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Abstract

Artificial tracer experiments were conducted in the mature karst system of Jeita (Lebanon) under various flow conditions
using surface and subsurface tracer injection points, to determine the variation of transport parameters (attenuation of peak
concentration, velocity, transit times, dispersivity, and proportion of immobile and mobile regions) along fast and slow
flow pathways. Tracer breakthrough curves (TBCs) observed at the karst spring were interpreted using a two-region
nonequilibrium approach (2RNEM) to account for the skewness in the TBCs’ long tailings. The conduit test results
revealed a discharge threshold in the system dynamics, beyond which the transport parameters vary significantly. The
polynomial relationship between transport velocity and discharge can be related to the variation of the conduit’s cross-
sectional area. Longitudinal dispersivity in the conduit system is not a constant value (o = 7-10 m) and decreases linearly
with increasing flow rate because of dilution effects. Additionally, the proportion of immobile regions (arising from
conduit irregularities) increases with decreasing water level in the conduit system. From tracer tests with injection at the
surface, longitudinal dispersivity values are found to be large (8—27 m). The tailing observed in some TBCs is generated in
the unsaturated zone before the tracer actually arrives at the major subsurface conduit draining the system. This work
allows the estimation and prediction of the key transport parameters in karst aquifers. It shows that these parameters vary
with time and flow dynamics, and they reflect the geometry of the flow pathway and the origin of infiltrating (potentially
contaminated) recharge.
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Introduction submeter diameters up to several meters in diameter.

Furthermore, karst systems are characterized by both dif-

At a catchment scale, conventional karst aquifers consist
of a conduit network draining a fissured matrix with a
potentially thick unsaturated zone frequently exceeding
100 m (Perrin et al. 2003). Karst conduits range between
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fuse and point source infiltration mostly through fast flow
pathways such as dolines (Kiraly 2002). As such, this
duality of recharge and flow adds to the complexity of
these systems. While large amounts of contaminants
may be carried through the conduit at high velocities with
limited sorption and degradation (Morales et al. 2007),
pollutants can also migrate at relatively slower transit
times through the different compartments of the karst sys-
tem (i.e., fast infiltration points, epikarst, thick unsaturat-
ed zone, fissured matrix) before they finally reach the
conduit network (Kogovsek and Petric 2014).

Arttificial tracer tests are frequently employed to investigate
rapid transport in karst from a potential source of pollution via
the unsaturated zone and a conduit network system (Birk et al.
2005; Ford and Williams 2007; Goppert and Goldscheider
2008; Morales et al. 2010; Perrin and Luetscher 2008). The
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analysis of tracer breakthrough curves (TBCs) allows the quan-
titative assessment of the transport characteristics (transport ve-
locities and dispersion) as well as their variation along a certain
flowpath in a karst system (Field and Nash 1997; Perrin and
Luetscher 2008). The resulting tracer breakthrough curve at the
spring is revealed to be highly dependent on the geometry and
hydraulic properties of the infiltration pathway (Kogovsek and
Petric 2014). Many authors have shown that conduit geome-
tries can be inferred from TBCs (Hauns et al. 2001; Perrin and
Luetscher 2008) and that dispersivity increases with distance
(Hauns et al. 2001; Seiler et al. 1989). Additionally, the analysis
of artificial tracer tests yields information about transport pro-
cesses of dispersion and advection, dilution, flow divergence
and convergence (Smart 1988; Massei et al. 2006; Morales
et al. 2007, 2010). Furthermore, some studies have used tracer
test results to establish a correlation between tracer concentra-
tions and peak transit time to define the type of flow in karst
conduits (Jobson 1997; Morales et al. 2007).

