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Time variant cross correlation to assess residence time of water and
implication for hydraulics of a sink-rise karst system

V. Bailly—Comte,l’2 Jonathan B. Martin,! and E. J. Screaton'
Received 3 June 2010; revised 24 November 2010; accepted 12 January 2011; published 28 May 2011.

[1] Transport rates and residence time in the subsurface are critical parameters for
understanding water-rock interactions for efficient contaminant remediation. This paper
presents a methodology for assessing flow and transit time of water through hydrological
systems, with specific applications to karst systems and implication for hydraulics of a
conduit system surrounded by a porous and permeable intergranular matrix. A time variant
cross-correlation function analysis is applied to bivariate time series that characterize mass
transfer, assuming a stationary system using sliding windows of various sizes. We apply the
method to 1 year long temperature records in the Santa Fe River (north central Florida)
measured at (1) the River Sink, where all the incoming surface water drains into a sinkhole,
(2) Sweetwater Lake, where the river resurges into a 500 m long karst window, and (3) the
River Rise, where the water discharges from a first-magnitude karst spring. Results are
compared with those obtained using specific conductivity. Estimated residence time ranges
from less than 1 day during floods to more than 15 days during base flow within the 8000 m

flow path between the River Sink and the River Rise. Results are used to characterize
geometric, hydraulic, and hydrodynamic properties of this sink-rise system with strong
matrix-conduit interactions. These properties are critical to the chemical and physical
behavior of surface water—groundwater mixing. Our results also have direct implications for
sampling strategies and hydrograph separation of many karst systems with different degrees

and types of matrix porosity and permeability.

Citation: Bailly-Comte, V., J. B. Martin, and E. J. Screaton (2011), Time variant cross correlation to assess residence time of water
and implication for hydraulics of a sink-rise karst system, Water Resour. Res., 47, W05547, doi:10.1029/2010WR009613.

1. Introduction

[2] Many chemical and physical parameters, including
pH, turbidity, fluorescence, major ion concentrations, spe-
cific electrical conductivity (SpC), and temperature, can
now be recorded accurately at high frequency in surface
water and groundwater, providing numerous natural tracers
for hydrogeological studies. Each tracer is likely to be
affected differently by dispersion, chemical reaction, sedi-
ment transport, water exchange with surrounding rocks, or
other physicochemical characteristics, and thus, each could
provide unique information about transport and residence
times. Temperature has been used for more than 60 years
and still remains a widely used natural tracer of flow [Ander-
son, 2005]; only recently has technology been developed
for high-resolution monitoring of many other parameters.

[3] Temperature in surface streams reflects atmospheric
temperature and thus can exhibit diel and seasonal varia-
tions as well as intermediate time scale variations derived
from mesoscale weather patterns. Extreme weather can
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lead to floods, which drive large and rapid changes in both
temperature and chemical composition. The range in time
scales for these processes results in short- to long-term fre-
quencies in physical and chemical characteristics of water
that are integrated at the scale of the recharge area.
Although complex, this range of frequencies could be used
to track the time required for water to travel from the
recharge area to the discharge area. Temperature variations,
in particular, have been used to identify surface water infil-
tration, flow through fractures, and flow patterns in ground-
water basins, as reviewed by Anderson [2005].

[4] Numerous examples exist of the ways in which tem-
perature has been used to track flow. For example, time se-
ries analyses of temperature have been used to estimate
seepage from and into stream beds [Stonestrom and Con-
stantz, 2004; Hatch et al., 2006]. Measuring vertical
temperature profiles in streambeds is a simple and useful
indicator of flow directions between surface water and
groundwater and is used to identify gaining and losing
streams [Winter et al., 1998; Stonestrom and Constantz,
2004]. Numerous studies [e.g., Hatch et al., 2006] proposed
methods based on Fourier transform of time series to esti-
mate pore water velocity and streambed seepage in the
hyporheic zone. These methods use diurnal properties of
temperature signals in the frequency domain and are based
on changes in the phase and amplitude of thermal waves
that move from the stream into the streambed at a targeted
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frequency of 1 day [Hatch et al., 2006; Keery et al., 2007].
These techniques provide accurate results when the delay is
less than the targeted frequency, which is appropriate in
hyporheic exchange. These techniques may not be appro-
priate for tracing groundwater flow where transit times of
more than a day may occur since the phase lag only gives
the delay modulo the wavelength of 1 day. For example,
this technique will give the same result for a lag of 8, 32, or
56 h, etc., which is not a problem when the lag is obviously
less than 1 day (hyporheic exchanges) but is useless when
the lag is unknown and probably higher. Thus, to adapt
these approaches to longer time frames, we develop here a
time domain method using cross-correlation functions
(CCF) at various time scales.

[s] Assessments of discharge and flow velocity have
also used natural tracers in karst systems to infer geometric
properties of karst conduits. Martin and Dean [1999] rec-
ommended the simultaneous use of two or more different
natural tracers, such as temperature and electrical conduc-
tivity, to obtain additional information about the conduit
system as compared to the analysis of only a single parame-
ter. Birk [2002] supported this idea by the means of theoret-
ical modeling of flow and mass transfer in an idealized
karst drainage network. Birk et al. [2004] showed with field
experiments that, in general, SpC is a better tracer for the
determination of time lags and thus the resulting estimation
of conduit volumes; however, SpC could not distinguish
surface water and groundwater in their system because of
similar values in the two source waters. Instead, tempera-
ture, especially the attenuation of daily patterns in the time
series, provided better information about origin and mixing
of surface water and groundwater than SpC.

[6] Previous time series analyses of natural tracers [Birk
et al., 2004; Screaton et al., 2004] consist of tracking rapid
changes of temperature from base flow to stormflow. Such
analyses typically rely on only a few measurements and
assume the observed rapid changes provide hydrodynamic
information that can be extrapolated to other time periods
and events. Rapid changes usually occur when flow is tran-
sient and thus may not represent the hydrodynamic behav-
ior of the system at all conditions. Temperature records are
often available during times of common hydrologic behav-
ior, e.g., recession and base flow periods. These records
typically have muted signals, and no quantitative method
exists to extract estimates of flow velocity.

[7]1 Understanding hydrodynamics during all flow condi-
tions is particularly important in karst regions, which are
highly vulnerable to contamination because of the rapid
transport of pollutants through conduits. Conduits form
efficient drainage systems but often are difficult (or impos-
sible) to explore and map. During floods, flow through con-
duits may recharge intergranular or fissured matrix porosity
of the surrounding aquifer, driven by the head gradient
between the matrix and the conduits within the aquifer
[Martin and Screaton, 2001; Martin et al., 2006; Bailly-
Comte et al., 2010]. This recharge mechanism provides an
additional process, along with recharge into sinkholes or
diffuse surface recharge, by which water supplies could be
contaminated. Effective strategies for the management and
protection of groundwater resources thus need to be based
on reliable information about conduit systems in karst areas
[Birk et al., 2004] and need to consider the exchange of
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water between the conduits and matrix under various flow
conditions. This information could be determined with time
series analyses of high temporal resolution tracers such as
temperature or SpC.

