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ABSTRACT

Karst aquifers are important groundwater resourcessidering that many people across
the world partly or even entirely depend on karatex. The special characteristics of karst
aquifers result in a high variability in water daaility and quality. Therefore, adapted

water management strategies are crucial to use thater resources in a sustainable way.
Especially in tropical and subtropical areas, likéSoutheast Asia, the climate conditions
with dry and rainy seasons hamper a continuousrater supply. In addition to severe

water scarcity during dry seasons, a poor microletier quality poses a threat to human
health of the local population. The city Dong VanNorthern Vietnam faces increasing

water scarcity and water quality problems. Theglesion as a UNESCO Global Geopark
in 2010, called the Dong Van Karst Plateau, hagdeal strong increase in tourist numbers,
which enhance the pressure on the already tenséel wapply situation. To meet the

raising water demand and to protect groundwateouregs against contamination and
overexploitation, a profound understanding of tbeal hydrogeological conditions are

essential.

Extensive field studies, including mapping, tratests and hydrochemical analyses were
carried out and resulted in a hydrogeological cphwd model for the geologically
complex karst area of Dong Van, which is presented¢hapter 2 of the thesis. Four
different physicochemical water types were ideetifiwhereby the most important ones
correspond to the karstified Bac Son and the fradiiNa Quan aquifer. To evaluate the
microbial water quality of the different water resces, analyses of three types of faecal
indicator bacteria (FIBlEscherichia cali (E. coli), enterococci and thermotolerant coliforms
were conducted. Although, all studied springs wéaecally-impacted, the following
relationships could be found: (1) Springs from Bae Son formation displayed the highest
microbial contamination, especially the springstthee involved in a polje series with
connections to sinking streams. (2) The type ofngpcapture affects the water quality.
Storage tanks are prone to contamination, sincpleenight unknowingly pollute the water
reservoirs. (3) FIB concentrations are dependerdeasonal variation, with higher values
during wet season conditions.

Generally, water quality is affected by high fluations due to the high degree of
hydrologic variability and spatial heterogeneity twansport parameters within karst
aquifers. Therefore, the second study of this the@hapter 3) focuses on the
characterization of flow and transport parametethiwa karst conduit system. Six tracer
tests were carried out with injections and monigrat four sites along the flow system: a
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swallow hole, two sites inside the cave, and twg@@eht springs draining the system.
Breakthrough curves (BTCs) were modelled with thee-dimensional Advection-
Dispersion Model and the Two-Region-Non-EquilibriuModel. In order to obtain
transport parameters in the individual sectionthefflow system, an innovative evaluation
approach was applied. The BTCs from one sectiorewered as a multi-pulse input
function for the next section. Using this approagécreasing flow velocities along flow
direction could be revealed due to decreasing grasli However, dispersivity was highest
in the middle section of the cave system. For thigree system, the tracer tests yielded an
increase of mean flow velocities from 183 to 1,0d3n with increasing discharge.
Simultaneously, the proportion of immobile fluidyirens decreased. Dispersivity was found
to be minimal at intermediate discharge.

The water from the cave system described abovesésl dor a projected and almost
completed water supply system. For this reasonwtiter quality of the spring that drains
the system is examined in the third study (chagfeof this thesis. Due to the high
variability of karst springs, rapid assays are neguthat enable the observation of water
quality fluctuations. In this study, the measuretginthe enzymatic activity oE. coli is
shown to be a valuable tool for water quality monitg. The monitoring off3-D-
glucuronidase (GLUC) activity was performed by gsanprototype of a mobile, automated
ColiMinder. With high temporal resolution, multipléydrological, hydrochemical,
physicochemical and microbiological parameters|uiiog discharge, turbidity, particle-
size distributions, anH. coli were measured during ten days of on-site mongaorassess
the relationship between GLUC activity, dischargmaimics and contamination patterns.
Anthropogenic and agricultural activities led te@nplex contamination pattern with high
E. coli concentrations and GLUC activity with diurnal fluations. This daily dynamic
could also be observed for the particle concewinatiof small size classes (<10 pm),
resulting in significant correlation coefficient&tronger correlations between GLUC
activity andE. coli or the concentration of 2-3 pm particles, werentbior an event scale.
However, GLUC activity andE. coli displayed significant differences in detail, whiciay
be explained by viable but non-culturable cellsv@&ttheless, the study showed that GLUC
activity is a promising, complementary parametear do-site and near real-time water
quality monitoring, especially in combination witfarticle concentrations of small size
classes.

The thesis presents a detailed view of water qualipects in karst water resources on
different scales. This holistic approach results ipetter understanding of subtropical karst
systems and delivers a valuable base in order velole adapted and sustainable water
management strategies. The presented methods armuhapes are seen to be transferable
and applicable to other remote karst areas undragpical and tropical climate conditions.

II
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Karstgrundwasserleiter sind wichtige Grundwassso@xen, da weltweit viele Menschen
teilweise oder sogar vollstandig von Karstwassdrdalgen. Aufgrund ihrer besonderen
Eigenschaften ist die Verfigbarkeit und Qualitat idarstwasser hoch variabel. Daher sind
fur eine nachhaltige Nutzung dieser Wasserressouagepasste Bewirtschaftungs-
strategien unerlasslich. Besonders in tropischem subtropischen Gebieten, wie
beispielsweise in Sudostasien, erschweren die kBoteen Bedingungen mit Trocken- und
Regenzeit, eine kontinuierliche TrinkwasserversoggNeben der Wasserknappheit in der
Trockenzeit, stellt vor allem die schlechte mikedl@ Wasserqualitat zur Regenzeit eine
Bedrohung fiir die Gesundheit der Bevolkerung dae Btadt Dong Van im Norden
Vietnams sieht sich mit einer wachsenden Bedrohdogch Wasserknappheit und
schlechter Wasserqualitat konfrontiert. Die Ernemgndes Dong Van Karst Plateaus zum
UNESCO Global Geopark im Jahr 2010, fuhrt zu staekgenden Touristenzahlen, was den
Druck auf die ohnehin bereits angespannte Wassamgemgslage weiter verstarkt. Um
den steigenden Wasserbedarf decken und die Gruedweassourcen vor Verunreinigungen
und Ubernutzung schitzen zu konnen, ist ein tiefgdhs Verstandnis der hydrogeolo-
gischen Bedingungen vor Ort essentiell.

Umfangreiche Gelandearbeiten wurden durchgefuhiiscilie3lich Kartierungen,
Markierungsversuche und hydrochemischen UntersgghnrAuf dieser Grundlage wurde
ein hydrogeologisches Konzeptmodell fir das gesldgkomplexe Gebiet von Dong Van
erstellt, das in Kapitel 2 vorgestellt wird. Vieraakertypen konnten physikochemisch
unterschieden werden, wobei die wichtigsten dem &at Karstaquifer und dem Na Quan
Kluftaquifer zugeordnet werden konnen. Um die mithetle Wasserqualitat der
verschiedenen Wasserressourcen beurteilen zu kpmveden die drei Fakalindikator-
bakterien (FIB)Escherichia coli (E. coli), enterococci und thermotolerante Gesamtcoli-
forme analysiert. Obwohl alle untersuchten Queltait Fékalkeimen belastet waren,
konnten folgende Zusammenhénge festgestellt we(d¢@uellen der Bac Son Formation
waren mikrobiell am starksten belastet, vor alleenw sie Gber die Poljenstaffelung mit
Bachschwinden verbunden sind. (2) Die Quellfassuepinflusst die mikrobielle
Wasserqualitdt, da die Ublichen Speichertanks lapféiir einen unwissentlichen
Schadstoffeintrag durch die Quellnutzer sind. (8) Ronzentrationen von FIB unterliegen
jahreszeitlichen Schwankungen, mit hdheren Werneter Regenzeit.

Aufgrund der starken hydrologischen Variabilitatduder raumlichen Heterogenitat von
Transporteigenschaften im Karst, unterliegt die $dagualitdt im Allgemeinen starken

I
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Schwankungen. Daher konzentriert sich die zweiteidi8t (Kapitel 3) auf die
Charakterisierung von Flie3- und Transportparameter einem Karstréhrensystem. Es
wurden sechs Markierungsversuche durchgefiihrt, wotie Eingaben und die
Beprobungen an vier Stellen entlang des FlieRsysteorgenommen wurden: der
Bachschwinde, zwei Stellen in der Hohle und an zlemachbarten Quellen, die das
System entwéssern. Die Durchganskurven wurdeningtreeindimensionalen Advektions-
Dispersions-Modell und einem ,Two-Region Non-Edwilim“ Modell berechnet. Um
Transportparameter fur die einzelnen Abschnitte Flef3systems zu erhalten, wurde ein
innovativer Ansatz fur die Datenauswertung gewdbéibei wurde die Durchgangskurve
eines Abschnittes als Multi-Puls Eingabefunktion éién nachsten Abschnitt verwendet.
Auf diese Weise konnte gezeigt werden, dass def3gkschwindigkeiten in Fliel3richtung
aufgrund abnehmender Gradienten abnehmen, die Bigpé& jedoch im mittleren
Hohlenabschnitt am grof3ten ist. Fir das gesamtiei@ysrgaben die Untersuchungen, dass
die mittlere Fliel3ge-schwindigkeit mit steigendeh&tung von 183 auf 1,043 m/h ansteigt.
Gleichzeitig nimmt der Anteil von immobilen Fluidieéchen im System ab. Es zeigte sich,
dass die Dispersivitat bei mittleren Schiuttungerkbemsten ist.

Das Wasser des Hohlensystems wird von einer geplanind fast fertiggestellten
Wasserversorgungsanlage genutzt werden. Daher wiigd@/asserqualitat der Quelle, die
das Hohlensystem entwassert, in der dritten St(iKigpitel 4) dieser Arbeit untersucht.
Aufgrund der hohen Variabilitat von Karstquellemdischnelle Untersuchungsmethoden
erforderlich, um die Qualitdtsschwankungen beolscht konnen. In dieser Studie erwies
sich die Bestimmung der Enzymaktivitat vencoli als wertvolles Werkzeug. Mit einem
mobilen, automatischen Prototypen des ColiMinddasnnte die Aktivitat von(-D-
Glucuronidase (GLUC) uberwacht werden. Mehrere dlgdiische, hydrochemische,
physikochemische und mikrobiologische Parametes, Sahuttung, Tribe, PartikelgroRen-
verteilung undE. coli wurden bei einer zehntdgigen Monitoring-Kampageiizh hoch-
aufgeldést gemessen, um die Beziehung zwischen GlAkGvitat und Schittungs-
dynamiken bzw. Kontaminationsmustern zu untersuchBabei zeigte sich, dass
anthropogene und landwirtschaftliche Aktivitdten emem komplexen Kontaminations-
muster mit hoherk. coli Konzentrationen und GLUC-Aktivitaten fihren, degészeit-
lichen Schwankungen unterliegen. Diese Tagesschweayah konnten auch in den Partikel-
konzentrationen der kleinen GroRRenklassen (<10upegbéchtet werden, was sich in
signifikanten Korrelationskoeffizienten wiederspmég Deutlich starkere Korrelationen
zwischen GLUC Aktivitdt unce. coli bzw. Konzentrationen der 2-3 um Partikel konnten
fur ein einzelnes Regenereignis erzielt werden.ndeh unterscheiden sich die Ergebnisse
der GLUC Aktivitat undE. coli im Detail, was durch lebende, aber nicht kultivame
Zellen (VBNC) erklart werden kann. Die Studie zeddper, dass die GLUC Aktivitat ein

v
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vielversprechender, ergdnzender Parameter flurcgi®w und nahezu Echtzeit-Monitoring
der Wasserqualitat ist, besonders in Kombinatiarden kleinen PartikelgroRenklassen.

In dieser Arbeit wird die Wasserqualitat subtropesc Karstwasserressourcen mit einem
differenzierten Blick auf verschiedenen Ebenen duttiet. Dieser ganzheitliche Ansatz
fuhrt zu einem besseren Verstandnis von subtropis&arstsystemen. Aul3erdem liefert es
eine wichtige Grundlage fur die Entwicklung von epgssten Strategien zur nachhaltigen
Wasserbewirtschaftung. Die vorgestellten Methoden Wnsatze kdnnen auf andere
entlegene Karstgebiete unter subtropischen undstiopn Klimabedingungen ubertragen
und bei deren Untersuchung eingesetzt werden.
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CHAPTER 1

1 INTRODUCTION

1.1 GENERAL MOTIVATION

Freshwater is an essential environmental resourdegeoundwater constitutes one of the
most important components of usable global fresewegsources (Filimonau and Barth
2016). According to the United Nations Developmerigram (UNDP), more than 40 %
of the people around the world suffer from watersity. While 2.1 billion people have no
access to safely managed drinking water servicé$,8illion do not even have a basic
drinking water service (WHO 2017). Since 2.3 billipeople still lack basic sanitation
services (year 2015), human health is often thneatdy faeces-impacted water (UNICEF
2017). The wide-spread lack of wastewater managensaategies exacerbates the
situation. More than 80 % of the world’s wastewatereleased into the environment
without being treated. In some of the least dewdogountries, this percentage increases to
95 % (UNESCO 2017a). Although groundwater resouies usually in a qualitatively
better condition than surface waters, they arencftifected by a contaminant input from
intense agricultural activities. In addition, theyre threatened by overexploitation,
especially in densely populated areas. Unfortupatile worldwide water situation is
expected to worsen in future. Climate change witeatly affect the water cycle and
therefore, the quantity and quality of water resear The impacts can include floods,
droughts, higher frequency of extreme weather ayenising sea levels and higher water
temperatures among others. To face these challengmsy efforts have to be taken to
investigate water resources and to develop adaydéel management strategies to ensure a
sustainable water supply. The development of allieties and cultures is strongly
dependent on the availability of water. Howevepragressive growth of the agriculture,
energy and industry sector, enhance the pressurevater resources (WWAP 2015).
Therefore, in 2015, countries of the United Naticexdopted the 2030 Agenda for
Sustainable Development including 17 Sustainable@@ment Goals. These goals aim to
ensure availability and sustainable managementatémand sanitation for all, by 2030
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(Goal 6), whereby problems of water quantity, ali agewater quality, should be solved. In
the light of the fast-growing world population witibout 80 million people per year (USCB
2017), the world community faces a huge challeng&ch is intensified by the fact that
water demand is not linearly correlated with popafagrowth. Instead, the rate of water
demand has doubled the rate of population growén the last decades due to rising living
standards, changing consumption patterns and tgldbalization (WWAP 2015).
Especially, countries with outstanding economicwgig like Vietnam, struggle with the
achievement of a sustainable water managemenegyrand a safe access to freshwater for
all.

While in 1960, the Viethamese population amounte®4.7 million, 92.7 million people
were living in Vietnam in 2016. At the same timieit gross national income per capita
increased from 110 US$ in 1991 to 2,100 US$ in 20¥6rld Bank 2017), which resulted
in an immense reduction of poverty rate from 5894992 to 13.5 % in 2014 (UNDP
2017). This amazing transformation from one of Wald’s poorest nations to a middle-
income country in less than three decades is unfatély associated with several growing
pains. For many years, the main task of water meesumanagement in Vietham was to
ensure a sufficient availability of freshwater fagriculture. However, in context of
Vietham’s economic transformation process, the watxtor has undergone several
reforms. Although various attempts were made tegrdte environmental concerns, many
challenges still need to be overcome regardingwat®urces management (Waibel 2010).
In the public perception, water-related probleme gaining more importance due to
intensified reporting in the daily news. Topicselipollution of water reservoirs due to
uncontrolled wastewater discharge and overloadindfllls, contamination of groundwater
caused by mining activities, as well as catastogullution of coastlines and beaches
leave an alarming impression (e.g. vietnamnews.tuythermore, flooding constitutes
another threat caused by severe storms and bysthg sea level due to climate change.

While large areas of the country are burdened bymaich water, the karst areas of the
northern highlands suffer from water scarcity. Babtropical climate in Northern Vietnam,
with its dry and rainy seasons, results in a highability of water availability with less
precipitation between November and April and morecipitation between May and
October. Ceaseless droughts during dry seasolye#&os exacerbate the already hard life of
the local population (Vietham News 2015). Furthemepdhe water demand has strongly
increased due to increasing tourist numbers. Theh&mmost Vietnamese province
Ha Giang registered an increase of tourist numbreras 257,621 in 2011 to 511,819 in
2015 (Statistical yearbook Ha Giang 2015). Thigrdric increase is likely related to the
designation of the UNESCO Global Geopark, calletid¥an Karst Plateau, in 2010. The
Geopark includes the four districts Dong Van, MeacVYYen Minh and Quan Ba and
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consists a total area of 2,356 km? (UNESCO 2017ie Dong Van District is the
northernmost district of the Ha Giang province (Rigl) with the identically named capital
city Dong Van, located at the northern rim of tleest plateau. According to the report No.
470 (November 15, 2016) from the Dong Van Peopidmmittee, 6,856 inhabitants are
living in Dong Van City.

Cao Bang
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Fig. 1-1 Location of the study site in the province Ha Giang, district Dong Van,
Northern Vietnam (DEM: Zindler et al. 2015).

Since Dong Van is the northernmost city within theopark, where tourists can stay
overnight, and it is a popular starting point fourts to the northern flag tower Lung Cu,
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most of the Geopark tourists visit Dong Van CityheTtourist numbers are expected to
further increase. The geopark estimates that toomisibers will reach 800,000 in 2020 and
1.1 million in 2030 (Hanoitimes 2017). As a resaflsuch a high increase in tourism, Dong
Van City has grown very fast with numerous hotgisting up. This worsens the already
tense situation in terms of a continuous freshwateply and an adequate wastewater
handling.

Additionally, the characteristics of karst hampke taccess to water resources and its
adequate management. High infiltration rates aradcecsurface water storage capacities
restrict the water availability. The access to kamater resources is further complicated by
the high anisotropy and heterogeneity of karstfaggii They are characterized by a triple
porosity (matrix/fractures/conduits) and a duatifyooth recharge (autogenic/allogenic) and
infiltration (diffuse/concentrated). Within karstoreduits, groundwater flow is partly
turbulent with high flow velocities and short remnde times, which result in a fast transport
of contaminants. Karst springs respond rapidlyrecipitation events including changes in
discharge, turbidity and physicochemical parametgnsce contaminants can easily reach
the groundwater via swallow holes and are rapidipgported to springs, karst aquifers are
seen as particularly vulnerable (Bakalowicz 200%efpert and Goldscheider 2008;
Goldscheider and Drew 2007; &aaslu 1999). In anticipation of increased frequency of
extreme events due to climate change, the kargrwaanagement faces many challenges.
The high variability in water availability and watquality requires adapted management
and groundwater protection strategies to ensuustaigable water supply.

There are only few published studies dealing witrsk water resources in Northern
Vietnam (Liu et al. 2004; Nguyen et al. 2013; Nguged Goldscheider 2006; Nguyet et al.
2016; Tam et al. 2001; Tam and Batelaan 2011; VgmyBin et al. 2013). Reasons for this
paucity could be the very remote location, limit@tancial resources, lack of required
equipment and complicated geological settings (Magnyen et al. 2013). However, since
the water demand is strongly rising in broad araaketailed and systematic investigation of
the water resources is crucial for the developnwna sustainable water management
strategy in karst areas.

The main motivation of this thesis is the evaluataf the water quality and its strong
spatiotemporal variability in the Dong Van regioAs basis for this evaluation, a
hydrogeological conceptual model was developededas detailed field investigations.
Due to the specific characteristics of karst agsjfea combination of different
hydrogeological methods was applied, including ggiglal mapping, artificial tracer tests,
hydrochemical sampling and determination of physhemical parameters. For the
evaluation of microbial water quality, numerous lgses of faecal indicator bacteria (FIB)



INTRODUCTION

were done and their relationships to geologicairsgs, hydrological conditions and type of
spring (tapped/untapped) were assessed. Furthertherdransport parameters within an
active cave system were studied by means of tiases. Using an innovative evaluation
approach spatial resolved transport parametersdcdid obtained. Based on this
information, water quality fluctuations at the Kaspring, which drains the cave system, can
be evaluated. The high variability of water quabtythis spring could be observed with an
innovative device, which enables the near real-tame on-site monitoring of the enzymatic
activity of the FIBEscherichia coli (E. coli). In combination with measurements of particle-
size distribution, a promising tool was found tomtor microbial contamination patterns.
Prior to the presentation of the detailed localestigations, an overview of the general
characteristics of karst and specifically of tr@pikarst is given. Furthermore, an
introduction of the current water management ggragein Vietnam and in particular, the
situation for Dong Van City will emphasize the sfgrance of these studies.

1.2 KARSTIN SOUTHEAST ASIA

1.2.1 General karst characteristics

Karst aquifers are of particular importance, sitihegy provide freshwater for about 25 % of
the world’s population (Ford and Williams 2007). the same time they are particularly
interesting for hydrogeologists due to their comptature. Since they consist of soluble
rocks like limestone, dolostone and evaporites,Gfg in the percolating water dissolves
carbonate rocks and enhances the primary low ggrosithe rock matrix. Hot and wet
climate conditions in tropical areas lead to highgknic carbon dioxide concentrations and
consequently, to significant carbonate dissoluf@dfaltham 2008). The resulting fissured
network causes a secondary porosity. In a hiereathinanner, some fissures were
progressively enlarged by dissolution that resuited conduit network and therefore, in a
triple porosity. Furthermore, there is a dualityretharge and infiltration in karst areas.
Recharge is either autogenic (from the karst amis=df) or allogenic (from adjacent non-
karst areas), whereby the infiltration may eitreket place concentrated via swallow holes
or diffusely into fissures or even trough overlyiagils (Goldscheider and Drew 2007).
Hence, karst aquifers exhibit an extreme heteragené groundwater flow that might be
completely independent of topography. Consequettilyy are poorly characterized using
conventional hydrogeological methods like pumpimgts and potentiometric surface
mapping. Rather they require techniques that haugelvolumes of investigations, like
natural and artificial tracer tests (Maliva 2016).
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1.2.2 Subtropical and tropical karst

In Southeast Asia about 10 % of the region is ceddry karst (Mouret 2004). In the
countries of Myanmar, Thailand, Laos, Vietham, Cadif, and mainland Malaysia karst
occurs mostly on carbonate rocks, of which the Rerrand Carboniferous carbonates are
most important. However karst can be also founchmbonates of Ordovician, Silurian, and
Devonian ages. In the middle Triassic, the Indasirirogeny led to an intense compression
between Indochina and South China resulting inlamagion of the active North Vietham
margin and, thereby, exposure of carbonates (Ghiziwang 2009). The following erosion
episode resulted in a prolonged karstificationguerin combination with the effects of the
Himalayan orogeny and the opening of the South £l8ea, a regional uplift started
65 million years ago. Consequently, large-scalesierotook place, shaping the actual
landscape (Mouret 2004).

