
R E S E A R CH A R T I C L E

From cave to spring: Understanding transport of suspended
sediment particles in a fully phreatic karst conduit using
particle analysis and geochemical methods

Yanina K. Mueller1 | Nico Goldscheider1 | Elisabeth Eiche2 |

Hanna Emberger1 | Nadine Goeppert1

1Karlsruhe Institute of Technology (KIT),

Institute of Applied Geoscience, Chair of

Hydrogeology, Karlsruhe, Germany

2Karlsruhe Institute of Technology (KIT),

Institute of Applied Geoscience, Chair of

Geochemistry & Economic Geology, Karlsruhe,

Germany

Correspondence

Yanina K. Mueller, Karlsruhe Institute of

Technology, Adenauerring 20b, Karlsruhe

76131, Germany.

Email: yanina.mueller@kit.edu

Funding information

Deutsche Forschungsgemeinschaft;

Publication Fund of the Karlsruhe Institute of

Technology

Abstract

Karst aquifers are vulnerable to contamination, especially in the context of heavy rain-

fall events. Contamination is often associated with turbidity that can originate from the

soil zone, infiltrating surface waters or resuspension of previously deposited sediments

within the aquifer. While turbidity events can be well monitored at karst springs,

related information about the sediment origin and the spatiotemporal input function

usually remain unknown. Thus, the mobility and attenuation of the particulate matter

and associated pollutants can hardly be determined quantitatively. A tracer test with

suspended cave sediments and solute tracers for comparison has hence been per-

formed in a karst aquifer at the Blue Spring (Blautopf) in Southern Germany. The

tracers were injected in the cave system, at the beginning of a fully phreatic karst con-

duit, and monitored at the spring after a travel distance of 1250 m. The particle-size

distribution was monitored using a particle counter and sediment samples were filtered

with 0.45-μm cellulose acetate filters. Particles on the filter were analysed for major

and trace elements as well as rare earth elements (REE) by ICP-MS after acid digestion.

Results show that (1) sediment particles were transported faster than solutes, which

was interpreted as a transport in the main flow path of the conduit, whereas conserva-

tive tracers tend to diffuse into smaller fissures as well. (2) All measured particles sizes

were transported at similar flow velocities. (3) A transport associated to sediment parti-

cles could be shown for all measured elements. This study presents a methodological

improvement of comparative sediment tracer tests as well as deeper insights into parti-

cle and element transport processes in karst aquifers, originating from previously

deposited cave sediment. Results provide deeper knowledge into transport processes

of sediment-associated contaminants, such as heavy metals which may strongly be

affected by the particle size. This knowledge contributes to a better management of

karst water resources in the context of turbidity events.

This is the first study that investigates the transport of geochemical elements associated with sediment particles in a karst conduit system by means of comparative tracer tests. This is relevant,

because sediments play an important but hitherto poorly understood role in the transport and retention of pollutants in karst aquifers.
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1 | INTRODUCTION

About 9.2% of the world's population withdraw their drinking water

from karst aquifers (Stevanovi�c, 2019). Typical properties of karst

aquifers are highly variable discharge regimes originating from fast

and turbulent flow in open fissures and conduits. Especially in case of

heavy rainfall events there is a high degree of particle mobilization,

both aquifer-derived and soil-derived, resulting in a high water turbid-

ity (Goldscheider & Drew, 2007; Herman et al., 2008; Pronk

et al., 2006; Vuilleumier et al., 2021). Clastic sediment deposits inside

the karst system originate both from weathering residues of surround-

ing rocks as well as sediment and soil that entered the cave system

during previous rainfall events or through sinkholes and sinking

streams. Typically, cave sediments are a mixture of silt, clay, sand and

larger rock fragments (Cholet et al., 2019; Vesper & White, 2004).

Sediment deposits in caves serve as habitat for microbial communi-

ties and play a major role for cave ecosystems (Adetutu et al., 2012;

Goldscheider et al., 2006; Zhu et al., 2019). Furthermore, organic com-

pounds or heavy metals can be retained and stored in cave sediments

and later be remobilized again during flood events (Vesper et al., 2001).

In this context, smaller particles have a larger relative surface area and

thus tend to have a higher sorption capacity for example for organic

substances, trace metals and heavy metals (Atteia & Kozel, 1997;

Churchman & Velde, 2019; Horowitz & Elrick, 1987; Huang

et al., 2020). Chemical conditions, in particular pH and redox environ-

ment, determine the solubility and affinity of metals to bind to mineral

surfaces and thus impact the mobility of metals. Redox sensitive ele-

ments are for example Mn, Fe, Al, Cr or Ce. The latter for example

occurs in the tetravalent form Ce4+ under oxidizing conditions and is

primarily fixed to particles, such as Fe–Mn (hydr)oxides (Braun

et al., 1990; Brioschi et al., 2013; Gwenzi et al., 2018; O'Connor

et al., 2015; Stecko & Bendell-Young, 2000). Sediment deposits can act

thus as a major sink for natural substances as well as metals of previous

contamination events. Suspended sediment particles not only serve as

transport vectors for pathogens, such as bacteria, viruses or protozoa,

but also for organic contaminants, major and trace elements, including

heavy metals and rare earth elements (REE) (Horowitz et al., 2008;

Huang et al., 2020; Jung et al., 2014; Mahler et al., 2000).

