
1.  Introduction
At karst springs, the suspended sediment concentration may rise quickly in response to storm events. The 
origin of the discharged particles and the timing of their breakthrough have been a longtime interest to 
karst hydrologists (see e.g., Mahler & Lynch, 1999; Massei et al., 2003; Ryan & Meiman, 1996). In particular, 
in the context of spring vulnerability assessment, many methods aiming at differentiating autochthonous 
(aquifer-derived) from allochthonous (soil-derived) turbidity have been proposed. The term autochthonous 
may refer to the sediment derived from carbonate dissolution (Mahler et al., 1999), in this paper it is used to 
describe turbidity created by the resuspension of previously deposited clastic sediment in the karst conduits. 
In contrast, allochthonous turbidity is composed of material eroded at ground surface (mainly from soils) 
and transported to the spring over the course of a single flood event. Autochthonous turbidity is generally 
identified by the fact that it reaches the spring before freshly infiltrated water (Fournier, Massei, Bakalowicz, 
Dussart-Baptista, et al., 2007; Fournier, Massei, Bakalowicz, & Dupont, 2007; Herman et al., 2008; Massei 
et al., 2003; Pronk et al., 2006; Schiperski, Zirlewagen, Hillebrand, Nödler, et al., 2015; Valdes et al., 2006). 
In a similar way, turbidity is often assumed to be allochthonous when its breakthrough is synchronous with 
the arrival of event water (Mahler & Lynch, 1999; Ryan & Meiman, 1996; Vesper & White, 2003).

Various physical and chemical parameters have been used to infer turbidity origin at karst springs. A sudden 
electrical conductivity (EC) drop, which may be indicative of freshly infiltrated water, is often considered 
as a good tracer for the arrival of allochthonous turbidity (Ryan & Meiman, 1996; Schiperski, Zirlewagen, 
Hillebrand, Nödler, et al., 2015; Valdes et al., 2006). This comes from the fact that rainwater is less mineral-
ized than groundwater, which has been residing in the aquifer and dissolving the host bedrock for a certain 
time. However, this is not always the case and a decrease in the EC can also arise from a change in the rela-
tive contribution from the different subcatchments discharging to the spring (Perrin et al., 2007). As surface 
soils are much richer in organic content than intra-karstic sediments, natural fluorescence of dissolved and 

Abstract  Karst aquifers may convey significant sediment fluxes, as displayed by the intense turbidity 
peaks commonly observed at karst springs. The understanding of the origin of the suspended solids 
discharged at springs is key in assessing spring vulnerability and securing drinking water quality. The 
mechanisms for turbidity generation and sediment transport in karst are however difficult to investigate 
because of the general lack of access to the karst conduits. These processes have been examined in the 
Milandre Cave, which hosts a karst drain of regional importance, for more than 10 years by means of 
turbidity monitoring both inside and at the outlets of this karst system. Additionally, the composition of 
the suspended load (particle-size distribution and Escherichia coli content) has been monitored over the 
course of a flood event. These data are compared against a numerical simulation of the mean boundary 
shear stress inside the conduit network. The following conceptual model for sediment transport through 
the system is derived: during minor flood events, most of the turbidity comes from underground sediment 
remobilization, while during medium to intense flood events, soil-derived turbidity also reaches the 
spring. Hydraulics in the epiphreatic zone is tightly linked with autochthonous turbidity generation 
(mostly during the flooding and the flushing of conduits). In comparison, allochthonous turbidity is 
associated with finer particles, higher E. coli, and higher UV fluorescence. This improves the overall 
understanding of turbidity generation and could help the monitoring and forecast of pollution events at 
drinking water supplies.

VUILLEUMIER ET AL.

© 2021. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Hydraulics and Turbidity Generation in the Milandre 
Cave (Switzerland)
Cécile Vuilleumier1,2 , Pierre-Yves Jeannin3, Marc Hessenauer4, and Pierre Perrochet1

1Center for Hydrogeology and Geothermics, University of Neuchâtel, Neuchâtel, Switzerland, 2Now at Camptocamp 
SA, Lausanne, Switzerland, 3Swiss Institute of Speleology and Karst Studies, La Chaux-de-Fonds, Switzerland, 4MFR 
Géologie-Géotechnique, Delémont, Switzerland

Key Points:
•	 �Based on long-term monitoring and 

numerical modeling a conceptual 
model for turbidity generation in the 
Milandre karst aquifer is proposed

•	 �Turbidity peaks originating from 
soil erosion (allochthonous) and 
from karst sediment remobilization 
(autochthonous) have been 
distinguished

•	 �The flooding and the emptying of 
epiphreatic conduits are pointed 
out as main mechanisms for 
autochthonous turbidity generation

Supporting Information:
Supporting Information may be found 
in the online version of this article.

Correspondence to:
C. Vuilleumier,
cecile.vuilleumier@bluewin.ch

Citation:
Vuilleumier, C., Jeannin, P.-Y., 
Hessenauer, M., & Perrochet, P. (2021). 
Hydraulics and turbidity generation 
in the Milandre Cave (Switzerland). 
Water Resources Research, 57, 
e2020WR029550. https://doi.
org/10.1029/2020WR029550

Received 30 DEC 2020
Accepted 8 JUL 2021

10.1029/2020WR029550
RESEARCH ARTICLE

1 of 18

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8870-5459
https://doi.org/10.1029/2020WR029550
https://doi.org/10.1029/2020WR029550
https://doi.org/10.1029/2020WR029550
https://doi.org/10.1029/2020WR029550
https://doi.org/10.1029/2020WR029550
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020WR029550&domain=pdf&date_stamp=2021-08-04


Water Resources Research

suspended organic matter is another example of an indicator of allochthonous turbidity (Auckenthaler 
et al., 2002; Pronk et al., 2006). Fecal coliform concentrations at karst springs have also been of particular 
interest due to their sanitary implications. They are mostly issued from agriculture and/or septic tanks, that 
is, at ground surface or slightly below. They are frequently found in karst groundwater and springs, even in 
catchments fed by diffuse autogenic recharge. Several authors reported that fecal coliforms are in fact stored 
in soils or at the soil/epikarst interface and are released to the aquifer by flood pulses (Gunn et al., 1997; 
Knierim et al., 2015; Pasquarell & Boyer, 1995). The particle-size distribution (PSD) of suspended particles, 
although largely affected by the aquifer hydrodynamics (Atteia & Kozel, 1997; Reed et al., 2010), is in some 
cases useful to identify sediment sources (Lacroix et al., 2000; Pronk et al., 2007). Overall, a large panel of 
techniques does exist to differentiate autochthonous and allochthonous turbidity, although their applica-
bility is generally site-specific (Schiperski, Zirlewagen, Hillebrand, Licha, & Scheytt, 2015). What stands 
out is that most of these methods are based solely on water quality variations at springs. The timing of 
their breakthrough is compared to that of turbidity in order to assess turbidity origin. However, a simulta-
neous breakthrough does not necessarily imply a common origin. And while many karst systems, lacking 
an accessible speleological network, can only be studied as black boxes, direct observations of sedimentary 
processes in karst conduits is also a critical tool to understand sediment transport in karst aquifers (Dog-
wiler & Wicks, 2004; Gale, 1984; Palmer & Palmer, 2006; Schroeder & Ford, 1983). The bridge between the 
observed sediment processes in karst conduits and turbidity variations at the springs seems however to be 
lacking in the current literature. This study aims at contributing to filling this gap. It is centered around the 
Milandre Cave in Switzerland, which has the advantage of hosting a cave stream that drains a catchment 
area of 13.3 2km .

