nZ32). However,

samples collected in March 2001, presented an

anomalous increase in DOC values at all sites

(mean of 21.52G2.07, nZ5), 64% above the mean
Fig. 4. Compared variations of: (a) monthly rainfall and mean

temperature variations; (b) DOC in soil, rimstone pools and rapid

flow sites and chemical parameters in soil water; (c) Eh; (d) pH;

(e) dissolved O2; and (f) Fe concentration.
concentration for the preceding period (Fig. 4b,

Table 1).

Simultaneously with the increase in DOC content

of all waters (Fig. 4b), Fe concentration rose to

detectable values while pH, Eh and dissolved oxygen

of the soil water decreased (Fig. 4c–f). The combi-

nation of these parameters indicate that more reduced

conditions were dominant in March 2001 and FeC2

was present in solution, according to the relationship

between pH and Eh as expressed by the Nernst

equation (Krauskopf, 1979). The high DOC values of

March 2001 (Fig. 4b) occurred under more reducing

conditions in the soil and are coincident with the

reduction in rainfall (Fig. 4a). There is a lag of 2

months between the rainfall maximum and the peak in

DOC. During the period of high precipitation and

temperature, December 2000–January 2001 (Fig. 4a),

increased biological activity enhanced organic matter

production. This biological activity was favored by

increased water content in the soil due to diffusion and

greater availability of oxygen provided by this water

(Linn and Doran, 1984; Balesdent et al., 2000). In

addition, biological activity may also be intensified by

temperature and RH increases (MacDonald et al.,

1995; Zogg et al., 1997). The lag between precipi-

tation maximum and DOC peaks may be explained if

organic matter produced earlier only went into

solution two months later when soil conditions

began to become less humid.

High microbial activity favors the mineralization

of SOM within pores of fine sediments in soils,

protecting it against erosion or leaching (Sollins et al.,

1996). On the other hand, the microbial population

decreases with reduced soil water reduction (as

observed in March 2001), which for instance could

be responsible for the destabilization of SOM with

consequent increase of DOC (Golchin et al., 1994;

Puget et al., 1995; Balesdent et al., 2000).

The sampling for DOC in the slow drip waters was

extended for a longer period (September 2000–

February 2002) at ESF (at a depth of 100 m) and

EE2 (at a depth of 300 m), where stalactite discharges

were monitored automatically (Fig. 5). Samples for

DOC at EE1 site (at a depth of 300 m) were collected

from September 2000 to November 2001.

DOC variations in slow drip waters show trends

similar to those at the other sampling sites until March

2001 (Figs. 4b and 5b). This result suggests that DOC



Fig. 5. (a) Monthly rainfall and mean temperature variations. (b) Time

series of dissolved organic carbon variations for slow drip waters sites

at 300 m deep (EE1 and EE2 sites) and at 100 m deep (ESF).
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differences with depth along the infiltration pathway

of meteoric water in a deep karst system are not

significant, in contrast to the relationship observed in

topsoils (Kalbitz, 2001) and a 1.5–3 m deep sand

aquifer (McCarthy et al., 1993).

In addition to the DOC peak of March/2001,

other peaks observed between December 2001 and

February 2002 at the ESF and EE2 sites (Fig. 5b) also

exhibit time lags of 2–3 months relative to heavy rains

(Fig. 5a). They represent an increase of more than

200% in comparison to the mean values of DOC for

both ESF and EE2 drip waters. The correlation

between the DOC variations at ESF and EE2 sites is

statistically significant by the Anova Test (pZ0.81,

aZ0.05, nZ15).
Considering that discharges of cave drip waters

exhibit differences of more than two orders of

magnitude, a significant dilution of SOM would be

expected, leading to lower DOC in drip waters with

higher discharge. However, this dilution has not been

observed and thus may be explained by the

homogenization of dissolved SOM in waters at the

beginning of their infiltration in soil.
4.4. Temporal and spatial variation of FI

FI results of karst percolation waters are presented

in two groups based on distinct flow characteristics

and similarities in the FI signal through time. Group I

is represented by soil, rimstone pools (TSF, TSE, TIF)

and fast drip stalactites (FR and EIF) and group II by

slow drip stalactites (ESF, EE1 and EE2).
4.4.1. Soil, rimstone pools and fast drip stalactites