Tracer breakthrough curves are usually analyzed using a
conventional advection dispersion model (ADM); howev-
er, when ADM models fail to reproduce the skewness ob-
served in the TBC, nonequilibrium models may be applied
to account for the tailing effect resulting from exchange
between mobile and immobile fluid regions (Field and
Pinsky 2000; Geyer et al. 2007; Maloszewski et al. 1992;
Morales et al. 2010). Nevertheless, the analysis of a single
TBC with the nonequilibrium model might yield different
sets of calibration parameters; therefore, the repetition of
the tracer test allows not only assessment of the variation
of transport parameters in karst conduits under different
flow conditions (Goppert and Goldscheider 2008; Massei
et al. 2006) but also helps refine model uniqueness.
Additionally, transport in a karst environment is highly
dependent on time and flow dynamics (Butscher and
Huggenberger 2009; Doummar et al. 2014). Furthermore,
the performance of tracer experiments in different injection
points provides insight into the variability of transport pa-
rameters within the different compartments of a karst sys-
tem (saturated versus unsaturated zones).

The present work aims at the assessment of conservative
transport parameters through different compartments in a karst
system from multiple TBCs observed at a spring. The results
are compared, contrasted, and related to flow conditions and
transport processes such as dilution, dispersion, and matrix-
conduit tracer exchange (Smart 1988; Field and Nash 1997).
For this purpose, 29 tracer experiments were conducted in a
mature karst system in a semi-arid region (Lebanon), whereby,
conservative tracers were injected in a phreatic conduit and in
karst surface features. The recorded TBCs were systematically
analyzed with a two-region nonequilibrium approach
(2RNEM) to account for the observed skewness and pro-
nounced tailing.
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Study area

The tracer tests were carried out in the karst aquifer catchment
of the Jeita spring, which is located north of Beirut in the
Jounieh area in Lebanon. It constitutes the main domestic
water source for the Beirut area and its northern suburbs (ca.
1.5 million inhabitants). Discharge of the Jeita spring ranges
from 1.0 m*/s during low flow periods to about 25 m*/s during
flood periods mostly as a response to precipitation events
(based on continuous monitoring since 2009). Jeita Spring
drains a catchment ranging in elevation from 90 to 2000 m
above sea level (asl), and extending east into the Lebanese
Mountains (Fig. 1). The lithology consists mainly of lime-
stone and dolostone of Jurassic age overlain by formations
of Middle to Upper Cretaceous age (sandstone, limestone,
and marls). The catchment delineated using tracer experiment
results, topographic heights, and lithostratigraphic contact
boundaries, has an area of approximately 150 km* The Dog
River, an ephemeral river, constitutes a no-flow boundary
south to the catchment.

The total annual precipitation (rain and snow) in the Jeita
catchment is estimated at approximately 1,200 mm on average
(2009-2016; stations located at 950 and 1,700 m asl belong-
ing to the Department of Geology, American University of
Beirut, and at 14 m asl at Beirut International Airport). The
spring constitutes the main outlet of the Jeita cave, which acts
as an underground drainage channel developed in Jurassic
limestone and dolomitized limestone. The total length of the
surveyed cave (excluding tributaries) is ca. 5,300 m (Karkabi
1988) from the last accessible point to the cave outlet. Spring
water is treated against bacteriological contamination before it
is sent into the Beirut supply network; thus, there is an urgent
need to understand the variation of conservative transport pa-
rameters under dynamic flow conditions for contamination
management purposes. Point sources of pollution include hos-
pitals, gas stations, slaughter houses, nontreated domestic
waste water effluents and open solid waste dumps. Sampling
has revealed the presence of persistent micropollutants, such
as carbamazepine among others, in the epikarst during high
flow (Doummar et al. 2014).