The present study uses the numerical model of the Milandre Cave presented in Vuilleumier et al. (2019) 
to link the hydrodynamics in the karst conduits with the water quality variations monitored at the Saivu 
spring, the main perennial outlet of the system, and at the Bâme spring, the main overflow outlet. The afore-
mentioned parameters (EC, natural fluorescence, Escherichia coli concentration, and PSD) were monitored 
over the course of a year and, at a finer time resolution, over a single flood event of medium intensity. The 
variations of these parameters are compared with the simulated mean boundary shear stress in the karst 
conduits. An independent data set covering 10 years of monitoring of discharge and turbidity at the Saivu 
spring and at two stations in the Milandre Cave (Upstream Milandrine and Bure tributary, Figure 1) was 
also analyzed. Both data sets are used to test the conceptual model for sediment remobilization during flood 
events proposed in Vuilleumier (2017), which consists in an initial erosive phase, a depositional phase dur-
ing the event maximum, and a secondary erosive phase during recession.

2.  Study Site
The Milandre catchment is located in the northwestern part of the Jura Mountains, on the French-Swiss 
border (Figure 1). The system discharges primarily to the perennial Saivu spring (20–200 L/s, 373 m above 
mean sea level [a.s.l.]) and to the overflow Bâme spring (0–3 3m /s, 375 m a.s.l.), which are located on the left 
bank of the valley of the Allaine River. The karst system is fed by a recharge area of 13.3 2km  (Favre, 2001), 
which consists of a dry limestone plateau with an elevation of ∼550 m a.s.l. This area is occupied by forests, 
pastures and cultivated lands. The recharge is purely autogenic and diffuse. The mean annual precipita-
tion is 1,070 mm and the mean annual effective precipitation (precipitation minus evapotranspiration) is 
520 mm (measured by the nearby MeteoSwiss weather station in Fahy). The aquifer consists of sub-hori-
zontal Upper Jurassic limestone and is underlain by the Oxfordian marls, which act as a regional aquiclude 
(Kovács & Jeannin, 2003). As the active conduits lie almost directly above this impervious formation, there 
is no deep phreatic zone and the system is qualified as a shallow karst system (Perrin, 2003).

The catchment hosts a significant cave system, with a total length of 12 km of explored passages. Cave pas-
sages are mostly sub-horizontal (total elevation drop of 130 m) and some of them are organized in several 
levels. Most of them were explored in the 1960s. The site has been the subject of scientific studies since 
the early 1990s. It is of particular interest to hydrogeologists, as the main karstic drain of the catchment is 
accessible by caving along a length of 4 km. The perennial stream flowing in this karstic drain is called the 
Milandrine (Figure 1). Stream gauging surveys have shown that the discharge of the stream is equivalent to 
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the total discharge at the outlets (Grasso & Jeannin, 1994). It is fed by two main underground tributaries, 
which could be explored over a length of 200 m and each contributes to almost a third of the total discharge.

The downstream part of the Milandre speleological network consists of several superimposed epiphreatic 
passages (epiphreatic referring to normally dry passages which become flooded during high water stage, 
see cross section in Figure 2). They give access to a single cave stream passage nearly 500 m upstream of 
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Figure 1.  Situation of the Milandre Cave with the locations of the monitoring stations.

Figure 2.  Cross section (vertical exaggeration 2×) of the downstream part of the Milandre Cave with inferred flow 
paths (dashed lines). Water level under low to medium flow conditions is shown in dark blue. Water under extreme 
flow conditions is shown is light blue. Cave survey from Gigon and Wenger (1986).
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the springs. At its downstream end, the Milandrine reaches a sump which discharges to the perennial Saivu 
spring. A flow loss of the Milandrine toward the Font spring (369.5 m a.s.l.) has been identified in previous 
studies (Grasso & Jeannin,  1994; Vuilleumier et  al.,  2019). During precipitation events, the epiphreatic 
passages get flooded and the overflow Bâme spring starts discharging. A great length of epiphreatic pas-
sages has been explored and additional inaccessible conduits participate in groundwater flow (Vuilleumier 
et al., 2019). Under extreme hydrological conditions, the hydraulic head may be high enough for the cave 
entrance (402 m a.s.l., located above the Bâme spring) to act as a temporary outlet. Only two relatively re-
cent instances are reported, respectively, in 2006 and in 2007.

3.  Methodology
3.1.  Annual and Event Monitoring of Suspended Solids at the Saivu and Bâme Springs

Discharge and water quality at the Saivu and at the Bâme springs have been monitored with a 5 min time 
interval from February 2015 to February 2016. The water stage has been monitored (Solinst Levelogger and 
Barologger Edge Model 3001, overall accuracy of 6 mm) and converted to discharge using rating curves. An 
existing rating curve was used for the Saivu spring and a new one was established by salt dilution gauging 
at the Bâme spring (Vuilleumier et al., 2019). The temperature was also measured by the Solinst Levelogger 
probes (resolution of 0. 003 C and accuracy of 0. 05 C). The EC has been monitored with HOBO U24-001 log-
gers (resolution of 1 µS  1cm  and accuracy of 18 µS  1cm ). The turbidity and natural fluorescence have been 
monitored with GGUN-FL30 field fluorometers. Turbidity is measured in nephelometric turbidity units 
(NTU), which is a measure of how much light is scattered by the suspended particles in a water sample. 
Resolution and accuracy for turbidity measurement are 0.002 NTU and 0.5 NTU, respectively. Fluorescence 
is measured at excitation and emission wavelengths of 365 and 430 nm, and is used as a proxy for organic 
matter concentration.