The dissolution processes, which are strongly @rfeed by rock structure and lithology,
create a karst terrain characterized by sinkingastis, caves, enclosed depressions, fluted
rock outcrops, and large springs (Ford and Willi&0%3). Dependent on the geographical
position and the prevailing climatic conditionsg tformation and appearance of karst
landforms can be very different (Stevanovic 2015)der subtropical and tropical climate
conditions, like in Vietnam, tower karst and coaesk (Fig. 1-2) are developed.

Fig. 1-2 Left: Quan Ba Twin Mountains (Tam Son city, Quan Ba district) with conical

karst landforms in the background. Right: Small depression, enclosed by

steep karst cones, south of Dong Van.

The generally conical carbonate hills (cones) camehoverlapping flanks and can be
separated by more-or-less enclosed depressions 1Ry This results in a polygonal
arrangement of depressions, surrounded by deepigtese ridges (Day 2004; Ford and
Williams 1989).
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Fig. 1-3 Schematic illustration (inspired by Goldscheider and Drew 2007) of a
heterogeneous tropical karst aquifer system with the typical duality of
infiltration (point/diffuse) and groundwater flow within matrix, fractures

and conduits.

The Chinese terminology distinguishes the tropkzakt types by the presence or absence
of a karst plain between the hills, instead of lby shape of their hills (Ford and Williams
2007; Waltham 2008)Fengcong is used to describe a karst terrain with an egg-bo
topography, meaning roughly equal-spaced conidksl &and deep dolines (Fig. 1-2, right).
Thereby the local relief can range from 30 m tord@0 m. In such a karst system, water
infiltrates either by fissure percolation or conicated through swallow holes, where short
ephemeral stream courses end. Since the water lteblgenerally far below the doline
floors, the development of large vadose, dentcidize systems is possible (Waltham 2008).
In contrast, the Chinese teffenglin indicates isolated steep-sided towers on an alledi
plain (Ford and Williams 2007), as can be seerméGuilin region in South China (Fig.
1-4, left) or in Ha Long Bay in Vietnam (Fig. 1+ght).

Depressions can also be classified as polje, iy tehibit a flat floor in rock or in
unconsolidated sediments, such as alluvium, if @u@yclosed by steep marginal slopes at
least at one side and, if they show karstic dran&grd and Williams 2007). One example
is the polje, in which the city Dong Van is locat@€g. 1-5). Typically, the groundwater
table is close to the polje bottom (Nicod 2003).
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Fig. 1-4 Fenglin karst at the Li River in Yangshuo, south of Guilin in South China
(left, www.pixabay.com) and in Ha Long Bay, Vietnam (right, photographed
by Anh Tran Diep).

Fig. 1-5 Dong Van polje (photographed from west to east) with an alluviated flat

floor, several karst springs at the western and northern margins and a

sinking stream at the eastern margin.

The evolution of cone karst is seen as a natu@rpssion from doline karst. With an
ongoing dissolution of limestone by rainwater dsren, dolines become enlarged and
residual hills remain. These hills emerge from arbek base and commonly surround
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closed depressions between the peak clusters §Wigli1987). Fractures or individual beds
within steeply dipping limestone sequences playngportant role concerning the shape of
the cones, whereby the alignment of dolines and fthmation of corridors is more
determined by fault and fold zones. Valleys betwiaencones can be formed if the saddles
between lined-up dolines break (Waltham 2008). Hewe former surface drainage
systems can also influence the alignment of kaosies and therefore, affect the karst
morphology (Day 2004). With the development of dficient underground drainage
system, a progressive deepening of the valleysstaksce (Waltham 2008). A rapid or
intermittent tectonic uplift is a key factor forettevolution of mature cone karst, since the
doline deepening continues until it reaches therflaf the limestone or the regional base
level. The relation between the karstic and norstkarocks can also play an important role
in the development of the karst morphology, sirceontrols the proportion of diffuse
autogenic and concentrated allogenic recharge i@ 1987). In addition, collapse
features might affect the morphology of cone karst, seems to be of minor significance
(Day 2004; Waltham 2008).

In cone karst areas, water supply is a speciallestgg. The drainage occurs mainly
underground, either by fissure percolation or catregéed trough swallow holes. Usually,
the water table is far below doline floors, resgtiin large vadose cave systems of
dendritical type (Waltham 2008). The localizatiordaaccess to groundwater are difficult,
especially because there is no correlation betwaea passages and surface topography. In
addition, groundwater flow is strongly influenceg geological structures. While lateral
groundwater movement is rather controlled by giraphy, downward groundwater flow is
mainly bound to deeply penetrating fault systemee(@ud et al. 2009; Tran et al. 2013).
In areas that experienced multiple regional defbdionaevents, like northeastern Vietnam,
karst systems are overprinted by tectonic strusiusghich can strongly influence
groundwater flow and, therefore, further complictite localization of groundwater (Tran
et al. 2013).

1.3 WATER MANAGEMENT IN VIETNAM

1.3.1 Water resources in Vietnam and their management

Vietnam is shaped by a river network, consistin@ 860 rivers (>10 km length), whereby
the Mekong and the Red River are the most impoipafaibel 2010). However, 60 % of
Vietnam’s total river flow originates in ripariamuntries, leading to an increased water
insecurity (ADB 2013). Table 1-1 presents maximurd eninimum discharge rates of some
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main rivers traversing Vietnam, emphasising theegmeé high variability in discharge.
Although, the total surface water discharge is h{yletnam: 9,856 m3/a per person,
international standard: 1,700 m3/a per person)spaial and temporal variation between
river basins and dry and wet seasons result inngatecity in some regions (ADB 2009b).

Table 1-1 ~ Maximum and minimum discharge rates of some Vietnamese main rivers

(Statistical Yearbook of Vietnam 2016).

Year
2010 2013 2014 2015 2016
River Station Discharge [m3/s]
Da river Lai Chau Max 2,940 4,690 5,150 2,820 3,200
Min 362 89 96 25 26
Hoa Binh Max 3,040 3,070 4,030 2,840 3,220
Min 70 69 15 15 15
Thao river Yen Bai Max 3,070 5,340 3,400 3,800 6,970
Min 135 98 88 89 134
Red river Son Tay Max 9,220 13,100 6,810 7,250 9,610
Min 485 640 640 557 667
Hanoi Max 5,450 6,960 6,370 5,730 7,290
Min 175 145 58 132 145
Luc Namriver Chu Max 2,450 2,070 2,560 2,640
Min 1 1 1
Ma river Xa La Max 683 1,240 1,600 3,250 1,430
Min 30 26 25 17 29
Cam Thuy Max 2,360 2,480 1,920 4,250
Min 83 94 75 75
Ca river Dua Max 3,640 5,280 2,040 3,020 3,660
Min 52 48 65 39 40
Yen Thuong  Max 5,060 5,280 2,160 2,860 3,300
Min 69 66 95 26 54

With about 3,600 reservoirs, groundwater resouates play an important role regarding
water availability, but its abundance varies reglbnstrongly (Waibel 2010). Estimations
of the total renewable groundwater potential amaooi@3 billion m3/a (ADB 2013).

The historical development of water management iatndm is detailed described in
Waibel (2010). Based on this working paper, a sbodrview is given in the following
sections. Before the modern state of Vietham wasdd, water management was mainly
under local responsibility. Between 1947 and 19f&,country experienced a setback, due
to the two Indochina wars, which also affectedwtter resources development. After the
reunification of Vietnam in 1975, water resourceaniagement gained more attention, since

10
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the agriculture in the South had to be rebuilttHe mid-1980s, the introduction of the
market economy (Doi Moi) resulted in the reorgaticzaof property rights. Consequently,
water was an economic good for the first time andiny of water was introduced. Due to
the reformations, a change in agriculture productiad irrigation practices was possible,
leading to large scale investments of foreign fuhd4.995, the Ministry of Agriculture and
Rural Development (MARD) was founded, which waspoesible for water resources
management functions. However, the responsibildfesspects such as urban water supply
or water quality control were given to other mirie$. This fragmentation hampered the
development of an integrated water resources mamagteapproach. In 1998, the Law on
Water Resources was promulgated, which stateswatdr should be the property of all
people and universally managed by the state. Theisily of Natural Resources and
Environment (MONRE) was established in 2002, to loioe water and environmental
policies and to separate water resources funcfrons the responsibility of public service
delivery. The latter stayed in the responsibilfyvbARD, at least in rural areas.

In 2006, the water law was complemented by the ddati Water Resources Strategy
towards the year 2020, issued by MONRE (2006), amgroved by the Prime Minister
through decision 81/2006/QD-TTg (Vietham Law & Legarum 2006). This policy paper
intends to provide a comprehensive framework for \abter-related policies and
implementation plans by setting up “guiding prifeg) objectives, missions and
implementation measures regarding the protectigplogation, use and development of
water resources, as well as the prevention, angyatiin of adverse impact caused by
water” (MONRE 2006). This national strategy wasmuped by the Water Sector Review
(WSR), which aimed to review the state of Vietnamater sector, based on the best
information available at that time (ADB 2009b). TW&SR concluded that the water sector
was facing immense problems and that fundamentahgds were essential to start the
development towards an integrated water resoureesigement (IWRM) (ADB 2009a) . In
2012, the Order No0.15/2012/L-CTN was issued by $tate President for the official
promulgation of the Law on Water Resources No. A722QH13 (Nguyen 2013). Various
attempts have been made to integrate environmeatalerns to the water sector and the
protection of water resources has become impoitathie past years, resulting in a new
Law on Water Supply and a new Law on Sewerage aast&Wwater Treatment, which will
be promulgated in 2019 and 2020, respectively (L017). Though the legislative
regulations are well developed, the executionilifgting many challenges, especially on a
local scale.

11
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1.3.2 Water management in Dong Van

People are living in far-flung settlements in mainous areas or in the district capital city
Dong Van. While the majority of people are sustagnithemselves on agriculture,
especially in the mountainous villages, people on® Van City profit by the strongly

increasing tourism. The economic development léadsdemographic growth in the region
and, in combination with the high tourist numbere pressure on agricultural production
has increased. Table 1-2 illustrates the stronge@se in agricultural production between
2010 and 2016 in Ha Giang. Consequently, in botficalgure and tourism sectors, the
water demand is raising.

Table 1-2  Agricultural production in Ha Giang province (Statistical Yearbook of
Vietnam 2016). Values for 2016 are preliminary (prel.) projections and

percentage increase is calculated for 2016 compared to 2010.

Product Unit 2010 2013 2014 2015 prel. 2016 Increase [%]
Paddy [102 Tons] 194.2  206.9 207.9 203.5 210.4 8
Maize [102 Tons] 136.3 176.9 1784  186.5 185.1 36
Sweet Potatoes [103 Tons] 6.8 6.9 7.9 10.4 9.2 35
Cassava [103 Tons] 34.2 40.3 39.5 36.3 39.8 16
Pigs [109] 431.7 435.4 460.2 485.4 490.7 14
Poultry [109] 3,041 3,403 3,876 4,042 4,056 33
Fishery [Tons] 1,422 1,827 1,871 1,901 1,923 35
Aquaculture [Tons] 1,341 1,683 1,729 1,756 1,802 34

The few surface streams are deeply incised, raguilti a difference of hundreds of meters
in altitude between the rivers and the mountainallages. For this reason, the water
supply is decentralized and individual in ruraleaeDuring rainy season, people collect the
rain water, e.g. from the roof tops. Most of thegitation occurs between May and
October; the months June and July are generallypéad of the rainy season (Fig. 1-6).
There are no long term measurements of air temyeratithin the Dong Van district.
Therefore, the mean air temperature for Ha Giasgidi is exhibited in Fig. 1-6. In Dong
Van, slightly lower mean air temperatures are etqubdue to higher altitude.

During dry season, people are dependent on smalgsp where great effort is necessary to
collect the water with cans that must be carriezklieme. This job is mostly carried out by

children and young women. Furthermore, these sprarg also used for personal hygiene
and for doing the laundry (Fig. 1-7).
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Fig. 1-6 Mean precipitation (climate station Dong Van District, 2000-2012) and mean
air temperature (climate station Ha Giang District, 1990-2010; Vietnam
National Centre for Hydro-Meteorological Forecasting, NCHMEF).

Fig. 1-7 Left: Girls carrying 40 L cans full of water from the spring to their homes.

Right: Even small springs with discharge rates < 0.2 L/s are intensively used

for personal hygiene.

In the last years, the Vietnamese government hassied a lot of money to build
reservoirs, calledManging Pools’ to store the water from rainy season for the skgson
(Fig. 1-8). However, these constructions are netasnable for several reasons. First, the
region is tectonically quite active, leading to eatively short life-time of the concrete
basins due to cracks, for instance. Furthermowe, btsins consist of a large open water
surface, resulting in a high evaporation and areemsing deterioration of water quality. On
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one hand the water quality decreases due to natomgmination from microbial and algae
growth. On the other hand, the basins might alsadsel as recreational water, causing an
anthropogenic input of contaminants.

Fig. 1-8 Hanging Pools as water storage in the Dong Van region.

In Dong Van City, most households of the city ceréire connected to a main system
operated by the National Center for Rural WaterpgBupnd Sanitation (CERWASS). The
water originates from one karst spring and two gawater wells, whereby the karst spring
supplies the main proportion of water in the raggason. During dry season, the water
contribution of the wells increases, if the spridigcharge is too low. The water is
distributed intermittently, since the spring disde is not high enough to ensure a
continuous water supply for the whole city, espiciduring dry season. For this reason,
each household has its own storage tank, genearatglled on the housetop. However,
karst springs are seen to be highly vulnerablaitgato fluctuations in water quality. The
quality also worsens within the poor supply systdoe to the combination of leakages and
intermittent water supply, which enables an inpubacteria to the pipe network and, in
some cases, bacterial growth (Kumpel and NelsoB;2Q@dmpel and Nelson 2014; Kumpel
and Nelson 2016).

The presented work was embedded in a VietnamesadBercooperation for the
development of sustainable technologies for kaetewmanagement (KaWaTech project)
and was funded by the German Federal Ministry afdation and Research (BMBF, grant
number 02WCL1291A). Within the framework of KaWalhe@n assessment of water
demand was conducted for Dong Van. Within the raumaas, the current mean water
consumption amounts to 20 litre per capita and(td), including the water consumption
of animals (Germany: 123 Ipcd, BMUB 2017). In Doxgn City, water availability is
improved by the supply system, leading to a sigaiitly higher mean water consumption
of 90 Ipcd (Zindler and Stolpe in preparation). Aing to the survey of Zindler and
Stolpe (in preparation), in the rural areas, 45f%e population suffers from water scarcity
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during rainy season and 97 % during dry seasooomrast, in Dong Van City, 5 % of the
population is faced with water shortages duringyaeason and 35 % during dry season.

To meet the further increasing water demand of Ddag City due to population growth

and increasing tourist numbers, public and priveeis have been drilled to extract water
from the karst aquifer below Dong Van City. Howewrere is no information about the
extent of the aquifer, the recharge rates and easil times of groundwater. Thus, no
management strategy was developed for a sustainseleof this valuable groundwater
resource. In the worst case, the uncontrolled ghaater extraction could lead to severe
groundwater depletion. In addition, several welklravconstructed inexpertly, leading to a
potential hydraulic connection between surface wated groundwater. This potential
connection could lead to a deterioration of thaugdwater quality.

1.3.3 KaWaTech project

The main intention of the KaWaTech project was &valop innovative solutions for a
sustainable karst water supply system, whereforen&e and Viethnamese partners from
universities, research institutes, industries anthaities have worked together since
November 2013. The project is subdivided into fomork packages, including (1)
investigations, exploration and monitoring; (2) rypbwer and water production; (3) water
distribution and supply, and (4) resource protectmd socio-cultural aspects. By closely
interlinking these topics, an adapted hydropoweredr water supply system will be
implemented that is able to pump water from the BeoRiver to a distribution tank in
Ma U (Fig. 1-9). Thereby, a total difference intstdhead of 390 m has to be overcome
(Oberle et al. 2017). By using a mechanically cedpinit of one “pump as turbine” (PAT)
and one pump, even small discharge rates duringseéagon can be efficiently used to
supply the water to the distribution tanks (Fritz a. 2012; Oberle et al. 2017).
Furthermore, an innovative multiple chamber systgas developed for the distribution
tanks. Hence, a fair gravitationally water disttibn from the tank Ma U to the
mountainous villages and Dong Van City is possdié is adapted to the variable water
quantities (Oberle et al. 2017). Within the projesgtveral field studies were carried out to
determine the water availability and the currertt arpected future water demand to design
the dimensioning of the water supply system.

The completion of the water supply and distributsgstem is part of the subsequent project
KaWaTech Solutions (BMBF, grant number 02WCL144Bhich runs from November
2016 to October 2019. Beside the implementatiothefsupply and distribution system,
water purification is also an important part of thecond project phase. Based on the
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information yielded from the first project phasecemntral treatment plant will be designed
to ensure the supply of water with fair quality.eThkarge scale implementation of the
treatment plant is expected to take place by thetndmese partners close to the Ma U
distribution tank.

KaWalech

VIETNAM

Fig. 1-9 Seo Ho water supply system that was planned and built within the
KaWaTech and KaWaTech Solution project (modified after Oberle et al.
2017).

A small pilot treatment plant will be designed fermanent point-of-use operation in Dong
Van City to provide high quality water for a pubbailding, e.g. for the hospital.

In addition, KaWaTech Solution is dealing with aralysis of potential locations for a pilot
implementation of decentralized photovoltaic-bapednp systems (PVPS) as a sensible
alternative to hydropower-driven pumping units. Dioethe high radiation intensity in
Vietnam, there is a high multiplication potentiak fPVPS, especially in extremely rural
regions (KawWaTech 2018).

With the development and the pilot implementatibradapted technologies for the use of
karst water, the KaWaTech projects aim to sust@naprove the water supply in poor

and remote areas. However, detailed hydrogeolog@ielal investigations are the basis for
adapted water supply strategies.
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1.4 OBJECTIVES AND APPROACHES

The aim of this thesis is the contribution to atéreunderstanding of subtropical karst
systems and their functioning, particularly regagdihe high variability due to dry and

rainy seasons. Since many people are dependemirsindquifers in subtropical and tropical
regions, an exemplary and profound investigatioa @&ry remote and complex karst area
is presented in this thesis. This includes the ldgweent of a conceptual hydrogeological
model for the project area by using a combinatidnhgdrogeological methods, e.g.

mapping activities, tracer tests and hydrochememadlyses. Based on the developed
conceptual model, an evaluation of the water qualitthe different water resources was
conducted. In this context, the following reseagalstions have arisen:

* Which factors influence water quality?

* Is there a correlation between hydrochemical wsigmatures and poor microbial
water quality? Are there principal differences e tvulnerability of different water
resources?

* What is the role of the underground karst condeitvwork in spring water quality?

* How does the change between dry and rainy sea&ut apring water quality?

» Do tapped springs display a better microbial weqtelity?

In the Dong Van area, the Seo Ho water supply systdl be part of a sustainable and
adapted karst water management strategy, so thhaateazation of the catchment area of
the extracted water is another main aspect ofttia@sis. Therefore, the cave system located
upstream of the Seo Ho water supply system wa®mgdically studied with numerous
tracer tests, whereby following questions were erath

* What are the flow and transport characteristicshef cave system and how are
they spatially distributed?

* Is a multiple pulse injection approach feasiblsttaly the spatial resolution?

* What is the impact of dry and rainy seasons oretpasameters?

The characterization of the cave system with igh Mariable flow and transport parameters
indicated that the water quality at the receivipgirgy might also be subject to strong
fluctuations. So, the next step was a detailed toong of different water quality
parameters at the spring. A new, mobile pilot devigas applied to observe faecal
contamination patterns on-site and in almost riea-toy measuring the enzymatic activity
of E. coli. The main focus was on the following research tjoes.

* Is a monitoring combination of enzymatic activitydaparticle-size distribution an
adequate tool to investigate faecal contaminatiorachics?
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* What is the relationship between the methods ofreatic activity measurements
and cultivation-based determinations ©Bf coli, as well as other water quality
parameters (PSD, turbidity, electrical conductivitsater temperature)?

« How do precipitation events impact the differentsetved parameters? Which
parameter combination seems to be suitable asrinvearning system to protect
the technical facilities from an increased abrasgiisk, but also to prevent the
supply of poor quality water?

By addressing these specific research questiopspfaund understanding of the studied
karst region could be developed, which is also irtgya for the projected water supply

system. Furthermore, based on the results presentddis thesis, water protections

strategies can be developed in order to enablestaisable use of the valuable karst water
resources.
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1.5 STRUCTURE OF THE THESIS

The structure of the present thesis is of a cunwelatype, consisting of three studies
(chapter 2, 3 and 4) that cover different aspettsacst hydrogeology exemplary for the
Dong Van area at different scales (Fig. 1-10).

Chapter 2 presents results from mapping activities, arafidracer tests, hydrochemical
and microbiological analyses. It results in a hgdwogical, conceptual model for the
entire Dong Van area. Based on this model, an atialuof the microbial water quality and
their influencing factors is addressed.