Materials and methods
Field experiments

Two artificial tracers, uranine (sodium fluorescein, BASF,
CAS 518-47-8, C»oH;¢0OsNa,), and sodium naphthionate
(CAS 130-13-2, C;(HgO3NSNa) were selected, since they
are generally considered conservative and nontoxic below
specific concentrations (K&(3 1998; Stockton et al. 2011).
Concentrations of both tracers were monitored simultaneously
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Fig. 1 Lithology and locations of tracer injection test sites conducted in the Jeita Spring catchment, N. Lebanon

in the spring using automatically logging (intervals of 15 min)
field fluorometers (GGUN-FL30; Schnegg 2002). The field
fluorometers were calibrated before every experiment with
spring water and known solutions of the applied tracers ac-
cording to the instrument calibration protocols (Schnegg
2002). The limit of detection of the field fluorometer is
0.02 pg/l for uranine, and 0.07 ug/l for sodium naphthionate.
Flow rates were estimated based on monitored water level
(20-min interval) based on a water level-flow calibration
curve.

Between April 2010 and December 2011 a total of 29 arti-
ficial tracer tests were conducted in the Jeita spring catchment
(Doummar et al. 2012), whereas 22 tracer injections were
performed directly in the Jeita subsurface channel under dif-
ferent flow conditions.

Artificial tracers were also injected in two sinkholes (Fig. 1;
S1 and 5A), an artificial pit hole (Fig. 1; DC1) and a borehole
(Fig. 1; MW1) to acquire transport parameters within the un-
saturated zone (fast and slow pathways) and in the fissured
matrix before the tracer reaches the subsurface channel. Field

fluorometers were deployed at the Jeita spring (J) at the main
entrance of the subsurface channel (cave) for all the tracer
tests, as well as at the end of it (end of the phreatic cave; D)
for surface tracer tests. Details about mode of injection and
injected masses are presented in Table 1.

Modeling technique

Key transport parameters (time to peak concentration; 7, time
of first arrival; #; peak concentration (Cp,), as well as duration
of recovery; Ar) were retrieved graphically from the TBCs.
Additionally, the observed TBCs were analyzed numerically
using the process-based model CXTFIT 2.1/ in STANMOD
(Toride et al. 1999; Van Genuchten et al. 2012). TBCs were
modeled using a two-region nonequilibrium model (2RNEM)
based on the assumption that the tracer migrates within a mobile
fluid region and exchanges with an immobile fraction, stored in
dead-end passages and pools from where it is slowly and grad-
ually released back into the main conduit (Field and Pinsky
2000; Geyer et al. 2007, Goppert and Goldscheider 2008;
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Table 1 Injection protocol and infiltration mode for surface and subsurface tracer experiments

Tracer experiment Karst compartment Injection protocol and infiltration of tracer

Conduit injections Conduit Instantaneous injection of a specific mass of uranine
diluted in 20 | of spring water into D (access to
the conduit 5,300 m upstream to J through a 500-m
tunnel drilled in the valley)

S1 Sinkhole (22 m deep), fast flow pathway Instantaneous injection of a mass of 5,000 g diluted in
50 1 of water flushed pre- and post-injection with
20,000 1 of water

(injection time = 25 min)

SA Sinkhole (depth unknown), fast flow pathway Instantaneous injection of a mass of 9,373 g diluted in
50 I of water flushed pre- and post-injection with
60,000 1 of water (injection time = 50 min)

DCl1 Drilled pithole in unconsolidated alluvial Instantaneous injection of a mass of 5,000 g diluted in

deposits alongside the river, unsaturated zone

MWI

A supply well (350 m deep), fissured matrix

50 1 of water flushed pre- and post-injection with
20,000 1 of water (injection time = 60 min)

Instantaneous injection of a mass of 10,000 g of uranine
diluted in 50 1 of water directly into the well

Hauns et al. 2001). The delayed exchange between the mobile
and immobile fluid region appears in the breakthrough curve
as a dispersion effect and therefore reproduces the strong
asymmetric tailing of a TBC, which cannot be reproduced
with a simple ADM approach. The modeling of the TBCs
with 2RNEM allows the estimation of mean tracer velocity
(Vm), longitudinal dispersion (D), the assessment of the portion
of immobile region, and the exchange coefficient between
immobile and mobile regions. Reactive transport, i.e., decay
and retardation, is not accounted for here, as it is regarded as
negligible since only conservative tracers were used;
therefore, the simplified governing equation for the 2RNE
model is modified from Toride et al. (1999) as follows (Egs.
1 and 2).