Suspended solids were analyzed using two techniques: PSD of the suspended mineral grains and E. coli 
concentration. The analyses were performed on grab or automatic samples within 24 h from sampling. For 
the annual monitoring, samples were taken and analyzed on average biweekly. For the flood event monitor-
ing, automatic samples were taken hourly in the early stage of the event and then bi-hourly. The PSD was 
measured using an Abakus mobil fluid particle counter (Klotz, Germany). Particles are sorted in 32 grain 
size classes between 0.9 to 139 µm. The size of the classes varies from 0.5 µm for finer particles to 39 µm for 
the larger ones. During the flood event, several samples were above the saturation threshold of the machine 
and were diluted 10–100 times in ultrapure water of total particle concentration below 300 particles per 
mL. For the bacterial analysis, 100 mL samples were filtered on Millipore 0.45 µm filter and then incubated 
for 2 h on trypticase soy agar medium at 37 C and for 22 h on tryptone Bile X-Glucuronide medium at 44
C. Annual monitoring values are given in colony-forming units (CFU) per 100 mL, which represents the 
number of viable bacterial cells in a water sample. During the flood event monitoring, several analyses were 
done on 10 mL samples due to high concentrations which lead to a saturation of the filter. Results are then 
normalized in CFU per mL for all the measurements of the flood event monitoring.

3.2.  Long-Term Turbidity Monitoring

As part of the environmental impact study of the construction of the A16 highway, which passes over the 
cave, several stations for flow rate, and water quality monitoring have been set up in the Milandre system. 
Additionally, hourly precipitation has been monitored at the Maira weather station, located in the middle of 
the catchment (Figure 1). In this study, flow rate and turbidity time series recorded at a 15 min time interval 
from 2003 to 2015 at the Saivu and Bâme springs, at the most upstream station in the Milandrine and in the 
Bure tributary are analyzed. The location of these monitoring stations is shown in Figure 1.

Water stage was monitored with MADD probes and converted to flow rate by rating curves. MADD probes 
are multiparameter probes for hydrological measurements formerly provided by MADD Technologies Sàrl 
(Switzerland). At the Saivu spring, the turbidity monitoring is provided by a Sigrist photometer (models 
KTJ25 and WTM500). In the underground stream, turbidity is measured with a GGUN-FL30 field fluo-
rometer. Due to frequent and intense turbidity events, the measurement is affected by fouling—that is, 
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the measuring tube gets covered by sediment, leading to the reading of turbidity being overestimated (Fig-
ure S1). The tube was cleaned on average every 3 months. A correction was applied using the turbidity drop 
achieved by cleaning, which can be attributed to fouling. As flood events are more frequent than probe 
cleaning, the total fouling after a flood event is not always known. In such cases, total fouling is assumed 
to be equal to the difference between the measured turbidity after the event, once stability is reached again, 
and the baseline turbidity signal measured when the tube is clean. Fouling is then interpolated at each time 
step using the assumption that the fouling rate is proportional to instantaneous turbidity (Figure S1).

3.3.  Numerical Modeling

Sediment movement starts when the boundary shear stress exerted by flowing water on the channel bed ex-
ceeds a critical value which depends on the nature of the sediment. Several authors have used this approach 
to assess whether the erosion of previously deposited clastic sediment is likely to occur in karst conduits 
(Dogwiler & Wicks, 2004; Gale, 1984; Herman et al., 2012). In this study, we use the results of a numerical 
flow simulation to estimate the mean boundary shear stress in the conduits. The model development and 
performance are described in details in Vuilleumier et al. (2019) and a brief overview is presented here. The 
model itself and the simulation results can be downloaded at Vuilleumier (2019). The model is developed 
with the pipe-flow modeling software SWMM5 from the US EPA, which simulates turbulent flow in varia-
bly saturated pipes. The governing model equations are the Saint-Venant equations of conservation of mass 
and momentum. Head losses are computed using the Manning-Strickler formula:

 
  

 

1/2
2/31
h

HQ R A
n L

� (1)

where Q is the conduit discharge (m s
3 1  ), n the Manning roughness coefficient (s m 1 3/ ), hR  the hydraulic 

radius (m), H  the head loss (m), L the conduit length (m), and A the flow cross-sectional area ( 2m ). As 
most head loss in karst conduits is caused by friction along conduit walls (Bögli, 1980; Jeannin, 2001; Kau-
fmann et al., 2016), local singularities are not explicitly modeled and are taken into account by using a rel-
atively high Manning coefficient. To enable a smooth transition between free-surface and pressurized flow, 
the model incorporates the conceptual vertical and narrow Preissmann slot to the pipe soffit.

The model is built upon a cave survey and conduits are discretized according to the survey line-of-sights 
which have an average length of 6.73.6 m. The cross sections of the resulting conduits are schematically rep-
resented as rectangular, corresponding best to the observed cross sections. Rather than using the dimensions 
measured at each survey station, an average height and width for each conduit are read from the hand drawn 
cave survey. This is to prevent a sampling bias which may arise from the fact that cave surveyors tend to avoid 
tight passages when they select a station location. For the Manning roughness coefficient, a homogeneous 
value of 0.05 s m 1 3/  is considered. This value was obtained empirically from various caves in Switzerland 
(see e.g., Jeannin, 2001). The model is manually calibrated by adjusting the geometries of the unexplored 
conduit using hydraulic head data. Hydraulic heads have been monitored at 10 locations within the cave 
system for several months for this purpose. Two monitoring locations have been used for the calibration and 
the eight remaining stations were used to validate the model. The model shows a good performance in repro-
ducing hydraulic heads, spring discharges, and transit times (as measured with tracer tests). A flow simula-
tion is then performed over the course of over 10 years (2004–2015) at a time step of 15 min. The cumulative 
discharge of the Saivu and Bâme springs, which have been monitored over this period of time, are used as the 
inflow applied at the upstream of the model. Here, the inflow is shifted earlier in time by 4:30 h, in order for 
the initial discharge increase at the Saivu spring to correspond to what was actually observed at the spring.

In a separate step which is described in Vuilleumier (2017), the flow simulation results are used to estimate 
the mean boundary shear stress 0 (N/ 2m ) in each conduit of the model using the following equation:

  
0 h

HgR
L

� (2)

where   is the density of water (kg  3m ), g the gravitational acceleration (m  2s ), hR  the hydraulic radius 

(m) and 
H
L

 is the friction slope (−). In this paper, the simulated shear stress is visually compared with the 
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measured turbidity curves in order to help identifying autochthonous turbidity peaks. As turbidity is caused 
by the suspended load, the bedload is not taken into account. Furthermore, sediment in the Milandre Cave 
is mostly in the silt-clay range and thus more likely to be transported as suspended load. Indeed, fine sed-
iment accumulation is observed on the stream banks and on the walls in active conduits (Figure S19). In 
Vuilleumier (2017), the critical shear stress for these sediments has been estimated at around 0.65 N/ 2m

4.  Results and Interpretation
4.1.  Annual Suspended Solids Monitoring

The results of the annual monitoring of the Saivu and Bâme springs are plotted in the supporting informa-
tion (Figures S2 and S3) and briefly commented in this section.