[8] Our paper presents a method to allow the interpreta-
tion of time series of temperature and SpC to characterize
transport in surface water—groundwater systems under
flood, recession, and base flow conditions. In contrast, an ar-
tificial tracer experiment only provides one estimate of
mean tracer velocity, assuming steady state flow conditions.

[o] In section 2 a method is developed to apply time
variant CCF analysis to flow velocity measurements. The
method is applied to time series records in the Santa Fe River
(north central Florida). Results from the Santa Fe River are
used to evaluate the relative usefulness of temperature and
SpC as natural tracers of flows in karst systems and to under-
stand the geometric and hydraulic properties of the karst con-
duit system.

2. Method

2.1. Definition and Estimation of the Correlation
Functions

[10] A biased estimate Cyy(k) of the cross-covariance
coefficient between the input and the output time series
(X, Y) of a physical system at lag & is given by [Box et al.,
1994]

i
=
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where L is the truncation point [Jenkins and Watts, 1968].
The respective variances of (X, Y) are given by the two
autocovariance functions at lag 0 provided by substituting
Y for X and X for Y in equation (1). Consequently, the
standard deviations of (X, Y) are oyy =+/Cxx(0) and
ayr = 1/ Cyy(0), respectively. A biased estimate Ryy of the
cross-correlation function is given by [Jenkins and Watts,
1968]

Cxy (k)
OxxOyY

Ryy (k) =  —L<k<L. 2)

[11] Substituting Y for X and X for Y in equation (2)
gives the two autocorrelation functions (ACF) Ryy and Ryy.

2.2. A Tool for Characterizing Transfer Functions

[12] The CCF is a widely used analysis tool for transfer
function identification of physical systems [Box et al.,
1994]. A theoretical linear time invariant system that best
approximates a real process, for instance, a mass transfer
from a recharge area to a spring, is completely specified by
the covariance functions [Jenkins and Watts, 1968]. It can
be shown that the cross-covariance function gives the
impulse response of the system when the input time series
is a pure random process, which is theoretically character-
ized by a zero ACF for all lags except 0.

[13] Mangin [1984] proposed a methodology based on
the statistical properties of ACF and CCF to describe and

20f 16

35U9017 SUOLULIOD BAIER.D 3|qed!dde auy Aq pousenoh aJe sap e YO ‘38N JO Sa|nI o} Afeiq 18Ul UO AB|1M UO (SUOIPUOD-PUe-SWUB) WD A8 | 1M ARe1q U1 |UO//SdNY) SUOIIPUOD PUe SR L 34 39S *[€202/0T/TE] U0 ARig1T aUlUO AB|IM ‘RIS 30WBI10S UieaH Aq ET9600MOTOZ/6Z0T 0T/I0p/Wod A3 (1M Aeuq i puluo'sgndnBie//sdny wo.y papeo|umoq ‘G ‘TTOZ ‘€L6LYY6T



W05547

classify hydrodynamics of karst aquifers. Mangin [1984]
used CCF analysis of rainfall and discharge relationships as
an image of the impulse response of the karst system to
recharge events, considering rainfall as a pure random pro-
cess over one hydrological cycle. This stochastic approach
has subsequently been applied at other time scales and to
other relationships characterizing pressure or mass transfer,
such as water level variation in wells [Larocque et al.,
1998 ; Bailly-Comte et al., 2008], or time series represent-
ing mass transfer, such as SpC, temperature, or turbidity
[Larocque et al., 1998 ; Bouchaou et al., 2002; Massei et
al., 2006].

[14] The link between the impulse response and the CCF
has also been used to assess flow velocity with various
applications. Among them, estimation of transit time is
based on the property of the CCF that shows a maximum
value when the time delay (k in equation (2)) equals the
flow transit time [Beck et al., 1969]. The time delay & can
actually be used to compute the modal flow velocity since it
approximates the time delay of the maximum of the impulse
response. This flow velocity is, however, a good approxima-
tion of the mean flow velocity when heat diffusion and dis-
persion can be neglected in front of advection. In that case,
the flow velocity is thus computed using the estimated time
delay k divided by the distance between the two sensors that
give the input and output time series. The system that trans-
forms the input time series into the output time series is
considered as a delayed linear time variant system. The
method consists of dividing the bivariate time series into
sliding windows of a size such that the system may be con-
sidered as stationary on the time scale of the window length.
Then, a peak-locating procedure in the CCF is used to esti-
mate the time delay. For instance, Thorne et al. [1998] suc-
cessfully measured current profiles using a CCF method
based on measurement of suspended sediment during tides
in an estuary. Such a method was also used at a much
smaller scale in an ultrasonic flowmeter [e.g., Sanderson
and Yeung, 2002]. Other applications are found in hydrome-
try, including two-dimensional CCF analysis for particle
image velocimetry [Creutin et al., 2003], blood flow mea-
surement [e.g., Sisbot, 2005], and flow in a pipeline for
industrial purposes [Yang and Beck, 1998].

[15] Time variant CCF computations using sliding win-
dows are time domain analyses of time series that require
numerous computation steps. The number of required steps
can be minimized by using a predelay before computing
the CCF [Yang and Beck, 1998]. A predelay is a rough esti-
mate of the transit time that is applied to the input time se-
ries so that the time variant CCF analysis only considers a
short range of lags (k in equation (2)). As a result, the CCF
computation will be centered on the predelay, which will
limit the bias of the CCF estimates as well as the influence
of other processes that may have a different response time,
so the CCF estimate will better describe the cause and
effect relationship between the input and output signals.

[16] The efficiency of a time variant CCF analysis is also
directly related to the length of the sliding window. The
length of the window should be chosen so that the isolated
record is long enough to contain some variations in the
input time series that are correlated to variations in the out-
put time series, although long windows may invalidate the
stationary assumption since the system response depends
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on the flow velocity in the conduits. In this study, spectral
analysis is used to separate the different trends in the time
series, which are then used to choose the length of the slid-
ing windows.

2.3. Influence of Autocorrelated Time Series

[17] Jenkins and Watts [1968] show that autocorrelated
processes that are theoretically not cross correlated never-
theless give good cross correlations. This is the main diffi-
culty in CCF interpretation. For instance, Eisenlohr et al.
[1997] used a statistical analysis of time series provided by
a numerical model of a karst aquifer to show that climatic
regime, especially the frequency of recharge events, influ-
ences estimates of CCF between rainfall (input) and spring
discharge (output). This influence results from an invalid
assumption that the input signal characterizes a random
process, i.e., the input time series shows an ACF that
remains high for increasing lags. Consequently, inferring
information about the structure and the dynamics of a
hydrological system using the CCF of autocorrelated time
series may be misleading. The effect of strong ACF on
transit time estimates has not been studied in great detail
for industrial applications since the input signal is often
chosen as white noise, which facilitates the interpretation
of the CCF. However, when the input signal is autocorre-
lated, several investigators have proposed different confi-
dence intervals for transit time estimates [Beck, 1981 ; Beck
and Plaskowski, 1987; Thorne et al., 1998]. These esti-
mates of confidence interval are relatively complex and
may be unreliable depending on how autocorrelated the
input time series is compared to the system passband.