The concentration of REE in sediments is dependent on the con-

tained minerals and their respective source area, for further informa-

tion on REE please refer to for example Aide and Nakajima (2020),

LaMoreaux (2019) and McLennan (2001). Besides a geogenic origin,

REE concentrations in an aquifer can be increased by anthropogenic

input. Gadolinium (Gd) is used, for example in medicine, and is merely

retained by waste water treatment plants, thus can enter the environ-

ment, resulting in an enrichment relative to other REE (Bau &

Dulski, 1996; Künnemeyer et al., 2009; Möller et al., 2000).

A possibility to investigate sediment particle transport under

near-natural conditions in a karst system is a tracer test with an

injection of natural sediments and a conservative solute tracer for

comparison. In contrast to natural particle transport in karst systems,

which is usually initiated by shear stress, the sediment during a sedi-

ment tracer test is injected as a suspension in form of a Dirac input.

Previous studies also describe the use of microspheres, which how-

ever exhibit different surface properties in contrast to natural silica

particles that can lead to lower mass recoveries (Harvey et al., 2008;

Schiperski et al., 2016; Sinreich et al., 2009). Several studies describe

higher flow velocities of particles in comparison to solutes, which

make a detailed understanding of particle transport behaviour in karst

aquifers crucial. Pathogens and contaminants can be transported in

dissolution, in particulate form (e.g. bacteria) or adsorbed to particles

(Vesper et al., 2001). A differing transport behaviour of solutes and

particles/pathogens can therefore negatively impact the water quality,

for example earlier than anticipated, if assumptions are only made

based on solute transport velocities (Auckenthaler et al., 2002). While

a range of factors influencing particle and solute transport behaviour

have been identified so far, such as physical flow conditions, geomor-

phology of the system, type of used particles or particle size

(Goeppert & Goldscheider, 2019; Harvey et al., 2008; Richter

et al., 2022; Schiperski et al., 2016), underlying mechanisms of

observed differences in flow velocities of solute tracers in contrast to

particles are still not fully understood. So far, studies have mostly

been performed in both epi-phreatic and phreatic conditions, but not

exclusively in a fully phreatic conduit. Furthermore, detailed investiga-

tions in particular in regard to the chemical composition of the sus-

pended sediment are lacking in previous comparative tracer tests.

This, however, gives valuable information about element specific

transport mechanisms. In studies that discuss the storage and remobi-

lization of, for example heavy metals and contaminants in (cave) sedi-

ments (Gutiérrez et al., 2004; Vesper et al., 2001), there are no known

input quantities of sediments and elemental loads that could be com-

pared with measurements at the spring. The correlation between par-

ticle transport and the transport behaviour of major and trace

elements is therefore not fully understood yet. This study aims at

closing these knowledge gaps by performing a comparative tracer test

under natural conditions, with natural sediment and the measurement

of major and trace elements as well as REE.

The objectives of this study are:

1. To investigate possible differences in transport behaviour of sedi-

ment particles in contrast to solutes under natural conditions and

in a fully phreatic karst conduit,

2. With a special focus on detailed transport processes and flow

velocities for individual particle sizes in a large karst conduit,

3. To investigate possible differences in the transport of individual

major and trace elements, REE of natural and anthropogenic origin

as well as contaminants during the conduit passage in a natural

karst system and
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4. To improve the methodical approach of comparative tracer tests

with solute tracers and sediment particles under natural condi-

tions, by conducting the experiment in a large karst conduit with a

high discharge and additionally investigating geochemical elements

in the suspended sediment.

The emphasis of this study was therefore both on methodological

improvements of comparative sediment tracer tests as well as a

broader understanding of particle and element transport behaviour in

karst systems.

2 | MATERIALS AND METHODS

2.1 | Test site

The test site is located in the Swabian Alb, Germany's largest karst

landscape and karst aquifer system. The Blautopf is Germany's second

largest karst spring, with a catchment area of 165 km2. The catchment

area is well defined by previous tracer tests that have been performed

with solute fluorescence tracers (Selg & Schwarz, 2009). The dis-

charge of the spring varies between 300 L/s and 32 500 L/s with an

average of 2430 L/s (mean lower discharge: 616 L/s, mean highest

discharge: 14 500 L/s [LfU, 2006]). The aquifer is located in Upper

Jurassic limestone and marl series, with a total thickness of 400 m

(Bartenbach & Ufrecht, 2009; Lauber et al., 2014). The Bluecave sys-

tem is currently 16.2 km long and still under exploration. Due to div-

ing expeditions, the 1250 m long conduit from the spring to the first

cave lake (Mörikedom), that is used for the tracer test, is known and

mapped in great detail (Figure 1). The conduit varies in width, in the

range of several metres, and fluctuates between 468 m and 512 m

above sea level. The conduit is completely water filled (phreatic)

except for two small air-filled cave parts along the conduit (Ufrecht

et al., 2016). Discharge measurements are performed continuously

and are available upon request from the Baden Wurttemberg state

environmental agency (LUBW) in 15-min intervals, the precision of

the measurements is within 9% deviation from the mean value.