At the Saivu spring, the discharge varied between 15 and 200 L/s. The lowest discharge is observed during 
the end of October and in November, after particularly dry summer and fall seasons. The highest discharge 
peaks were reached during flood events in the spring and in the winter. The discharge threshold of about 
90 L/s, above which the Bâme starts to flow, is well visible in the data. Indeed, the flow rate was between 80 
and 100 L/s during one third of the total monitoring period. In contrast, the Bâme spring was dry for half of 
the monitoring period, and some of its discharge peaks are equal to or greater than 2,000 L/s.

Recharge events are also associated with changes in water quality. At the Saivu spring, the EC has a base-
line value of ∼610 µS  1cm  and decreases by roughly 100 µS  1cm  during flood events. The temperature is 
often stable at 10. 2 C and generally, but not always, increases during high flow. The maximum amplitude 
of increase is 0. 25 C. Turbidity varies between 1 NTU during stable flow conditions to 150 NTU during the 
most intense events. Fluorescence also increases during flood events, going from 1 mV to maximum 6 mV. 
Fluorescence peaks are wider and smoother than turbidity peaks. Physico-chemical parameter variations 
at the Bâme spring are in line with those of the perennial spring, except for water temperature which is 
partially affected by sunlight exposure.

Figure S4a shows the bin size normalized PSD for each sample taken during the annual monitoring. On av-
erage, 95% of the counted particles are smaller than 3.4 µm and particles seldom exceed a size of 70 µm. Ac-
counting for both springs, the total number of suspended particles measured by PSD analyses (0.9–139 µm) 
on biweekly samples lies between 7.8⋅103 and 5.9⋅105 particles per mL (Figures S2 and S3). The geometric 
mean is of 3.9⋅104. E. coli was detected in each sample, with concentrations varying between 2 to 6⋅103 CFU 
per 100 mL and a geometric mean of 145 CFU per 100 mL.

These variations by several orders of magnitude, both in suspended particles and fecal bacteria concen-
trations, appear to be largely influenced by the hydrodynamics of the karst system. In a log-log space, the 
correlation coefficient of particle concentration versus total discharge is 0.76, and 0.52 for E. coli concen-
tration versus total discharge. At this sampling resolution, no seasonal patterns are visible. It rather seems 
that there is a constant availability in particles and fecal bacteria and that their fluxes are controlled by the 
hydrodynamics of the system. Regarding fecal bacteria, they are likely released by agriculture. Both pastures 
and cultivated areas are present in the Milandre catchment. Fecal bacteria input is thus expected to follow a 
seasonal pattern, as manure spreading is allowed only during the growth period—on average, from March 
to early November. As E. coli is present at the spring all year round, it is likely that a storage exists and that it 
is flushed toward the aquifer by storm events, as suggested by previous authors (Gunn et al., 1997; Knierim 
et al., 2015; Pasquarell & Boyer, 1995).

4.2.  Monitoring of Suspended Solids During an Event

4.2.1.  Event Description

To monitor the evolution of suspended matter content at the scale of a flood event, frequent samples (hourly 
to bi-hourly) were taken throughout an event in November 2015 (Figure 3). Before the rain, low flow con-
ditions prevailed in the aquifer, with a stable discharge of 22 L/s at the Saivu spring and a dry Bâme spring. 
At the Maira weather station, rainfall started early in the morning on November 20 (Figure 3a). Two rainfall 
pulses occurred throughout the day and in the following night, totaling 50.5 mm. The Fahy weather station 

VUILLEUMIER ET AL.

10.1029/2020WR029550

6 of 18

 19447973, 2021, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020W

R
029550 by U

niversite D
e N

euchatel, W
iley O

nline L
ibrary on [01/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water Resources Research

VUILLEUMIER ET AL.

10.1029/2020WR029550

7 of 18

Figure 3.  Flood event monitoring at the Saivu spring: rainfall (a), spring discharge (b), electrical conductivity (c), 
temperature (d), turbidity (e), natural UV fluorescence (f), suspended particle concentration (8–12 µm (g) and 0.9–
1.5 µm (h)), Escherichia coli concentration (i) and shear stress in the underground stream as computed by the hydraulic 
model (mean value of all the stream conduits) (j).
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Water Resources Research

recorded 50 mm of total and effective precipitation for the same time period. The discharge started to in-
crease at 9:00 at the Saivu spring and peaked at 122 L/s at 5:00 the next day (Figure 3b). The Bâme spring 
started to flow at 14:00, November 20, and reached a maximum discharge of 725 L/s at 16:00, November 21. 
Due to a failure of the automatic sampler at the Bâme spring, only the samples taken at the Saivu spring are 
discussed hereafter.

4.2.2.  Interpreting PSD Data

Figure S4b shows the PSD for each sample taken during the November 2015 flood event monitoring. Par-
ticle concentrations are generally slightly higher than those measured during the annual monitoring (Fig-
ure S4a) and larger particles are relatively more abundant. On average, 95% of the particle were smaller 
than 5.4 µm. To try to extract information from the PSD data, the relationships between particle-size class 
concentrations and other variables are investigated. Figure S5a shows the correlation coefficient and the 
coefficient of determination between the total discharge (sum of Saivu and Bâme springs) and the particle 
concentration for 24 size classes (0.9–35 µm) throughout the flood event. Size classes above 35 µm are not 
considered due to very low particle counts, reaching zero in some samples. Log10 values are considered for 
particle concentrations, as they have a lognormal distribution. Although every class between 0.9 and 35 µm 
is well correlated with discharge (0.5), a maximum of 0.95 is reached at classes 8–9, 9–10, 10–11, and 
11–12 µm. They also have a high coefficient of determination of 0.9. Those four classes are thus mainly hy-
drodynamically controlled particles and are grouped together in Figure 3g. Figure S5b shows the correlation 
coefficient and the coefficient of determination between E. coli and particle size class concentrations. Log10 
values are considered for each pair of variables. The smallest and most abundant particles (0.9–1.5 µm) are 
less correlated with discharge than with E. coli concentration. The correlation coefficient is of 0.89 for 0.9–
1.5 µm particles and decreases gradually for larger particles. 30–35 µm particles are virtually not correlated 
with E. coli concentration (0.14). Similarly, the coefficient of determination goes from 0.79 (0.9–1.5 µm) 
to 0.02 (30–35 µm). As E. coli bacteria typically have a size of 1 µm, a high correlation with 0.9–1.5 µm is 
expected. This size class is thus selected as a variable highly correlated with E. coli concentration and its 
concentration evolution is plotted in Figure 3h.