[18] To assess the influence of the ACF on the cross- cor-
relation estimate, we assume that the mass transfer through
the system can be described with a delay d (pure advection)
applied to the input time series 7 and output time series 7,
and that both 7 and 7, can be described by a first-order
autoregressive process, denoted AR(1), with parameters o
and i, respectively, so that 0 < oy < 1 and 0 < 51 < 1.
In this case, the autocorrelation function of 7 is theoreti-
cally given by

Ry (k) = C;%(lk) _ Oz‘lkl- (3)

[19] The parameter a; of the AR(1) process thus equals
the autocorrelation coefficient for £ = 1. Since the inertia of
the system is a function of «, larger o represent a greater
memory effect, which means that two successive values are
more dependent. Statistical relationships between ACF and
CCF for a pure delayed system give

ooyl
Rk =107 @

where d is the delay and /4, is the constant gain of the sys-

tem. This allows expressing |k-d| as a function of the CCF
estimate R,(k):

e —d| = @ {m (G‘l’fzo) +ln [Rlz(k)]}. (5)
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[20] The standard deviation of Ry, is used to obtain an
estimate for the error in the CCF. Jenkins and Watts [1968]
give the following expression for og,, :

L /(1+a15
TRak) = \[5, (m) (6)

[21] Differentiating equation (5) gives an estimate for
the standard deviation of the time lag k:

1] () )
n Rlz(k) In ((Xl) ’

O Rz

Rlz(k) 11’1 (O[l)

O =

[22] Thus, as expected, the standard error oy of the lag
estimate decreases when the standard error of the cross cor-
relation is low and the cross correlation is high and also
when the parameters of the AR(1) processes increase. This
relationship shows that the results will be less accurate if
the AR(1) parameters are close to 1, whatever the value of
the CCF estimate. This illustrates that the value of the cross
correlation alone does not reflect the precision of the transit
time estimate.

[23] As a result, the assessment of transit times using
CCF analysis supposes that the real system may be
approximated by a linear time invariant system for which
the input time series shows low autocorrelation. In the case
of mass transfer of a natural tracer, the linear assumption is
justified if the main transport process is advection. The
input time series requires low ACF, so the relationship
between the input and output is clear. The low ACF may be
obtained by prefiltering or differentiating the time series
[Jenkins and Watts, 1968] so that white noise residuals of
the input time series are obtained. Indeed, prewhitening the
input time series consists of removing all forms of serial
dependences (trend, cycles, and autoregressive compo-
nents) to obtain white noise residuals. Box et al. [1994]
showed that the CCF between a prewhitened input and a
correspondingly transformed output is directly proportional
to the impulse response function. Finally, the time invariant
assumption should be verified by analyzing the transfer on
successive small periods for which the system shows a rela-
tively stationary behavior, or, in other words, for which a
unique transfer function can produce the output time series
by convolution with the input time series.

2.4. Implication for Physical Properties of a Karst
Conduit System

[24] Groundwater in karst aquifers flows predominantly
through conduits where water velocity can reach several
meters per second during floods. Advection is the promi-
nent mass transfer process, and time variant CCF analysis
of natural tracers should thus be a suitable technique to
assess flow velocity. We apply this technique to a karst
conduit system in north central Florida, where focused
recharge allows measurement of the input time series of
natural tracers.

[25] The relationship between the estimated flow velocity
and discharge can be used to assess the cross-sectional flow
area and thus the hydraulic diameter of the conduit system
[Screaton et al., 2004]. In addition, some hydrodynamic

BAILLY-COMTE ET AL.: TIME VARIANT CCF TO ASSESS RESIDENCE TIME

W05547

parameters can be derived from the velocity field. For lami-
nar groundwater flow through a homogeneous porous
media, Darcy’s law gives

U =Ki, (8)

where U (m s™') is Darcy velocity, or flux, i (dimension-
less) is the hydraulic gradient, and K (m s~ ') is the hydrau-
lic conductivity. For turbulent flow conditions in fully filled
conduits, head losses are a function of the square of the
flux. These so-called quadratic head losses are usually
determined by the friction factor using the Colebrook and
White [1937] or the Nikuradse [1950] equations, with the
latter being more accurate in the case of fully rough flow,
as expected in karst conduits [Jeannin, 1996]. We thus
used the Nikuradse [1950] equation to characterize flow:

1
f=— 9
(1.74 + 210g10’;7”)2 ®)

where 7, is the hydraulic radius, € is the wall roughness,
and £ is the friction factor. Equation (9) can be rearranged
using the hydraulic diameter D), = r;,/4:

1 €
v = —2log,, (M) ' "

[26] The friction factor is related to the flow velocity (V)
and the hydraulic gradient (i) by the mean of the Darcy-
Weisbach equation, where g is the gravitational accelera-
tion:

V2

: 11
52D) (11)

i=f

[27] Combining equations (10) and (11) gives

V= {7210g10 (Ti‘z)h) \/Zg—Dh} Vi (12)

[28] As a result, considering the conduit system as a
rough pipe implies that the slope between the log of the hy-
draulic gradient and the log of the flow velocity is 0.5. The
equation of the resulting line can be used to assess the rela-
tive roughness ¢/D;, and thus the friction factor when the
hydraulic diameter is known. Conversely, the same plot
will show a line of slope 1 for groundwater flows that fol-
low equation (8). Depending on the flow conditions, known
discharge, water levels, and flow velocities can be used to
assess the equivalent hydraulic conductivity or the relative
roughness of the drainage system.

3. Description of the Study Area
3.1. Geology and Hydrology

[29] The post-Cretaceous lithostratigraphy of the Florida
platform is characterized by pre-Miocene carbonate-domi-
nated rocks that constitute the Floridan aquifer system,
locally covered by Miocene and younger siliciclastic-
dominated rocks [Miller, 1990; Martin and Dean, 2001,
and references therein]. Among the siliciclastic rocks, the
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Hawthorn Group plays a prominent role in the hydrology;
this group acts as an upper confining unit to the Floridan
aquifer system but has been removed by erosion from
much of west central Florida. The erosional edge, known
as the Cody Scarp [Brooks, 1981], marks the boundary
between the confined highlands (~50 m above sea level
(asl)) to the east and the unconfined lowlands (~20 m asl)
to the west (Figure 1; see the inset). All of the surface
streams that cross the Cody Scarp become losing streams,
and most of them sink completely into the highly karstified
Floridan aquifer system.