2.2 | Injection of conservative tracers and
sediment

For the investigation of sediment transport behaviour, natural sediments

from the Bluecave (Blauhöhle) were used; for particle size distribution,

please refer to Figure 2. In total, 60.2 kg of cave sediment (water content

26.6%) was distributed in four tubs and 20 L of water was added to each

tub (measured with buckets with a 10 L mark), further details on the sed-

iment composition, please refer to Table 2 and Table S1. All tubs were

thoroughly mixed with an electric mixer before injection. As conservative

tracers, 80 g of Uranine (Fluotechnik, Les Taillades, France) and 200 g of

Sulforhodamine G (Colorey, Lozanne, France) were injected.

The experiment was conducted from 15 January to 18 January

2022. All tracers were injected directly as Dirac input at a position

where the cave stream forms a lake. The sediment suspensions were

all injected within a timeframe of 2 min. Potential adsorption pro-

cesses or measurement uncertainties, due to a high turbidity

F IGURE 1 Outline of
Germany with location of the
catchment area of Blautopf in
Southern Germany (a), modified
after Chen et al. (2017). Sketch
(b) of the investigated conduit,
with the injection point at the
beginning of the phreatic conduit
and sampling point at the spring,
modified after Ufrecht
et al. (2016).

F IGURE 2 Distributive and cumulative particle size distribution
by mass of the cave sediment. Masses were calculated from particle
numbers with a mean particle diameter and the assumption of a
spherical particle.
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originating from the sediment, were avoided by injecting solute

tracers 1 h after the sediment.

During the experiment, hydrological conditions were relatively

constant with a slight decrease from 2010L/sto 1800 L/s, with a

mean discharge of 1864 L/s (precision of discharge measurements is

±170 L/s) and no precipitation; thus, an interpretation of data due to

variable discharge can be excluded.

2.3 | Sampling at the spring

The sampling of both sediment and conservative tracers took place at

the spring. Due to local conditions and special requirements of the

measurement instruments in regard of protection against cold, a bypass

was installed (Figure S1 in SI). A pump (Geo-Inline Plus, 12 V, max.

19 L/min, Comet) was installed before the 11.8 m long bypass consist-

ing of a lightproof mantled polyethylene tube (diameter ½”, Rehau
Industries, Rehau, Germany) eligible for drinking water supply (accord-

ing to the German DVGW W270/KTW A). The material was chosen to

avoid algae growth and limit biofilm formation. The flow rate in the

bypass was regularly monitored to ensure constant flow conditions.

2.4 | Conservative tracers

Online measurements of Uranine were performed with an online field

fluorimeter GGUN-FL 30 (Albillia) at an interval of 10 s. For compari-

son, water samples were collected with an automated sampler

(Teledyne ISCO) in intervals of 20 min–4 h. All water samples were

stored in 50 mL brown glass bottles in the dark at a temperature below

4�C before analysis with a LS55 fluorescence spectrometer (Perkin

Elmer Inc.) in the laboratory. Both fluorimeters, GGUN-FL 30 and LS55,

were calibrated with the respective tracers and water from the spring.

The conservative tracers Uranine and Sulforhodamine G are both harm-

less for the environment (Behrens et al., 2001) and have a low detec-

tion limit of 0.005 μg/L (Uranine) and 0.05 μg/L (Sulforhodamine G) in

water from Blautopf, determined by a calibration curve with the

described analysis method (Goldscheider et al., 2008).

2.5 | Sediment analysis and particle size
distribution

The particle size distribution (PSD) of the injected sediment suspension

was analysed by dilution of 1 mL of sediment suspension in bi-distilled

water, which was then measured 10 times with a particle counter

(PCSS fluid lite, Klotz GmbH) in the laboratory (relative standard devia-

tion 6%). This procedure was repeated three times to account for possi-

ble inhomogeneity in the sample (relative standard deviation 0.8%

between the three subsamples). The size classes measured with the

particle counter include also particles that are up to 0.9 μm larger than

the respective size class, for example the size class of 1 μm include par-

ticles up to 1.9 μm. The sediment suspension contained a total number

of 9.3 � 1013 particles; for a particle size distribution by mass please

refer to Figure 2. Particles masses were determined based on particle

numbers by assuming spherical particle diameters.

For determining particle numbers in the spring water in a size

range of 1–100 μm, a mobile particle counter (PCSS fluid lite, Klotz

GmbH) was installed after the bypass. The measurement interval was

set to 2 min with a rinsing volume of 40 mL and a measurement vol-

ume of 10 mL for each sample. Background measurements of particle

numbers at the spring were taken for 24 h prior to sediment injection

and showed variabilities for particle sizes of 1–10 μm between 2.5%

and 15%, whereas particle numbers decreased with increasing diame-

ter and thus showed a generally higher variation. Background values

were subtracted prior to calculation of particle recovery and model-

ling, which is a common practice for evaluation of tracer breakthrough

curves with background (Leibundgut et al., 2009).