4.2.3.  Suspended Solids Evolution

Figure 3 shows the evolution of 10 variables throughout the event. At the spring, discharge is the first pa-
rameter to respond, around 9:00 on November 20. Turbidity starts to increase 3 h later. As EC and tempera-
ture are stable, this initial turbidity increase is likely caused by intra-karstic sediment remobilization. Both 
UV fluorescence and E. coli concentration stay at their baseline value at this stage, which further confirms 
the arrival of autochthonous turbidity. At the same time, a stepwise increase in larger (8–12 µm) particles 
occurs, while finer (0.9–1.5 µm) particle concentration is stable. This is an indication that autochthonous 
turbidity is characterized by a relatively large grain size. Turbidity has a stable value around 15 NTU for the 
next 7 h.

Around 21:00, as the Saivu spring discharge continues to rise, turbidity increases further. Simultaneously, 
UV fluorescence and E. coli concentration also rise, indicating the presence of allochthonous turbidity. At 
this stage, there is probably a mix of autochthonous and allochthonous turbidity at the spring. Turbidity 
reaches its peak value of 73 NTU at 02:30 on November 21, and stays at a high level until 12:00. PSD and E. 
coli data reveal more information on this high turbidity stage. The peak in larger particles was measured at 
3:30, almost at the same time as the turbidity peak. Fine particles, on the other hand, peak several hours lat-
er, at 9:30, simultaneously with E. coli bacteria. Since 8–12 µm particles started to increase early in the event, 
they are considered to indicate the presence of autochthonous turbidity. The larger particle (8–12 µm) peak 
is thus interpreted as the peak contribution of autochthonous turbidity. Because of its simultaneity with 
the fecal bacteria, the fine particle peak is interpreted as the allochthonous turbidity peak. Shortly after, at 
11:00, turbidity starts to recede, together with both fine and larger particles.

4.2.4.  Indications From the Hydraulic Model

The PSD and E. coli data suggested that the turbidity pulse during the November 2015 flood is in fact an 
overlay of an autochthonous turbidity peak and an allochthonous one, the former slightly preceding the 
latter. This hypothesis can be tested against the hydraulic numerical model of the downstream part of the 
karst system (see Section 3.3 and Vuilleumier et al., 2019).
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Water Resources Research

Figure 3j shows the mean boundary shear stress in the underground stream throughout the flood event as 
computed by the model. For this plot, first, all conduits of the model which are part of the perennial cave 
stream are selected. The mean boundary shear stress is then averaged over all of those conduits for each 
simulation time step.

Mean boundary stress in the conduits shows a two-step increase in the initial stage of the event. This is 
probably caused by the two phased rainfall pulses (Figure 3a). Between 10:00 and 16:00 on November 20, 
the average shear stress plateaus around 3–4  N  2m , which is enough for significant erosion. This is in 
line with the initial turbidity plateau at the Saivu spring, which was interpreted as autochthonous in the 
previous section. The model predicts a maximum shear stress of 7 N  2m  at 19:30. This corresponds to the 
time where the underground stream has the strongest erosive power. Taking into account the fact that the 
model predicts a 9 h transit time from the underground stream to the outlet at this stage of the event, this 
is compatible with the autochthonous peak observed at 3:30 at the spring. The shear stress peak is quite 
narrow and shear stress rapidly decreases although the flow rate is still increasing. Again, this does not 
contradict the arrival of the allochthonous peak detected at 9:00 at the spring, since it corresponds to a pe-
riod of relatively low shear stress in the conduits. However, since the model includes only the downstream 
part of the conduit system and does not simulate the transfer of particles, it cannot give further insight into 
allochthonous turbidity transport. Later on, at 7:00, a secondary shear stress peak is predicted by the model 
at the onset of the event recession—as the system is draining, the stream regains erosive power. This is in 
line with the results presented in Vuilleumier (2017): at the sedimentation monitoring station, where on 
several instances, erosion was observed in the lower part of the conduit while deposition was visible in the 
upper part. This can be understood in the sense that the flow velocity in the conduits is higher during the 
flooding and draining of the system than at the flood peak, because back-flooding of the conduits induces 
a significant increase in flow cross section. Hydraulic head monitoring in Vuilleumier et al. (2019) indeed 
showed relatively low gradient in the karst network at the event maximum, confirming this back-flooding. 
However, no evidence for a secondary autochthonous peak was found at the spring through the flood event 
monitoring.

4.3.  Long-Term Turbidity Monitoring

4.3.1.  Milandrine Upstream Station

The monitoring station at the upstream end of the Milandrine is of interest with regard to event scale tur-
bidity variations for several reasons. In some instances, anomalous wide turbidity peaks appear 1 or 2 days 
after recharge events and last for ∼2 days. These were not seen at the Saivu spring. Figure 4a shows an 
example of one such event. They are of moderate intensity and occur during otherwise low flow conditions. 
They are characterized by a first narrow turbidity peak, lasting a few hours, which is simultaneous with the 
discharge peak. The secondary turbidity peak is of smaller intensity, lasts for 1–2 days and occurs once the 
flow rate is back to its pre-event value. They do not appear systematically and seem to be more frequent 
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Figure 4.  Flow rate and turbidity variations during two flood events (moderate (a) and intense (b)) at the upstream 
station in the Milandrine underground stream.
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Water Resources Research

in the summer. Pronk (2008), analyzing two such events by monitoring 
turbidity and TOC, suggested that the wide turbidity peak is caused by 
the arrival of allochthonous sediment.

In the 10-year time series of flow rate and turbidity, another type of sec-
ondary turbidity peaks appears. They are produced during more intense 
flood events and have the distinctive feature of appearing during flow 
recession. An example is shown in Figure  4b. Again, these secondary 
peaks are less intense than the primary ones, but they are relatively short, 
lasting for a few hours. And, in contrast to the first type of secondary 
peaks, they can occur up to 1 week after the mean discharge peak. Their 
common features are that they appear when the stream discharge starts 
to recede after a several days period, where it had a stable value around 
200–300 L/s. This flow rate threshold is visible in the flow relative fre-
quency distribution, which has a local maximum around 270 L/s (Fig-
ure S6a). It has already been described by Pantillon (1993) who explained 
it by the presence of a scree at the upstream end of the Milandre Cave 
network. This scree impedes groundwater flow and induces an increase 
in hydraulic head on its upstream side, thus acting similarly to a dam.