Chapter 3 considers the Ma Le cave system on a smaller.Séétb several tracer tests,

the karst system could be characterized for diffehgdrological conditions during dry and

wet seasons, whereby a spatial resolution of flow #&ansport parameters could be
obtained.

Since the water of the Ma Le system is used foptaened water supply system, the focus
is further concentrated on the cave system outletkarst spring ML 4, ichapter 4. In

this study a high-resolution spring monitoring i®gented, whereby innovative methods
were used to observe the microbiological water iuadariations. The study aims to
investigate the contamination patterns of the gpwater and to find adequate real-time and
on-site monitoring solutions for an early-warningstem. Such a system is essential to
protect both the technical facilities of the watapply system and people that use the water,
from poor water quality.

In chapter 5, a summary and an evaluation of the major resuithighlights are given to
understand the meaning of the findings for theaegirhe site-specific conclusions are set
to a regional scale and an outlook is given fothieir research questions. Chapter 3 has been
accepted and chapter 4 has been published in p@emed journals, whereas chapter 2 is
currently under review.
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Study 1: Hydrogeological controls of variable microbial water quality in a
complex subtropical karst system

Ma Le River

Dong Van City

Seo Ho River

Nho Que River

Study 2: Spatial resolution of transport parameters in a subtropical
karst conduit system during dry and wet season
b 1 ¥ ¢ .

j AT A 3

@ sprin
() cave entrances

— caves
0 100 200

400 m

Study 3: Evaluation of 3-D-glucuronidase
and particle-size distribution for
microbiological water quality monitoring
in Northern Vietham

Fig.1-10  Studies that were carried out on different scales in the Dong Van region
(Satellite Image: Google Earth, photo: karst spring ML 4, where the

monitoring was performed, March 2014).
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2 HYDROGEOLOGICAL CONTROLS OF VARIABLE MICROBIAL WATER
QUALITY IN A COMPLEX SUBTROPICAL KARST SYSTEM IN

NORTHERN VIETNAM

Reproduced from: Ender A, Goeppert N, Goldscheider N (2018) Hydrogeological controls of
variable microbial water quality in a complex subtropical karst system in Northern Vietnam.
Hydrogeol ogy Journal, doi 10.1007/s10040-018-1783-5

Abstract

Karst aquifers are particularly vulnerable to bsdate contamination. Especially in
developing countries, poor microbial water quatipses a threat to human health. In order
to develop effective groundwater protection streggga profound understanding of the
hydrogeological setting is crucial. The goal ofstetudy was to elucidate the relationships
between high spatio-temporal variability in micm@bi contamination and the
hydrogeological conditions. Based on extensivedfisiudies, including mapping, tracer
tests and hydrochemical analyses, a conceptuabggdtogical model was developed for a
remote and geologically complex karst area in NarthVietham called Dong Van. Four
different physicochemical water types were ideatifithe most important ones correspond
to the karstified Bac Son and the fractured Na Qaquifer. Alongside comprehensive
investigation of the local hydrogeology, water dyalvas evaluated by analysis for three
types of fecal indicator bacteria (FIBEscherichia coli, enterococci and thermotolerant
coliforms. The major findings are: (1) Springs frahe Bac Son formation displayed the
highest microbial contamination, while (2) sprirthat are involved in a polje series with
connections to sinking streams were distinctly mooataminated than springs with a
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catchment area characterized by a more diffusdtration. (3) FIB concentrations are
dependent on the season, with higher values undese@ason conditions. Furthermore, (4)
the type of spring capture also affects the watelity. Nevertheless, all studied springs
were faecally impacted, along with several shaleslis within the confined karst aquifer.
Based on these findings, effective protection sgias can be developed to improve
groundwater quality.

2.1 INTRODUCTION

Some of the most spectacular subtropical karstsieaqkes are located in Vietham, where
60,000 knd or 18% of the total area of the country is covemgdarst (Tuyet 2001). Thick
carbonate rocks with intercalations of terrigenousiliceous units were formed from the
Early Cambrian to Late Mesozoic (Tran et al. 20¢8n Nguyen et al. 2013). Numerous
deformational events led to thickening and fragmagon of the different rock units (Tran et
al. 2013). The most widespread formation in North€retnam is the Bac Son formation
(Fm.), which comprises mainly homogenous, massiveéhick-bedded limestone. This
formation is highly karstifiable, especially und#re influence of subtropical climate
conditions. The combination of rock composition fodational events and exogenic
processes led to an exceptional karst landscapehwhas officially designated as a
UNESCO Global Geopark in 2010. However, the higgrele of karstification presents a
significant challenge in terms of water managem&mitegies. Within the karst areas,
precipitation infiltrates rapidly and enters deeave systems. Especially during the
extended dry seasons, water scarcity exacerbatesliting conditions of the local
population. With the designation as a UNESCO GlaoBabpark, tourist numbers have
strongly increased from 257,621 in 2011 to 511,812015 for the Ha Giang province
(Statistical Yearbook, Ha Giang 2015).

Although there are no available statistical datadlong Van City, it can be assumed that
the relative increase in tourist numbers lies witaisimilar range. Due to the increase in
tourism, the water demand in Dong Van City has asongly increased. The local

population and hotels obtain water from karst gggiand, increasingly, from private and
public wells, extracting water from the karst aguiinderneath Dong Van City; however,
until now, there is no hydrogeological conceptuabdel for this area. Some general
information about groundwater characteristics imtmeastern Vietnam can be found in
Nguyen et al. (2013); nevertheless, detailed infdiom about the hydrogeological

conditions in Dong Van City is not yet availables Already shown for other Vietnamese
karst areas, the poor microbial water quality isignificant problem in subtropical karst

regions and poses a threat for human health (NqunetGoldscheider 2006; Nguyet et al.
2016).
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Due to karst characteristics such as rapid infiitra and low filtration potential,
contaminants can easily reach the water table.h&urtore, turbulent flow regimes in
conduits with high flow velocities result in a rdpiransport of contaminants to springs
(Ford and Williams 2007). The input paths and camtation sources are usually complex
and range from agricultural activities to domest@stewater due to inadequate or absent
sewage systems, leaking sewer pipes or septic .tdileyefore, an improvement of the
water quality requires the development of grounéwatotection strategies, based on both
intensive water quality investigations and a corhprsive understanding of the
hydrogeology using a realistic conceptual model.

This study presents results from intensive fielestigations between 2014 and 2016 with
a combination of different methods, including maggpactivities, hydrochemical analysis,
tracer tests and microbiological investigationse Tiydrogeological conceptual model and
the microbial water quality of the different watersources in the study area are both
utilized to examine the following research quedstiofl) Is it possible to group different
water types based on hydrochemistry and to recegyéngenic as well as anthropogenic
processes? (2) Is there a correlation between watde discharge in swallow holes and
water quality deterioration at springs used fomking water supply? (3) What is the
influence of intensified precipitation during wetason conditions on spring water quality?
(4) Can the water quality be improved through gitag of the springs?

2.2  MATERIALS AND METHODS

2.2.1 Study site

Dong Van City is located in the northernmost preeirof Vietham, Ha Giang (Fig. 2—1a).
In 2016, 6856 people lived in Dong Van City (Repbid. 470 of Dong Van People’s
Committee, 15 November 2016), one of the most rerantl poorest regions of the country.

However, with the designation as a UNESCO Globadgaek, “Dong Van Karst Plateau”,
tourism has strongly increased and an increaseananic power has led to the fast growth
of Dong Van City. The cultural diversity and theabé&ful karst landscape attract many
Viethamese and international tourists. The maskmestone units of the Carboniferous-
Permian Bac Son Formation are highly karstifialdading to peak clusters, intra-mountain
depressions, large cave systems, deep river vadlaglssteep slopes (Tam and Batelaan
2011).
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(DEM) in the background is from B Zindler, A Degen, H Stolpe, RUB
Bochum, unpublished data, 2015. d Cross-section through the Dong Van
Valley from North to South. The location of the photos is shown with labels
P1 and P2. P1: Dong Van Valley (from W to E), P2: Sang Ma Sao Valley
(from SW to NE)

The W-E oriented valley of Dong Van is at an elmrabf around 1,060 m above sea level
(masl), the highest peak of the mountain rangehnofitDong Van is 1,590 m asl, and the
deep river valley of the Nho Que. River on the easside is at an elevation of 460 m asl
(Fig. 2—1c,d). Based on previous mapping activitethe Dong Van Karst Plateau (DGMV
2000; Vietnam Institute of Geosciences and Mindétabkources (VIGMR), unpublished
“Geological Map of Ha Giang, Scale 1:50,000”, 2Q1&)mall-scale geological map was
generated for the Dong Van area (Fig. 2—1c). TheoD@n Formations are composed of
carbonates, from shelf facies in the Middle Devonta pelagic facies in the Upper
Devonian (Lepvrier et al. 2011). The Toc Tat Frhe Na Quan Fm., the Mia Le Fm., and
older Devonian units (Son Cau Group, Si Ka Fm.) apresented; however, for
simplification, the older Devonian units were sumized as “Mia Le and older” for this
study, since the focus lies on the Middle Devori@ahower Triassic units. Massive marine
carbonates of Carboniferous and Permian ages coafdy overlie the Upper Devonian
formation and consist of limestone and siliceoaseBtone (Lepvrier et al. 2011). This Bac
Son Fm. is strongly karstified with typical karstorphologies. The Lower Triassic
formation (Song Hien Fm.) is dominated by terrigesmurbiditic sediments, partly mixed
with marine carbonates (Lepvrier et al. 2011). gt deformational events under ductile,
brittle-ductile and brittle strain conditions witBpeated shearing, folding and faulting have
led to a complex geological pattern (Tran et alLl30 The subtropical monsoon climate
with a dry season from November until April andagny season from May until October
results in an intense karstification (Khang 198&mrand Batelaan 2011). For Dong Van,
the mean annual precipitation was 1,335 mm in #@og 2000-2012 (data provided by
National Center of Water Resources Planning Measenés and Analysis and
Investigation (NAWAPI), climate station Dong VandDict, operated by Vietnam National
Centre for Hydro-Meteorological Forecasting, (NCHM#th highest rainfall in June (285
mm) and lowest in February (17 mm).

2.2.2 Sampling campaigns
Five sampling campaigns were conducted between 20842016 with two campaigns

during dry seasons (February/March 2014, MarchlApoil5), two during wet seasons
(July/August 2014, June/July 2016) and one understent conditions (September/October
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2015). Samples were taken at the springs, watescaurface streams and wells (Fig. 2—
1c; Table 2-1).

Table 2-1 Sampling points

Category Abbreviation  Sampling points

sinking stream Dong Van SSDV SSDhV

sinking stream resurgence Dong Van  SRDV SRDV

sinking stream Ma Le SSML SSML

cave stream CST CST1, CST2, CST3

cave spring CSP CSP1, CSP2, CSP3, CSP4

karst spring KS KS1, KS2, KS3, KS4, KS5, KS6
well w W1, W2, W3, W4

fractured aquifer spring FS FS1, FS2, FS3, FS4, FS5, FS6
other springs oS 0S1, 0S2, 0S3, 0S4, 0S5, 0S6

In March 2015, a 48-h monitoring exercise with lpsampling intervals was performed at
one karst spring (KS2) to investigate short-termewguality fluctuations. In July/August

2014, a cave spring (CSP1) was monitored for a pereod of 24 days with daily sampling
intervals to investigate the spring dynamics dursigy season.

i. Discharge measurements

Depending on the type of spring, different methwedse applied to determine the discharge.
Most of the springs allowed a direct discharge mesament with a bucket or beaker and a
stopwatch. The discharge of larger springs, riegrs cave streams were measured with the
salt-dilution method (Groves 2007). The discharde spring KS2 during the 48-
hmonitoring was measured at a pipe with a portaiisound flow measuring device
(UDM 200, SebaKMT, Baunach, Germany).

ii. Physicochemical parameters

A portable multi-parameter device (Multi 3430 ID8TW, Weilheim, Germany) was used

to measure the pH (IDS SenTix 980). The probe vedibrated on a regular basis with

standard buffer solutions. Electrical conducti{lC) and temperature (T) were determined
(TetraCon 325) as well as dissolved oxygen (DO)cWiwas measured with galvanic DO

sensor (CellOx 325). Turbidity was determined vatiportable turbidity meter (Turb 355

IR, WTW).

Water samples for major ions analysis were filtength cellulose acetate membrane filters
(0.45 um, 25 mm, Sartorius AG, Gottingen, Germany) andectdd in high density

polyethylene bottles (30 ml, Rixius AG, Mannheimr@any). Samples for cation analyses
were stabilized with nitric acid, and all samplesrevstored in a fridge before they were
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transported to Germany for analysis.?Cand Md" were analyzed with an atomic
absorption spectrometer (3030(B), Perkin Elmer,tiiéah, MA, USA). The cations Kand
Na" and the anions S&, NO; and CT were measured with ion chromatography (Dionex
ICS-1100/Dionex ICS-2100, Thermo Fisher Scientific., Waltham, MA, USA). An
alkalinity test (111,109, Merck Millipore, Billerscc MA, USA) was used for the direct, on-
site determination of HC{Q and CQ*". Since the pH values were generally <8.2,5€0
was mainly negligible and total alkalinity could bensidered to be equal to HEOThe
calculation of the charge balance error was caroedwith PHREEQC (Parkhurst and
Appelo 1999).All analyses with a charge balancererrl0% were discarded.

The spring monitoring campaigns included measurésnehthe particle-size distribution
(PSD). A mobile particle counter (Abakus mobile idluclassic, Klotz GmbH, Bad
Liebenzell, Germany) was used to count particle32adifferent definable size classes in a
range of 0.8 to 14@m. Furthermore, at the spring KS2, colored dissblomanic matter
(CDOM) was determined by using a filter fluorimeté@rilogy, Turner Designs, San Jose,
CA, USA). Samples were taken in 50-ml-brown glastlés and were stored in a cooling
box for maximum 24 h before analysis. Each samls filed into the cuvette twice and
each was measured three times. The mean valubd®@ix measurements was calculated.
Fluorescence intensity was transferred to CDOM entration by using a calibration with
quinine hemisulfate salt monohydrate (Sigma-Aldri€rarmstadt, Germany) standards,
since it has a maximum absorption wavelength of @80and fluorescence wavelength of
450 nm, similar to many CDOM compounds. Its flueerxe intensity is highest in weak
acids. Therefore, standard solutions were dilute@.05 M H2SO4 to concentrations in a
range of 0.01-0.08 mg/L. Precipitation data wertioled from a meteorological station
located in Dong Van (Hydro-Meteorological ForeaagtCenter, Ha Giang).

iii. Faecal bacteria analysis

The concept of fecal indicator bacteria (FIB) islely used and accepted to assess water
quality in terms of a potential presence of patimsgéhe most important indicators are
Escherichia coli (E. coli) and thermotolerant coliform bacteria (TTC), whisha coliform
group that is able to ferment lactose at 44-45 ifCluding the genusEscherichia,
Klebsiella, Enterobacter, and Citrobacter (Foppen and Schijven 2006). However, only
E. coli is unfailingly related to excreta of humans andrmav®looded animals. Other
important FIB are enterococci (ENT), which are apyoistic pathogens and abundant in
human and warm-blooded animal feces. They are carymased for water quality
assessment and are proposed by the US Environmratdction Agency (2012) as a
recreational water quality criterion. However, mcstudies showed that in contrast to an
ideal FIB, ENT may not be invariably of fecal origbut might be endogenous in sediments
and soils (Byappanahalli et al. 2012). For the eznation ofE. coli and TTC, Colilert-18
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and Colisure (IDEXX Laboratories Inc., ME, USA) weused. For the first two sampling
campaigns, Colilert was used. However, since anhaton time of 24 h was easier to
realize with fieldwork, Colisure was used for th@ldwing sampling campaigns. Both
methods are US EPA approved and were recommendeenfimte applications (Abramson
et al. 2013). ENT were analyzed with EnterolertEXX Laboratories Inc.), which is also
US EPA approved. However, analyses for ENT weretestaat the second sampling
campaign in July 2014, after the results of thet fiampaign indicated a high contamination
with fecal bacteria. Test procedures were carried llowing the manufacturer’s
instructions (IDEXX Laboratories 2011).

Water samples were incubated for 24 h at 35 +O.®FE. coli and at 41 £ 0.5 °C for ENT
determination, respectively. Results are given astmrobable number (MPN) of colony
forming units in 100 ml, based on the Quanti-Tr@¥2 method. Without a dilution step,
the upper detection limit (UDL) is 2420 MPN/100 ml.

iv. Statistical analysis

A principal component analysis (PCA) was carrietiwith OriginPro 9.1 using all samples
collected during the five sampling campaigns thad la complete analysis and a charge
balance error < 10% (n = 108). Samples taken durngitoring at specific springs were
not considered. Despite the small variability irigtical composition in carbonate systems,
the PCA categorizes the natural tracers by usimigjection of variables. Multiple axes are
reduced into two axes (PC or factors), whereby B&dlains most of the variance of the
data, followed by PC2 which is uncorrelated withIPEach observation can be located on
a scatterplot along the new axes (PCl1 and PC2)hwHescribe the most important
information about the variation in the dataset {Berd et al. 2015; Helsel and Hirsch
2002). The maximum number of extracted factorseiemined by the Kaiser Criterion,
which considers only factors with eigenvalues gretitan 1 (Jiang et al. 2009). Prior to the
extraction of the factors a Kaiser-Meyer-Olkin (KM@st was performed to assess the
suitability of the data for factor analysis (Kaiserd Rice 1974).

v. Tracer tests

Artificial tracer tests are a valuable tool to istigate the origin, movement and destination
of groundwater (Goldscheider et al. 2008). In #tisdy, five tracer tests were conducted
with the fluorescent dyes uranine ([518-47-8], Appem GmbH, Darmstadt, Germany)
and amidorhodamine G (Amido G, [5873-16-5], ORC@abic Dyes and Pigments, RI,
USA). A field fluorometer GGUNFL30 (Albillia Co, Nehatel, Switzerland, Schnegg
2002) was used for monitoring the tracer breaktinocurves (BTCs). Additionally, water
samples were analyzed with a mobile filter fluoréen€Trilogy, Turner Designs, San Jose,
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CA, USA) in the field or in Germany with a spectumirometer (LS55, Perkin Elmer,
Waltham, MA, USA) following standard procedure (K&004). During one tracer test,
only charcoal bags were applied for a qualitativedction about a connection between a
sinking stream and a remote spring. BTCs were #poally modeled with a conventional
one-dimensional Advection-Dispersion-Model (ADM) hysing the software CXTfit
(Toride et al. 1999).

2.3 RESULTS AND DISCUSSION

2.3.1 Tracer tests

The major findings of the tracer tests, conducted at five different locations (

Fig. 2-2a Injection and major sampling points for the tratests conducted in Dong Van
and the identified connections (arrows), dnthe observed breakthrough curves (DEM: B
Zindler, A Degen, H Stolpe, RUB Bochum, unpublisidada, 2015): 1a, 1b, 2a, 2b, 3) are:
* There is a connection between the Ma Le valleythrdSeo Ho valley. The tracer
test revealed that the Ma Le River remerges ahgprCSP3 and CSP4 to form the
Seo Ho River, whose water will be used by the tej water supply system.

A cave stream (CST3), located in the Sang Ma Sdg [{fig. 2-1, P2), is
connected to the Seo Ho River. The inflow takes@kfew meters upstream of the
water extraction for the future water supply systé&mading to the inclusion of the
Sang Ma Sao valley in the catchment area.

* A series of connected poljes causes a groundwiaerffom the Quan Xin Ngai
Valley (Fig. 2—2, No. 2) in the west to the Nho QBéver in the east. Within the
Dong Van polje (Fig. 2-1, P1), water from severptirggs are mixed with a
substantial amount of wastewater. This water métenters the stream sink
(SSDV), remerges at the stream resurgence SRDVaalllyfreaches the Nho Que.
River.

The flow and transport parameters for these trissts are shown in Table 2—2.
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Fig. 2-2 a Injection and major sampling points for the tracer tests conducted in Dong

Van and the identified connections (arrows), and b the observed
breakthrough curves (DEM: B Zindler, A Degen, H Stolpe, RUB Bochum,
unpublished data, 2015)
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Table 2-2  Flow and transport parameters for the tracer tests conducted in Dong Van

and shown in Fig. 2-2. Parameters are given for the major springs

Parameter Symbol Units Tracer test

la 1b 2a 2b
Injection point IP - SSML CST3 SWH1 SWH2
Sampling point with BTC SP - CSP3 CSP5 KS1 KS2
Tracer - - Uranine Amido G Amido G Amido G
Injected mass M [0] 50 50 20 10
Spring discharge Q [L/'s] 664 ND 62.6 182
Linear distance X [m] 1,492 1,229 322 120
Peak time ty [h] 2.17 5.4 2.92 0.22
Peak velocity Vp [m/h] 688 228 110 545
Mean flow velocity (ADM) Vimear [m/h] 663 219 101 546
Dispersivity (ADM) a [m] 11.55 5.09 1.83 0.70
Recovery rate R [%] 92 ND 95 85

ND not determined, ADM advection-dispersion model, Bif€akthrough curve
2 Since the courses of the Ma Le caves (SSML-CSR3jreown, the real distance is used for calculati@msler et
al. (2018b), where SSML =ML1 and CSP3=ML4)

2.3.2 Physicochemical characterization

The mapping activities and the physicochemical stigations revealed that the springs can
be categorized into four groups corresponding te kydrostratigraphic units. Their
physicochemical characters are influenced by th@eralogical composition of the
geological units, residence time and potential @pbgenic input by agricultural activities
or sewage infiltration.

The KMO test revealed an overall measure of samgmhequacy of 0.67, which justifies
the application of a PCA. The PCA enables the ifleation of preferential correlations
between the nine physical and chemical variableswere used for this study (Table 2-3).
Two factors were extracted (Table 2—4).