The monthly FI variation of the first group (TSF,

TSE, TIF, FR and EIF) is presented in Fig. 6 and

summarized in Table 1. The mean FI values of these

waters confirm the decrease in FI with increasing

depth. The highest mean FI values are observed in

runoff water (7391G2532, nZ5), followed by soil

water (2083G818, nZ9), fast dripping waters at EIF

site (2758G2782) and at FR site (1167G1331),

rimstone pools located 100 m beneath the surface,

TSF (675G133, nZ8) and TIF (568G33, nZ6), and

rimstone pools located 300 m beneath the surface,

TSE (342G102, nZ8). The inverse relationship

between FI and depth is apparently a consequence

of preferential retention and fractionation of SOM

components (Fluorophores) due to filtration within the

rock fissure network, as no systematic differences in

DOC values are observed (Fig. 4b).

FI variations of the group I samples from

September 2000 to June 2001 exhibit a peak in

December, correlated with maximum local rainfall

(Fig. 6). During this period an abrupt increase of 234,

174 and 259% relative to mean values of FI was

observed respectively, in waters at TSF, TIF and TSE

sites. The peaks of FI observed at these sites did not

coincide with the anomalous values of DOC in March

2001 (Figs. 4b and 6b). This indicates that FI

variations are related more to selectivity and avail-

ability of certain SOM components in the system



Fig. 6. (a) Monthly rainfall and mean temperature variations. (b)

Time series of fluorescence intensity for travertine pools and soil

waters and daily rainfall events. Some important rainfall events are

represented by letters a–i. (c) Fluorescence intensity variations for

rapid flow sites (FR and EIF). Dashed lines represent the mean values

of FI, respectively, for the time intervals X1 and X2 (see Table 2).
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during rainwater infiltration through soil and rock

pores than to increases in DOC concentrations.

FI variations in fast dripping waters (EIF and FR,

mean discharge of 818 and 3.5!105 ml/h, respect-

ively), compared to rainfall events, are presented

in Fig. 6c. The FI of fast drip waters exhibits

good correlation with individual and weekly rainfall

events because of the drip flow characteristics.
Higher discharge and shorter residence time are

apparently the causes of faster transport of the organic

matter in the water feeding these stalactites.

The peaks of FI are correlated with more intense

rain events occurring preferentially during periods of

higher temperatures (Fig. 6a and c). On the other

hand, during periods of decreased frequency and

intensity of rainfall events or lower temperatures, FI

exhibits little variation and values tend to define a

baseline. This FI behavior is attributed to the lower

efficiency in the transport of fluorescent organic

substances during drier periods and to changes in

humification rates in soil due to temperature vari-

ations (McGarry and Baker, 2000). In addition, water

movement in fissured aquifers is also dependent upon

hydraulic pressure, which increases with more intense

rainfall events, as in a piston flow system (Genty and

Deflandre, 1998). This affects water composition by

pushing the SOM into the aquifer more rapidly, but

the timing-to-peak will correspond to the particular

hydrologic conditions at each site.

Relations between FI variations and changes in

rainfall and temperature are demonstrated in Fig. 6a

and c. For example, the lower values of FI in FR drip

waters observed between September and November

of 2000 are probably connected with lower tempera-

tures in winter months (June–July of 2000) rather than

rainfall events, because even under favored SOM

transport conditions in the system, no significant FI

variations were recorded, as can be seen in event a

(SZ216 mm; 8/27/2000 to 9/17/2000 or days 27–48;

Fig. 6c).

The FI values of FR waters started to increase

simultaneously with higher temperatures and more

effective rainfall events in summer (Fig. 6a). This is

illustrated by combining events b, c and d (total

amountZ344 mm, corresponding to 57 days) with

great FI variations (Fig. 6c). Between February and

April of 2001, FI in both FR and EIF curves was

invariably low due to decreased rainfall. This

tendency changed after August 2001 with remarkable

increases in FI, in parallel with more isolated rainfall

events (events e, f, g and h, Fig. 6c), together with the

anomalously high mean monthly winter temperature

of that year. The FI curves again showed great

variability after the beginning of summer rainfall

events in December 2001, marked by event i (Fig. 6c).
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4.4.2. Discharge and FI variations in slow

drip stalactites

In order to compare FI and discharge variations of

slow drip waters, the ESF and EE2 stalactites were

monitored during approximately 2 years using an

automatic tipping-bucket gauge. The results are shown

in Fig. 7b. EE1 discharges were obtained measuring

the time to fill a recipient of known volume.