Ocm Fem  Ocm
Tar =P aa gy e W
6Cim
1- = m”~ Cim 2
(1-8) 3 w(CmCim) (2)

where vy, is the mean velocity [L/T], D is the dispersion coef-
ficient of the mobile region [L*T], 8 is the coefficient of
partitioning between immobile and mobile fluid regions [—],
w is the first order mass transfer coefficient [1/T], ¢;, and ¢,
are the respective concentration of immobile and mobile fluid
regions [M/L?], x is the space coordinate [L] and ¢ is time [T].

Tracer injection is assumed to be a Dirac pulse, i.e.,
instantaneous injection. The estimation of transport pa-
rameters with CXTFIT is performed inversely, based on
initial transport parameters, to reproduce an observed trac-
er breakthrough curve.

An initial estimate of recovered mass My (in grams) was
calculated by integrating tracer mass flux over the recovery
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duration (Eq. 3). The recovered mass was considered a fitting
parameter estimated from the modeled TBC using Eq. (3).

My = lei(1)0;(t)dt (3)

where My, is the recovered mass, ¢; is the observed concentra-
tion and Q; is the measured flowrate.

Based on the calibrated parameters, an equivalent phre-
atic flow cross-sectional area (A) averaged over the entire
transport length using the total volume elapsed during the
mean transit time divided by the total length (5,300 m) of
the channel (Eq. 4) or the distance of transport D in the case
of surface injections.

a-2 )

Vm

where A is the phreatic flow area [L?], O the discharge during
the time of recovery [L> T™'], vy, the mean velocity [L/T]
(Field 2002) for Q and v,,, being considered as constant during
the same tracer experiment based on a 30-min monitoring of
water level and discharge. It is to be noted that this assumption
is valid even during high-flow or event periods since mean
transit times and duration of the breakthrough do not exceed
3 h. Longitudinal dispersivity (o in meters) was estimated
from the ratio of calibrated longitudinal dispersion to mean
velocity (o= Dy /v,,) assuming no molecular diffusion due to
the large scale of the experiments.

The model was calibrated by fitting all four parameters
(Vm» D1, B, and w) one at a time, using two objective func-
tions: the mean square error (MSE in pg/l; Egs. 5 and 6) and
the coefficient of correlation (R?). A sensitivity analysis
was performed to outline the most sensitive parameters
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among the four. Mean velocity (v,,) and the coefficient of
partitioning between mobile and immobile fluid regions (0)
appeared to be highly sensitive (Geyer et al. 2007)

MSE = (¢i—c)? (5)

I |~

n
i—1

13

Y (cic)’
R=1-—="— 6
3 (e L (Zen)? )

where # is the total number of observation data, ¢; is the ob-
served concentration, and ¢ is the modeled value.

Results and discussion

Through an extensive analysis of the TBCs, different transport
parameters are respectively attributed to various karst com-
partments under different flow regimes in the subsurface chan-
nel, fast and slow flowing unsaturated zone (UZ), and fissured
matrix and under mixed conditions (UZ and subsurface chan-
nel) in a karst system. Model parameters calibrated for tracer
tests under different flow periods and injection conditions
were correlated for a better understanding of rapid transport
in karst systems under dynamic flow conditions. The relative-
ly low mass recovery is explained by the large size of sink-
holes and storage of the tracer in the relatively thick poorly
wetted unsaturated zone, preventing optimal flushing condi-
tions especially during low-flow periods. A lower mass recov-
ery in the subsurface channel can also be attributed to a damp-
ening of the fluorescence signals by the substantial turbidity
characteristic of flood events. The TBCs obtained for tracer
experiments conducted in the subsurface channel and in the

Increasing discharge rates -Discharge (m3/s)
18.5 3.30

i

surface features are presented normalized with respect to the
peak concentration for comparison purposes (Cy; Fig. 2). The
modeling results are shown in Tables 2 and 3.