2.6 | Data analysis – tracer

The relative mass recoveries of solute tracers and particle recoveries

were calculated with the following formula:

R¼ 1
M

ðtend
t¼0

QCð Þdt ð1Þ

where R is the mass- or particle recovery, M is the injected tracer quan-

tity (solute mass or particle number), Q is the discharge and C is the

tracer concentration (mass/volume or particles/volume) at time t,

whereas t0 is the time of injection and tend describes the end of mea-

surements (Käss, 2004). A time step of t/2 on each side of each time

step was used for calculations. The formula has also been applied on

sediment particles in previous studies (Goeppert & Goldscheider, 2008;

Richter et al., 2022).

Basic transport parameters (peak transit time, mass- or particle

recovery, maximum tracer concentration, dominating or peak flow

velocity [vdom]) were directly obtained from the breakthrough curves of

conservative tracers and each individual particle size. All breakthrough

curves were further modelled with the CXTFIT code (Toride et al., 1999)

in the software STANMOD (version 2.1) (Simunek et al., 1999) using an

advection-dispersion model (ADM). Mean flow velocity, dispersion and

mass were fitted to data. Breakthrough curves could be sufficiently

modelled with an ADM model, which contains fewer fit parameters than

a 2RNE model (two-region non-equilibrium model) and therefore does

not provide any ambiguous results. For a better comparison

Sulforhodamine G, Uranine and all particle sizes were modelled with

2RNE nevertheless, whereas additionally the partition coefficient (β) and

the mass transfer coefficient (ω) were fitted (Table S4 in SI).

2.7 | Sediment samples on filters

Water samples were manually taken every 1–4 h and directly vacuum

filtered (MZ 2, Vacuubrand) on site over a 25 mm diameter cellulose

acetate filter with a pore size of 0.45 μm (Sartorius) for geochemical

analysis. The filtered volume was chosen to be as high as possible

4 of 12 MUELLER ET AL.
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within a reasonable filtration time, to assure the highest possible parti-

cle load on the filter. A filter volume between 990 mL and 2500 mL

could be achieved depending on particle load. All filtration equipment

was rinsed with ultrapure water prior to each sample, to avoid cross

contamination between the samples. To monitor blank values

throughout the sampling and analysis procedure (process blank

values), 2000 mL of bi-distilled water was filtered under the same

conditions as the samples in regular intervals (four blank samples in

total) and treated according to the samples.

After being stored and transported in individual plastic filter

boxes, sediment-loaded filters were dried at room temperature for at

least 24 h and then completely digested in Teflon vials using sub-

boiled HNO3 (65%), HClO4 (65%, normatom) and HF (40%, supra-

pure). The samples were evaporated to near dryness. Afterwards,

HNO3 (65%) was repeatedly added and evaporated to clean the

digest. Finally, the samples were dissolved in 10 mL HNO3 (1%). For

quality control, blank filters and certified standards (GXR-2 and SL-1)

were digested accordingly. Subsequently, the digested sediment sam-

ples, blank filters and reference standards were measured with induc-

tively coupled plasma mass spectrometry (ICP-MS) (ICP-MS 7800,

Agilent Technologies). Internal standards were used during ICP-MS

measurements and a drift control was performed with a 5 μg/L inter-

nal standard for major ions and trace elements, which was used

throughout the analysis. Major cations (Ca and Mg), trace elements

(Li, Be, Al, V, Mn, Fe, Co, Ni, Ga, As and Rb) and REE (La, Ce, Pr, Nd,

Sm, Eu, Gd, Tb, Ho, Er, Tm, Yb, Lu and Th) were measured. A list with

process blank values and internal calibration standards for ICP-MS

measurements can be found in (Table S2 in SI).

For evaluation of geochemical data, blank values from the test

site were checked for normal distribution (Shapiro Wilk test), then

outliers were determined by Grubbs test (p = 0.05) (Origin Lab 2021).

All measurement results for sediment samples were divided by the fil-

tered water volume to obtain a value of microgram of each element in

the sediment fraction in 1 L of filtered water. Process blank values

from the test site were then subtracted; these blank values included

filtering of a comparable volume of bi-distilled water under field con-

ditions, digestion and measurements with ICP-MS.

Volume corrected measurement results for B, Ti, Cu, Zn, Nb, Mo,

Ag, Cd, Cs, Ta, W, Pb and Bi were below the threshold of mean pro-

cess blank values plus three times standard deviation of process blank

values; thus, these elements were excluded from further evaluation.

REE data were normalized to PAAS (Post Archean Shales) stan-

dard, an often-used standard for the upper continental crust

(McLennan, 2001). For calculation of Ce and Gd anomalies, an inter-

polation of expected PAAS normalized concentrations (indicated by *)

of neighbouring elements is usually used:

For calculation of Ce anomaly, the following formula was used:

CePAAS=CePAAS�¼ 2�CePAAS
LaPAASþPrPAAS

ð2Þ

For sediment samples the following formula was used for the cal-

culation of Gd anomalies:

GdPAAS=GdPAAS�¼ 2�GdPAAS
EuPAASþTbPAAS

ð3Þ

The same calculations were used for a normalization of REE data

to the input values of the sediment suspension, to investigate for pos-

sible changes of anomalies during the experiment.