[30] The Santa Fe River flows over 60 km from east to
west before reaching numerous sinkholes at the eastern
boundary of the Cody Scarp and ultimately sinking com-
pletely at the River Sink (Figure 1). Captured surface water
flows underground through well-developed fully filled karst
conduits, of which about 15 km have been mapped by cave
divers (Old Bellamy Cave Project, 2005, http://cavesur-
vey.com/OldBellamy.HTM; hereinafter referred to as Old
Bellamy Cave Project, 2005). The conduits are intersected
by many karst windows before resurging at a first-magni-
tude karst spring at the River Rise (Figure 1). The River
Sink has been connected to these karst windows, including
Sweetwater Lake, and to the River Rise by Hisert [1994]
using SF¢ as an artificial tracer. The length of this ground-
water flow path between the River Sink and the River Rise
is estimated to about 8000 m using the most recent avail-
able data from the Old Bellamy Cave Project (2005), with
an intermediate length of about 5000 m between the River
Sink and Sweetwater Lake.

3.2. Monitoring Network

[31] A monitoring network of wells and karst windows
has been constructed around the sink-rise system to assess
the exchange of water between the matrix and conduits
[Martin and Dean, 2001; Martin and Screaton, 2001 ;
Screaton et al., 2004; Martin et al., 2006; Bailly-Comte et
al., 2010]. River stage is recorded each day about 700 m
upstream from the River Sink by the staff of the O’Leno
State Park and is converted to discharge on the basis of a
rating curve developed by the Suwannee River Water Man-
agement District (Figure 1, rating 3 for station 02321898).
Eight wells have been screened close to the depth of the
main conduit (17-30 m below ground surface), and four of
these deep wells have an associated shallow well a few
meters away that are screened across the water table (2—
10 m below ground surface). Most wells are monitored for
water level, conductivity, and temperature at a 10 min time
interval. Among these wells, water level fluctuation in well
4 is considered to be representative of hydrodynamics of
the carbonate matrix that surrounds the main conduit on the
basis of times series analysis of the water level at the well
and discharge at both the River Sink and the River Rise
[Moore et al., 2009; Bailly-Comte et al., 2010]. Transmis-
sivities have been estimated for the deep wells and show
medium to relatively high values, ranging from 950 to
160,000 m* d~' [Martin et al., 2006]. Estimates of hydrau-
lic conductivities using slug tests in both the deep and shal-
low wells are in the range of 107> to 107> m s~ ', with the
shallow wells exhibiting about 1 order of magnitude higher
values than the deep wells [Langston, 2009]. These results
at a short spatial scale confirm that the Floridan karst aquifer
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is characterized by a matrix with nonnegligible hydraulic
conductivities, although much lower than the equivalent hy-
draulic conductivity of the conduit system. This induces a
clear dual-permeability behavior that is characterized by
both short reaction time and long recession periods with sus-
tained flows at the River Rise [Bailly-Comte et al., 2010].

[32] Water level, temperature, and SpC are also measured
at a 10 min time interval at the River Sink, in Sweetwater
Lake, and a few hundred meters downstream from the River
Rise (Figure 1), which is used to assess the discharge at the
River Rise (Figure 1, station 02321910), applying the rating
curve produced by Screaton et al. [2004].

3.3. Previous Studies Dealing With Time Series of a
Natural Tracer

[33] The Santa Fe River sink-rise system is an ideal karst
system to study the use of natural tracers such as tempera-
ture and SpC given the strong interactions between surface
water and groundwater, as well as the good knowledge of
the underground flow paths between the River Sink and the
River Rise (e.g., Figure 1). Martin and Dean [1999] demon-
strated that residence times of water in karst systems can be
estimated by manually correlating maxima and minima
from temperature records of recharged and discharged water
and found that residence times of the water ranged from less
than 1 day at high flow to more than 10 days at low flow.
More recently, Screaton et al. [2004] successfully tracked
the change of temperature between the River Sink, seven
karst windows, and the River Rise during two relatively
small flood events (<20 m® s'). Transit time between the
River Sink, the karst windows, and the River Rise was con-
verted to flow velocity by considering a straight line distance
between each point. Comparison with discharge at the River
Rise showed that flow is reasonably represented as pipe flow
with a cross-sectional area of 380 m>. This value reduces to
290 m? if we consider a total length of 8000 m rather than
the 6000 m assumed by Screaton et al. [2004], which gives
an average diameter of 19 m for a single conduit. These
results differ slightly from those reported by Martin and
Dean [1999], who analyzed flows >100 m® s~ . Differences
were assumed to be related to water losses from the conduit
to the matrix during the flood [Screaton et al., 2004].

4. Time Series Analysis
4.1. Time Domain Analysis

4.1.1. Time Series Description

[34] Figure 2a shows the rainfall, discharge, temperature,
and SpC from March 2008 to July 2009. Table 1 gives the
main characteristics of these time series for the longest pe-
riod for which data are available at the three monitored
points (13 March 2008 to 9 March 2009), which approxi-
mately represents the 2008/2009 hydrological year.

[35] The main flood event (Tropical Storm Fay, Figure
2a) occurred in August 2008. This event is separated from
other minor flood events in March 2008 and March to July
2009 by base flow conditions.

[36] Along with the discharge in the sink-rise system,
temperature records at the River Sink, Sweetwater Lake, and
the River Rise show variations through time that are similar
to variations in the air temperature, but the amplitude of the
variations are muted as water flows through the karst system.
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Figure 2. Time series recorded at the Santa Fe River sink-rise system (a) from March 2008 to July
2009 and (b) from March 2009 to July 2009. The rainfall is the daily average of the rainfall recorded at
Oleno State Park (station 240) and at the 441 bridge (station 02321975, Santa Fe River at U.S. Route
441 near High Springs). The air temperature is measured 2 m above the ground ~12 km southeast of the
site (station 260). Arrows and corresponding letters (A, By, and B,) are used for references in the text.

This muting effect is also shown by the decrease of the
standard deviation of the temperature downstream through
the conduits (Table 1). The temperature time series clearly
shows a lag during recession, and this lag is shorter during
flooding. SpC values are similar at the three monitored
points during flooding, with values less than 100 S cm™ ",
indicating that little groundwater, which has SpC values
ranging from about 400 to 1300 xS cm™' [Moore et al.,
2009], mixes with the flood water as it passes through the
karst system [e.g., Martin and Dean, 2001]. SpC values
increase from the River Sink to the River Rise during reces-
sion and reach values higher than 500 xS cm™" at low flow,
when groundwater provides most of the recharge. These
high values result from mixing with groundwater from two
sources [Moore et al., 2009]: a diffuse recharge that equili-
brates with calcite, as measured in well 4 (SpC = 430 uS
em ™!, T = 21°C), and another flow system characterized by
dissolution and dedolomitization occurring deep within the

aquifer [e.g., Plummer, 1977; Hanshaw et al., 1979; Jones
et al., 1993], as measured in well 2 (Figure 1; SpC between
about 700 and 1300 xS cm™ ' and 7 = 26°C).

[37] Each flood event exhibits a rapid decrease of tem-
perature and SpC at the three monitored points, reflecting
recharge of new event water with temperature and chemical
compositions that are different from preevent water (Figure
2). Typically, discharge increases more rapidly at a karst
spring following recharge events than the physical (temper-
ature) and chemical (SpC) properties of the discharged
water [Birk et al., 2004]. The time lag between the pressure
and mass transfer provides an estimate of the transit time of
the infiltrating water through the conduit system [e.g., Ash-
ton, 1966 ; Atkinson, 1977]. For instance, for the first flood
event shown in Figure 2b (see B,), the temperature and
SpC minima at the River Rise occur after the maximum
discharge, reflecting the delay between pressure and mass
transfer. Temperature and SpC minima, however, occur at

Figure 1.