Transport in the channel
Velocities, concentrations, flow areas, and transit times

The tracer breakthrough curves (TBCs) obtained from 22 ar-
tificial tracer experiments in the underground channel display
only a slight tailing. Mean velocity estimated for discharge
rates varying between 1.00 and 18.5 m?/s ranges respectively
between 0.08 and 0.53 m/s respectively. Similar velocities are
characteristic of conduit flow and surface water flow (Morales
et al. 2007). The velocity in the channel is not linearly corre-
lated to the discharge rate, implying a variation in the wetted
cross-sectional area, under different flow conditions (Fig. 3;
Smart 1988). The wetted equivalent phreatic flow area A (Eq.
4) averaged over the entire distance (5,300 m) varies propor-
tionally but not linearly with increasing discharge rate. The
transit-time/discharge relationship over the distance of the
subsurface channel (5,300 m) can be described by a power
function (Fig. 3).

The relationship between ¢ (mean transit time #,,) and time
of first arrival (#p) can be described by #,,=1.2 #; while, the
relationship between the time to peak concentration (Z,) and
the time of first arrival (#) is as follows: f,,- 1.17 # The three
key times (%, t and t, are correlated with spring discharge
with different power functions (Table 4; Fig. 4a). Recovery
times, i.e., duration of tracer breakthrough (Af; time lapse
between # and the time when concentration gets below detec-
tion limit) for the TBCs ranged between 0.6 and 6.2 h, which
is a function of discharge (Ar=6.340%%7; R*=0.8741),

|
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Fig. 2 Measured normalized TBCs (C/C,,) for the subsurface channel
(5,300 m) and for surface injection, as a function of time after injection
(logyo scale). For surface injections (S1, 5A, DC1, and MW1), recorded

5C- D- June 2011 —— DC1-D-April 2010 —— MW1- D- September 2011
- — = 5C-J-June 2011 — — — DC1-J- April 2010 = — = MW1- J- September 2011

TBCs are observed at the main spring J (spring outlet) and at D (the
beginning of the subsurface conduit)
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Fig. 3 Relationships between a mean velocity (v,,), average phreatic cross-sectional area (A) and discharge rate (Q), and b tracer mean transit time (z,,)

and discharge (Q) in the subsurface channel

where Q is in m*/s. The real time for recovery depends
largely on the skewness of the TBC. According to this re-
lationship between At and Q (Table 4), the calculated re-
covery time is slightly underestimated for low-flow periods
due to the tailing effect.

The ratio of recovered mass to peak concentration is corre-
lated to the discharge by a power function (Fig. 4b). Finally,
peak tracer concentration to be expected during the time of
recovery can be estimated based on the ratio of total recovered
mass to total volume of dilution (Mp/QAf; Fig. 5a). For all
flow periods, and any mass of conservative contaminant
injected in the subsurface channel, maximum concentration
(Cp), minimum recovery times (Af), time of first arrival (¢),
mean time (#,,), and time to peak concentration (f,) can be
calculated (Fig. 4; Table 4). R? values are considered satisfac-
tory as they are close to 1 for almost all depicted relationships.

Longitudinal dispersion (D,) and dispersivity («)

Longitudinal dispersion (D) and mean velocity (v,,) increase
with increasing discharge rate following a polynomial rela-
tionship (R=0.977), implying that longitudinal dispersion
does not vary linearly with velocity and that longitudinal
dispersivity varies according to flow conditions in relation to
conduit geometry. During high periods (O >4 m/s), the lon-
gitudinal dispersivity (o) shows a distinctive linear trend, i.e.
it decreases linearly with increasing discharge rates (o=
—0.115Q +8.9; R* =0.7802; Fig. 6). During low-flow periods
(O <4 m’/s) this relationship does not apply, as longitudinal
dispersivity («) varies randomly between 3 and 8§ m.
Therefore, a constant dispersivity cannot be assigned to the
channel under different flow periods as the dynamics appear
to change above a certain threshold that appears to be related