The two main discriminative axes F1 and F2 expf&ii9% of the variance within the data
set. Figure 2—3a exhibits the distribution of 10&ervations from 28 different sampling
points that are listed separately in Suppl. Tabté the supplementary material (SM). The
variables indicate a preferential correlation betw&C, HCG@ and C4&', which represent
the first axis. Along this axis, a weaker but sfigaint correlation was found between*Ca
and SQ@* and between Ghand NQ".
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Table 2-3  Correlation matrix of the physicochemical parameters included in the PCA

EC cat Mg** HCO; K* Na cr eka NO;

EC 1.000

ca* 0.937* 1.000

Mg?* 0.310* 0.144 1.000

HCO;  0.964% 0.956*  0.360*  1.000

K* -0.036 -0.094 0.201  -0.019 1.000

Na* -0.007 -0.080 0.447*  0.054 0.411** 1.000

cr 0.357* 0.294*  0.633*  0.424** 0.558*  0.726* 1.000

SOZ 0.419*  0.508* -0.114 0.409** -0.027  -0.309* 0.095 1.000

NOy 0.640* 0.694*  0.146 0.627* -0.066  -0.207 0.231 0.499*  1.000

p-values: * <0.001, ** <0.005, ***<0.01

Table 2-4  Factor loadings of the variables

Variables Factor 1 Factor 2
EC 0.471 -0.067
ca’ 0.467 -0.147
Mg** 0.201 0.397
HCOy 0.479 -0.028
K* 0.034 0.413
Na" 0.040 0.554
cr 0.266 0.494
oka 0.270 -0.254
NO5 0.380 -0.173
% of variance 44.43 27.76

Since C&" and HCQ@ are the major ions of those karst waters, theyritnrie strongly to
the EC. With increasing residence time, more caat®man be dissolved, leading to an
increase in EC. Observations from the Ma Le Systeffnom the group “Others” are more
characterized by superficial waters and are antietated with EC, Cd and HCQ™. They
have short or even lacking residence times, regulh a low content of dissolved solids
and therefore low EC. For this reason, factor 1 asmimed to be indicative for carbonate
water-rock interaction.

The second axis is characterized by a preferecialation between K Na” and CT and

to a lesser extent M§ In particular, samples from the Dong Van sinktiggam (SSDV)
and the stream resurgence (SRDV) are projectedjdlos second axis., Samples from the
Na Quan and Toc Tat group have negative valuefafdor 2, indicating lower Mg, K*,
Na" and CI concentrations. The PCA resulted in a more trangi@ssage between the
formations than a clear separation. The prefereatiaelation of K, Na and CI can be
associated with anthropogenic activities. Sincedtuely area is dominated by limestone,
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the sources of Na K™ and CI likely include agricultural fertilizers, and dontiesand
industrial effluents (Jiang et al. 2009). Magnesiigmalso projected on this axis, but is
attributed to dolomite and is usually seen as @lease time tracer in carbonate reservoirs
(Batiot et al. 2003; Emblanch et al. 1998), whigsadrees with this correlation; however,
this unexpected behaviour can be explained witwkedge of the sampling sites and their
connections. The samples SSDV within the right upperter (Fig. 2—3a) are from the
sinking Dong Van stream, which receives water nyairdm the karst springs. Therefore,
the water might be in contact with dolomite or exgece partly high residence times,
which might result in a higher M§ content than for samples of other formations.
Simultaneously, sewage from households and froncwagire enter the stream, leading to
higher K', Na" and CT concentrations and, therefore, to an apparent latioe of these
variables. This phenomenon also concerns sampes 8RDV, because as the tracer test
(No. 3) revealed, SSDV is directly connected torgsrgence SRDV; therefore, factor 2 is
assumed to be indicative for anthropogenic contatian.

a Variables (F1 and F2 axes: 72.19 %) b
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Fig. 2-3 a Principal component analysis (PCA) of the samples (n = 108) taken in the
Dong Van area. The variables are shown with blue lines and the individual
observation in colored points, depending on the different sampling points.
One outlier (W2) was excluded from the PCA. b Hydrochemical groups
according to the Ca?*/Mg? molar ratio versus Ca?. The blue group “Others”
include observations from springs of the Song Hien Fm. and the Mia Le Fm.
The group “Mixed Water” includes the samples of the Ma Le cave system
(SSML, CST1, CST2, CSP3, CSP4), since the Ma Le River drains a catchment

area where all the geological units are represented
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The C&'/Mg** ratio distinctly illustrates the hydrochemicalfdience of the four identified
groups (Fig. 2—3b). While Gaconcentrations are quite similar, a decreaseeoO#"'Mg?*
ratio can be observed from Toc Tat over Na QuaBdo Son Fm. The group “Others”
includes springs of the Song Hien and Mia Le Fmhjclv were defined as aquitards;
however, a limited shallow groundwater movemenmtassible due to the weathered surface
zone. These springs are characterized by littleeralization due to the lower content of
carbonates and the probable shorter residence Tilme.water samples from the Ma Le
system can be ascribed to a mixed water groupe smt¢he catchment area of the Ma Le
River all described geological units are represknte

A lower Ca/Mg ratio at similar Ca concentrationsilcobe indicative for higher dolomite
content within the carbonate units, leading toaesumption that dolomite is more common
in the Bac Son Fm. and barely represented withenTibc Tat Fm.

Furthermore, if M§" is seen as an indicator for residence times ibarate reservoirs,
variations can be observed within the group ofRBhe Son Fm. Samples from karst springs
that are directly connected to swallow holes araratterized by higher influences of
surface water, leading to higher‘@Mg?* ratios (e.g. KS1 and KS2). In contrast, samples
from springs with larger recharge areas and lomgsidence times showed higher #g
concentrations and therefore, lowerdg?* ratios (CSP1 and CSP2).

Samples of the sinking stream resurgence (SRDV)tla@adpring FS6 (highlighted in Fig.
2-3a, b), which are located within the Na Quan Felearly exhibited a hydrochemical
signature of the Bac Son Fm. as shown by a lowéi/I@g*" ratio. Since the spring
receives water from the sinking stream (SSDV), widcains the water from several karst
springs, the hydrochemical character is clearly idated by the Bac Son water type. For
the spring FS6, no profound information is ava#aliut since the spring is located within a
fault zone, a hydraulic connection to the karstifegeannot be excluded.

2.3.3 Hydrogeological conceptual model

Figures 2—4 and 2-5 exhibit the conceptual modethie Dong Van karst aquifer. The Bac
Son Fm., which outcrops north and west to Dong Y&g. 2—1c) is the most important
aquifer in the region and Dong Van City is largegpendent on this water.

The autogenic recharge area of the karst springadnthe aquifer below Dong Van include
the mountainous area north and northwest of Dong {Fg. 2-5). The latter could be
shown by the conducted tracer tests, which revettledpolje series with a water flow
direction from northwest to southeast to the NhaeQRiver. The watershed might be
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between the Sang Ma Sao Valley and the Quan Xin MgHey, because the tracer test
(Fig. 2—2, No. 1b) indicated the westward drainfigen the Sang Ma Sao Valley to the Seo
Ho River.

Bac Son Fm.

Toc Tat Fm.
\

Na Quan Fm.\

Mia Le Fm.\

Song Hien Fm.

Fig. 2-4 Schematic model of the Dong Van polje. The recharge area of the karst
aquifer lies, at least partly, in the northern mountainous region. Water from
the cave and corresponding spring CSP1 is used for the water supply system
of Dong Van. Additionally, groundwater is extracted by private (W1, W4)
and public wells. Colors correspond to the geological map (Fig. 2-1c)

The springs with the largest discharge are assatiith the Bac Son Fm. (CSP1, CSP2,
KS1-4, Suppl. Table 1 in SM. One exception is tlwdVan sinking stream resurgence
(SRDV), at the eastern side of Dong Van, whichosated within the fractured Na Quan
Fm. Generally, springs associated with this gecklgunit exhibit rather small discharge
(<5 L/s); however, the spring discharge of SRDVgexth between 32 and 230 L/s, due to
the fault zone and the direct connection to SSDV.

The karst springs are mainly located at the mao@jithe poljes, which are elongated, flat-
floored, closed depressions, surrounded by higatgtikied limestone with karstic drainage.
The spring water is usually canalized in a streflowing to one or more karst sinks

(SSDV). The weathered material from the surroundiigiplands was deposited on the plain
and sealed the underlying limestone (shown in yelloFigs. 2—1c and 2—4 and hatched in
yellow in Fig. 2-5) leading to confined conditio®ljes were usually developed close to
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the local water table (Ford and Williams 2007), ethis evidenced in the study area by the
presence of artesian springs in a polje (KS6).

Uw o Legend Y

> Hydrogeological zones s
Autogenic recharge area (karst)

f Allogenic recharge area (non-karst)
External surface drainage (non-karst)
A Overlying unconsolidated layers

Py (Quaternary)
}W‘ Swallow hole (swh.)

Karst spring connected to swh.
Karst spring not connected to swh.
Non-karst spring
Well
- —— A-Bprofile

NN I |

. =m mm Catchment divide

: —} Surface inflow
—> Surface outflow

— } Flow connection (tracer tests)

0.5 2 km

7
% Xy %
7

<

o

surface " allogenic
b A outflow autogenic catchment <_‘ }’catchment B
diffuse South

infiltration

oint
infiltration

CSP1 Dong Van

Elevation [m asl]
_'—; .
5

0 ' a ' a ' 1200 1.'esool:‘ism'm:e [mz],boo " 20 2800 3,200
Fig. 2-5 a Hydrogeological map of the Dong Van region. The different
hydrogeological zones are related to the Bac Son karst aquifer. The less
important fractured Na Quan aquifer is not considered in this figure.
Geological information can be found in Fig. 2-1 (DEM in the background:
B Zindler, A Degen, H Stolpe, RUB Bochum, unpublished data, 2015). b
North-south cross-section through the Dong Van Valley

The Toc Tat Fm. acts as aquitard due to its higly cbntent; however, in some sections,
limestone layers can be present that allow a sjyatestricted groundwater movement (e.g.
spring OS6). The Na Quan Fm. is less importantHerregion, but on a local scale, the Na
Quan springs are essential for the smaller moundgivillages on the northern slope, that
are completely dependent on these springs. Thehalige of the Na Quan springs is
significantly smaller than that of the karst spangut generally more constant.
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The dip of the bedding is directed to the southwfest. 2—1d), but groundwater apparently
flows partially via vertical fractures in the nostim direction. The Na Quan Fm. was

defined as a fractured aquifer (Fig. 2—1b), altliokgrstification processes can take place,
but to a much lower extent than within the thickl anassive limestone of the Bac Son Fm.
The underlying Mia Le Fm. limits the groundwateowl, although one spring can be

allocated to this formation (OS1).

South of Dong Van, a normal fault zone led to dimntact between the Bac Son Fm. and
the younger Song Hien Fm., which confines the laeuifer. Some small springs were
found within the Triassic unit (OS2-5); howeverpogndwater only circulates in the
weathered zone close to the surface and is capiareahall ditches. The development of
small bog areas is common in the small tributaiieya.

In the northwestern side of the study area, theLM®&iver drains a large (30 Kinsurface
catchment area. The river sinks to a cave syst&8M([$ at the boundary between the Toc
Tat and Bac Son Fm., flows through a cave systethnramerges at the springs CSP3 and
CSP4 to form the Seo Ho River. Detailed informatidnout the Ma Le cave system can be
found in Ender et al. (2018b, 2017). The Seo HoeRig the receiving stream for the
springs at the northwestern slope and flows toNhe Que. River at the border to China
and, therefore, to the regional base level.

With private and public wells (e.g. W1-W4) grounderais extracted from the aquifer
below Dong Van City. Although, the groundwater isngrally well protected by the
overlying layers of fluvial sediments (Fig. 2—-4het water extraction is seen to be
problematic. There is no knowledge about resideimces, recharge rates and groundwater
ages; furthermore, there is no control of wateraetion rates or even knowledge of the
exact number of private wells. Ford and William®{2) have already emphasized that
karst water resources are often exploited withawt avaluation of the resource until
problems of depletion emerge; therefore, investgatof the water resources below Dong
Van City should be carried out.

2.3.4 Microbiological water quality

i. Sampling campaigns

A total of 122 samples were analyzed Eorcoli and TTC, and 94 for ENT. The results are
listed in Suppl. Table 2 of the SM and are depictedrig. 2—6, wheree. coli and ENT
concentrations are shown for three different seadqalny, rainy and transient season).
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Furthermore, the relationships between FIB, aquifpe and sampling point are illustrated
in Fig. 2—6; in addition, Fig. 2—7 illustrates degtive statistics.
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Fig. 2-6 Concentrations of a Escherichia coli (E. coli) and b enterococci (ENT),
dependent on hydrogeology, seasons and the type of sampling points.
Considered values are from dry and transient season 2015, and rainy season
2016. The group “Other Fm.” includes samples from surface streams and the

spring from the Toc Tat Fm. (OS6)

In 46% of all water samples, >100 MPN/100 Enlcoli were detected and in 12%, >2420
MPN/100 ml (>UDL) were detected. These results stliate the extremely high
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contamination level, especially with reference tbgal limit of O cfu/100 ml for TTC,

E. coli and ENT according to the WHO (2008). Generallg pollution withE. coli was
higher during wet season (Fig. 2—7a), as alreadwslby other researchers, e.g. Kapembo
et al. (2016). Stronger precipitation events leadmore surface runoff that flushes
contaminants from the surface to swallow holes tanithe water table, while, on the other
hand, reduced spring discharges during dry seasoldl @lso lead to a lower dilution of
contaminants, as observed for the stream resurgRDBd/ during transient conditions. The
combination of large amounts of sewage due to kegly tourist numbers in Dong Van and
lower discharge rates at the end of rainy seasauitesl in high concentrations of FIB at the
sinking stream SSDV and the stream resurgence SRDV.
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Fig. 2-7 Categories for fecal indicator bacteria depending on a hydrological

conditions and b on aquifer type. The group “wet season” contains analysis
from three campaigns (July 2014, September 2015 and June 2016) and the
group “dry season” from two campaigns (February2014, March 2015).

Samples from wells are not considered within the comparison of seasons

The analyses of ENT generally confirm the resulisiftheE. coli investigations; however,

some springs of the Bac Son Fm. showed highest &diCentrations for the dry season,
while E. coli concentrations were highest during wet seasors. hight be explained by the
differences in persistence of the two FIB withie #anvironment; furthermore, ENT may
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not be solely of fecal origin, but may be endogeniousediments and soils (Byappanahalli
et al. 2012).

Due to a high variety of potential contaminant sesrin the catchment areas of surface
waters, they showed highest concentrations of HHig. (2—7b). Besides, rivers are often
used as natural waste water systems, leading tenealy high bacteria loads (eH.coli in
SSDV: 31,060 MPN/100 ml; September 2015, Supplldamf the SM).

In contrast, spring waters are generally betteteggted by the aquifer properties against
pollution than surface waters, but a high degreekafstification leads to a higher
vulnerability of groundwater. For this reason, gmings of the Bac Son Fm. are most
strongly contaminated with fecal bacteria, but as E-7b illustrated, they also exhibited
the highest variation in contamination levels raggibetween uncontaminated and
extremely contaminated with. coli and ENT. Samples from shallow wells did not show
E. coli and ENT concentrations as high as the springseoBac Son Fm., due to protective
overlying layers. Four water samples met the watadity standard with <1 MPN/100 ml
for E. coli and 3 samples for ENT; howeveét,coli concentrations of 161 and 62 MPN/100
ml for the wells W2 and W3 are alarming, since gheundwater should be well protected
due to the confined conditions. This indicates thatconstruction of wells led to hydraulic
connections between the valuable karst groundvestersurface water and/or that leakages
of septic tanks polluted the groundwater. Sprirfgh® Na Quan Fm. are less impacted than
those of the Bac Son Fm., probably caused by mdfese than point infiltration via
swallow holes. Diffuse infiltration also takes padn granular aquifers, where the
contamination level of springs was found to be treddy moderate. An attachment of
bacteria to the immobile aquifer media might betheo reason for the relatively low
contamination levels (Mahler et al. 2000).

The type of the spring or sampling point also plagsessential role in spring water quality.
Untapped springs are most exposed to a contamimauit in the vicinity of the springs and
are often used as drinking-water troughs for arsmidbwever, tapped springs can also be
prone to contamination, especially if the springexas directly captured in a storage tank,
as is the case for the springs KS3, FS1, FS2, 8SB,and OS6. Local residents are often
not aware of the contamination risk and might beogtaminants to the spring reservoir. In
this case, the water quality problem might not desed by a contaminant input within the
recharge area, but within the tapping of the sprauglitionally, sufficient purification and
maintenance of the storage tanks may be lacking.
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ii. Monitoring

The water quality monitoring at the cave spring CS®th daily measurements of Q, T,
EC, DO, turbidity and PSD (Fig. 2-8) for a time ipdrof 24 days revealed a relatively
good water quality. The eight water samples thatvemalyzed foE. coli, ranged between

4 and 32 MPN/100 ml.
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Fig. 2-8 Monitoring at the spring CSP1 for a time period of 24 days with daily
measurements. In total, eight samples were taken for the analysis for

Escherichia coli (E. coli)

Although several precipitation events occurred, pisicochemical parameters did not
show a strong response to those events. An exceptiothis observation was the
precipitation event on 13 August 2014, which causedncrease in turbidity, particles and
oxygen concentrations, as well as a decrease ictrield conductivity, although the

precipitation intensity was apparently lower congohto the previous events. The climate
station is located southeast of Dong Van, meaniddf@rence in elevation of around 300—
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400 m between the recharge area of the spring laaclimate station. The high spatial
variability of precipitation in this area, in pamiar during thunderstorms, might cause
uncertainties concerning the exact precipitatioterigity within the mountainous area.
However, the intensity of the physicochemical resgowas found to be rather small,
although discharge ranged from 23 to 75 L/s. Tisesall variations could be explained by
a larger catchment area with more diffuse groundwa¢charge and without a direct
connection between the spring and a sinking strefamithermore, from speleological
investigations, it is known that the spring dramsave with a pond (Ho Tien Chung,
Vietnam Institute of Geosciences and Mineral Ressgirpersonal communication, 2015),
which could act as a buffer and could explain tather small reaction to precipitation
events.

In contrast, the monitoring of the karst spring KS#wed very strong fluctuations in
E. coli (Fig. 2-9).
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Fig. 2-9 Forty-eight-hour monitoring at the spring KS2 for the evaluation of short-
term water quality dynamics. Although no precipitation event occurred,
daily contamination events could be identified with E. coli levels of >2,420

MPN/100 ml (>UDL)
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Although the monitoring was carried out during deason where the spring discharge was
constant (5.0 £ 0.2 L/s), two contamination evewisld be observed with >2,420 MPN/100
ml E. coli. The simultaneous daily fluctuations of water temspure (19.1-20.2 °C)
indicated that a general increasekofcoli is associated with anthropogenic activities that
take place during daytime. Since the spring is pifie polje series, it is directly connected
to sinking surface streams that are strongly imfteel by air temperature. The second
E. coli peak was strongly correlated with an increase ©fdad CDOM, but without an
influence on discharge, turbidity or particle camtcations. Hence, it can be assumed that a
direct inlet of sewage into the swallow hole cautiesl water quality deterioration at the

spring.

Karst springs that are directly connected to swallmles are extremely vulnerable to a
high input of fecal bacteria, especially if thehrarme area is characterized by agricultural
activities. Furthermore, swallow holes are ofteredusas natural sewage system by
settlements, which cause a direct input of feaeshik study, the springs KS1, KS2, CSP3,
CSP4 and the Dong Van stream resurgence SRDV @@lgiaffected by a sinking stream

(Fig. 2-10).

Directly connected to swallow hole Not directly connected to swallow hole

4% 5%

40%

E. coli [MPN/100mL]
<10

P72 10-100
——1101-500

P 501-1000
XY 1001-2000
B >2000

4% 55%

n=25 n=20

Fig.2-10 =~ Comparison of contamination levels of 45 samples (n) collected at springs
with and without a direct connection to a swallow hole: five springs are
known to be directly connected to a swallow hole (KS1, KS2, CSP3, CSP4
and SRDV), and four springs are assumed to have no direct connection to a

swallow hole (CSP1, CSP2, KS3 and KS6)
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Karst springs that are not directly associated wjlcific swallow holes show a better
water quality in general. Larger mountainous andenmistine catchment areas of the karst
springs CSP1 and CSP2 result in relatively modelateoli concentrations (<165 and
< 91MPN/100 ml), even during wet season.

In general, the concentrations of FIB are far tagghhand result in an increased risk of
water-related diseases such as gastrointestinphoiy, cholera and other diarrhoeal

diseases (Kapembo et al. 2016). Although severaliggpare not used for drinking water,

they were used for personal hygiene, bathing amgation; nevertheless, even in

recreational waters, such high concentrations Bf pddse a threat for human health (Priss
1998; Stallard et al. 2016; Vogel et al. 2017).

An alternative water supply will be realized soamere water from the Seo Ho River will
be pumped to the Ma U pass and distributed to tleges and to Dong Van, without
additional energy demand (Oberle et al. 2017). phigect will lead to an ease of the water
quantity problem, but the challenge of a good watelity, at least for now, will remain.

2.4 CONCLUSIONS

This study revealed that all springs in the Dongn \deaea were faecally impacted and even
shallow wells in Dong Van exhibited a partial deietion of the microbial water quality.
But to develop adapted groundwater protection esgias, a profound hydrogeological
understanding is necessary. Especially in geolbgiomplex areas, where the delineation
of the spring catchment areas is difficult, dethilevestigations are essential to evaluate the
reasons and factors of microbial water quality detation. Two aquifers are important for
the region: the Bac Son karst aquifer and the dract Na Quan aquifer, which are
separated by the Toc Tat Fm., in which groundwidder is limited. Table 2-5 summarizes
the main characteristics of the four identified evaypes.

General conclusions are:

* The PCA revealed that 72% of the physicochemicdabxae can be described by two
factors: factor 1 is indicative for water-rock irdetion and factor 2 can be associated
with anthropogenic influences.