Grinded and dried (48 h at 60�C) samples of cave sediment from

slightly different positions at the cave lake (sample 1–3) were mea-

sured for mineralogical components with X-ray diffraction

(D8 Discover) and X-ray fluorescence (S4 Explorer, Bruker AXS).

Results of quality control measurements of the reference standards

for X-ray fluorescence are found in Table S3.

For the determination of total organic carbon, samples were dried

as well (48 h at 60�C), grinded and treated with 2 M HCl (suprapure,

Carl Roth) until all carbonate volatilized, then measured with a TOC

vario cube (elementar).

3 | RESULTS

3.1 | General transport parameters of conservative
tracers and sediment particles

All breakthrough curves have a similar shape and exhibit a single peak.

The arrival times (Figure 3 and Table 1) differ significantly between

particle tracers (sediment) with a mean flow velocity of 116.5–

118.3 m/h, depending on particles size, and solute tracers with a

mean flow velocity of 107.6 m/h (Uranine and Sulforhodamine G).

The dispersion for solute tracers is slightly lower with 1552–

1556 m2/h in contrast to particles with a dispersion of 1695–

1764 m2/h. Dispersivity is similar both for particle tracers as well as

solute tracers. All particles size classes show a comparable transport

behaviour without significant differences. A significant difference

between the particles sizes in regard of flow velocities and dispersion

F IGURE 3 Tracer breakthrough curves for Uranine (blue),
Sulforhodamine G (red), 1 μm, 2 μm and 3 μm particles (grey) with
measured concentrations. Vertical bars indicate net breakthrough
time of particle peaks (left) and conservative tracers (right).
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could not be observed in contrast to other studies (Goeppert &

Goldscheider, 2019). Breakthrough curves of Sulforhodamine G were

not measured online but modelled based on water samples, which

may slightly impact fitted transport parameters (different length of

integration intervals of concentration) in comparison to Uranine.

However, both solute tracers are considered conservative, yielded

similar mass recoveries, were injected simultaneously and modelled

breakthrough curves were very similar, therefore data were inter-

preted for travel times accordingly.

Measured tracer breakthrough curves for Uranine, Sulforhoda-

mine G and total particles numbers (1–15 μm) are shown in Figure 3.

Despite a slight tailing, all breakthrough curves could be sufficiently

well modelled with the ADM (Figure 4 and Table 1) with R2 = 0.970

to R2 = 0.993. Whereas R2 for particle numbers might be slightly

overestimated because of zero values due to subtraction of the parti-

cle baseline.

Mass recoveries for solute tracers were 96% for Uranine and

101% for Sulforhodamine G (Figure 4). The mass recovery for both

conservative tracers might result from slight measurement uncer-

tainties, as a mass recovery over 100% is not realistic (Benischke,

2021). Adsorption to surrounding rocks or sediments were negligible

as mass recovery for both tracers was very high.

Particle recoveries for individual particle size classes ranged

between 82% (for 9 μm particles) and 120% (for 1 μm particles), see

Table 1. A particle recovery above 100% is likely due to uncertainties

in the quantification of particle numbers in the injected sediment

suspension. Particles with a diameter below 1 μm could not be quanti-

fied with the particle counter and thus their transport behaviour was

not in the scope of this study. Particles larger than 15 μm were not

considered in the particle recovery as only very few particles arrived

at the spring as larger particles are subject to increased sedimentation

(Atteia & Kozel, 1997), a similar size distribution pattern with very few

large particles >10 μm was also observed in other karst springs (Pronk

et al., 2007; Schiperski et al., 2015).

Breakthrough curves for all particle sizes were modelled with

ADM as well (Figure S2). Additionally, Uranine, SulforhodamineG and

all particle sizes were modelled with the 2RNE (Figure S3

and Table S4).

3.2 | Geochemical composition of transported
particles

Results from geochemical analysis go in line with the observed particle

numbers during the particle peak. All elements that were measured in

the sediment show a significant increase in concentrations at the time

of the particle peak and return to previous levels thereafter. For a bet-

ter comparison, measurement results of the elements were normal-

ized and plotted in a heat map, whereby measurement values are

normalized to c/cmax, respectively, the highest measured value for

each element is indicated by 1 (dark purple) (Figure 5). High concen-

trations of elements in the sediment samples can therefore be directly

TABLE 1 Transport parameters for solute tracers Uranine and Sulforhodamine G (Sulfo G) and particles, including fitted ADM parameters for
the travel distance of 1250 m.

Parameter Tracer (input)

Mass/particle

recovery

Max.

tracer conc.