Sketch map of the field area showing the locations of the Santa Fe River, its sink and rise, several intermedi-

ate karst windows, and the wells or karst features that are monitored. The mapped cave system has been drawn after the
map of Old Bellamy Cave Project (2005). The numbers of the two gauging stations refer to the classification of the

Suwannee River Water Management District.
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Table 1. Main Statistical Characteristics of the Temperature and Specific Electrical Conductivity (SpC) Time Series Recorded at the

Santa Fe River Sink-Rise System From March 2008 to March 2009*

Temperature (°C)

SpC (uS cm ™)

Air River Sink Sweetwater Lake River Rise River Sink Sweetwater Lake
Mean 20.1 21.4 21.7 21.4 244 381
Standard deviation 8.5 5.1 2.9 2.7 77 121
Minimum —6.5 7.9 13.0 134 50 61
Maximum 37.2 31.5 26.8 26.7 360 539

The air temperature is measured 2 m above the ground elevation ~12 km southeast of the site (station 260).

the River Rise before the maximum discharge during the
second flood event (Figure 2b; see B,). Furthermore, SpC
shows strong fluctuations during the rainfall event for both
the River Sink and Sweetwater Lake before the time of the
flood peak in late August 2008 (see A in Figure 2a). Since
mass cannot be transferred before pressure, these variations
result from local rainfall, which gives rise to a local but
limited runoff that dilutes the water of the river, followed
by flood water from the confined portion of the Santa Fe
River watershed. Only runoff upstream from the River Sink
produces high discharge in the River Rise, but both sources
have similar effects on temperature and SpC time series.
As a result, SpC and temperature cannot be used to charac-
terize the flood peak transfer since they both characterize
flood event water and local runoff at that time.
4.1.2. Correlation Analysis

[38] ACF of SpC do not exhibit any periodic pattern, but
ACEF of both air and water temperature show daily periodic
structures that are muted in water compared to the air (Fig-
ure 3). Diel variations are less pronounced at Sweetwater
Lake than at the River Rise, but the amplitude at the River
Rise is likely an artifact resulting from the placement of
the sensor about 200 m downstream from the spring. Study-
ing the transfer temperature at a target frequency of 1 day,
as proposed for flows through the hyporheic zone [Hatch

— River Sink (RS)
== River Rise (RR)
S. Lake (SL)

1\/\&&‘\\‘\
NN T Air temp.

SpC (L) N,

A PN Temperature

Auto correlation
o
(@)Y

0.5-
0.4-
0.3-
0.2‘ L L L L L J
0 5 10 15 20 25 30
Lag (days)

Figure 3. Autocorrelation functions (ACF) of hourly
temperature and specific electrical conductivity (SpC) time
series shown in Figure 2 over the longest period for which
data are available (13 March 2008 to 9 March 2009), with
an hourly time step.

et al., 2006; Keery et al., 2007], may thus end up leading
to erroneous conclusions about heat transfer in this sink-
rise system.

[39] ACF of both temperature and SpC show strong
autocorrelation coefficients (>0.85 and >0.7, respectively)
for lags up to 10 days. These strong ACF will thus affect
the CCF interpretation. Temperature shows two distinct
ACEF patterns depending on where the measurements were
made. At the River Sink, the ACF for water and air temper-
ature are similar, but the water has a higher correlation and
smaller amplitude in its diel variation because of the mem-
ory effect of water resulting from the high heat capacity of
water. Sweetwater Lake and the River Rise have ACF that
are nearly identical to each other, but diverge from the
ACF of the River Sink.

[40] Partial autocorrelation functions (PACF) have also
been computed for two 1 month periods of flooding and
recession (August—September 2008 and April-May 2009;
see Figure 2) to determine if a window of width of 1 month
can represent the flood and recession by an autoregressive
process [Box et al., 1994].

[41] Both temperature and SpC show a PACF value
close to 1 at lag 1 but no correlation at a 95% confidence
interval for others lags (Figure 4). Thus, both temperature
and SpC time series can be described by an AR(1) process
with an autoregressive coefficient of 1. This amounts to
using a first differentiation filter before estimating the CCF.

4.2. Frequency Domain Analysis

[42] The discrete Fourier transform of autocovariance
functions shows how amplitudes of each component giving
rise to temperature and SpC time series are distributed over
frequencies (Figure 5).

[43] Amplitude spectra of temperature time series
decrease from upstream to downstream, and the highest
amplitudes are in the air time series. This decrease shows
that temperature variations are greater in the air than in the
water, reflecting the high heat capacity of the water and that
the karst system buffers the advective heat transfer from the
River Sink to the River Rise, as reflected in the decrease in
standard deviation in Table 1. The change of temperature
spectra from the River Sink to Sweetwater Lake can be
explained by a muted effect due to mixing with ground-
water. Despite buffering, all temperature spectra are similar
to each other, and thus heat transfer retained all of the time
structure of the input signal, a characteristic of heat transfer
with low dispersion. These spectra show low fluctuation for
periods higher than approximately 30 days, which is
denoted as the long-term frequency domain in the following
discussion. For periods less than 10 days, the temperature
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Figure 4. Partial autocorrelation function of the tempera-
ture and SpC time series estimated in Matlab® using the
Levinson-Durbin recursions on the biased estimate of the
ACF over two 1 month periods of flooding and recession
(August—September 2008 and April-May 2009; see Figure
2). No temperature data are available at the River Rise for
the second period.

spectra are variable with diurnal peaks with corresponding
harmonics. These frequencies are denoted medium-term
frequencies. High-frequency peaks depict harmonics that
result from the representation of an asymmetrical air
temperature record. Differences between the temperature
spectra in the River Sink, Sweetwater Lake, and the River
Rise become negligible and eventually reverse for higher

Long term (>30 days)

Temperature

Amplitude spectrum, °C or uS/cm
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Medium term (<10 days)
—
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frequencies. This effect illustrates that air temperature influ-
ences the water temperature, and consequently, the fre-
quency domain less than approximately 6 h, denoted as
short-term frequencies, should be considered cautiously
before estimating the transit time.

[44] The SpC spectra are smoother and show higher val-
ues at Sweetwater Lake than at the River Sink, but there are
too few records of SpC at the River Rise to confirm this
evaluation (Figure 2a). Higher SpC spectra at Sweetwater
Lake than the River Sink indicate that the SpC signal, unlike
the temperature, is amplified by mixing with groundwater.