In an attempt to gain understanding on the mechanisms controlling the appearance of secondary turbidity 
peaks, discharge and turbidity time series were analyzed and the following variables were defined for each 
flood event displaying several turbidity peaks: initial discharge, peak discharge, primary turbidity peak, and 
secondary turbidity peak, as well as the arrival times of the initial flow increase, of the discharge peak, and 
of the primary and secondary turbidity peaks. If the event displayed more than two turbidity peaks, the first 
peak is always considered the primary peak, and the following ones are successively regarded as secondary 
peaks, so that one flood event may appear several times in the data set. The total number of events is 66 and 
they are depicted in the supporting information (Figures S7–S17). No strong relationship emerges between 
turbidity peak intensity and flow rate. However, an interesting pattern appears when plotting discharge 
peak value ( pQ ) versus the time between the flood peak and the secondary turbidity peak, as shown in Fig-
ure 5. Three groups of events can be distinguished:

1.	 � pQ  200 L/s The time between the flood peak and the secondary turbidity peak decreases when peak 
discharge increases

2.	 �200 L/s  pQ  300 L/s No visible effect of the peak discharge on the time between flood and secondary 
turbidity peak

3.	 � pQ  300 L/s The time between the flood peak and the secondary turbidity peak increases when peak 
discharge increases

The first category of events is compatible with the advection of soil sediment from the surface—the high-
er the flow rate, the faster the flow velocities. The wide shape of the peak also indicates a relatively long 
transport, which allows some dispersion. This implies that the primary turbidity peak is caused by sediment 
remobilization in the aquifer, meaning that an underground sediment accumulation zone also exists up-
stream from the known cave stream. For peak discharge nearing 200 L/s, the delay between the flood peak 
and the secondary turbidity peak approaches zero. Autochthonous and allochthonous turbidity probably 
overlap at higher discharge, as observed at the spring in Section 4.2.3. However, this interpretation does not 
hold for the third category of events. More importantly, the secondary turbidity peak during those events 
is associated with the onset of flow recession (Figure 4b and Figures S4–S14). The higher the flood peak, 
the longer before flow recession, explaining the positive relationship between peak discharge and the time 
between flood peak and the secondary turbidity peak. As seen in Section 4.2.4, these peaks could be issued 
by a secondary erosive phase initiated by the flushing of the epiphreatic zone during flow recession.

4.3.2.  Saivu and Bâme Springs

To analyze the turbidity variations at the Saivu spring, the total discharge of the Bâme and Saivu springs 
is considered, as it represents almost the total discharge of the system. The turbidity response at the Saivu 
spring is often plurimodal and cannot be easily separated in different peaks such as at the upstream end of 
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Figure 5.  For 66 events recorded at the upstream Milandrine station, the 
event peak discharge ( pQ ) is plotted against the time between the peak 
discharge and the secondary turbidity peak.
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Water Resources Research

the Milandrine (Figure S18). Indeed, while the turbidity observed at the upstream end of the Milandrine 
likely contributes to the turbidity at the Saivu spring, other turbidity inputs reach the cave stream: the Bure 
and the Droite tributaries, which each contribute to almost a third of the total discharge of the Milandrine, 
and the downstream epiphreatic zone, where previously deposited sediment is remobilized. As a result, the 
turbidity signal at the Saivu spring is a superimposition of these different contributions. Some insight can 
be gained into these processes by comparing the turbidity signal in the underground network and at the 
spring, as done in Figure S18. In this figure, two events belonging to the data set described in the previous 
section are shown. At the upstream station, these events generated a primary turbidity peak during the 
flood event, which is interpreted as autochthonous, and a secondary, much dispersed peak which is inter-
preted as allochthonous. The turbidity signal in the Bure tributary is analogous to the upstream Milandrine 
signal, although the secondary peak is less delayed. At the Saivu spring, the primary turbidity peak has an 
irregular shape. No secondary peak is observed for the event represented in Figure S18a, which is of low 
amplitude with a peak discharge at the springs of less than 200 L/s. For the event of Figure S18b, of slight-
ly higher amplitude with a peak discharge of 350 L/s at the springs, a very dispersed secondary turbidity 
peak is detected at the spring 2 days after the flood peak. Four other events of the same data set, with peak 
discharges between 300 and 400 L/s (09.2005, 05.2006, 06.2008, 03.2011), displayed a similarly delayed and 
flattened secondary turbidity peak appearing 1 or 2 days after the flood peak. The proposed interpretation 
of the turbidity response of the Saivu spring to low amplitude events is that the primary turbidity peak is 
composed of a superimposition of autochthonous turbidity contributions from the three subcatchments 
and from the downstream epiphreactic zone, while the allochthonous turbidity is mostly redeposited in the 
conduit network or too dispersed to be detected at the spring.

Similarly to the upstream Milandrine, recession turbidity peaks may be observed during major flood events 
(  31mpQ /s) at the Saivu spring. They were already reported by Rodriguez (1996), who found that they reg-
ularly appeared when the recession starts to slow down around 600 L/s. Indeed, similarly to the upstream 
Milandrine, the total spring discharge displays a threshold during recession, as evidenced by the local max-
imum at 585 L/s in the flow frequency distribution in Figure S6b. It is also well visible during most of the 
events depicted in Figure 6. Looking through the turbidity time series from 2003 to 2015, secondary peaks 
as described by Rodriguez (1996) were again found. They are marked with dashed vertical lines in Figure 6. 
But even more delayed secondary peaks may get to the spring: they arise after the 600 L/s threshold, when 
flow rate further drops. They are marked by dotted vertical lines in Figure 6. The relationship between sec-
ondary peak occurrences and the hydrograph seems consistent between events. Their absolute and relative 
intensity however varies greatly. In both cases, they appear to be triggered by a sudden decrease in flow rate, 
similarly to the secondary turbidity peaks found at the upstream Milandrine station during major flood 
events. Again, this erosive phase may be caused by the emptying of epiphreatic conduits.

The hypothesis that those recession turbidity peaks have an autochthonous origin can be tested against the 
hydraulic simulation produced by the numerical model. As performed for the November 2015 flood event 
analysis (Section 4.2.4), the mean boundary shear stress simulated in the conduits for most of the events of 
Figure 6 is plotted on the same figure. In contrast to Figure 3j, the average is computed from the epiphreatic 
conduits—that is, all the conduits in the model, excluding cave stream conduits and dry conduits. During 
the main flood peaks, there may be one or two shear stress peaks. Indeed, the pattern simulated for the 
November 2015 flood event, that is, a shear stress peak during the onset of the event, followed by a phase of 
low shear stress during high stage, again followed by a shear stress peak, is found again during the events c, 
f, g, h, j, and l, the main flood peak (discharge greater than 1 3m /s) of several events (Figures 6c, 6f, 6g, 6h 6j 
and 6l). This corresponds to the flooding and the emptying of the upper epiphreatic passage flowing to the 
Bâme spring ( 390 m a.s.l., see Figure 2). The absence of this pattern during the other events depicted in 
Figure 6 is here attributed to a faster sequence of onset and recession phases. The simulated shear stress 
peaks during the flood peak are however not linked in an obvious way to the first type of recession turbidity 
peaks (dashed lines in 6). In contrast, the second type of recession turbidity peaks, which appears after the 
flow threshold at 585 L/s (dotted lines in Figure 6), are systematically associated with a marked and lasting 
rise in shear stress in the epiphreatic network, which corresponds to the emptying of lower epiphreatic 
passage flowing to the Bâme spring (∼382 m a.s.l., see Figure 2). This further supports the hypothesis of 
autochthonous turbidity production by conduit drainage during flow recession. It is interesting to note, 
however, that not each of such shear stress rises produce a detectable turbidity peak at the Saivu spring. The 
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Figure 6.  Discharge (blue), turbidity at the Saivu spring (orange), and simulated shear shear in the conduit system 
during a selection of major flood events (a to m). The discharge is the cumulative Bâme and Saivu flow rates. The shear 
stress is the mean value at each simulation time step over all the epiphreatic conduits of the model.
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Water Resources Research

reason for this is not clear at this point. Maybe this is due to the sediment being redeposited before reaching 
the spring, or it is a consequence of the simplifications of the modeling approach. Also, similar to what was 
found at the Milandrine station, the intensity of the recession turbidity peaks varies greatly.