Table 4  Table showing the relationship between key transport parameters and discharge in the subsurface channel (transit times, peak concentration,

and duration of the tracer recovery) for a conservative tracer

Key transport parameters Relationships R?
(Q in m*/s; Recovered mass in grams)
Subsurface channel
Recovery time Af (hours) At =634 0 0.8741
Time to peak concentration f, (h) tep=14.5 Q4) 595 0.9568
Time of first arrival ¢ (h) =123 00! 0.9515
Mean time #,, (h) t = 14.9 070600 0.9595
Mass and peak concentration 0=0.0077 (MR/CP)2'37 0.8771
Surface and subsurface
Peak concentration C, (107 g/m?® equivalent to pg/l) Cp = 0.996& 0.7851
Time of recovery A¢ (hours)-varying distance At = 0.0001 (%)71'154 0.8043

Variables: O discharge in m* /s, o longitudinal dispersivity in m, Mp, recovered mass in g, At recovery time in h, C, peak concentration in 107 g/m®, x
distance of transport in m; ¢, time to peak concentration in h, t-time of first arrival in h, #,, mean transit time in h
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Fig.4 a Relationship between O (m3/s) and key-times in hours: recovery time A, time of first arrival #;, mean time #,, and time to peak concentration .,
and b relationship between flow (Q in m’/ s) and the ratio of recovered mass (Mpy) to peak concentration (C,)

to the sectional flow area. Furthermore, the recovery time (A7)  increasing flow velocities. Additionally, the larger the percent-
for tracer experiments in the subsurface channel over varying  age of the immobile region (1 — /3), the higher the exchange
distances is closely correlated to the ratio of discharge and the ~ flux of tracer between the mobile and immobile region with
product of dispersivity («) and distance of transport (x;  time, displayed by the calibration parameter w (Eq. 2; Fig. 7).

Table 4; Fig. 5b). This relationship, however, does not take into account ex-
change between the conduit and the matrix.
Immobile regions 3 and w In the subsurface channel, transit times increase consider-

ably once the discharge rate drops below 4 m?/s. At the same
The mobile fluid region coefficient () within the conduit  discharge rate, a break in the longitudinal dispersivity and
ranges between 0.93 and 1.00 (Fig. 7) portrayed by a subtle ~ velocity series is observed, i.e. this discharge value can be
tailing especially during low flow. The calibrated parameter 3 considered as a threshold for a change in flow dynamics in
increases with increasing spring discharge, i.e., the percentage ~ the Jeita karst system. This discrepancy may be either attrib-
of stagnant flow regions within the conduit decreases with ~ uted to a widening of the wetted area of the channel and/or to
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Fig. 5 a Relationship between peak concentration (C,,) and dilution, i.e., time (A¢) and ratio of discharge (Q in m*/s) to the product of dispersivity
ratio of recovered mass (Mg in grams) to the product of discharge (Q in (o in m) and transport distance (x in m) for both the subsurface channel
m?/s) and recovery time (Af in hours). b Relationship between recovery and surface injections
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Fig. 6 Relationships between a longitudinal dispersion (Dy ), b longitudinal dispersivity («), and discharge (Q)

higher inflow from other conduit tributaries during precipita-
tion events. TBCs during low-flow periods (Q <4 m?/s) gen-
erally display an asymmetrical shape where a longer tailing of
the falling limb is observed. The strong tailing during low
flow periods leads to a high variance with respect to a mean
transit time in the TBC and is not due to dispersivity but to the
higher proportion of immobile regions. The percentage of the
mobile region contributing to the tracer breakthrough curve
increases with decreasing velocity. The decrease in water level
during low-flow periods and decrease of the wetted flow area
lead to emergence of irregularities such as pools, riffles
(abrupt changes in the channel slopes), and stagnant zones
that enhance the proportion of the immobile region. The in-
crease in turbulence with high flow velocities, and absence of
irregularities in the subsurface channel during high flow
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periods, is believed to increase the tracer exchange flux be-
tween immobile and mobile flow regions thereby decreasing

tailing effects.