Peak

time vdom vmean
a Dispersiona Dispersivity

R2
1

Unit

g or number of

particles %

μg/L or

particles/mL h m/h m/h m2/h m

Uranine 80 96 2.67 11.00 113 107.6 ± 0.1 1552 ± 7 14.4 0.994

Sulfo G 200 101 7.19 11.25c 111 107.6 ± 0.4 1560 ± 74 14.5 0.992

Total particles 9.3 � 1013 107b 3650 10.17 123 116.5 ± 0.1 1735 ± 28 14.3 0.991

1 μm 3.9 � 1013 120b 1709 10.05 124 116.5 ± 0.1 1735 ± 28 14.3 0.991

2 μm 2.5 � 1013 105b 983 10.17 123 116.5 ± 0.1 1742 ± 29 14.4 0.991

3 μm 1.0 � 1013 97 370 10.23 122 116.7 ± 0.1 1705 ± 30 14.0 0.990

4 μm 6.3 � 1012 92 221 10.05 124 116.8 ± 0.2 1728 ± 33 14.2 0.988

5 μm 1.9 � 1012 92 65 10.11 124 116.6 ± 0.2 1720 ± 41 14.2 0.982

6 μm 3.3 � 1012 89 109 10.29 122 117.0 ± 0.2 1729 ± 37 14.2 0.985

7 μm 2.3 � 1012 89 74 10.17 123 116.7 ± 0.2 1764 ± 40 14.5 0.983

8 μm 2.4 � 1012 85 76 9.88 127 117.6 ± 0.2 1749 ± 41 14.3 0.982

9 μm 1.3 � 1012 82 42 10.05 124 118.2 ± 0.2 1695 ± 45 13.8 0.977

10 μm 8.0 � 1011 100 31 10.41 120 118.3 ± 0.3 1718 ± 52 13.9 0.970

15 μm 1.2 � 1011 155b 8 9.99 125 118.6 ± 0.5 1713 ± 83 13.9 0.924

1R² for particle numbers migth be slightly overestimated due to subtraction of particle baseline.
aCXTFIT (ADM) model.
bRecoveries above 100% likely reflect uncertainties in quantification of discharge (Sulforhodamine G) and input quantity of particles.
cPeak time based on water samples.
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linked to the cave sediment that was artificially suspended and trans-

ported to the spring during this experiment. To allow a rough assess-

ment of the increase in concentrations for each element in the

sediment samples, bars on the right side of Figure 5 indicate the range

of measured values for each element. The increase of concentrations

from baseline to peak, given in μg per filtered litre of water, ranged

from 3.9-fold to 16-fold.

A Spearman rank correlation was performed on measurements of

geochemical elements after testing for normal distribution (Shapiro

Wilk test). A correlation was considered significant with p ≤ 0.05 and

shows a significant (p ≤ 0.05) positive correlation (ρ > 0.7) between all

major and trace elements and REE in sediment samples, except Tl and

Na, V and Mn as well as Tb and Na (Table S5 in SI). All REE in the sedi-

ment show a similar behaviour, except Dy which shows several out-

liers that are not relatable to any other elements. Additionally, a

principal component analysis (PCA) was performed and exhibited two

major components with PC1: 90.02% and PC2: 3.19% (Table S6 and

Figure S4 in SI).

The overall REE (sum REE) values in sediment samples more than

tripled (from 0.03 ng/L to 3.7 ng/L) during the particle peak and

returned to pre-peak conditions at the same time than particle

concentrations.

PAAS normalized concentrations for REE in cave sediment exhib-

ited similar Ce and Gd anomalies as in sediment samples measured at

the spring, with Ce/Ce* = 0.83 and Gd/Gd* = 1.50. Anomalies for

sediment samples measured at the spring did not change in the course

of the experiment when normalized to input quantities for Ce

(Ce/Ce* = 0.96 ± 0.02) and Gd (Gd/Gd* = 1.01 ± 0.04).

Major components measured by X-ray fluorescence of the

injected sediment were by percent of weight: SiO2 (63%–68%), Al2O3

(15%–16%), CaO (5%–6%) and Fe2O3 (total) (5%–6%) (Table 2). The

crystalline fraction of the sediment comprised mainly of quartz

(>50%), calcite (approx. 10%), feldspar (approx. 15%) and mica (approx.

15%). The content of total organic carbon was 1.13%.

Sediment samples that were filtered at the spring contained mod-

erately high amounts of Al (34.9 μg/L), Ca (21.0 μg/L), Fe (20.2 μg/L),

Mg (3.11 μg/L), K (5.98 μg/L), Na (2.11 μg/L) and Mn (0.62 μg/L) dur-

ing the particle peak. Mass of the respective chemical element of the

suspended solids calculated in 1 L of water.

4 | DISCUSSION

4.1 | General transport parameters of conservative
and sediment tracers

A similar behaviour of higher flow velocities of particles in comparison

to solute tracers and thus the overall bulk velocity of water, was

already observed by previous field studies (Auckenthaler et al., 2002;

Goeppert & Goldscheider, 2008; Richter et al., 2022; Schiperski

et al., 2016) and laboratory experiments (Ahfir et al., 2007; Toran &

Palumbo, 1992). One likely explanation for higher flow velocities is a

pronounced transport of particles in the main flow path and thus in

the centre of larger conduits. Solute tracers, in contrast, tend to dif-

fuse also into the low flow zone, including, for example, smaller fis-

sures, conduit sediments and annex-to-drain zones, resulting in an

overall lower mean transport velocity in contrast to particles

(Goeppert & Goldscheider, 2019; Richter et al., 2022). A higher flow

velocity of particles in the centre of conduits is often accompanied by

a lower dispersion in contrast to solute tracers, which could also be

F IGURE 4 Breakthrough
curves for Uranine,
Sulforhodamine G and total
particle numbers. Results from
water samples (red dots), field
fluorimeter (green) and ADM
models (blue) are given in μg/L
and particles in 10 mL,
respectively, recovery (black) is

given in percentage.
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shown mathematically for fractures and uniform tubes (James &