These findings can be compared to the turbidity signal at the Bâme spring, which has been monitored from 
February 2015 to February 2016. Eight major events (Qp 1

3
m /s) are depicted in Figure 7. Turbidity values 

during flood events are generally higher at the Bâme spring than at the Saivu spring. During the flood peak, 
the turbidity signal is very chaotic, often displaying several rapid increases followed by similarly rapid de-
creases which do not appear at the Saivu spring. These extra peaks are thus attributed to sediment remobili-
zation in the downstream part of the system, since the Bâme spring is the outlet of the epiphreatic conduits. 
The recession turbidity peaks found at the Saivu spring, both before the flow rate threshold (dashed lines in 
Figure 7) and after (dotted lines), are still observed and are even more frequent compared to the perennial 
spring. This confirms that these peaks are generated in the downstream part of the karst system.
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Figure 7.  Turbidity variations during major flood events at the Bâme and Saivu springs (a to h). The discharge is the cumulative Bâme and Saivu flow rates. 
Recession turbidity peaks are marked by dashed and dotted lines.
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5.  Discussion
In this study, turbidity variations at the scale of flood events in the Milandre system have been investigated 
and mechanisms for the generation of turbidity are proposed. Three different data sets have been analyz-
ed: (a) one flood event monitored for many parameters at high time resolution at the two main springs of 
the Milandre hydrogeological system, (b) multiparameter data including turbidity and microbiology along 
1 year, and (c) 10 years of discharge and turbidity data at the upstream end of the cave stream and at the 
perennial spring. These data sets are analyzed by considering observations and modeling of the hydraulics 
of flow within the conduit network presented in Vuilleumier et al. (2019). This model provides 10 years of 
time series of flow velocities, transit time and shear stress in the cave system. These data sets and modeling 
represent a solid background for interpreting the origin of turbidity peaks observed at the springs. Time 
series show that most flood events are accompanied with several turbidity peaks, usually one main peak 
during the rising of the discharge, and one or two secondary peaks during recession stages.

The numerical model does hold certain limitations: conduits are considered as one-dimensional elements, 
neglecting the velocity and shear stress distribution in the cross section, and the boundary shear stress for-
mulation used is mostly valid under unsaturated flow conditions. The model is however highly refined in 
comparison to other models of karst systems at the catchment scale in the current literature (Chen & Gold-
scheider, 2014; Gabrovšek et al., 2018; Kaufmann et al., 2016; Wu et al., 2008). As for the calculation of the 
shear stress, it has rarely been applied to karst conduits, with the exception of Dogwiler and Wicks (2004). 
They provided a very detailed characterization of the sediment (grain size, critical shear stress), but in terms 
of hydraulics, their data are limited to water stage monitoring. The flow simulation used in this study is thus 
unique and provides interesting insight, especially when compared to the turbidity curves.

From the flood event monitored in November 2015 for PSD, E. coli and water quality we could identify a 
mixed contribution of autochthonous and allochthonous sediment to the spring turbidity. This flood event 
was of medium intensity, with a cumulative peak discharge at the springs of 850 L/s and total effective 
precipitation of 50 mm. Allochthonous turbidity was identified by a simultaneous increase of 0.9–1.5 µm 
particles and E. coli concentration, and high UV fluorescence. In November 2015, these parameters started 
to rise nearly 7 h after the beginning of the first rise of the discharge rate. This is expected to correspond to 
the arrival of soil and epikarst waters. This is fully compatible with results of Perrin et al. (2007), who made 
a similar observation concerning variations of the EC at the spring. Subsidiary EC peaks were very well ex-
plained by the arrival of soil and epikarst water from the respective tributaries monitored in the cave. These 
results are also in line with the conceptual model of the system previously proposed by Perrin et al. (2003). 
Through stable isotope analyzes of rainfall and cave stream water, they stated that freshly infiltrated water 
may reach the saturated zone over the course of one event when infiltration is greater than 15–20 mm. As 
the event observed in this study reached 50 mm of rainfall, the arrival of fresh water at the spring can be 
expected. Also, the fact the allochthonous sediment has a finer grain size than autochthonous sediment is 
consistent with the fact that it has been transported over longer distances, thus there is a higher probability 
for the potential larger allochthonous particles to have settled before reaching the spring.

Autochthonous turbidity was characterized in time series by a relatively high content in 8–12 µm particles, 
low UV fluorescence and low E. coli concentration. In November 2015, turbidity and 8–12 µm particles 
started to rise nearly 2 h after the beginning of the first rise of the discharge rate. This is consistent with the 
hydraulic model (Vuilleumier et al., 2019) which shows a sharp increase of the mean boundary shear stress 
in the conduit in the initial stage of the event. In Vuilleumier (2017), this has been deemed as enough to 
initiate sediment entrainment. The transit time measured in the phreatic zone by tracer tests also shows a 
good match between the simulated erosive phase and the observed autochthonous peak at the spring. This 
confirms that the first peak is mainly related to autochthonous particles, already present in the karstic sys-
tem before the flood (erosion of cave sediments). The model further predicts a decrease in boundary shear 
stress at the event maximum, which does not contradict the observed arrival of allochthonous turbidity at 
that time. During flow recession, the model indicates a secondary maximum in shear stress, which is caused 
by the emptying and “washing” of the conduits. It seems that no effect of this potential secondary erosive 
phase was seen in the suspended sediment during the flood in November 2015. However, it can be observed 
that particles and E. coli both increase shortly after this rise of shear stress. An erosion of the sediments just 
deposited during the period with low shear stress at discharge peak could be an explanation for this rise.

VUILLEUMIER ET AL.

10.1029/2020WR029550

14 of 18

 19447973, 2021, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020W

R
029550 by U

niversite D
e N

euchatel, W
iley O

nline L
ibrary on [01/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water Resources Research

Turbidity generation in the Milandre system has been further investigated by comparing 10-year time series 
of turbidity monitored at the Saivu and Bâme springs with the simulated shear stress in the conduit net-
work. The predicted behavior (turbidity peak corresponding to the increase of shear stress during recession) 
was observed for 21 events during which an upper level of karst conduits (epiphreatic conduits) was flooded 
and subsequently drained.