[45] Variance in SpC time series mainly originates from
low-frequency fluctuations and from diel variations, prob-
ably related to in-stream biological and physicochemical
processes such as temperature-related degassing of CO,.
The low-frequency domain gives rise to high ACF, and the
transfer of the daily component of temperature is influenced
by the air temperature, which means that these two fre-
quency domains are not suitable for transit time estimates
by CCF analyses. We thus propose to focus on the other fre-
quency domains. Consequently, in this paper, we first use a
long sliding window to roughly assess the transit time at a
long time scale using a low-pass filter. Then, this estimate
is used as a predelay to refine a subsequent time variant
CCF analysis using a shorter sliding window and a high-
pass filter to focus on medium term variations. The proce-
dure is ultimately done at the shortest time scale given the
resolution of the time series, using a first-order differential
filter to remove the autocorrelation within the time series.

5. Time Variant CCF Analysis
5.1. Transit Time Between the River Sink and the
River Rise

[46] We first consider various predelays, every 4 h from
2 to 8 days, and focus on the long-term transfer using only

Short term (<6 h)
—

SpC (SL)
SpC (RS)

107
== River Rise
107} S. Lake
— River Sink
. — Air
10 e e
10 10

Frequency (cpd)

Figure 5. Amplitude spectra of temperature and SpC time series using ACF shown in Figure 3. Solid
lines are used for temperature, and dashed lines are used for SpC.

9 of 16

35U9017 SUOLULIOD BAIER.D 3|qed!dde auy Aq pousenoh aJe sap e YO ‘38N JO Sa|nI o} Afeiq 18Ul UO AB|1M UO (SUOIPUOD-PUe-SWUB) WD A8 | 1M ARe1q U1 |UO//SdNY) SUOIIPUOD PUe SR L 34 39S *[€202/0T/TE] U0 ARig1T aUlUO AB|IM ‘RIS 30WBI10S UieaH Aq ET9600MOTOZ/6Z0T 0T/I0p/Wod A3 (1M Aeuq i puluo'sgndnBie//sdny wo.y papeo|umoq ‘G ‘TTOZ ‘€L6LYY6T



W05547

(1) a large sliding window (30 days) and (2) prefiltered
bivariate time series with a low-pass filter (Table 2). For
each predelay, a peak locating procedure keeps only the lag
for which the CCF is the highest. We also assume that the
input-output time series describe an AR(1) process for a
sliding window with a width of 1 month (Figure 4). Thus,
we use equation (7) as a test for significance, rejecting CCF
estimates with higher standard deviations than the sliding
windows. Raw transit times are computed for each day, and
the results are smoothed using a moving average of half of
the window length.

[47] This long-term procedure gives a rough estimate of
the transit time that is used as a predelay for the medium-
term analysis described in Table 2. The main differences
with the long-term procedure are that the prefiltering
removes both the long-term (periods higher than 10 days)
and the periodic structures at 1, 2, and 3 cycles per day
(cpd) using a stop band filter (Table 2). In addition, the test
of significance is directly based on the correlation coeffi-
cient since the high-pass filter removes the strong autocor-
relation within the time series. We use a test of significance
based on a 50% probability that the CCF does not describe
the realization of a random process [Jenkins and Watts,
1968], which would indicate that the peak in the CCF has
no meaning.

[48] The results of the medium-term procedure are ulti-
mately used as a predelay for the short-term analysis that
uses the differenced time series (Table 2). Thus, the short-
term analysis uses results of both long- and medium-term
analyses. The length of the window is 1 day for the short-
term procedure, which is considered as a suitable time reso-
lution for our study since only daily discharge is available.

[49] Results of the short-term analysis provide the best
estimate of the transit time given the time resolution of the
time series. Transit time variation is compared with the
mean discharge of the River Sink and the River Rise com-
puted for the period of time defined by the transit time,
which is shown in Figure 6. Estimated residence time
between the River Sink and the River Rise varies with the
discharge and ranges from less than 1 day during flood to
more than 15 days for base flow. Large variations of transit
time occur during base flow and correspond to periods of
high rainfall, which illustrates the limit of the method
when local rainfall influences the transfer (Figure 6). In
addition, low discharge particularly degrades the quality of
the temperature because of the relative influence of air
temperature. The recession periods are thus assumed to
give a better estimate of the transit time than base flow;
these periods are shown in Figure 6 by dots on the decreas-
ing limbs of the hydrograph.

BAILLY-COMTE ET AL.: TIME VARIANT CCF TO ASSESS RESIDENCE TIME

W05547

5.2. Comparison Between Temperature and SpC Time
Series

[s0] We also applied this procedure to temperature and
SpC records between the River Sink and Sweetwater Lake
(Figure 7). Transit times differ for temperature and SpC for
the low-flow periods but are similar during flood and reces-
sion, supporting their utility during recession periods. Dur-
ing periods of drought, as exemplified by data from
December 2008 to March 2009 (Figure 7), transit times
estimated by SpC are lower than transit times estimated by
temperature. Transit times from SpC are also lower than
expected for low-flow conditions (especially in January
2009), which means that the method is relatively sensitive
to the choice of the natural tracer (SpC or temperature)
according to its statistical properties. Indeed, a natural
tracer of water flow should reflect changes of water flow
velocity according to time, which requires frequent varia-
tions in the time series of the natural tracer, so that correla-
tion analysis is able to track the signal. Because of frequent
and relatively random variations in temperature resulting
from variations in air temperature, temperature is more
suitable for hydrodynamics studies at low flow than SpC.
These conclusions differ with those of Birk et al. [2004].
Chemical data, and thus SpC time series, may be more suit-
able for groundwater age characterization in other karst
systems where only diffuse recharge occurs.

5.3. Advantages of the Statistical Analysis

[s1] Although a less than 1 year long hourly time series,
such as shown here, could have been analyzed with a
deterministic approach, the main flood event recorded in
August—September 2008 can be used to briefly illustrate
the advantage of the statistical approach (Figure 8).

[52] The arrival of less mineralized flood water is clearly
identified on the SpC time series in Sweetwater Lake, but
the corresponding point is more difficult to detect at the
River Sink. In addition, during the September recession
(compare Figure 8 with Figure 2 showing discharge), varia-
tions of SpC are really attenuated, which makes SpC diffi-
cult to use as a natural tracer by a deterministic approach
alone.

[53] For temperature, diel variations are observed at each
monitored site most of the time. Use of temperature for
transit time estimates is complicated when the time lag is
longer than 1 day, as in September (see Figures 6 and 7).
This complication is simplified deterministically by using
long-term variations to detect which diel variations at the
River Sink correspond to which diel variations at Sweet-
water Lake or the River Rise. The statistical procedure

Table 2. Parameters of Time Variant CCF Procedure Applied to Temperature Time Series in the Santa Fe River Sink-Rise System

Between March 2008 and July 2009

Step 1: Long Term

Step 2: Medium Term

Step 3: Short Term

Moving average (window of 15 days)
applied to long-term results
High-pass filter, fc = 1/10 d~"

Moving average (window of 5 days)
applied to medium-term results
First-order differential filter

and stop band filters at

Predelay Every 4 h from 2 to 8 days
Prefiltering Low-pass filter, fc = 1/30 d~!
fe=1
Length of the sliding 30 days 10 days
window

Test for significance o< w (equation (7))

50% limits for og,,

,2,and3d”!