The slight decrease in dispersivity during increasing dis-
charge rate may be due to an increasing dilution effect from

water inflowing

to the channel during high-flow periods or to

an increase in the efficiency of transport (Massei et al. 2006).
During low-flow periods, longitudinal dispersivity is highly
dependent on the degree of mixing of the tracer as well as the

injection mode

because partitioning between immobile and

mobile zones becomes much more prominent under these
conditions. Additionally, the large apparent longitudinal
dispersivity and the relatively high transit times increase the
duration of tracer recovery. From the transport parameters
assessed for different discharge rates, a specific discharge
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Fig. 7 Correlation between the a partitioning coefficient () and b discharge rate (Q), and the mass transfer coefficient (w)
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threshold can be identified, beyond which the cross-sectional
flow geometry and the hydraulic parameters the aquifer are
believed to change.

Transport in the unsaturated zone and saturated
matrix

As expected, tracer experiments with injection into a sinkhole
at ground level (Fig. 1; 5A and S1), into a dug pit hole (Fig. 1;
DCI1) and a borehole (Fig. 1; MW1) display a somewhat dif-
ferent breakthrough pattern, as portrayed by the shape of the
TBC, the greater tailing effects, the lower mass recovery, the
more pronounced transit times, and the higher dispersivity
values. The transport parameters are affected by the dispersion
processes in the different compartments of the karst system
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_ *» * A
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= B L 4 ¢
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]
“%-’ .
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c 0.85 ¥
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: |
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0.75 . : .
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Mean velocity v,, (m/s)
a

such as the soil zone, epikarst, and unsaturated zone. This is
reflected in the shape of the corresponding tracer break-
through curves (i.e. for a tracer-transport experiment involv-
ing a vertical solution shaft, parameter values are very differ-
ent from those estimated from experiments that involve a fis-
sured matrix).

Tracer was injected at the surface injection points to-
gether with a considerable volume of pre- and post-
flushing water. Therefore, it is not possible to assess to
what extent saturated flow conditions prevailed in the
thick unsaturated zone (200-400 m based on existing well
records and geological cross sections), as the unsaturated
zone changes the initial conditions and comparability be-
tween experiments.

Velocities and transit times

Calibrated mean flow velocities for the tracer experiments
with surface injection features vary between 0.01 and
0.06 m/s, with lowest velocities reflecting transport in the
fissured matrix; the highest values are typical for transport in
sinkholes or vertical shafts linked directly to the karst conduit.
Calculated flow velocities are much lower for tracer experi-
ments with injections at the surface, reflected in long tracer
residence times in the unsaturated zone. However, it should be
noted that since the observed mean velocities depend on the
injection mode and infiltration rate, they can therefore be
regarded as maximum velocities, compared to conditions of
natural infiltration.

Time to peak concentration and mean time can be estimat-
ed from time of first arrival in surface tracer experiments.
They correlate well with data obtained from tracer
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Fig. 9 Relationships between various transport parameters from 29 tracer experiments: a between mean velocity and partition coefficient (3); and b

between mean velocity and longitudinal dispersivity
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experiments with injection directly into the subsurface chan-
nel. The relationship between ¢ (mean transit time #,,,) and time
of first arrival (#) can be described for the entire system (ef-
fects of subsurface channel and surface features) as follows:
tn=1.35 t: (R*>=0.9550), while the relationship between the
time to peak concentration (7, and the time of first arrival (¢;)
is as follows: 7, =1.15 ¢ (R*=0.9550; Fig. 8). The expected
peak concentration is also a function of (My/QAf) and follows
the same relationship described earlier for the subsurface
channel experiments (Tables 2 and 3; Fig. 5a).