Chrysikopoulos, 2003). However, this is not always the only effect

present and particles can as well exhibit both a higher flow velocity

and a slightly higher dispersion than solute tracers (Goeppert &

Goldscheider, 2008; Toran & Palumbo, 1992), which goes in line with

the slightly higher dispersion of particles during the described experi-

ment, whereas dispersivity is similar both for solute tracers and parti-

cles. As the ADM is a simplified approach for comparison of transport

parameters that has been used in previous literature (Field &

Li, 2011), differences in dispersion can only serve as a hint, but further

experiments would be required to investigate these processes more in

depth. In other studies, higher flow velocities of particles in contrast

to solutes are also explained as pore exclusion processes, whereas

particles are too large to enter smaller pores and therefore trans-

ported faster (Schiperski et al., 2016), however these processes are

likely more relevant for the vadose zone and are only of minor rele-

vance for this tracer test in a fully phreatic conduit. A significant dif-

ference between the particle sizes in regard of transport velocities

and dispersion could not be observed in contrast to other studies

(Goeppert & Goldscheider, 2019; Richter et al., 2022), which might be

TABLE 2 Geochemical analysis of cave sediment samples measured with X-ray fluorescence given in percentage of weight.

Sample

% by weight

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3—total Ignition loss SUM (%)

Sample 1 0.56 1.3 16.4 62.3 0.56 1.7 6.1 0.92 0.24 5.8 11.7 107.6

Sample 2 0.58 1.3 15.1 63.4 0.56 1.6 6.7 0.91 0.24 5.7 11.5 107.6

Sample 3 0.66 1.1 14.5 68.3 0.39 1.7 5.0 0.93 0.25 5.3 9.6 107.7

F IGURE 5 Normalized values
for major and trace elements as
well as REE for sediment samples.
Each element was normalized to
the individual maximal
measurement value (c/cmax). Dark
colours (purple) indicate highest
values, whereas lighter colours
(yellow) indicate the proportion of

the measured concentration in
contrast to the highest value.
Total particle numbers are given
for comparison. Concentration
range of blank-corrected
measurements for each element
in μg/L are indicated on the
logarithmic scale on the right.
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a result of a larger conduit cross section of several meters with a large

preferential flow path for all particle sizes. The transport behaviour

for particles smaller than 1 μm, which may differ from larger particles,

is beyond the scope of this study.

Differences in transport velocities can further be impacted by

flow conditions, whereby high and more turbulent flow conditions

seem to favour more similar transport velocities of particles and sol-

utes and vice versa (Goeppert & Goldscheider, 2011; Richter

et al., 2022). As flow conditions during the experiment were constant,

an influence of changing hydrological conditions on transport veloci-

ties can be ruled out. The average discharge of 1864 L/s during the

experiment was slightly below the average annual discharge of

2330 L/s (Selg & Schwarz, 2009). Faster flow velocities of particles

opposed to solutes are therefore to be expected, as differences

between those two phases are particularly pronounced at low flow

conditions (Goeppert & Goldscheider, 2008; Richter et al., 2022).

It is supposed that the specific conditions at the injection site

may have contributed to the faster transport of particles compared to

solutes. Solute tracers and particles were injected from the same posi-

tion within the cave system, into the cave lake above the entrance of

the fully saturated conduit (Figure S5 in SI). Visual observations

showed a slightly quicker entry of particles into the downward leading

conduit, potentially due to gravity effects of the dense sediment sus-

pension or small particle clusters. In comparison to the solute tracers,

Uranine and Sulforhodamine G, which showed a higher lateral distri-

bution and were longer visible in the water. However, dye tracers in

general have a rather high visibility to the naked eye.

Particle recoveries decrease with increasing particle diameter,

which can be attributed to an increased sedimentation of particles

>5 μm (Atteia & Kozel, 1997; Goeppert & Goldscheider, 2019;

Schiperski et al., 2015). Due to the natural conditions in the cave, it

was further very difficult to assess correct input quantities for particle

numbers and particle recoveries. Besides, large sediment amounts

(60.2 kg) and suspected inhomogeneity of the sediment suspension, in

particular particle clusters as well as coagulation processes of small

particles, may have led to a slight underestimation of particle numbers

in the lower micrometre range for the injected sediment suspension,

resulting in an overestimation of the recovery rate. Particle clusters

may result from sedimentation, storage in the tubs and possibly also

transport of samples as well as changes in zeta potential during dilu-

tion of the sediment suspension with bi-distilled water in the labora-

tory (Hsu & Liu, 1998; Mingard et al., 2009), which would have

increased particle recoveries in particular of small particles. Effects

resulting from transport and sub-sampling of the injected sediment

suspension were unfortunately inevitable due to site-specific condi-

tions in the cave. Nevertheless, maximum care was taken from sam-

pling to repeated measurements of the sub-samples of the injected

sediment suspension. Particle recoveries are therefore interpreted

with care and do not impact general transport parameters and geo-

chemical analysis. Previous studies of comparative tracer tests yielded

variable particle recoveries between 20% and 99% (Goeppert &

Goldscheider, 2008, 2019; Richter et al., 2022; Schiperski

et al., 2016). In this study only on large, well-known conduit was

investigated without major branching, which could further contribute

to a high particle recovery.