* A relation between hydrochemical properties androbial contamination could be
found, since samples with the hydrochemical sigieatdi the Bac Son type tendentially
showed highest FIB values.
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* Microbial water quality varied by season. During tliry season, most of the water
samples showe#. coli concentrations between 51 and 100 MPN/100 ml,entiiey
ranged between 101 and 500 MPN/100 ml during theseason. But due to a smaller
dilution during dry season, water quality was pitwoughout.

e Spring waters that are captured with storage tamkse found to be prone to
contamination, since people might unknowingly p@luthe water reservoir.
Furthermore, maintenance and purification of theksawere insufficient or even

lacking.

Table 2-5  Main characteristics of the different aquifer types

Characteristic Geological unit
Bac Son Fm. Na Quan Fm. Toc Tat Fm. Others
(Mia Le and Song
Hien Fm.)
General characteristics
Media type Karst Aquifer Fractured aquifer Aquitard Aquitard
Groundwater flow Within matrix, Mainly along Limited within thin Limited within
fractures and conduitsvertical fractures  limestone beds, weathered zone,
and along faults  along faults close to the surface
Water characteristics
Ca/Mg molar ratio 3-15 17-31 46 - 60 1-7
Ca [mmol/L] 09-21 12-19 15-18 0.2-0.6
MedianE. coli category / concentrations 6 / 1001-2420 25/20-75 ND. 2/11-50
[MPN/100mL]
Median ENT category / concentrations 4 /101 - 500 2/11-50 ND. 3/51-100
[MPN/100mL]

The concentrations @scherichia coli (E. coli) and enterococci (ENT) for the Toc Tat spring (P®6re included in the group
“Others” for this analysis. Definition of FIB catages can be found in Fig. 2—7
ND not determined

For the karstified Bac Son aquifer, which is thestmionportant one for water supply, the
following major conclusions could be made:

* The development of the sub-surface karst conduwaer& played an essential role in
terms of water quality. For springs with a direshiection to a sinking stream, 84% of
the samples were contaminated with >100 MPN/10@&nabli. In contrast, only 15%
of the samples from karst springs that are noctyreonnected to active swallow holes
showecE. coli values >100 MPN/100 ml.
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* Contamination events of springs with direct conioest to swallow holes are not
always associated with precipitation events. Thap e caused by discharge of
wastewater from households and agriculture. In Ddag, springs that are involved in
the polje series are especially affected, sincelbeed depressions are extensively used
for agriculture. The tracer tests indicated thattaminants can be transported with high
velocities {, = 110-545 m/h) without a high potential of retentiR = 85-95%).
Therefore, an increasing deterioration of waterliguaould be observed from west to
east.

e Karst springs at the northern rim of the Dong Valjgpare less affected due to a
mountainous and more pristine spring catchment. aggaings from the Na Quan
aquifer are less contaminated due to a more difhfggation.

 Water extracted by wells in Dong Van partially mi#e WHO drinking water
regulations concerning FIB; however, some samplefib#ged distinct fecal
contamination. It can be assumed that in some dasegrotective confining layers
were perforated by an inexpert construction of syellhich resulted in a hydraulic
connection between the aquifer and surface wal&is.assumption is supported by the
high concentrations of K Na and CI, which are associated with domestic and
industrial effluents.

The obtained information delivers a valuable bawegroundwater protection strategies,

which should be aimed at reducing the contaminaputi This study revealed that one

major problem is associated with an insufficientsiga water system, leading to a

displacement of the water quality problem, sincataminants are transported from one
polje to the next, until they reach the Nho QueeRiHowever, other villages at a lower

elevation might be dependent on this water; thimlistic approach is necessary, including
groundwater protection, water purification and \wasfter treatment, but also awareness-
raising activities for the local population.
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CHAPTER 3

3 SPATIAL RESOLUTION OF TRANSPORT PARAMETERS IN A
SUBTROPICAL KARST CONDUIT SYSTEM DURING DRY AND WET

SEASONS

Reproduced from: Ender A, Goeppert N, Goldscheider N (2018) Spatial resolution of
transport parameters in a subtropical karst conduit system during dry and wet seasons.
Hydrogeology Journal, doi 10.1007/s10040-018-1746-x

Abstract

Karst aquifers are characterized by a high degfehydrologic variability and spatial
heterogeneity of transport parameters. Tracer talitav the quantification of these
parameters, but conventional point-to-point experita fail to capture spatiotemporal
variations of flow and transport. The goal of tlsgidy was to elucidate the spatial
distribution of transport parameters in a karstdtonsystem at different flow conditions.
Therefore, six tracer tests were conducted in divea@nd accessible cave system in
Vietham during dry and wet seasons. Injections mrwhitoring were done at five sites
along the flow system: a swallow hole, two siteside the cave, and two springs draining
the system. Breakthrough curves (BTCs) were modeitid CXTFIT software using the
one-dimensional advection-dispersion model andwlteregion nonequilibrium model. In
order to obtain transport parameters in the indi@icsections of the system, a multi-pulse
injection approach was used, which was realizedisigg the BTCs from one section as
input functions for the next section. Major findsopclude: (1) In the entire system, mean
flow velocities increase from 183 to 1,043 m/h witltreasing discharge, while (2) the
proportion of immobile fluid regions decrease; (Be lowest dispersivity was found at
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intermediate discharge; (4) in the individual caeetions, flow velocities decrease along
the flow direction, related to decreasing gradiewntisile (5) dispersivity is highest in the
middle section of the cave. The obtained resultsvige a valuable basis for the
development of an adapted water management strtegyprojected water-supply system.

3.1 INTRODUCTION

Karst aquifers are important for the freshwaterpbyin many regions of the world, with
roughly 20-25% of the world’s population largely entirely dependent on Kkarst
groundwater (Ford and Williams 2007). In Southéest, around 215,000 km2 or 10% of
the mainland is covered by karst areas (Mouret PO, therefore, karst aquifers
constitute an important freshwater resource. Intiqpdar, they are characterized by
anisotropy and heterogeneity (Stevanovic 2015)erkmting the investigation of the water
resources and, hence, the development of adaptedustainable karst water management
strategies. High flow velocities under partly tudnt flow conditions within the conduit
network lead to a rapid transport of contaminamd, dherefore, render the groundwater
highly vulnerable to contamination. In Northern ¥i@m, strong precipitation events during
the rainy season intensify this problem, but ex¢ehdry seasons also pose a challenge to
deal with. To ensure a continuous freshwater sugpty a sustainable use of these valuable
water resources, a profound understanding of teygstems is crucial.

Artificial tracer tests are valuable tools to stuldg nature of karst systems because they can
deliver clear information about hydraulic conneatipspring catchment areas, transit time
distributions and linear flow velocities (Atkinsoat al. 1973; Brown et al. 1969;
Goldscheider et al. 2008). Furthermore, relevargport parameters can be determined by
the quantitative analysis and modeling of breaktglocurves (Barbera et al. 2017; Hauns
et al. 2001; Morales et al. 2007).

Tracer tests in active cave systems can be usedéstigate transport mechanisms and to
reveal the influence of cave structures or conduaitfigurations on parameters such as
mean flow velocity and dispersion. However, fewcétaexperiments have been performed
in active caves where both injection points and @amg points were within the cave

system, to obtain more detailed information abotdrnal structures —for example, Lauber
et al. (2014) studied an active karst conduit netwand obtained spatially and temporally
resolved information on conduit flow in the Bluertpg system (Blaubeuren, Germany).

The flow velocities between the sampling pointslddae determined by using peak transit
times, but dispersion coefficients were only cadbtedl between the injection point and the
sampling points. Recently, Dewaide et al. (201@spnted modeling results of tracer tests
in the cave system of Han-sur-Lesse in South Beldgiwhereby they obtained a spatial
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discretization of transport parameters by using@i¢S model (Runkel 1998; Runkel and
Broshears 1991). This model is based on a two-negimequilibrium (2RNE) approach to

consider mobile and immobile flow regions and th#uence of transient storage on the
observed breakthrough curves. They assumed thaketmwery rate amounts to 100% at
each sampling site and that no bypaths, laterviisf or outflows occur; however, caves
are known to be very dynamic and, in most casess #ssumption leads to

oversimplification of the system. There remainsap ¢n knowledge regarding the spatial
resolution of transport parameters for systems bjthaths, lateral inflows and outflows.

To improve the understanding of spatial variatiohiow and transport parameters within

a karst conduit system, tracer tests were conduntadcave system in Northern Vietnam.
At this study site, there is one main stream, @mgeand flowing through the cave system;
however, bypaths, lateral inflows and outflows aatnte excluded. Therefore, the
following four major research questions were exadir(1) what are the flow and transport
characteristics of the cave system? (2) how ane flelocities and transport parameters
spatially distributed within the individual sect®m the vadose and phreatic zone? (3) what
is the influence of flow conditions (rainy and digasons) on these parameters? and (4) is a
multiple pulse injection approach feasible to abtpatial discretization?

3.2 MATERIALS AND METHODS

3.2.1 Study Site

The study area is located in the northernmostidisif Vietnam, called Dong Van, with the
identically named capital city (Fig. 3—1). It iseoof the poorest and most remote areas of
the country and lies at the northern rim of the ®dran Karst Plateau. This site was
designated as a UNESCO Global Geopark in 2010irlgad the attraction of an increasing
number of tourists. Massive limestone formationsjnly of Carboniferous and Permian
ages, form an impressive karst landscape. The ll@ddac Son Formation (Fig. 3—1) has
undergone several phases of regional tectonic whefton (Tran et al. 2013) and is
characterized by dissected topography due to peaktec, intra-mountain blind
depressions, deep river valleys and steep slopes @nd Batelaan 2011). The Dong Van
District and the neighboring Meo Vac District aeeihg increasing problems in terms of
water supply and water quality.

With the extended dry seasons, groundwater rechsugainly limited to 4-5 months in the
summer (Van Nguyen et al. 2013). For the period22012, the mean annual precipitation
in Dong Van amounts to 1,335 mm/year with the hgghainfall in June (285 mm) and
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lowest in February—(17 mm, data provided by Natio@anter of Water Resources
Planning and Investigation (NAWAPI), climate statiDdong Van District, operated by
Vietnam National Centre for Hydro-Meteorologicalr&casting, (NCHMF)).
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Fig. 3-1 a Study area in Northern Vietnam near the Chinese border. The overview
map is a section of the world karst aquifer map that exhibits the distribution
of carbonate rocks (blue) in Vietnam (Chen et al. 2017). b The Ma Le cave
system (D Lagrou, SPEKUL, unpublished report, 2005), shown on the
1:50,000 geological map (Vietnam Institute of Geosciences and Mineral
Resources, unpublished data, 2017) with a digital elevation model in the
background (B. Zindler, A. Degen, H. Stolpe, RUB Bochum, unpublished
data, 2015). ¢ Cross section, following the course of the caves. The course of
the caves is not to scale, but is, however, in the range of measured

dimensions
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Due to the high infiltration rates of the strongharstified limestone, surface water
resources are scarce. Additionally, great deptthé water table in deep cave systems
prohibits access to groundwater for the populafitan Nguyen et al. 2013). Northwest of
Dong Van lies the Ma Le Valley (Fig. 3-1), locaiedhe nonkarstified Devonian units of
the Mia Le Formation, which are composed of schigeybedded with sandstone, siltstone,
calcareous shales and limestone lenses.

The surface stream sinks into a cave system atdhadary to the Carboniferous-Permian
Bac Son Formation. Large sections of the cave systere explored and mapped by the
Belgian caving club SPEKUL, but there are phreatimes in between that are not
accessible without cave diving. The hydraulic geatiof the three cave sections Ma Le 1-3
(ML 1-3) decrease along the flow direction from 1@ 1) over 5% (ML 2) to 2% (ML

3) (D. Lagrou, SPEKUL, unpublished report, 2005¢d & Lagrou, SPEKUL, personal
communication, 2017). The caves have separateneetichambers facilitating access (Fig.
3-1b,c). Within approximately 1 km linear distarfo@em the sinking stream, there are two
springs, Ma Le 4 (ML 4) and Seo Ho 1 (SH 1), forgiihe Seo Ho River that flows into the
receiving stream, the Nho Que River. The two sdpacave entrances (ML 2 and ML 3)
enable in-cave tracer tests and allow for a firgatial resolution of parameters. It is
planned to use the water from this cave systemtlier water supply of the small
mountainous villages and Dong Van City. For thealiggment of an adapted karst-water-
management strategy, a hydrogeological understgrafithe system is essential, including
parameters such as the variability of dischargey #ind transport parameters, in addition to
the chemical composition of groundwater and surfaager, water quality and suspended
load (Ender et al. 2017).

3.2.2 Tracer Tests

In total, six tracer tests (Table 3—1 and Supgufe 1 of the supplementary material (SM))
were performed in this cave system to investigagenfluences of rainy and dry seasons on
flow and transport parameters and to study thetire of the cave system. Four tracer tests
were conducted with an injection mass of 50 g unaiiFluorescein Sodium, CAS: 518-47-
8) into the sinking stream of the Ma Le Valley @diion point (IP) ML 1 in Suppl. Figure 1
of the SM). One tracer test was conducted duriegdily season on 25 February 2014 (test
No. 1), when discharge at ML 4 was low (72 L/s)riDg the rainy season, two tracer tests
were performed, on 28 July 2014 and on 3 Octob&b Zest Nos. 4 and 2, respectively),
where the sampling points coincided with thoseheftest during the dry season. The fourth
tracer test, with IP ML 1 as the injection pointasvperformed to gain more information
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about flow and transport parameters under high ftmmditions (16 August 2014, test
No. 6), where samples were only taken at ML 4.

Table 3-1  Tracer tests conducted in the Ma Le cave system.

No. Date Season Injection point  Injection mass Sampling points Spring discharge
of uranine [g] [L/s]

1 25.02.2014 Dry ML 1 50 ML 2, ML3,ML4,SH1 72

2 03.10.2015 Wet ML 1 50 ML 2, ML3,ML4,SH1 664

3 29.09.2015 Wet ML 2 10 ML 3,ML4,SH1 690

4 28.07.2014 Wet ML 1 50 ML2,ML3,ML4,SH 1 785

5 26.09.2015 Wet ML 3 5 ML 4, SH 1 856

6 16.08.2014 Wet ML 1 50 ML 4 1,296

Note: Spring discharge is the discharge of ML 4.

To investigate individual cave sections, one traest was conducted with a tracer injection
in ML 3 (26 September 2015, test No. 5) and anotdmer with an injection in ML 2 (29
September 2015, test No. 3). Discharge measuremeamts made on the day of the tracer
test via the salt dilution method. The accuracyhi$ method is within maximum +10%
(Richardson et al. 2017), since it is constraingthle requirement of a complete mixture of
salt throughout the traced stream. However, inatlthors’ experience, uncertainties of the
salt dilution method are usually in a range of +2%evertheless, for the calculation of
uncertainties of recovery rates, a +10% uncertaoftglischarge rates was applied (Tables
3-3 and 3-4). Discharge rates were assumed to fstacth due to the short duration of
tracer tests (less than 12 h) during the rainymseaSuring the dry season, the discharge
generally does not exhibit strong fluctuations, eptcafter precipitation events; therefore,
throughout the duration of the tracer tests (5%lis;harge can be assumed as constant.

In general, samples from the tracer tests weresp@ted to Germany and analyzed in the
laboratory using the spectrofluorometer LS55 fromrkih Elmer following standard
procedures (Kéass 2004). Samples from August 20¥é eealyzed in Dong Van using the
portable laboratory fluorometer (Trilogy, Turnerdign). A field fluorometer GGUN-FL30
(Schnegg 2002) was installed in ML 3 on the 3rdDofober 2015. All three fluorometers
were calibrated using water from the ML 4 samploagnt. The time intervals for sampling
were smaller during the rainy season (1-10 mini) ttharing the dry season (15-30 min)
and were adjusted to 30 and 60 min after the mesakbthrough. From the BTCs three
different flow velocities can be obtained (Table2B-The mean flow velocity cannot be
directly extracted from the BTC, but it is calceldtby using an analytical model.
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Table 3-2  Different flow velocities that can be yielded by tracer tests (Késs 2004).

Flow velocity Time Concentration

maximum flow velocityax first detection time; detection limit

peak flow velocity, time of peak concentratidp maximal concentratiogax
mean flow velocity,, mean residence tinig NA

NA not applicable

3.2.3 Modelling of the results

The transport of conservative tracers can be destriby the one-dimensional (1D)
advection-dispersion equation (Bear 1979) as fdlow

ac _ . 9%C v ac
at T ox? m 5y

(3.1)

with C = concentrationt, = time, D = longitudinal dispersion coefficient = distance along
flow direction, and/,, = mean flow velocity.

For the analytical modeling of the observed breakiph curves (BTCs), the software
CXTFIT (Toride et al. 1999) was used. Two 1D ariafit models were applied: the
conventional advection-dispersion model (ADM), dmel two-region nonequilibrium model
(2RNE). The simplification by using a 1D model danjustified, since flow through a karst
conduit can be ascribed as a 1D process and thwectamh is also 1D (Goeppert and
Goldscheider 2008). Some BTCs from tracer testaist aquifers show a distinct tailing
due to immobile fluid regions, which cannot be ceprced by the ADM. The 2RNE model
was developed to describe the solute exchange betmebile and immobile fluid regions
as first-order mass transfer process (Toride etl883). For simplification, only the

dimensionless form is given (modified after Fiefdl&insky 2000 and Toride et al. 1993):

ac, 1 9%¢;, 9¢

Bor = peazz 9 ~ @G —C) (3.2)

ac,
aT

a-p = w(C, — () (3.3)

Equations 3.2 and 3.3 include additional parametets subscripts referring to mobile (1)
or immobile (2) fluid regionsC represents the dimensionless solute concentratiolil
and Z dimensionless time and space variables, respéctitée Peclet number, Pes
defined by the model parameters mean flow veldqeity and dispersion coefficienDj:

Pe= =2 (3.4)

D 74
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where x is the flow distance andr the dispersivity. The dimensionless partitioning
coefficient § (0<4<1) indicates the proportion of mobile water, whitee mass transfer
coefficientw (>0) describes the exchange rate between the fagobns. This model was
successfully applied to the simulation of BTCs frovacer tests in karst systems (Barbera et
al. 2017; Birk et al. 2005; Field and Pinsky 20@Reyer et al. 2007; Goeppert and
Goldscheider 2008; Lauber et al. 2014).

The fitting procedure is based on a nonlinear lsegaare method (Tang et al. 2010; Toride
et al. 1999; van Genuchten et al. 2012). The ADMsaters two fitting parameters,
advection (expressed as mean flow velogjty and dispersion (expressed as longitudinal
dispersion coefficienD), while the 2RNE includes additionalfyandw. For both models,
ADM and 2RNE, tracer mass was included in thenfittprocedure. All parameters were
calculated with real flow distances, since the sewf the cave stream is essentially known.
The distance for the phreatic zones between thglesitave sections and for the section
ML 3—-ML 4, where no cave plans are available, vesgumed to be linear.

Two different input scenarios were used:

1. Pulse injection (Dirac input of tracer)

2. Multi pulses injection (MPI = multiple pulse input)

The Dirac input was used to investigate flow arahs$port parameters from the injection
point, in this case at the stream sink (IP ML 1Suappl- Figure 1 of the SM), to the

individual sampling point. In contrast, the MPI apgch was applied to gain more

information about specific cave segments betweerstmpling points. The input function

is realized by a series of successive applicatafnsonstant solute pulses (Toride et al.
1995), which correspond to the BTCs observed inthegecave system. This enables an
investigation of transport parameters between Min@& ML 3, for instance, without a real

tracer injection in ML 2. The flow chart (Fig. 3—8Xhibits the straight forward procedure
of the MPI approach by using the example of théicedIL 3—ML 4.
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Fig. 3-2 Flow chart illustrating the procedure of the multiple pulse injection

application, exemplified with the section ML 3-ML 4 and marked with the
circled numbers 1 and 2. Cross section follows the course of the caves

(Fig. 3-1b).

The starting time of the multiple pulse injectidg) Corresponds to the first detection time
of the BTC {;), which is used as the input function. While giagmatic procedure delivers
robust model parameters by using the ADM, it doatswork for the 2RNE, which results
in high uncertainties. Therefore, the MPI approads modified by using the 2RNE
modelled concentrations of the input functionshaligh, there are some deviations within
the modelled and observed input BTCs, this proeedetivers a good approximation of the
transport parameters without such high uncertant®ith the 2RNE model, at least four
different parameters were fitted at the same tisoethe results are less robust than those
from the ADM (Goeppert and Goldscheider 2008; Laidieal. 2014; van Genuchten et al.
2012). Therefore, concerning the MPI approachfithees focus on the results obtained by
the ADM; however, the results from 2RNE are adddity shown in the tables and are
discussed.

For the quality evaluation of the modelling resutke coefficient of determinatioi®y), the
root mean square error (RMSE) as well as a modiiash-Sutcliffe efficiencyH;-1) were
computed for each BTC simulation. The calculatidnEp,, based on Luhmann et al.
(2012), delivers values between 1.0 (perfect fif) ao.

57



CHAPTER 3

3.3 RESULTS

3.3.1 Variability of flow parameters

In total, four BTCs were obtained for the main eutf the cave system, ML 4, as shown in
Fig. 3—-3. During high flow conditions (Q = 1,296s)/the first tracer detection took place
within 1 h, resulting in a maximum flow velocity @492 m/ h. With the exception of the
BTC on 3 October 2015, all BTC showed similar maximtracer concentrations. The
discharge ranged between 72 and 1,296 L/s, illurstyéghe high variability of this system.