1 day

50% limits for og,,
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Figure 6. Results of the time variant CCF analysis using temperature time series showing the esti-
mated transit time of the water that exits in the sink-rise system along with the mean discharge over the
period of time defined by the transit time. The rainfall time series from Figure 2 shows the influence of
local rainfall on this estimate. Dots on the hydrograph show the discharge—transit time couples during
recession that are used in Figure 9.

described here effectively calculates the deterministic flow velocity and the mean discharge gives a straight line
approach with the long- and medium-term analyses. with a slope of 420 m? with a correlation coefficient 7> =
0.92 (Figure 9). This slope also suggests that the conduit

6. Implications for Geometric and Hydraulic may have an average cross-sectional area of 420 m?, or an
average diameter of 23 m. The Peclet number is high

Properties of.the Karst‘ Conduit Syste‘m (>10”) over the entire period shown in Figure 6, which dem-
6.1. Geometric Properties of the Conduit System onstrates that heat diffusion is negligible, even for low flow.

[s4] Conduits have been mapped between the River Sink, In addition, the good linear relationship between flow veloc-
Sweetwater Lake, and the River Rise, thereby allowing esti- ity and discharge from the River Sink to the River Rise indi-
mates of the mean flow velocity during the recession periods  cates that the time variant CCF analysis allows estimation of
shown in Figure 6. The relationship between the estimated the velocity of the advective heat front. Thus, heat transfer
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Figure 7. Comparison of the time variant CCF analysis provided by temperature and SpC time series
at Sweetwater Lake from March 2008 to March 2009 along with the discharge measured at the River
Sink and the River Rise.
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Figure 8. SpC and temperature time series at the River Sink, the River Rise, and Sweetwater Lake dur-

ing a major flood event and its recession.

through the conduit system can be represented as equivalent
to water movement in a single pipe for which advection is
the main process. All these results are validated by numer-
ous observations of cave divers (http://divefloridacaves.
com/Santa Fe Underground.html) and previous work by
Screaton et al. [2004] and Martin and Dean [2001].

[55] Screaton et al. [2004] found flow velocity slightly
higher than our results for similar discharge (Figure 9),
which can be explained since these authors based their esti-
mation on the propagation of rapid change of temperature
during the transfer of the flood peak only (see section 4.1).
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Figure 9. Relationship between estimated flow velocity
by time variant CCF analysis of temperature time series
and the estimated discharge in the conduit system using the
recession periods shown in Figure 6. Results of previous
studies, which may utilize different methods, are given for
comparison. The dashed line represents a single theoretical
conduit of 420 m? that does not exchange water with the
matrix.

Martin and Dean [2001] found velocities less than our esti-
mates of discharge during low flow and velocities higher
than our estimates at high discharge; nonetheless, their
results are close to the line defined by a cross-sectional area
of 420 m?. Martin and Dean [2001] based their estimates
on the only available discharge data at the time, which was
for the River Sink. Discharge should be higher at the River
Rise than at the River Sink during low flow when the con-
duit gains water and lower during high discharge when the
conduit loses water, resulting in an overestimation or under-
estimation of the discharge in the whole conduit system.
Because our results are based on the mean discharge of the
River Sink and the River Rise, there should be little overes-
timation or underestimation from the temperature, and thus
there should be a better fit to a straight line.

[s6] Using a similar approach as that used between the
River Sink and the River Rise, we estimate the cross-sec-
tional area of conduits between the River Sink and Sweet-
water Lake to be about 486 m? (+* = 0.94), or a diameter of
about 25 m. The conduit network is more complex between
the River Sink and Sweetwater Lake than between Sweet-
water Lake and the River Rise (Figure 1; see also http://
divefloridacaves.com/Santa Fe Underground.html), and
thus, flow could follow several conduits with a total area
estimated from the transit times.

6.2. Hydraulic Properties of the Conduit System

6.2.1. Results

[57] Hydrographs at the River Sink and the River Rise
(Figure 2) reveal that part of the recharge from the River
Sink is stored during a flood and slowly drains during the
flood recession, as shown previously [Martin and Dean,
1999, 2001; Martin and Screaton, 2001; Screaton et al.,
2004 ; Martin et al., 2006; Bailly-Comte et al., 2010]. Our
estimates of conduit size neglect the effect of water
exchange between the conduit system and the matrix.
Exchange is shown by inversion of the hydraulic gradient
between the matrix and conduit [Martin et al., 2006;
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Bailly-Comte et al., 2010] and differences in discharge
measured at the River Sink and the River Rise compared to
differences in water level at the River Rise and the matrix
(well 4, Figure 10).

[s8] Water levels that are lower in the matrix than in the
conduit system (the River Rise) are denoted as a losing
conduit in Figure 10. Conversely, periods when the conduit
gains water begin as soon as the water level in well 4 is
higher than the water level in the River Rise. Variations in
water levels at the River Sink and the River Rise during a
flood event and its recession are used to compute the hy-
draulic gradient i within the conduit system, which means
that the velocity head is neglected for the estimation of i.
The velocity head is at most 2 mm for a flow velocity of
0.2 m s ' in the conduit system (Figure 9) and is thus
minor relative to the observed head differences during
high-flow events (Figure 10). In addition, during base flow,
flow velocities and thus velocity heads are similar at the
River Sink and the River Rise; thus, the error estimated by
neglecting velocity head for the estimation of i is compen-
sated since the hydraulic gradient uses the difference of
water level at the River Sink and the River Rise. As a
result, the velocity head can be neglected in this study
whatever the flow conditions given the size of the conduit
system and the cross section of the Santa Fe River where
water levels are measured.

[59] The relationship between the gradient and the flow
velocity at the River Rise results in a hysteresis loop (Figure
11), which means that the discharge is not a simple function
of the hydraulic gradient within the conduit system.

[60] During the initial part of the recession, the relation-
ship between i and the discharge has a slope of 1 while the
conduit continues to lose water to the matrix. This portion
of the recession shows a linear relationship between the
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hydraulic gradient and the discharge similar to laminar
flows through porous media, reflecting an equivalent hy-
draulic conductivity K = 1200 m s~ '. This extremely high
value has no physical meaning; it is a combination of the
infinitely high hydraulic conductivity of an idealized but
pressurized conduit system restrained by the hydraulic con-
ductivity of the intergranular matrix.

[61] Then, during the second part of the recession, when
the conduit system drains the matrix, the relationship
between discharge and hydraulic gradient is also linear but
has a slope of 0.5, which would be expected for a flow
through a rough pipe (equation (12)). Considering a single
conduit of 23 m diameter between the River Sink and the
River Rise, the Reynolds number (Re) is between 10° and
10° for the period shown in Figure 10. This range is high
enough to neglect Re on the friction factor estimate [ Nikur-
adse, 1950], defining the fully rough flow condition (equa-
tion (9)). Combining equations (9) and (12) and the
graphical adjustment on Figure 11 gives a relative rough-
ness /Dy, = 1.0 and a friction factor f'= 3.43 (Figure 11).