4.2 | Geochemical composition of transported
particles

A sediment-associated transport could be observed for all geochemi-

cal elements that were measured in the sediment samples, both with

a geogenic, for example Ca, Mg, Al, and additional anthropogenic ori-

gin, for example Gd, as described below. Even during large storm

events, the major sediment composition does not differ from the base

flow (Herman et al., 2008).

Besides being incorporated into, for example, silicates (Marks &

Markl, 2014), dissolved REE often attach to iron (hydr)oxides and

organic matter (Andersson et al., 2006; Matsunaga et al., 2014). A

transport of REE with the suspended sediment was expected and

could be seen (Figure 3). For the sediment samples in this study, a

more positive Ce anomaly would have been expected as Ce is less sol-

uble under oxidizing conditions (Braun et al., 1990; Brioschi

et al., 2013). A positive Gd anomaly in the injected sediment, that was

also found in the sediment samples measured at the spring, with

Gd/Gd* = 1.50, can be linked to anthropogenic inputs of Gd from, for

example, magnetic resonance imaging (MRI) contrasting agents (Bau &

Dulski, 1996; Brioschi et al., 2013; Knappe et al., 2005). Anthropo-

genic input of Gd at the study site is very likely as waste water treat-

ment plants are located in the catchment area of the karst system.

When normalized to input quantities, the anomalies for Ce and Gd

remained similar over the course of the experiment, thus no fraction-

ation of Ce and Gd occurred during the conduit passage.

In previous studies (Bau & Dulski, 1996; Brünjes &

Hofmann, 2020; Knappe et al., 2005), Gd has been analysed primarily

in water samples, whereas in this study, the transport of Gd was ana-

lysed in particulate form. A positive Gd anomaly was found through-

out the entire experiment. This supports the assumption that

dissolved Gd from anthropogenic sources may be retained in sedi-

ments and be remobilized as well in its particulate form by storm

events. A similar behaviour was also observed for other anthropo-

genic contaminants (Vesper et al., 2001).

All geochemical elements show a strong increase in concentration

in the particulate fraction upon the arrival of the particle peak, which

is directly linked to the injected sediment suspension, reflecting a

(simulated) transport of naturally occurring sediments. In contrast to

artificial tracers, transport processes of natural sediment, respectively,

natural geochemical behaviour, could be investigated in the experi-

ment, imitating a natural turbidity event. The sediment which was sus-

pended during the comparative tracer test originates from natural

sediment deposits in the cave system. Often these sediments are

remobilized during heavy rainfalls as shear flows increase (Cholet

et al., 2019; Herman et al., 2008; Husic et al., 2017).

Karst systems share common chemical properties, such as circum-

neutral to alkaline pH, and minerals, such as calcite and often dolo-

mite. However, major and trace element concentrations usually vary
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between different systems and can even show a seasonal variability

(Klimchouk, 2017; Stecko & Bendell-Young, 2000; Vesper &

White, 2004). Thus, it is important to understand site-specific physical

and chemical transport processes, which was done by performing the

experiment with cave sediments from the Bluecave system.

5 | CONCLUSIONS

The comparative sediment tracer test in a fully phreatic conduit

showed a particle transport in preferential flow paths, and thus, signif-

icantly increased flow velocities of particles in contrast to solute

tracers. Both conservative tracers, Uranine and Sulforhodamine G,

showed a similar transport behaviour during the experiment, therefore

adsorption processes to surrounding rocks or sediments were not rel-

evant during the conduit passage. A different transport behaviour

with respect to different particle sizes could not be observed, as all

particle sizes yielded comparable transport velocities.

Geochemical analysis supports a preferential sediment associated

transport for all analysed major and trace elements and REE, which

could be seen in a clear increase of element concentrations during the

particle breakthrough curve. An anthropogenic input of Gd could be

observed in anomalies when standardized to PAAS, but no further

change in anomalies occurred during the conduit passage. Such a

sediment-associated transport of anthropogenic Gd may apply to

other anthropogenic contaminants as well.

The approach of a comparative tracer test with conservative

tracers and sediment particles in a natural karst system could be suc-

cessfully applied in a large karst conduit with a high discharge

(>1800 L/s). Distinct breakthrough curves for both solute tracers and

particles with diameters from 1 μm to 15 μm could be achieved. Mea-

surements of geochemical elements in the suspended cave sediment

provided further information on element-specific transport behaviour,

which gives a hint on processes occurring during natural turbidity

events for a specific karst system.

Our findings demonstrate a suitable approach to investigate

turbidity-associated transport processes in karst systems by perform-

ing a comparative tracer test with particles and solutes and an addi-

tional measurement of the chemical composition of the sediment. An

investigation of these transport processes can help to understand

changes of the water quality in karst springs in more detail.
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