30 —

—=—Q= 72L/s, R=36% (25 February 2014)
o5 | ] ——Q= 664L/s, R=92% (3 October 2015)
—=—Q= 785L/s, R=70% (28 July 2014)
——Q=1,296 L/s, R=98% (16 August 2014)

uranine concentration [ug/L]

time after injection [h]

Fig. 3-3 Breakthrough curves observed at the spring ML 4 under different

hydrologic conditions. Discharge (Q) and recovery rate (R) were determined

for the spring ML 4

Consequently, flow and transport parameters arectsffl by the variation in discharge
(Fig. 3-4). By applying an ADM, mean flow velocgidor the complete cave section
(ML 1-ML 4, distance 1,492 m) were between 183 duhng the dry season (25 February
2014) and 1,043 m/h during the rainy season (16uaug014). With increasing discharge,
an increasing recovery rate was observed betweér 8 = 72 L/s) and 98%
(Q =1,296 L/s, Tables 3-3 and 3-4).

Dispersivity first decreased from 19 to 10 m witlerieasing discharge, but increased again
to 21 m for higher discharge rates. The conditiohghe tracer test on 28 July 2014
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(785 L/s) and 3 October 2015 (664 L/s) were quiiteilar, leading to similar mean flow
velocities (724 m/h and 663 m/h) and dispersivi(i#8 and 12 m). Yet, the maximum
concentration on 3 October (26.68/L) exceeded the one on 28 July (19.83.).
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Fig. 3-4 Variation of flow and transport parameters for the complete cave system
(ML 1-ML 4) dependent on the spring discharge (ML 4), modelled with
a ADM and b 2RNE
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The 2RNE delivered slightly lower values for me&wf velocities and dispersivities, but
the behavior with increasing discharge is similarthie ADM. Additionally, the 2RNE
revealed an increase of the partition coefficighfrom 0.81 to 0.99 with increasing
discharge. The mass transfer coefficiemtfirst increased and decreased again with
increasing discharge, but exhibited high unceriesgnt

The BTCs of ML 4 (Fig. 3-3) and the flow and traogpparameters (Fig. 3-4) exhibit
strong seasonal variability. To investigate thdéedénces in flow and transport parameters
in more detail, the BTCs of each sampling site inithe cave system are shown in Fig. 3-5

for both dry and wet season.

a
Dry Season (25 February 2014)
80 Ma Le 2 Ma Le 2
Q=109 L/s = Samples
= ——ADM
704 v, =359 m/h Male3
a=11m o Samples

Ma Le 3

uranine concentration [ug/L]

40
Q=128 L/s
v, =249 m/h
30 1 a=27m
R=57%  MaLe4
Q=72L/s
201 v, =183mh Seo Ho 1
a=19m
10 4 R=36%
04 “’*"‘AA‘A‘
0 5 10 15
time after injection [h]
Fig. 3-5

4 Samples
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R=71% ADM

60 - Ma Le 4
ADM

50 | Seo Ho 1
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a=26m
R=15%
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Rainy Season (3 October 2015)

f Male2 Ma Le 2
Q=626 Ls * Samples
_ ADM

v, =1,268 m/h Ma Le 3
a=7m ¢ Samples
R=87% ——ADM
Ma Le 4
4 Samples
Qs o
Q= s Seo Ho 1
v, =916 m/h + Samples

a=13m ADM
R=74%
Ma Le 4
Q=664L/s
v, =663 m/h
a=12m
R=92% Seo Ho 1
Q=33L/s
v, =617 m/h
a=12m

R=4%

time after injection [h]

Breakthrough curves, modelled with the advection-dispersion model, for

each sampling site within the cave system for both a dry and b wet season

(Q discharge, vm mean flow velocity, a dispersivity, R recovery rate). The

Dirac input function was applied. Note the different scales of the time axes

The BTCs for the second tracer test during rairgsee (28 July 2014) are exhibited in
Suppl. Figure 2 of the SM. Table 3-3 and 3—4 lisparameters for the ADM and 2RNE
with the corresponding uncertainties.
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Table3-3 Flow and transport parameters for the sampling sites within the cave system and the karst springs by using a Dirac injection in ML 1, for tracer
tests from February, July and August 2014.
Term Units Dry Season (25 February 2014) Rainy Season (28 July 2014) Rainy Seaso
(16 August 201¢
Injection 50 g uranine in ML 1@ = 120 L/s) 50 g uranine in ML 1Q = 463 L/s) 50 g uranine i
ML 1 (Q ND)
Sections ML 1-ML 2 ML1-ML3 ML1-ML4 ML 1-SH 1 ML 1-ML 2 ML1-ML3 ML 1-ML 4 ML 1-SH 1 ML 1-ML 4
Parameters
Distance X [m] 992 1,314 1,49: 1,45¢ 992 1,31« 1,492 1,45¢ 1,49:
Discharge Q [L/s] 109 + 1: 128 + 1t 72+ 7 34+ ND ND 785+ 7¢ 374 1,296 + 13
Tracer recovery R [%] 71x 5 57 +¢€ 36 £< 15+2 ND ND 70+7 4+1 98 + 1(
Maximum concentration Crmax [ug/L] 64.7¢ 22.0¢ 15.8¢ 15.7¢ 67.0¢ 30.5¢ 19.3¢ 12.4 17.3¢
Peak time tp [h] 2.57 4.5¢ 7.5¢ 7.31 0.72 1.22 1.97 1.97 1.42
Peak velocity Vo [m/h] 38€ 287 197 197 1,37¢ 1,075 757 73¢ 1,06¢
ADM approach
Mean flow velocity Vi [m/h] 359 +: 249 + ¢ 183 + 1 185+ 1,350 + 1,009 * ¢ 724 £ 650 + ¢ 1,043 £
Dispersion D [m#h] 3,802 + 29 6,653 + 76 3,538 + 22 4,848 £ 57 8,603 + 27. 12,240 + 68 7,258 * 50. 12,280 + 1,36 21,900 + 45
Dispersivity a [m] 111 27 %3 19+1 26+£3 6.4 +£0.: 12 +1 101 19+2 21+1
Root mean square error RMSE [] 2.1€ 1.62 0.9z 1.2z 0.9t 1.12 0.61 0.41 0.47
Coeff. of determination R2 [-1 0.98( 0.93¢ 0.96¢ 0.93¢ 0.997 0.98: 0.981 0.99( 0.99¢
Nash-Sutcliffe efficiency Eji-1 [ 0.82 0.71 0.8z 0.72 0.9¢ 0.8¢ 0.8€ 0.9C 0.9t
2RNE approach
Mean flow velocity Vi [m/h] 297 +¢ 211 ¢ 157 + 1 160 + ¢ 1,332+ 971 +¢ 695 + 2 607 + ¢ 1,044 £ ¢
Dispersion D [m#h] 2,643 £ 9i 2,825+14 1,795+ 51 2,102 +11 5,893 £ 231 6,499 +£43. 4,024 + 18 5,303 £ 1,27 20,680 + 1,72
Dispersivity a [m] 9+1 14 £1 114 0. 13+1 4.4x0.; 6.7 £0.! 5.8+0. 9+2 20+2
Partition coeff. B [ 0.82+0.0 0.78 £ 0.0 0.81+0.0. 0.81+0.01 0.950+£0.00 0.91+0.0 0.916+0.00 0.909 +0.00 0.99 +0.0!
Mass transfer coeff. w [-1 0.34 +0.0 0.71 £ 0.0 0.70 +0.03 0.64 + 0.0 0.72+0.1 0.81+0.1 0.76 £ 0.0: 0.43 +0.04 0.24 + 2.5
Mean flow velocity (mobile prop.) v,/8  [m/h] 362 271 194 19¢€ 1,402 1,067 75E 667 1,05t
Root Mean Square Error RMSE [] 0.44 0.37 0.2% 0.2¢ 0.1C 0.3€ 0.11 0.0¢ 0.4C
Coeff. of determination Re [ 0.99¢ 0.997% 0.99¢ 0.997% 1.00¢ 0.99¢ 0.99¢ 1.00C 0.99¢
Nash-Sutcliffe efficiency Ei1 [-1 0.97 0.9¢ 0.9¢ 0.9¢ 0.9¢ 0.9¢ 0.97 0.9¢ 0.9t

Mean flow velocities and dispersion were obtainéith the ADM and the 2RNE approach, while the partittoefficient and mass transfer coefficient were talailly yielded with the 2RNE
approach. Dispersivity was calculata = DAy,). The standard deviation (+ STD) for the fittedgraeters were given by CXTFIT, while the uncertawitdischarge measurements was assumed to be
maximal £10 %, based (Richardson et al. (2017). Table 3—4 provides furtta#a on the parameters yielded by the traces fesh September and October 20MB. not determinedprop.

proportion;coeff. coefficient
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Table 3-4 Flow and transport parameters for the sampling sites within the cave system and the karst springs by using a Dirac injection in ML 1, for tracer
tests from September and October 2015
Term Units Rainy Season (26 September 2015) Rainy Season (29 September 2015) Rainy Season (3 October 20:

Injection 5 g uranine in ML 3@ = 849 L/s) 10 g uranine in ML 2@ = 905 L/s) 50 g uranine in ML 1Q = 564 L/s)

Sections ML 3-ML 4 ML 3-SH 1 ML 2-ML 3 ML2-ML4 ML2-SH1 ML1-ML2 ML 1-ML3 ML1-ML4 ML1-SH1

Parameters
Distance X [m] 17¢ 14C 322 50C 462 992 1,314 1,49: 1,45¢
Discharge [L/s] 856 + 8¢ 343 902 + 9( 690 * 6¢ 33+: 626 + 6! 475 £ 4¢ 664 + 6¢ 33+:
Tracer recovery R [%] 85+¢ 5+1 105 + 1! 82+¢ 4+1 87 +£¢ 74 £7 92+¢ 4+1
Maximum concentration Crmax [no/L] 5.27 5.3¢ 10.2¢ 5.82 4.1€ 82.0¢ 41.4¢ 26.6¢ 21.81
Peak time tp [h] 0.€0 0.7z 0.50 1.1¢ 1.3: 0.7t 1.37 2.17 2.2z
Peak velocity Vp [m/h] 297 194 644 43t 347 1,32% 95¢ 68¢€ 65E

ADM approach
Mean flow velocity Vim [m/h] 285+ 2 181 +1 598 + 5 408 £ 3092 1,268 * ¢ 916+ 1 663 + 2 617 ¢
Dispersion D [m2/h] 645 + 3¢ 400 * 2¢ 5,106 + 33t 2,427 £17. 2,515 = 15 9,404 £45 11,700 + 20 7,656 48 7,552 + 75!
Dispersivity a [m] 2.3+0. 22+0.: 9+1 6.0+£0.! 8+1 7.4+0. 12.8 +0.: 12+1 12 +1
Root mean square error RMSE [] 0.2¢ 0.27 0.52 0.32 0.1€ 3.31 1.1 1.1¢ 1.2¢
Coeff. of determination Rz [ 0.98¢ 0.97¢ 0.98¢ 0.98:2 0.991 0.991 0.987 0.98¢ 0.97¢
Nash-Sutcliffe efficiency E=1 [ 0.€0 0.8¢ 0.8¢ 0.€0 0.9z 0.9z 0.8¢ 0.8¢ 0.8t

2RNE approach
Mean flow velocity Vi [m/h] 269 + ¢ 175 2 571 +¢ 364 + 2: 284 + 1. 1,236 +{ 889 +1 645 +; 584 + 1(
Dispersion D [m2/h] 434 + 4¢ 166 + 4¢ 1,531 * 30 1,718 £ 200 1,899 * 14 3,859 5,179 £ 16! 4,115 £ 45, 4,104 + 52!
Dispersivity a [m] 1.6+0. 1.0+0. 3+1 5+1 7+1 3+1 8.8+0. 6+1 7+1
Partition coeff. B [-] 0.91 +0.0: 0.86 + 0.0 0.77 £ 0.0 0.87 £ 0.0! 0.90 £ 0.0: 0.86 +0.0! 0.889+0.00 0.92410.01 0.91+0.0
Mass transfer coeff. w [] 0.47 +0.1! 1.38 £0.63 2.12+0.3! 0.39 £ 0.1 0.28 +0.06 292+14 136%0.0 0.93+0.20 0.62%0.1
Mean flow velocity (mobile prop.)  v/8 [m/h] 29€ 20z 742 418 31€ 1,437 99¢ 701 642
Root Mean Square Error RMSE [1] 0.1€ 0.17 0.1¢ 0.24 0.1C 1.42 0.32 0.41 0.6€
Coeff. of determination Rz [ 0.99: 0.99: 0.99¢ 0.991 0.997 0.99¢ 0.99¢ 0.99¢ 0.99¢
Nash-Sutcliffe efficiency E=1 [ 0.94 0.91 0.9¢ 0.9 0.9¢ 0.97 0.9¢ 0.9¢ 0.94

Mean flow velocities and dispersion were obtainéith the ADM and the 2RNE approach, while the pintitcoefficient an mass transfer coefficient were additionally yieldeith the 2RNE
approach. Dispersivity was calculatia = D/vy). The standard deviation (+ STD) for the fittedgraeters were given by CXTFIT, while the uncertawitdischarge measurements was assumed
to be maximal 1 %, based on Richardson et al. (20ND.not determined;prop. proportion; coeff. coefficient
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The following results can be summarized:

* During the rainy season, the discharge at the gpriML 4 + SH 1) increased by 78
and 24% compared to the discharge of the sinkireast at ML 1 for July 2014 and
October 2015, respectively (Tables 3-3 and 3—4usThhere might be an inflow
within the cave system, whose contribution decreasas even absent during the dry
season, while in contrast, the springs in Febr2ft¥4 exhibited a slightly smaller
discharge (Q = 106 L/s) than the sinking stream Q@20 L/s). Although, the
difference was within the uncertainty range of dege measurement, there could be
water and tracer losses along the flow path.

» The tracer recovery rate at the outlet, the kggehgs ML 4 and SH 1, was higher in
the rainy season (74-98%) compared to the dry se@sdo). Parallel flow paths
might be partly active, since recovery rate wasitbto be higher at the springs than in
ML 2 and ML 3. These parallel flow paths might et active during the dry season,
where the recovery rate decreased with increaimgdistance.

* A tracer injection in ML 2 resulted in a completader recovery at ML 3; however,
slightly lower recovery rates were found at thergys (86%).

» Depending on hydrological conditions, there havédowater gains and losses along
the flow path.

* Mean flow velocities were positively correlated lwiischarge and were found to be
increased by a factor of approximately 4 during thmy season compared to dry
season.

» Dispersivity first decreased and then increasethagih increasing discharge. During
the dry season, dispersivity is smallest in the MIML 2 section and highest in the
sections ML 1-ML 3 and ML 1-SH 1. During the raisgason, section ML 1-SH 1
exhibited the highest dispersivity, followed by gextion ML 1-ML 3.

= The BTCs of the dry season showed a stronger dgdifiat could not be reproduced by
the ADM, but rather with the 2RNE. The patrtitiorefficient increased with increasing
discharge, indicating that immobile fluid regionscceased from 19 to 1%, while
during the dry season, the small@stas found for section ML 1-ML 3, an increase of
S with increasing flow path could be observed duriaimy season. The mass transfer
coefficient was fraught with high uncertainties. thVincreasing dischargey first
increased and decreased again. During the drysgaseas the smallest in the ML 1—
ML 2 section, while during the rainy season, thalesto was found for ML 1-SH 1.
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3.3.2 Spatial resolution by using the multiple pulse injection approach

In order to better understand the transport parmseif the individual cave sections, an
MPI approach was applied by using one BTC as aamtifgnction for the subsequent
downstream cave section. Fig. 3-2 illustrates ttoegxlure of the approach used to obtain

the modelled BTCs shown in Fig. 3-6.
a
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For ML 3, a multiple pulse injection (MPI) was applied to model the BTC in

ML 4 (number 2), for a dry season 2014, and b rainy season 2014. For

comparison, the ADM, modelled with a Dirac injection in ML 1, is also

shown (number 1; note, numbers 1 and 2 refer to Fig. 3-2). In the descending

branch, the MPI approach resulted in a better fitting of the tailing that is

indicated by smaller residuals

Especially for the dry season, where the tailing waich more pronounced, the ADM was
able to display the complete BTC when an MPI apghosas applied (Fig. 3-6); however,
concentrations were slightly overestimated, whielsdme more obvious when examining
the residuals. This resulted in & of 0.985 for the ML 4 ADM (Fig. 3—6a, number 2),
which was better than using the Dirac injection rapph with an injection inML1
(R? = 0.964, Fig. 3-6a, number 1). The decreasing tinthe BTC was fitted by an ADM,
which indicates that the tailing did not originatethe section ML 3—ML 4, but rather in
ML 2-ML 3 and was, therefore, already considerethiwithe input function. This effect
was smaller for the rainy season, where the tailing not as pronounced (MR = 0.968
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(Fig. 3-6b, number 2) Dirad® = 0.981 (Fig. 3-6b, number 1)). Flow and transport
parameters for all cave sections and all traces tae given in Tables 3-5 and 3—6.

The tailing can be fitted better with the 2RNE uléag in significant higheR?, E-. and
smaller RMSE. Although, dispersivity is smaller biging the 2RNE than by applying the
ADM, the highest dispersivities were found for geetion ML 2—ML 3. For low discharge
rates, the section ML 2—ML 3 exhibited the smalled.31), but for higher discharge rates
this section had the highest values compared tastisequent sections. While the mass
transfer coefficientw was higher during the wet season than during tiyesdason, the
section ML 2—ML 3 exhibited always the highest

Table 3-5  Flow and transport parameters for the tracer tests in February and July 2014
for the individual cave sections by using the multiple pulse injection

approach and the ADM as well as the 2RNE

Term  Units Dry Season (25 February 2014) Rainy Season (3820114)
DIRAC MPI DIRAC MPI
ML1-ML2 ML2-ML3 ML3-ML4 ML3-SH1 ML1-ML2 ML2-ML3 ML3-ML4 ML3-SH1
Parameters
X [m] 992 322 178 140 992 322 178 140
Q [L/s] 109 £ 11 128 +13 72+ 7 34+3 ND ND 785% 37+4
R [%] 17 57+6 36+4 152 ND ND 707 4+
Crmax [nalL] 64.75 22.08 15.83 15.79 67.06 30.59 19.33 12.40
t [h] 2.57 2.50 4.50 4.29 0.72 0.58 1.17 1.17
Vp [m/h] 386 129 40 33 1,378 555 152 120
ADM (observed input function)
Vi [m/h] 359+2 132 +9 761 74 +2 1,350 + 2 2165 246 + 4 154 + 2
D [m2/h] 3,802 +292 10,570+ 1,567 690 +64 806 H11 8,603 = 272 9,756 + 491 1,388 £195 1,588 + 144
a [m] 11+1 80 £ 16 9+1 11+2 6.4+0.2 161 +@ 101
RMSE [-] 2.16 2.12 0.64 0.58 0.95 0.87 0.80 0.30
R2 [ 0.980 0.900 0.985 0.986 0.997 0.989 0.968 0.995
Ei-1 [ 0.82 0.72 0.89 0.90 0.96 0.89 0.84 0.91
2RNE (with 2RNE modelled input function)
Vi [m/h] 297 +5 48 £ 4 44 +3 35+4 1,332 +1 569 152 £ 11 129+ 2
[m2/h] 2,643 £ 98 1,133 + 107 212 + 22 194 + 32 ,898 + 236 4,534 + 431 442 + 57 678 + 81
a [m] 9+1 24+ 4 5+1 5+1 4.4+0.2 8+1 3+ 5+1
B [] 0.82+0.01 0.31+£ 0.02 0.61+0.04 0.53+0.06 0.950+0.004 0.82+0.01 0.58 + 0.04 0.79+0.01
w [] 0.34+0.01 0.38 +£0.02 0.14+0.01 0.13+x0.0 0.72+0.11 0.52 +0.08 0.21+0.01 0.20 £ 0.02
Vil B [m/h] 362 155 72 66 1,402 694 262 163
RMSE [-] 0.44 0.36 0.20 0.22 0.10 0.35 0.21 0.07
33 [ 0.999 0.997 0.998 0.998 1.000 0.998 0.998 1.000
Ei-1 [ 0.97 0.95 0.96 0.95 0.99 0.97 0.94 0.98

The symbols are explained in Table 3-3 and Tabde 8B not determined
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Table 3-6  Flow and transport parameters for the tracer tests in September and October
2015 for the individual cave sections by using the multiple pulse injection

approach and the ADM as well as the 2RNE

Term Units  Rainy Season (29 September 2015) Rainy Season (3 October 2015)
DIRAC MPI DIRAC MPI
ML 2-ML 3 ML3-ML4 ML3-SH1 ML 1-ML 2 ML 2-ML 3 ML3-ML4 ML3-SH1

Parameters
X [m] 322 178 140 992 322 178 140
Q [Us] 902 +90 690 + 69 33+3 626 + 63 475 + 48 646 66 33+3
R [%] 105 +11 82+8 4+£1 87+9 74+7 92+9 4+
Crmax [wg/L] 10.28 5.82 4.26 82.04 41.46 26.65 21.82
t [h] 0.5 0.85 1.03 0.75 0.83 1.27 1.32
Vp [m/h] 644 209 136 1,323 388 140 106
ADM (observed input function)
Vi [m/h] 598+5 279+6 154 +3 1,268 +4 525+1 225+ 6 150+ 9
D [m#/h] 5,106 + 335 1,983+260 1,079 +117 9,40461 7,456 +43 1,500 +291 1,852 +479
a [m] 9+1 7+1 71 74+04 142+0.1 7+1 244
RMSE [ 0.52 0.57 0.33 3.31 0.34 2.55 3.40
Re [ 0.984 0.939 0.962 0.991 0.995 0.931 0.825
Ei=1 [ 0.88 0.84 0.85 0.92 0.93 0.75 0.65
2RNE (with 2RNE modelled input function)
Vi [mh] 571+4 236 +13 142 + 3. 1,236 +3 561.@8.5 152+ 7 707

[m#/h] 1,531 + 304 631 +133 573 +55 3,859 £1,740 2938 462 + 41 161 +34
a [m] 3+1 31 4.0+0.5 3+1 52+0.2 3.040 2+1
Yej [ 0.77 £0.02 0.81+0.04 0.87+0.02 0.86 89. 0.772+0.004 0.68 +0.03 0.44 +0.04
® [ 2.12+0.35 0.26 +0.08 0.23+0.07 2.9243. 1.03+0.03 0.20+0.01 0.42+0.03
Vi B [m/h] 742 291 163 1,437 729 224 159
RMSE [-1 0.19 0.26 0.09 1.42 0.15 0.34 0.61
33 [ 0.998 0.989 0.998 0.998 0.999 0.999 0.995
Ei-1 [ 0.96 0.92 0.96 0.97 0.96 0.97 0.94

The symbols are explained in Table 3-3 and Tabde 8B not determined

The flow and transport parameters obtained by usiagADM are illustrated in Fig. 3—7.