Longitudinal dispersion and dispersivity

Tracer experiments with injections at the ground surface dis-
play longitudinal dispersivity values ranging between 8 and
27 m. These values are generally higher compared to those
with direct injection into high-flow pathways (subsurface
channel), i.e. the transport through the unsaturated zone leads
to strongly increased longitudinal dispersivity.

The mobile region 3 estimated from TBCs in tracer tests
conducted in surface features (sinkholes, pit holes, and the
well) varies between 0.80 and 0.93 (Fig. 9). Lowest values
of /3 are obtained for tracer tests with injection into pit holes,
i.e., including transport in the unsaturated zone, as shown by
the prominent tailing of the TBC, whereas the partition coef-
ficient increases up to 1 for experiments where the injection
sinkholes or shafts are linked to the main subsurface channel.

Three ranges of mean velocity are estimated based on the
tracer experiments conducted with injection into karst surface
features at ground level: mean velocities in the unsaturated
zone (percolation through unsaturated fissured matrix blocks,
around 0.01 m/s), mean velocities in sinkholes directly linked
to the main sub-channel system (highest velocities: 0.06 m/s),
and mean velocities which integrate both media. The fraction
of the mobile region is lower for tracer experiments with in-
jection into surface karst features (sinkhole, unsaturated zone;
0.80-0.92) and with respect to that in the subsurface channel
(0.92-1.0). The latter suggests that the relevant tailing is gen-
erated before the tracer arrives at the subsurface channel. The
increase in the partition coefficient with an increase in mean
transport velocity shows that the greater the advective control
in the tracer transport, the lower the proportion of immobile
region, and tracer partitioning into mobile and immobile re-
gions. Similar to transport in a channel, the recovery time for
injections in surface features is correlated to the ratio of dis-
charge to the product of longitudinal dispersivity and distance
of transport (Tables 2 and 3; Fig. 5b).

Conclusions

An extensive campaign of tracer experiments unraveled the
relationships among key transport parameters and their

@ Springer

variation in a mature karst catchment area drained by the Jeita
Spring (Lebanon). The TBCs were analyzed using 2RNEM to
account for tailing generated in key parameters when studying
karst aquifers. Relationships between discharge and other trans-
port parameters (e.g., transit times, mean velocity, longitudinal
dispersion and dispersivity, partition coefficient reflective of
immobile regions, and peak concentrations) could be
established under various flow periods. A different transport
behavior is observed in the main draining conduit beyond a
certain discharge threshold, indicating a change in the dynam-
ics of the aquifer and, possibly, the cross-sectional flow area.
Lower values of longitudinal dispersivity are observed during
low discharge periods, yet the higher variance of the TBC with
respect to a mean transit time is controlled by the immobile
region (i.e., tracer partitioning and tailing), due to dispersive
irregularities such as pools and riffles occurring with the low-
ering of the water level. On the other hand, longitudinal
dispersivity is generally higher in high-flow periods above the
discharge threshold because of increasing turbulence; however,
it starts to decrease linearly with increasing flow rate probably
owing to the effect of dilution.

This suggests that longitudinal dispersivity, which is usu-
ally regarded as a constant parameter of a system, effectively
varies as a function of discharge and system geometry. Mean
velocities observed in the unsaturated zone are in the range of
0.01-0.06 m/s. As expected, higher velocities are associated
with sinkholes connected to the subsurface channel acting as
fast flow pathways. Furthermore, if injection conditions are
considered optimal, the analysis of TBCs in two different
locations within the system indicates that most of the tailing
due to immobile regions is mainly generated in the unsaturat-
ed zone and fissured matrix before the tracer reaches the main
draining channel. This study highlights the variation of trans-
port parameters under different flow conditions not only in the
conduit but also in the different karst compartments. The latter
gives insights into the efficiency of transport parameters in
addressing specific vulnerability questions such as (1) time
of first arrival, (2) recovery time, (3) mean transit time, (4)
attenuation of peak concentration under varying flow
conditions.
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