Finally, 66 flood events which generated a multi-peak response in turbidity at the upstream Milandrine 
monitoring station were analyzed. For minor flood events (peak discharge in the upstream of the Milan-
drine  200 L/s), an autochthonous turbidity peak occurs during the flood event, and a distinct, wider and 
longer allochthonous peak may be observed up to several days after the event, once the flow rate is back 
to its pre-event value. The delay between the discharge peak and the secondary turbidity peak consistently 
decreases as the peak discharge value increases. For more intense flood events (peak discharge in the up-
stream of the Milandrine  200 L/s), the arrival of allochthonous turbidity overlaps that of autochthonous 
turbidity. Again, this can be compared with the observations of Perrin et al. (2003) who sampled the cave 
stream at this location for stable isotope analyzes. For a minor flood event (peak discharge of 180 L/s), they 
found that no freshly infiltrated water reaches the cave stream over the course of the event. This is in line 
with the delay observed in the breakthrough of the allochthonous turbidity peak, which may arrive several 
days after the discharge went back to its pre-event value. Conversely, evidence for freshly infiltrated water 
in the cave stream was found during two more intense events (peak discharge in the upstream of the Milan-
drine of 260 and 400 L/s), meaning that the direct transport of soil sediment is indeed possible for events 
of similar intensity. Furthermore, recession turbidity peaks at the upstream Milandrine station have also 
been pointed out in this study. They are simultaneous with the emptying of an epiphreatic level and the 
subsequent increase of the shear stress in those conduits.

The turbidity signal in the upstream Milandrine was compared to the one at the Saivu spring for a series of 
minor flood events (peak discharge at the Saivu and Bâme spring  500 L/s). This leads to the conclusion 
that most of the allochthonous sediment is deposited in the phreatic zone and does not reach the spring. In 
some cases, a very weak and dispersed peak was observed 2 days after the event. The turbidity signal during 
such events has an irregular shape with several secondary maximas. The turbidity signal at the Saivu spring 
during minor events is thus thought to be the superimposition of different autochthonous contributions 
coming from the respective tributaries and from the downstream part of the Milandre stream (epiphreatic 
zone).

This event scale pattern of erosion, with an initial erosive phase, followed by a quiescent phase at high 
stage, itself followed by a secondary erosive phase during recession, as predicted by the model, is also in 
agreement with the observations made at the sedimentation monitoring station in the main conduit along 
the cave stream (Vuilleumier, 2017). During this experiment, 12 sedimentation plates have been set up at 
different heights above the cave stream and inspected at 3 months intervals for 10 years. Erosion was only 
observed on the lowest sedimentation plates, meaning it occurred during relatively low water stages. In 
constrast, the upper sedimentation plates, which are flooded during the event maximas, showed significant 
sediment accumulation.

This study sheds new lights on the origin of turbidity and on the transport of particles through karst aqui-
fers. Papers published before 2006 rarely present turbidity curves with a high resolution measured simulta-
neously to other tracers typical for the arrival of surface or soil water. Several authors postulated the arrival 
of both autochthonous and allochthonous turbidity.

Ryan and Meiman (1996) show the effect of lag time related to the arrival of what they assume to be alloch-
thonous turbidity. In fact, they do not provide any indication about autochthonous turbidity, and the flood 
events they analyzed were potentially too low to have produced a significant autochthonous turbidity peak. 
Their criteria for determining the origin of the turbidity are not very well explained and not supported by 
direct observations and/or by modeling. The same remark applies to Mahler and Lynch (1999), and some-
how to Vesper and White (2003). These studies were more focused on the analysis of suspended matter 
composition. The time resolution of their time series is therefore limited by the sampling frequency, making 
it difficult to compare their results with the conceptual model presented in this study.
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Pronk et al. (2006) observed a sharp turbidity peak early at the beginning of the discharge peak and they 
clearly postulated that it originated from the remobilization of sediments previously present in the conduit 
network. They also noticed the presence of a very similar peak during the recession of flow. About this peak, 
they write: “As this signal occurred during a period of decreasing flow rates, it cannot be explained by remo-
bilization of sediments inside the conduit network.” Based on our observations in Milandre, we can now say 
that this peak is very probably also autochthonous. Herman et al. (2008) provide good indications about tur-
bidity peaks produced by the remobilization of sediments in cave passages upstream from the spring they 
investigated. It was clearly postulated by the authors, but it was not demonstrated by a complete analysis of 
the hydraulics of flow, as carried out in our study. Unfortunately, in their study, the sampling was not long 
enough to see if a secondary peak occurred during the flow recession. Valdes et al. (2006), Fournier, Massei, 
Bakalowicz, Dussart-Baptista, et al. (2007), and Fournier, Massei, Bakalowicz, and Dupont (2007) applied 
another type of approach, more oriented toward signal analyses. Their findings, however, are compatible 
with ours, as they could identify periods dominated by autochthonous turbidity and others by allochtho-
nous turbidity. As their approach is less based on the physics of flow and transport than ours, a direct com-
parison is not possible. The only way would be to apply both approaches on the same data set.

6.  Conclusions
Our study brings strong arguments for distinguishing peaks of autochthonous turbidity from allochtho-
nous ones. Hydraulics of flow within the epiphreatic zone appear to be the main source of autochthonous 
turbidity, when flow velocity and shear stress are the highest. This usually takes place during the rising and 
the recession of the flooding of epiphreatic conduits (i.e., of the spring discharge). During the paroxysm 
of the flood event, epiphreatic conduits are flooded and the flow velocity decreases as the flow cross sec-
tion increases. Allochthonous turbidity usually produces peaks which are longer and more delayed. Their 
turbidity is characterized by thinner particles (0.9–1.5 µm), higher E. coli concentrations, and higher UV 
fluorescence than that of autochthonous turbidity.

As turbidity peaks represent a serious issue for drinking water resources, this knowledge will certainly help 
improve the management of water supply. We believe that information provided here is a significant step 
for improving the prediction of the time of arrival, the intensity and the characteristics of turbidity in karst 
springs. As allochthonous turbidity is strongly related to the arrival of pollutions from sources within the 
catchment area, the recognition and prediction of these arrivals is an interesting input for managing water.

Data Availability Statement
The data analyzed in this study can be downloaded at: https://doi.org/10.4211/hs.f73f2de9b7fc484faad-
7827c9534ff56 (Vuilleumier et al., 2020). The numerical model and simulation results can be downloaded 
at: https://doi.org/10.4211/hs.c647e1fab5874f29bf2e92f56f3e1f94 (Vuilleumier, 2019).
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