In the case of slow drip flow, the response to

rainfall events is strongly controlled by overlying rock
Fig. 7. (a) Monthly rainfall and mean temperature variations. (b)

Drip discharge variation with time for slow drip waters at ESF Site,

located at 100 m from surface and EE1 and EE2 sites, both located

at 300 m from surface. Dashed lines mark periods without

measurements. (c) Time series of fluorescence intensity for slow

drip waters at ESF site. (d) EE1 site and (e) EE2 site. Solid and

dashed lines represent the mean and lower values of FI,

respectively, for the time intervals X1 and X2 (see Table 2).
thickness which is 100 m at ESF and 300 m at both

EE1 and EE2. Change in dripping relative to the onset

of rainfall events is influenced by soil cover and

limestone microfissure network, which in some cases

means a time lag of several months before rain water

recharge begin to affect drip discharge (Genty and

Deflandre, 1998; Ayalon et al., 1998).

Discharge of the ESF stalactite ranged from 92 to

182 ml/h (Table 1). Response time of drip discharge

to changes in precipitation was estimated as 1 week to

a month, based on comparisons with ESF discharge

(Fig. 7b) and rainfall variations (Fig. 7a). EE1

stalactite discharges ranged between 390 and

600 ml/h yet showed no correspondence to monthly

rainfall variations. Drip discharge for the EE2

stalactite (46–63 ml/h) describes a relatively smooth,

regular curve over 2 years (Fig. 7b).

The EE2 discharge curve in Fig. 7b is asymmetric,

characterized by a longer rising limb of 7 months and

a shorter recession limb of 5 months. During the

2 years, maximum and minimum drip discharge

occurred respectively in October and March, despite

differences in timing of the rainiest months for this

period (Fig. 7a). This suggests that rain water was

gradually stored in the fissured aquifer and that

discharge increased at the beginning of each rainy

season as a result of increased hydraulic pressure. This

observation is in agreement with stalactite flow

studies undertaken in a Belgian cave by Genty and

Deflandre (1998).

The mean values of FI at EE1, EE2 and ESF

sampling sites (Table 1) are respectively 1699G1587

(nZ22), 856G875 (nZ23) and 1576G1316 (nZ22).

Time series of FI for these drip waters showed

similarities in trends, except for eventual small

differences in peak positions. The main similarities

are observed in FI values for ESF and EE1, whose

means were not significantly different according to the

Anova Test (pZ0.78, aZ0.05, nZ20). In contrast,

differences between variations of FI at EE1 and EE2

sampled at the same depth in the cave were confirmed

by the above statistical procedure (pZ0.02, aZ0.05,

nZ22). For example, the FI curve for EE2 waters is

smooth, with fewer peaks in comparison with the

curves for ESF and EE1 waters which is attributed to

relatively lower drip discharges and higher residence

time for EE2. Although FI time series for slow drip

waters exhibited similarities at sampling sites at



Table 2

Results from interannual fluorescence intensity variations for drip waters

Sampling site Meana Interval I Interval II

Sampling period Mean SD Range Sampling

period

Mean SD Range

EE1 1699 09/02/00 to

03/20/01

411 163 470 03/20/01 to

06/15/02

2300 1598 5100

EE2 856 09/02/00 to

06/15/01

400 171 523 06/15/01 to

06/15/02

1149 521 2031

ESF 1576 09/02/00 to

06/15/01

827 321 1019 06/15/01 to

06/15/02

2094 1513 4331

EIF 2758 09/02/00 to

07/12/01

918 320 782 07/12/01 to

06/15/02

3929 3056 9990

FR 1166 09/02/00 to

07/27/01

603 536 1721 07/27/01 to

06/15/02

1637 1617 5883

a Refers to the total sampling period (09/02/00 to 06/15/02).
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contrasting depths, no correlations could be made

between FI and rainfall events or drip discharge.