With increasing distance from the sinking stream,mean flow velocity decreased due to a
decreasing gradient in flow direction and, presugadn increasing flow cross-sectional
area. Dispersivity is highest in section ML 2—-MLv@hereas section ML 3—-SH 1 displays
similar values during the wet season. Regarding segments of the cave system,
dispersivity generally decreased with increasirsgliarge, except for segment ML 2—ML 3.
Similar to the results from the complete system (MML 4, Fig. 3—4), dispersivity first
decreased with increasing discharge and then isedeagain at higher discharge rates.
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Fig. 3-7 Spatial resolution of flow and transport parameters within the cave system.

Mean flow velocity (vm) and dispersivity (a) are calculated with an ADM
and a Dirac input for the first segment and a MPI input function for all
subsequent segments. The parallel flow path ML 3-SH 1 is not considered in
this figure, but exhibits lower mean flow velocities and higher dispersivity
than ML 3-ML 4 (Table 3-5 and Table3- 6). Cross section follows the course
of the caves (Fig. 3-1b).

3.4 DISCUSSION

3.4.1 Variability of flow parameters

The spatial distribution of sampling points allowkn the investigation of the internal
structure of the cave system. The findings of thacer tests and the discharge
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measurements indicated that the Ma Le cave syssem highly dynamic system, with
additional in- and outflows and partly active byt

The total recovery rate at both springs decreas#u decreasing discharge, whereby the
spring SH 1 is characterized by a very constarghdisgge independent of flow conditions.
However, recovery rates increased from 4% durirgréiny season to 15% during the dry
season, since the relative contribution of SH 1the total discharge of both springs
increased with decreasing total runoff; therefdres highly probable that SH 1 is fed by a
conduit of limited dimensions that diverts from thmin flow path somewhere between
ML 3 and ML 4. An explanation for lower recoverytea at the springs during the dry
season might be another unknown (ground) spriregtéal in the riverbed of the Seo Ho. If
the discharge capacity of the spring is limited thlevance of this spring would increase
with decreasing total discharge of the systemh@mnore, the lower recovery rates during
low flow conditions could be explained by retentiof tracer in pools, siphons and

immobile fluid regions. Part of the solute tracesismestituted from immobile to mobile

fluid regions, causing a pronounced tailing (Dewaad al. 2016).

Recovery rates, along with flow and transport pat@ns, exhibited a dependence on
discharge, as shown in Fig. 3—4. Dispersivity fastreased with increasing discharge, but
increased again for higher discharge rates. Atlstistharge rates, the cave streambed is
not completely filled, so the higher dispersivitayrbe explained by redirections within the
cave streambed and a higher relative influenceictidn forces (Massei et al. 2006). With
increasing discharge rates, the effect becomesit@ssrtant and the water is canalized
within the conduit, leading to a smaller dispetsiviThe high dispersivity at very high
discharge rates could be caused by a higher wegsesyre to pores and fractures, a stronger
interaction with conduit walls, as well as by aatien of higher elevated flow paths.

The mean flow velocities appear to be smaller byguthe 2RNE than by using the ADM.
Since the ADM is not able to describe the tailifighe BTC, only the fast flow components
are considered. In contrast, the 2RNE accountbdtr the fast and slow flow components.
The mean flow velocity of the mobile fluid regioobtained by dividing the mean flow
velocity by, was even slightly higher than yielded by the ADMbles 3-3, 3-4, 3-5 and
3-6). The higher dispersivity values of the ADM hitipe caused by immobile fluid regions
that are not considered by the ADM, but that wesengensated by higher dispersivity
values. The difference between the dispersivitpioled by the ADM and 2RNE decreased
with increasingf and discharge. This led to the assumption that ciaribution of
immobile fluid regions decreased with increasingcarge as already assumed by Barbera
et al. (2017); although unfortunatety,contained high uncertainties.
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3.4.2 Multiple-pulse-injection approach

The MPI approach is suggested to be a valuabletdoobtain more information about the
spatial variation of transport parameters withinecgystems. It clearly revealed that the
highest dispersivities were found in the sectioris ML 3 and ML 3-SH 1, most likely
controlled by the cave structure. Particularly, mdcspersivity is formation-specific and
not only scale dependent, as shown by Zech e2@l15). During the dry season, the high
dispersivity in the section ML 2—-ML 3 yielded byeti®ADM could be partly explained by
pools and siphons and a larger phreatic passage ptha higher content of immobile fluid
regions. The 2RNE supported this assumption, stheefraction of mobile water only
amounted to 31%; however, during the rainy seasenproportion of immobile fluid
regions was smallest in this section (highgstwhile dispersivity was still the highest. So,
the high dispersivity values of the ADM are not ymaused by the compensation of
immobile fluid regions, but might be caused by stolow components due to friction
forces (Massei et al. 2006). At the same timendicated a higher exchange rate between
mobile and immobile fluid regions in the section MEML 3, meaning more of the initial
tracer mass in the mobile fluid region had timeetguilibrate with tracer mass in the
immobile fluid region (Field and Pinsky 2000). Thesl to the assumption that sections with
small proportions of immobile fluid zones but hidispersivity show higher exchange rate
between mobile and immobile fluid regions. Withrig&sing discharge and flow velocities,
the contribution of immobile fluid regions was gemty reduced in the cave sections,
leading to lower dispersivity values when using ADM and higherg values with the
2RNE. The high dispersivity in the section ML 3—-3Han be explained by the smaller
dimensions of this section and by the interactioth ihe conduit walls. This interaction
likely enhances the inhomogeneity of the velocitgfile and leads to smaller mean flow
velocities and a higher dispersion, as describétbuns et al. (2001).

In general, the MPI approach revealed a progreskizecase of mean flow velocities along
the flow path. This observation was already shownWorthington (2009) and is also
described in Lauber et al. (2014). It is caused logcreasing gradient, which is most likely
associated with an increase in the extent of piereanes. Within the phreatic zones, the
area of flow cross-section is increased, leadirg fizrther reduction of flow velocities.

The comparison of flow and transport parameterainbtl by a Dirac and an MPI injection,
as a function of discharge, supported the suitgbdf the approach, since the Dirac
injection produced no outliers compared to the M&ues (Suppl. Figure 3 of the SM).
However, the comparison revealed that dispersivityained from the Dirac injection

appears low compared to the values yielded by tRé &pproach. This could be explained
by the identified bypaths from ML 1 and ML 2 to tbrings that are partly active. The MPI
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approach assumes a tracer injection in ML 3, buiyppaths from ML 1 are active, an

additional tracer input takes place from the readdr injection in ML 1. Such a confluence

of tributaries might increase dispersion (Haunslet2001) and can lead to an apparent
enhanced dispersivity for the section ML 3—ML 4 Uing the MPI approach. In such a
case, the yielded parameters consider the studietios, as well as the bypath, and
consequently differ from a Dirac injection.

To obtain clear evidence of the applicability oé tMPI1 approach, a combined tracer test
should be performed with a Dirac injection in MLfdr the MPI approach in ML 2 and
ML 3, and simultaneous Dirac injections in ML 2 aML 3 with different tracers.
However, tracers with equal transport behavior kEhba used, which is challenging.

3.5

CONCLUSIONS

Six tracer tests were performed in a cave systeMonthern Vietham to characterize flow
and transport parameters under highly variable flmwmditions that are influenced by
extended dry and wet seasons. A multiple-pulsesilge approach enabled a spatial
resolution of flow and transport parameters andtéed better understanding of the active
karst system that can be concluded as followed:

70

Flow and transport parameters are subject to streagability depending on
hydrological conditions. The mean flow velocity ftive whole cave system (ML 1—
ML 4) increased from 183 to 1,043 m/h with incregsdischarge (72-1,296 L/s),
whereby recovery rate increased from 36% to 98%p@&sivity first decreased from
19 m to 10 m and increased again to 21 m with asirg discharge.

With increasing discharge the impact of immobileidl regions, expressed by the
partition coefficienis, on flow and transport parameters decreased.

The cave system consists not only of a sinkingastrénat enters the cave system and
remerges at the springs. Instead, the system ipased of further contributions,
which vary in quantity depending on the hydrologmanditions.

There is not only one cave stream, but also smpéieallel flow paths. Such a bypath
likely runs from ML 1 and ML 2 to the springs, wkby other flow paths could be
activated depending on discharge rates.

There is no indication that bypaths constrain tpplieation of the MPI approach.
However, it has to be considered that yielded parisparameters are influenced by
potential bypaths.
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* By using the multiple pulse input approach, a spaésolution could be achieved not
only for flow velocities, but also for transportrpeneters.

*  While the combination of the MPI approach and th®MA delivered reliable
parameters, an adjustment was necessary to conti@ndP| with the 2RNE. For the
injection function the concentrations, modeled vtite 2RNE were used instead of the
observed concentrations.

e It could be clearly shown that the sections ML 2-MLand ML 3-SH 1 are
characterized by the highest dispersivity, whichdketo the generation of hypotheses
concerning the structure of the system.

In the section ML 2—-ML 3, the high dispersivity uded from the ADM, can partly be
explained by a higher proportion of immobile fluidgions due to pools, siphons and a
larger extent of phreatic zones, as shown by alemal The high dispersivity for ML 3—
SH 1 might be caused by the smaller conduit dineenand the enhanced interaction with
the conduit wall.

Generally, in-cave tracer tests were validatedragaia powerful tool to investigate karst
aquifers. The MPI approach enables a more detailgght into the spatial resolution of
transport parameters within the conduit systems Fhidy revealed that karstic systems are
highly dynamic and cannot be considered as stgstess. Such high variabilities in flow
and transport parameters impose a particularlychalenge for the usage of karst water
resources in terms of technical requirements, Isotia terms of water quality.
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4 EVALUATION OF B-D-GLUCURONIDASE AND PARTICLE-SIZE
DISTRIBUTION FOR MICROBIOLOGICAL WATER QUALITY

MONITORING IN NORTHERN VIETNAM

Reproduced from: Ender A, Goeppert N, Grimmeisen F, Goldscheider N (2017) Evaluation of
S-D-glucuronidase and particle-size distribution for microbiological water quality monitoring
in  Northern Vietnam. Science of The Total Environment 580: 996-1006, doi
10.1016/j.scitotenv.2016.12.054

Abstract

In many karst regions in developing countries, gopulations often suffer from poor
microbial water quality and are frequently expodedbacterial pathogens. The high
variability of water quality requires rapid assapsit the conventional cultivation-based
analysis of fecal indicator bacteria, such Esherichia coli (E. coli), is very time-
consuming. In this respect, the measurement oénlzgmatic activity ok. coli could prove
to be a valuable tool for water quality monitorirg.mobile automated prototype device
was used for the investigation ffD-glucuronidase (GLUC) activity at a remote karst
spring, connected to a sinking surface stream, ortiérn Vietham. To assess the
relationship between GLUC activity, discharge dyim@mand contamination patterns,
multiple hydrological, hydrochemical, physicocheati@and microbiological parameters,
including discharge, turbidity, particle-size distitions, andE. coli, were measured with
high temporal resolution during ten days of on-sitenitoring. A complex contamination
pattern due to anthropogenic and agricultural @essled to highE. coli concentrations
(270 to >24,200 MPN/100 ml) and a GLUC activityweén 3.1 and 102.2 mMFU/100 ml.
A strong daily fluctuation pattern of GLUC activignd particle concentrations within small
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size classes (<1@um) could be observed, as demonstrated by autoatmes. A
Spearman's rank correlation analysis resulted meladion coefficients of rs = 0.56 for
E. coli and GLUC activity and rs = 0.54 for GLUC activéapd the concentration of 2480
particles. On an event scale, correlations weredoto be higher (rs = 0.69 and 0.87,
respectively). GLUC activity anH. coli displayed a general contamination pattern, but wit
significant differences in detail, which may be kxped by interferences of e. g. viable but
non-culturable cells. Although further evaluaticm® recommended, GLUC activity is a
promising, complementary parameter for on-site arehr real-time water quality
monitoring.

4.1 INTRODUCTION

One of the main concerns in setting health-basegkts: for microbial safety of water is
fecal contamination originating from humans or aasn which can be a source of
pathogenic bacteria, viruses, protozoa, and hehsinfwWHO 2008). In developing
countries, where wastewater treatment is often ficgnt or entirely absent, many
individuals are exposed to pathogens leading tontidespread occurrence of waterborne
diseases (Montgomery and Elimelech 2007). Espgciall karst areas, microbial
contaminants can easily reach the groundwater idae to rapid infiltration via sinking
surface streams, swallow holes, or thin soils. Harrhore, the lack of granular texture,
turbulent flow regimes in conduit systems, and shesidence times, in addition to rapid
hydraulic and hydrochemical responses to rainfedinés, lead to a high vulnerability of
groundwater (Ford and Williams 1989; Goeppert antti&heider 2008; Pronk et al. 2007;
White 1988).

The common hygienic-bacteriological evaluation afvrwater is based on fecal indicator
bacteria (FIB), such as total coliforms (TC), fecaliforms (FC),Escherichia coli (E. cali),

and intestinal enterococci (Ferguson et al. 20E2y&s et al. 2005). As microbial water
quality often varies quickly over a wide range, aslort-term peaks in pathogen
concentrations may substantially increase the ofstlisease outbreaks, there is a pressing
need for rapid assays that enable near real-tinaatiication of FIB, particularlyE. coli
(Fiksdal and Tryland 2008; WHO 2008). However, dtd culture-based techniques for
the detection and enumeration of TC and FC rediétereen 18 and 72 h, depending on the
incubation time (Wildeboer et al. 2010), a timenfein which many individuals could be
exposed to pathogens.

Enzyme assays are seen as a promising alternatoudttire-based FIB assays (Heery et al.
2016), because they provide results in 1 h or éskare simple to perform (Fiksdal and
Tryland 2008; Noble and Weisberg 2005). Roughly?®of E. coli strains demonstrafe
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D-glucuronidase (GLUC) activity, while the enzynseabsent in almost all other coliform
bacteria (Kilian and Bulow 1979; Wildeboer et @1B). Further, while a small number of
non-coliform micro-organisms may exhibit activity this enzyme, interference by these
micro-organisms becomes negligible in heavily peltli systems (Caruso et al. 2002).
Therefore, GLUC activity is thought to be a spectiiomarker forE. coli detection in
microbiological water quality control (Rompré et 2002; Togo et al. 2006; Wildeboer et
al. 2010; Wutor et al. 2007). The assay is basedaxterial hydrolysis of the added
substrate 4-methylumbellifer@-D-glucuronide (MUG) and fluorescence detectiontrod
enzymatic reaction product 4-methylumbelliferone UM(Garcia-Armisen et al. 2005;
Koschelnik et al. 2015).

In the last two decades, there has been an inogeaderest in determining direct GLUC
activity in order to evaluate microbial water gtal{Farnleitner et al. 2002; Fiksdal et al.
1994; Fiksdal and Tryland 2008; Servais et al. 208Bwever, all measurements of GLUC
activity in previously published studies were coctgd in specialized laboratories.
Recently, automated devices, such as the Colinfinde®WM, Austria), have been
developed to measure enzymatic activity in waterfloprescence photometry on-site
(Heery et al. 2016; Koschelnik et al. 2015; Stadleal. 2016). A first automated long-term
monitoring of enzymatic activity was presented hyziRska-Paier et al. (2014), who tested
an automated device (Coliguard, mbOnline, AustN&hile most studies focused on the
correlation between GLUC activity artel coli or fecal coliforms (Fiksdal et al. 1994;
Heery et al. 2016; Servais et al. 2005; Wildebdeale2010), bulk parameters including
turbidity, spectral absorption coefficient at 25t {SAC254), conductivity and water
temperature were also considered. Pronounced atore$ were obtained between GLUC
activity with SAC254, GLUC activity and turbiditynd GLUC activity and discharge,
along with lower, but still significant, correlatidevels for GLUC activity ané&. coli.

Stadler et al. (2016) recently tested two ColiMinghstruments in a hydrological open air
laboratory to evaluate the reliability of measurateeand compared it to measurements of
two BACTcontrol (formerly Coliguard) devices, based similar technology (Ryzinska-
Paier et al. 2014). They monitored GLUC activityndgnics in a stream for one year and
assessed time series data by correlation. An essentcome of the study was that GLUC
activity was not a useful proxy fd. coli, but they concluded that further field experiments
and detailed monitoring, with a specific focus eardal GLUC activity fluctuations, were
required. To date, on-line monitoring of enzymadictivity has been bound to well-
established monitoring stations. However, in dep@g countries or in cases of natural
disaster, required infrastructure is often insu#fnt or even absent. Therefore, in this study,
a mobile prototype of ColiMinder was tested to stigate microbiological contamination
patterns at an extremely remote karst spring irttidon Vietnam.
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In the future, the water from the karst springddstere, which is connected to a sinking
surface stream, will be used as a water supplesy$r mountainous villages, underlining
the importance of the investigation of water qyalnd the influences from the surface
catchment area. Withal, suspended particles areorbamt, since Abia et al. (2016)
postulated that the risk of an infection dueBocoli increases approximately 10-fold if
there is a river sediment disturbance, becausetadend to adhere to particles (Dussart-
Baptista et al. 2003; Pronk et al. 2006; Schillingemd Gannon 1985) and are more
persistent within the aquatic environment than -fteating bacteria. Due to their
attachment to a mobile solid phase, they can bspated and are influenced by processes
of sedimentation and remobilization (Mahler et2400). In karst systems, a rainfall event
can lead to a pressure pulse and, consequen@dyptonary turbidity signal, caused by the
remobilization of sediments from the karst aquiftself (autochthonous turbidity). A
secondary turbidity signal can occur with the arief turbid storm-derived water from
outside the karst aquifer, e. g. from the surfatetonent area that enters the swallow hole
(allochthonous turbidity). This second turbiditgrsal is more likely associated with fecal
contamination (Goldscheider et al. 2010). Howeverbidity itself is a bulk parameter
without any information about origin or nature. 8ton of particle-size distribution (PSD)
delivers more detailed information and is a valaabbl to specify the type of turbidity and
to identify particle size classes that are relatednicrobial contamination, as shown in
Pronk et al. (2007).

This study aims to determine the applicability aotaamated rapid on-site GLUC activity

measurements by using a ColiMinder in an extremefgote, poor area, without public

power supply, similar, for example, to the casevater quality monitoring during disaster

management. Furthermore, PSD is evaluated as alewmptary parameter to GLUC

activity, to specify the type of contamination etgeand to assess the potential of this
parameter combination for early warning systems.

The main research questions are: (i) are therg Hadtuations in GLUC activity and PSD
caused by agricultural land use in the recharga?a(® how does GLUC activity react to
hydrological events, such as rain fall, in compariso PSD and other parameters? (iii)
what is the relationship between GLUC activity andtivation-based determinations of
E. coli, as well as other water quality parameters (P8ihidity, electrical conductivity,
water temperature)? and (iiii) what information daen obtained by using GLUC activity
and culture-based methods and can they be usednagleamentary methods to indicate
fecal contamination?
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4.2 MATERIALS AND METHODS

4.2.1 Site selection and sampling campaign

The field site is located in Northern Vietham, éds the Chinese border. The area was
designated as a UNESCO Geopark in 2010, whichdths$ol a strong increase in tourism
and, consequently, in water demand. To meet thadlesige, water from a remote karst
spring will be captured to supply mountainous géa and the commune of Dong Van.

The recharge area of the karst spring predominactlysists of non-karstifiable rocks
(clayish siltstone, marlaceous shale), and is ddhby the Ma Le River (Fig. 4-1).

7 ™ ;i D border Vietnam - China
4 : \ K g / |:] topographic divide

4 :
river
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) I/ o spring

N
) * swallow hole A

X rain gauge

}",1 :
" THAILAND

Fig. 4-1 Study area in Northern Vietnam near the Chinese border. The blue color on

the overview map (left) exhibits the distribution of carbonate rocks in
Vietnam (Chen et al. 2017). The Ma Le Valley is drained by the Ma Le River,
which enters an underground cave system and emerges at the spring to
form the Seo Ho River. A water quality monitoring program was performed
at the Seo Ho spring. Grey numbers indicate the elevation in meters above

sea level (modified after Zindler et al. 2015 ).

At the southeastern end of the Ma Le Valley, tiverrisinks into the karst aquifer, flows
through a cave system and re-emerges at the l@aimsgdo form the Seo Ho River. The
non-karstic recharge area is characterized by @tial land uses, including mainly rice
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and corn cultivation. Furthermore, the area seagegrazing land for small herds of cattle,
goats, and water buffaloes, whose dung is appbethe fields in the spring as manure.
Manure application is most likely one of the maouises of fecal contamination and,
generally, surface streams in the area are strdnglyened by contaminants.

Animal feces are not the only source of contamamatihere are mountainous villages in
the recharge area that are not connected to angweater system, leading to the entrance
of untreated sewage from households and stableshiatenvironment.

For field experiments, the monitoring equipment wastalled at the karst spring and
measurements were conducted for a period of tea Bgptember 27—October 7, 2015) at
the end of the rainy season, when higher fecalaroimations are generally expected
(Kostyla et al. 2015). GLUC activity and particlencentrations were analyzed together
with hydrological, physicochemical, and microbiak parameters.