[62] During the initial stages of a flood, when the hy-
draulic gradient quickly increases within the conduit sys-
tem, the flow field between the conduit and the matrix is
not in equilibrium. This disequilibrium gives rise to com-
plex relationships between discharge and hydraulic heads
that differ from the relationships during the recession.
These disequilibrium conditions are difficult to describe
(Figure 11; see the arrow marked “Flood”).

6.2.2. Application to a Hydraulic Model of the Sink-
Rise System

[63] The use of the linear law (K = 1200 m s~ ', equation
(8)) and the quadratic law (f = 3.43, equation (12)) allows
assessment of the discharge at the River Rise under these
two assumptions using only variations in water level at the
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Figure 10. (a) Water level measured in the conduit system and in a well that represents the carbonate
matrix (well 4) during the Fay event and its recession, showing the inversion of the hydraulic gradient
between conduit and matrix systems [Bailly-Comte et al., 2010]. (b) Variation in the difference of dis-
charge measured at the River Rise and the River Sink.
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Figure 11. Relationship between the flow velocity derived from the hourly discharge measurements at
the River Rise assuming a cross-sectional area of 420 m? and the hydraulic gradient between the River Sink
and the River Rise on a logarithmic scale for the period shown in Figure 10. Straight lines with slopes of 1
and 0.5 closely fit the curve during recession as the conduit system is losing and gaining water, respectively.

River Rise and the River Sink. Figure 11 shows that the
decreasing limb of the hydrograph at the River Rise is fit
alternately by either the linear law or the quadratic law;
specifically, during the recession, the linear model applies
when the conduit is losing water, while the quadratic model
applies when the conduit is gaining water.
6.2.3. Interpretation and Discussion

[64] The difference in discharge time series between the
River Rise and the River Sink (Figure 10) shows that the
flow of water from the conduit and the matrix is fast, while
the release of water from the matrix to the conduits is slow
and occurs over the entire recession period. The contrast in
permeability between the conduits and the matrix is lower
in this system than other karst systems and thus might not
limit the exchange of water during floods as is usually
observed in karst aquifers with low matrix porosity [Bakalo-
wicz, 2005]. The use of the Darcy-Weisbach equation yields
a lower discharge at the River Rise than the actual discharge
at the beginning of the recession (Figure 12). The low esti-
mated discharge suggests that the discharge capacity of the
conduit system is exceeded [Bonacci, 2001; Bailly-Comte
et al., 2009] and some flood water flows through the matrix
toward the River Rise in high-permeability zones within the
matrix rocks. This condition occurs for discharge approxi-
mately higher than 50 m* s™' but ultimately would contrib-
ute to discharge at the River Rise. Consequently, the conduit
system restrains the flow rate according to its geometric and
hydraulic properties, while variations in discharge result
from groundwater flow variations through the matrix subsys-
tem where equation (8) applies. The linear relationship
between discharge and the hydraulic head better fits the ob-
servation in the losing conduit segment during the flood
recession (Figure 12). This interpretation could be investi-
gated further using a hydraulic numerical model, but it is

consistent with the proposal that flow occurs through a halo
of less consolidated matrix rock around the main conduits
resulting from dissolution processes [Moore et al., 2010].

[65] For the second part of the recession, once the con-
duit begins to gain, Figure 11 gives a relative roughness
e/Dy of 1.0 for a diameter of 23 m. At this time, the con-
duit can drain both the matrix porosity and surface water
coming from the River Sink. As a result, flow through the
sink-rise system is mostly driven by hydraulic properties of
the conduit system, following equation (12). Given the esti-
mated diameter of the conduits, the absolute roughness ¢ is
approximately 23 m and should represent the average
height of asperities inside the conduit. This extremely high
value suggests that there may be numerous conduit con-
strictions and collapses, as proposed by Atkinson [1977] for
even higher relative roughness (/D) close to 3) using
Colebrook and White’s [1937] equation. Evidence for col-
lapse is shown by the numerous karst windows that inter-
sect the conduits between the River Sink and the River
Rise (Figure 1). Alternatively, the high roughness we esti-
mate could reflect the complex flow system between the
River Sink and Sweetwater Lake (Figure 1).

[66] Figure 12 also shows that both models apply when
the conduit system is neither losing nor gaining water
around the first of September 2008. This means that the
system is alternatively, but continuously, restrained by the
hydrodynamic properties of the conduit and matrix subsys-
tems, which shows that two reservoirs connected in parallel
characterize the dual behavior of this karst aquifer. This
observation has important consequences for conceptual
models of karst springs since the transfer function in the
phreatic zone should reflect hydrodynamic interactions
between two reservoirs of different hydraulic conductivities
and porosities.
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Figure 12. Comparison between the discharge at the River Rise and two computed discharge time se-
ries in the conduit system using water level measurements, assuming the application of a linear relation-
ship and the Darcy-Weisbach equation. See text for discussion of relevance of a losing or gaining

conduit for the computed discharge time series.

7. Summary and Conclusion

[67] We develop a time variant CCF method for deter-
mining transit time using time series of SpC and tempera-
ture and apply it to the Santa Fe River sink-rise karst system
on the basis of the recognition that natural temperature or
SpC variations in the allogenic stream propagate down-
stream through the conduits. This paper also shows that the
use of rapid change of temperature or SpC during the trans-
fer of the flood peak may be misleading because it may be
strongly influenced by local runoff that precedes the flood
peak transfer. Consequently, our statistical approach shows
many advantages compared to a time-consuming manual
procedure, and it could easily be applied to others sites
where long time series of a natural tracer exist. At our site,
temperature gives better results than SpC when only dynam-
ics of flow is being estimated, especially during low flow
because of frequent and relatively random variations in tem-
perature that can be tracked by a CCF analysis, while infor-
mation carried by SpC time series becomes poor because of
mixing with groundwater. This time variant CCF analysis
facilitates the use of time series of natural tracers and
improves the understanding of the complex spatial and tem-
poral dynamics of surface water—groundwater interactions.
It has direct application to contaminant risk assessment, par-
ticularly for issues related to the spread of contaminants
between surface and groundwater bodies.

[68] Flow velocities estimated from the CCF analysis
allow the assessment of geometric and hydraulic properties
of the conduit system between the River Sink and the River
Rise. Flow is reasonably represented by a single pipe of 23
m diameter. Using this dimension and discharge and water
level time series, we found that the drainage capacity of the
conduit system is not sufficient for large flood events, forc-
ing water to flow around the main conduit as “subconduit”
flows. Such interaction would be comparable to hyporheic

flows in streams. Consequently, hydrodynamic interactions
between conduits and the matrix are key elements for
understanding hydraulic and hydrodynamic behaviors of
karst conduit systems, especially when matrix porosity and
permeability are high.

[69] Our results will have direct implications for sam-
pling strategies and hydrograph separation. The relation-
ship between flow velocity and discharge can be used to
better constrain a mixing model between surface water and
groundwater at the River Rise that accounts for transit time
in the karst system.
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