Differences of FI ranges among slow drip waters are

also associated with variations in discharge. The higher

the drip discharge, the higher the range of FI for waters

collected at the same depth in the cave, as for example

at EE1 (FI rangeZ5562, dischargeZ470 ml/h) as

compared to EE2 (FI rangeZ2553, dischargeZ
55 ml/h). From these observations, it is here suggested

that larger variability of fluorophore concentration in

drip waters may be expected under both relatively

faster flow conditions and thinner rock cover as a result

of more intense water replacement throughout the year.

For example, the ranges of FI at the relatively shallow

ESF site (100 m) and the deeper EE1 site (300 m) differ

by only 17% (4741 vs. 5562, respectively) despite the

great differences in their mean discharges (53% higher

at the deeper locality), indicating that higher discharge

compensates for the effect of thicker rock cover in this

case (120 vs. 470 ml/h, respectively).
4.4.3. Interannual variations

Figs. 6c and 7c–e show interannual variations of FI

in the drip water curves At all sites FI shows two

distinct behaviors, clearly demonstrated by their mean

and minimum values, standard deviation and range,

all of which are comparatively lower at the beginning

of the monitoring (Interval I) and higher for the

remainder of the period (Interval II). The duration of

the Interval I, varied from site to site, as follows: from

September 2000 to March 2001 for EE1 samples,
September 2000 to June 2001 for EE2 and ESF

samples, and September 2000 to July 2001 for FR and

EIF samples (Table 2).

As is observed in Fig. 7c–e, the curves for FI in the

slow drip waters are much smoother for the Interval I

than for Interval II. For fast drip waters, a similar trend

is also evident, especially at EIF (Fig. 6c).

Another significant interannual difference is the

increase in the minimum values for FI in interval II.

During both intervals, minimum and near-minimum

values were measured on several occasions, defining

distinct background levels for FI (dashed lines in

Fig. 7c–e) for each interval. This variation in back-

ground levels of FI may be correlated to differences in

winter temperatures in the two intervals. Although

mean summer temperatures were quite similar in both

intervals, the mean winter temperature was 5.5 8C

higher in 2001 than in 2000. In this case, a variation in

local climate (increased temperature and more isolated

rainfall events) was directly related to a significant

variation in FI. Drawing on the work of McGarry and

Baker (2000), this may be explained as the effect of

increased humification rate of organic matter in the soil

during the hotter period on the substances responsible

for luminescence properties of the water.
5. Conclusions

The monitoring of fluorescence intensity (FI)

and dissolved organic carbon (DOC) in runoff, soil,
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and cave percolation waters demonstrated significant

time-series variations in both, although no important

correlations were observed between them. In addition,

remarkable FI variations were observed at all

sampling sites despite the similarities in DOC

concentrations, even for soil waters and drip waters

from different depths. Annual maximum value for

DOC systematically occur following the rainiest

period of the year.

Values of FI cannot be directly related to DOC

content in the vadose aquifer of Santana cave, rather

FI variations are more probably related to the nature

of the organic matter than to the concentration of

dissolved organic carbon. Thus, the processes respon-

sible for DOC variation are probably not the same as

those that increase FI values in the system. Further

research on the composition of SOM in the water is

required to understand the physical-chemical and

hydrological processes that controll the composition,

transport and proportions of the subcomponents of

SOM in solution over long distances in a karst aquifer.

Comparisons of FI variations in drip waters at

depths of 100 and 300 m with discharges between 55

and 3.5!105 ml/h indicate that FI is inversely

proportional to depth and directly proportional to

discharge. However, the combined influence of these

parameters makes it difficult to compare FI among

drip waters. For example, for fast drips a correlation

was observed between subannual variations of FI and

increases in both rainfall and temperature. In contrast,

this correlation is not observed for slow drip waters.

Therefore, all drip waters showed relevant differences

in their interannual FI behavior from September 2000

to May 2002, which were correlated to changes in

climatic parameters, mainly an increase of 5.5 8C in

the mean winter temperature for 2001.

Based on the high variability of the FI signal

identified in the present study for cave drip waters, it

can be suggested that the fluorescence peaks of calcite

in speleothems deposited under same conditions such

as those described here, may not represent an annual

signal, even for those formed under higher drip

discharge. On the other hand, the observed relation-

ship between mean FI variation of dripwater and

interannual changes in temperature and precipitation

suggest the potential use of mean values, rather than

peak values, of fluorescent intensity in speleothem

calcite as a paleoclimate proxy.
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