4.2.2 Sensor measurements

i. Enzymatic activity of -D-glucuronidase

B-D-glucuronidase (GLUC) activity measurements weoee with the mobile instrument,
ColiMinder (VWM GmbH, Vienna, Austria), which waowered by 12 V car batteries.
Detailed technical information about the device banfound in Koschelnik et al. (2015).
One measurement is based on an increase in flaesdntensity, resulting from the
activity of GLUC and, hence, the accumulation af thighly fluorescent reaction product
4—Methylumbelliferone (MU).

Briefly, for each measurement, one fresh unfiltevemter sample of 6.5 ml volume is
pumped into the measurement chamber, where it xednwith defined buffer and the
fluorogenic substrate solution (CM.EC QuickDetectaBents, VWM GmbH). Since
maximal GLUC activity can be observed at 44 °C (@eoet al. 2000), the solution is
preheated to a constant temperature of 44.0 +£©,Ibéfore the measurement process is
started automatically. The rate of enzymatic reacis determined in volts per second.
Results of GLUC activity measurements are expresesetModified Fishman Units”
(MFU), following the standard Sigma Quality Contrdest Procedure (Sigma-Aldrich
1998). One MFU of enzymatic activity of GLUC frofa. coli liberates 1.0ng of
phenolphthalein from phenolphthalein-glucuronide peur at pH 6.8 at 37 °C. For
calibration, commercial enzyme standards (G7396t25&pe 1X-A B-D-glucuronidase
from E. coli, from Sigma-Aldrich) were measured in duplicateghwull cleaning steps
between measurements. According to manufactureftsmation, a double polynomial
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approximation algorithm was used to convert thengbka in fluorescence intensity to
corresponding enzyme activity. After the calibratiprocedure, a linear relationship is
derived between the rate of enzymatic activity &Hd/100 ml and thg-D-glucuronidase
standards.

The influence of a sample's optical density on ftnerescence intensity is deducted by
calibrations of ColiMinder with a set of turbidistandards: 2, 20, 40 and 60 NTU (Fluka
Turbidity 4000NTU Calibration Standard - PolymeraBleTURB4000P-1 L) and a resulting
data correction algorithm (patent: PCT/AT2014/058)03All calibration steps were
performed by VWM, following Koschelnik et al. (2015

Each measurement includes an automatic cleaninge@uoe, using the cleaning agents
CMQuick Clean | and DanKlorix, which was diluted @aoconcentration of 0.5% sodium
hypochlorite. The substrate CM.EC QuickDetect Raage(VWM) was stored at ca. -12
°C and an amount for approximately 30 measuremeassfilled up in the ColiMinder and
refilled after complete consumption. The same ploce was followed for the buffer
CM.EC QuickDetect Reagent B (VWM), but a fridge.(¢a°C) was used for storage. For
transport, the substrate and the buffer were storadStyrofoam box with thermal packs to
keep the temperature as low as possible. Once ,aadagasurement with double distilled
water was conducted, to correct GLUC activity measients for any offset.

ii. Particle-size distribution (PSD)

PSD was determined with a portable particle coufaakus mobil fluid, Klotz GmbH,
Bad Liebenzell, Germany), which counts suspendeticfes of 16 different definable size
classes in a range of 0.9 to 150.

Water samples were taken manually every hour tosoreaPSD directly, to avoid
sedimentation and aggregation. Each measuremenstasded with a rinsing cycle, where
10ml sample water ran through the device. To im@roeplicate reproducibility, 5
measurements of 10 ml were performed for the saample to calculate the mean
concentration for the different size classes. is #tudy, small particle size classes were
considered, namely particle concentrations of tbe glasses £ x < 2pum (1-2um), 2< X

< 3um (2-3um) and 5< x < 10pum (5-10um), since pathogenic bacteria are in the range
of ca. 1-3um (Goeppert and Goldscheider 2011; McKinney 200dsHes et al. 2008).
Furthermore, small particles have a higher mobiitd can be transported through the
whole aquifer.
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iti. Fecal bacteria analysis

For the conventional determination Bf coli Colisure® (IDEXX Laboratories Inc., USA)
was used, which allows for the simultaneous deteation of the total thermotolerant
coliforms (TTC). TTC is a coliform group, includinmacteria, that is able to ferment lactose
at 44-45 °C, namely of the genlscherichia, Klebsiella, Enterobacter, and Citrobacter,
whereby onlyE. coli is considered to be exclusively of fecal origimgpen and Schijven
2006). Colisure, which is approved by the U.S. EFApased on the Most-Probable-
Number method and enables a high temporal flegbilbecause definitive results are
obtained after 24 h, but can be read up to 48 hth&mmore, no media preparation, no
glassware cleaning, and no colony counting areireduThe manufacturer's instructions
(www.idexx.com/water/products/colisure.html) werelldwed, including incubation at
35 £ 0.5 °C. Briefly, aliquots of 10 ml of the omgl water sample, that were taken every
4 h in HDPE bottles (2-D0-0030-25, 30 ml, Rixiug)dastored in a cooling box for
maximum 24 h, were diluted with sterile deionizectev in 100 ml sterile bottles
(WV120SBAF-200, vessels w/antifoam, IDEXX). Duette dilution, the upper detection
limit was set to 24,200 MPN/100 ml.

During one rain event, grab samples were takenye$@rmin to enhance the temporal
resolution. In total, 65 grab samples were analyzed

Colisure is based on the same bacterial hydrogsithe measurement of GLUC activity.
However, Colisure enables the selective growtk.afoli by using a defined substrate and
an incubation time of 24-48 h. Therefore, it is @lyjdused as a proxy for determinations
with standard methods like the multiple-tube fertagon technique or the membrane filter
technique (Rompré et al. 2002). In the followingy anention ofE. coli concentration was
determined using Colisure.

iv. Hydrological and hydrochemical measurements

Precipitation was collected with a rain gauge (®nB®®BO O-RG3-M, ecoTech,
Germany), located in the recharge area (Fig. 4AL)miniCTD-Diver and BaroDiver
(Eigenbrodt, Germany) recorded the water level amdoressure to calculate discharge,
applying salt dilution discharge measurements &ibcation. A portable multi-parameter
meter (Multi 3430 IDS,WTW) was used to measuretdlsd conductivity and temperature
with a TetraCon® 925 and turbidity by using Visort900-P.
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4.2.3 Correlation analysis

Statistical Analysis was performed using PAST safewv(Version 3.11). Autocorrelations,
cross-correlations, as well as Spearman's rankelation analysis, were applied to
investigate the dependency between the differard series.

A linear interpolation was used to obtain equidistaourly time steps for GLUC activity.
Furthermore, the datasets used for the correlatiatysis were trend-corrected.

Autocorrelation function was used as a visual tmolinvestigate the amplitude of pre-
existing periodicities in the time series. It iedg0 characterize the linear dependence of
successive values over a time period, by applyfiegdllowing equation:

YR =) (X k= %)
T = ST (4.1)

Eq. (4.1) estimates the correlationbetween pairs of measurements X + «), collectedk
sampling events apart, so thais the temporal lag corresponding to an integeltipie of
the smallest measurement interval. The indespresents the value at timandx is the
arithmetic mean of the time series (Chatfield 2@8A 2009).

To compare two time series that may have a tempmtgpéndency, the cross-correlation
function (CCF) is most appropriate (Davis 2002)evdas two different equidistant time
series X, y) can be investigated for a time lag with the faflog equation (Davis and
Sampson 1986):

n—Kkiy. &V —7
— Zl=1 =) (Yi—k—¥) (42)

T
& V&i—02(vi_k—9)?

The data set is shifted byk against the data sgt the variables, x andy have the same
meaning than described for AC.

The Spearman's rank correlation) (was computed to determine the nonparametric
correlation based on a rank transformed methodsiyguhe following equation (Press et
al. 1992):

rs — Zi:l(Ri_R)(Si_g) (43)
[P Ri-RO2 iy (51577
The data of two variableg andy; are ranked independently among themselvé$ émdS.
If there are identical values within one data selled ties, the mean of the ranks was
calculated.
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4.3 RESULTS & DISCUSSION

4.3.1 Time series

The monitoring took place from September 27 to Oeto7, 2015, during a relatively
constant period with respect to hydrological candg. The discharge of the Ma Le River
continuously decreased from 911 to 568 Ls—1 (FiB) 4nd only three small rainfall events
appeared on September 27 (1.6 mm/5 h), Octobe(616tmm/2 h), and October 3rd
(6 mm/4 h).

i. Turbidity and particle-size distribution

In Fig. 4-2, turbidity and PSD are shown next toheather to illustrate both the similarity

and the differences between the two parametersh Batameters generally increased
during afternoon and decreased during morning. @hbidity time series yielded the

following results:

e variability: 4.9-52.4 NTU

e mean: 10.5+5.7 NTU (n = 252)

e daily maximum values: 9.8-22.8 NTU
e daily minimum values: 4.9-10.5 NTU

PSD delivered more detailed information by decipigethe different size classes. Daily
fluctuations are much more pronounced in the P®i2 tseries, especially for the period
October 2—October 5 and within the small partitze €lasses (1-gm and 2—-3um). The
smallest particle size class (1fh) typically showed the highest concentration amete
was a corresponding decrease in concentrationimgtieasing particle size. The following
results refer to 1-gm patrticles:

« variability: 2.9-16-5.8- 10 particles/10 ml

« mean: 3.9- 10+ 5.8- 10 particles/10 ml (n = 248)

+ daily maximum values: 4.2-365.0- 18 particles/10 ml
« daily minimum values: 2.9- 263.9-18 particles/10 ml

Since both parameters strongly responded to tiheergnt on the October 1st, these values
were excluded in the range of the maximum valueglemonstrate the daily fluctuations
without influences of precipitation. In contrasknast no response of turbidity and PSD
was observed after the rain event on October Bedefore, these values were included.
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Fig. 4-2 Time series of precipitation, discharge, electrical conductivity, turbidity,

concentration of three different particle size classes, and enzymatic activity.
Grab samples for the determination of TTC and E. coli by using Colisure,
were taken every 4 h. The upper detection limit (dotted line) was set to
24,200 MPN/100 ml, due to a dilution factor of 10. The grey bar highlights
the period illustrated in Fig. 4-3. Time series signify a strong daily pattern in
the data set of particle concentration, turbidity, and enzymatic activity that

is not related to precipitation.
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The rain event on October 1st appeared to influene@der area than on October 3rd,
which appeared very local and had less of an efirdhe springs' recharge area of about
30 knt. In this area, precipitation frequently occursaibcand as heterogeneous small rain
cells, typical for mountainous regions, where ttag affected by large variability in
altitude and slope, and, to a lesser extent, by shading or wind (Buytaert et al. 2006).
Generally, precipitation on October 1st was moterise, with the same amount of rain fall
in half the time, leading to higher surface runaffd greater inputs of contaminants and
sediments into the river. The daily fluctuationsrevenost likely caused by agricultural
activities in the recharge area. Apart from ricevhating and grazing animals, activities
such as fishing caused a sediment remobilizationcdtch fish, farmers built small rocky
walls inside the riverbed. They sealed the walkhwud from the riverside, resulting in the
creation of large turbidity clouds, which enterbé tave system. Water temperature that
was recorded at the cave entrance and at the Sesphigy, indicated a traveling time
through the cave passage of 2—3 h. Thus, activiti¢se vicinity of the cave might have
started around 10 am and ended after sunset at 6 pm

ii. GLUC activity

The time series of GLUC activity is shown togeth&th water temperature measurements
in Fig. 4-2 to emphasize the strong similarityheit periodicity. The following results were
observed:

* Spring water temperature: 19.0-23.9 °C

* Highest temperatures between 2 and 5 pm

e GLUC activity: 3.1-102.2 mMFU/100 ml (n = 267)
* Daily GLUC activity peaks between 7 and 9 pm

The peaks of GLUC activity appeared much shortempared to peaks in water
temperature and exhibit a temporal delay, whichas observed between GLUC activity
and PSD or turbidity. GLUC activity displayed algaynamic that was similar to PSD, but
with significantly higher values between 7 and 9 (Suppl. Figure 4).

iii. E. coli and TTC

E. cali and TTC measurement are displayed together indFgj.since TTC concentrations
are strongly related tB. coli concentrations. However, TTC concentrations agbdr than
E. coli concentrations due to other species present, wimiali not be of fecal origin
(Foppen and Schijven 2006). Since GLUC activityséen to be specific fdg. coli, the
results for thee. coli measurements are summarized:
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e Variability: 270 to >24,200 MPN/100 ml

» Values above upper detection limit: one measurement

* MaximumE. coli concentrations in the evening: 550-5,170 MPN/100 m
e Minimum E. coli concentrations in the morning: 270—-770 MPN/100 ml

E. coli and TTC indicated the strong microbial contamomatiof the system. Daily
fluctuations were noticeable, but the fluctuaticatt@rn looked different than the GLUC
activity pattern. However, it has to be considetbdt the temporal resolution Bf coli and
TTC measurements using a sampling interval of 4ak worse than for other parameters
measured every hour.

4.3.2 Variations in time series during one rain event

All measured parameters responded rapidly duriegaimfall on October 1st (Fig. 4-3), but
differed in the nature of their reactions. The nfaidings are:

* Double peaks: 1-2m, GLUC activity and TTC

e EC minimum (176.5uS/cm) together with first maximum of GLUC activity
(47.9 mMFU/100 ml) and 1-2m (5.38- 18 particles/10 ml)

» Slower response of larger particle size classesidity andE. coli

* E. coli maximum (12,030 MPN/100 ml) together with turbydpeak (52.4 NTU),
larger particle size fractions (2-3m: 4.25-10 particles/10 ml; 3—-4um:
3.13-10 particles/10 ml; 4—m: 2.34-108 particles/10 ml), and second GLUC peak
(53.9 mMFU/100 ml)

The first increase of 1-2m particles is likely due to the remobilizationrofer sediments
within the cave system and is temporally couplethwhe first GLUC activity peak, which
may indicate autochthonous bacteria. In this cake, contribution to autochthonous
turbidity decreased with increasing particle siaéhough the rainfall event was only
moderate. A stronger rainfall event, with a sigrafit increase in discharge, would probably
lead to a remobilization of cave sediments inclgdarger particle size classes. An increase
in E. coli is coupled with an increase in particle concemrst of larger size classes,
turbidity, and the second GLUC activity peak, whiohy reflect allochthonous turbidity.
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Fig. 4-3 Time series during a moderate rainfall: All parameters, measured with an

interval of 30 min (blueish bars = 60 min), display a fast reaction on the
precipitation event. However, GLUC activity and small particle
concentrations respond faster than E. coli and exhibit their first maxima at
the minimum of the electrical conductivity, which marks the arrival of the

lower mineralized rain water at the spring.

4.3.3 Correlation analysis

i. Autocorrelations

The autocorrelation (AC) was applied to investighie similarity of the periodicity of the
different parameters measured. All parameters ajgpl clear daily fluctuations with
maximum positive correlations after 24 and 48 hslaswn in Fig. 4-4a, with the critical
level of correlation for 95% significancer = 0.05) also shown. The highest negative
correlations appeared after 12 and 36 h, but wenermlly lower than positive correlations.
Therefore, the positive correlation coefficientsreveised in the following considerations.
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GLUC activity showed a significant correlation dogént of 0.41 ¢ < 0.05) for a lag time
of 24 h, but a distinctly higher correlation aft& h (0.580 < 0.05). Other significant high
correlation coefficients appeared after 3 daysgu4< 0.05) and 4 days (0.64,< 0.05)
(not shown). Although GLUC activity exhibited a h&r correlation for 48 h, it is assumed
that signal periodicities were primarily causedabglaily pattern, since longer periodicities
seem unlikely. Considering the different partidleesclasses, the correlation coefficients for
a time lag of 24 h decreased with increasing darsize (1-2um: 0.46; 2—-3um: 0.44; 5—
10 um: 0.29). For turbidity, the AC was even less digant (0.21,a < 0.05) for a time lag
of 25 h due to the influence of larger patrticles.

Although E. coli concentration exhibited daily fluctuations (Fig2} the daily periodicity
could not be demonstrated by the AC, probably @ukmited number of measurements,
which led to a higher interference from the dagytern by influences of rainfall.

The water temperature displayed an autocorrelatio@4 h, since the spring has a big
surface catchment and, therefore, water temperataseclearly affected by air temperature.

ii. Cross-correlations

Cross-correlations (CC) were calculated to comp@&leUC activity with different
parameters (Fig. 4-4b). Depending on time lag, iBggmt correlation coefficients ranged
between —0.31 and 0.54. In the datasets of GLUCGurbidity and GLUC vs. 1-2um
particles, cross-correlation coefficients were bigtwithout any time lag.

The cross-correlation coefficients for GLUC vs. 248 and GLUC vs. 5-1Qm increased
for positive time lags until 1 h and for GLUC vsater temperature until 3 h. This suggests
that GLUC activity trailed behind water temperatur€oncerning the suspended particles,
cross-correlation analysis indicated the highestilarity between GLUC activity and
suspended particles of size 2+8.

In general, highest correlation values were fowrdaftime lag between 0 and 2 h, followed
by other maxima after 24 + 2 h, caused by dailyiqoicity. Negative correlation
coefficients are shifted by 12 h and are generallyer than positive correlations. The
correlation coefficient between GLUC activity ane32um was 0.46 (p < 0.001) with a time
lag of 1 h and slightly increased with 0.49 (p €01) at a time lag of 27 h. The cross-
correlation for GLUC activity an@. coli indicate a correlation with a daily periodicity,
however, not as clear as for GLUC activity witheatparameters.

Nevertheless, significant cross-correlation coedfits could be found for GLUC activity
andE. coli without a time lag (0.26, p < 0.05) and for ailagime of 28 h (0.54, p < 0.001).
The deviation from 24 h could be explained by thesater sampling interval.
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Another strong coefficient of 0.54 (p < 0.001) viasnd for the CC of GLUC activity with
water temperature and a corresponding time laghof 3

—GLUC
- = 1-2um
- = 2-3um
— =510 um
el turbidity
water temp
——E. coli

—— 95% confidence

autocorrelation coefficient

0 12 24 36 48
Time Lag [hour] — —GLUC vs. 12 ym
0.75 — — = GLUC vs. 2-3 um

— = GLUC vs. 5-10 ym
—— GLUC vs. turbidity
—— GLUC vs. water temp
—— GLUC vs. E. coli

cross-correlation coefficient

Time Lag [hour]

Fig. 4-4 a) Autocorrelation of time series of enzymatic activity (GLUC), turbidity,
different particles size classes (1-2 pm, 2-3 pum and 5-10 pm), water
temperature (water temp), and E. coli. b) Cross correlation between time
series of GLUC and different particle size classes, turbidity, water
temperature, and E. coli. There is no considerable time lag between the

maxima of particle concentrations and GLUC.

Stadler et al. (2016) also observed a diurnal diattbn of enzymatic activity and they
assumed a temperature-dependence of bacteriaityackurthermore, they could exclude
that construction-based temperature fluctuationthimithe ColiMinder triggered any
variations in enzymatic activity. Similar to the salovations in Vietnam, the maximum
enzymatic activity occurs with a delay of 4 to 6dmpared to the daily maximum of water
temperature. In this study, it is assumed that GLa#fvity is influenced by the daily
fluctuations of anthropogenic activities in the hage area and coupled to this, daily
fluctuations of E. coli input. Although the water temperature exhibitedorsy daily
fluctuations, the temperature differences were go@ll (maximum 4 °C) to increase the
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GLUC activity by a factor of 10-30. Generally enatm activity is doubled by a
temperature increase of 10 °C (Bergmeyer 2012)ogsible contribution of intermediary
processes driven by temperature that causes hegimmatic activity should be part of
further detailed investigation.

iii. Spearman’s rank order correlations

Correlations for the complete time series

Spearman's rank correlation analysis was applie@termine the correlation coefficients rs
(Table 4-1) between all parameters. For the eptreod, a correlation of rs = 0.56 (n = 62,
p < 0.001) was obtained for GLUC activity aBdcoli.

A similar correlation coefficient was found for 243n and GLUC activity (rs = 0.54,
n =231, p < 0.001), which was slightly higher thaentified by the CC (0.46). In
comparison,E. coli displayed weaker correlation with particle concatidn, but a still
significant rs = 0.43 with 2—3m and 5-1Qum. Furthermore, small and significant negative
correlations were identified between EC and patedncentration, which were highest for
5-10um (-0.34).

Correlations during one rain event

Table 4-1 also depicts the Spearman's rank caoelabefficients for the rain event on
October 1st (in blue). For this single precipitatievent, the correlation coefficients were
higher, especially for GLUC with 2+8n and 5-1Qm, with rs = 0.87 (p < 0.001, n = 39).

Owing to the delayed increase f coli concentration as a response to the hydrological
change, correlation of GLUC with. coli after rainfalls (rs = 0.69, p < 0.001, n = 20) was
not as high as compared to correlations with gargoncentrations, but stronger than for
the entire period. The best correlation Ercoli was obtained with turbidity and 2+3n
particles (rs = 0.81, p < 0.001, n = 22), wherdwees dorrelation coefficient was slightly
lower for E. coli and 5-10um (rs = 0.79, p < 0.001, n = 22) aid coli and 1-2um

(rs =0.70, p <0.001, n = 22).

Negative correlation coefficients between EC amatdler observed parameter emphasized
the causal relation between the rainfall event @wedincrease in microbial contamination

and particle transport. The results indicated thate is a significant correlation between

particle concentration and GLUC activity or more@eal, microbial contamination.
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Table 4-1 Spearman’s rank correlation rs with significance p and the number of
measurements n for the entire period (left, white) and the measurements
during the rain event on October 1t (right, blue). The Spearman’s rank

correlation analysis yielded higher correlation coefficients for a single rain

event.
rs rs
p EC Turbidity| 1-2um| 2-3um 5-10 um E. coli TTC GLUC p
n n
0.12 0.39 0.47 0.54 0.46 0.56 0.43
GLUC 0.07 <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 GLUC
236 236 236 231 231 62 62
-0.13 0.46 0.45 0.49 0.48 0.65 0.55
TTC 0.30 <0.001 | <0.001 | <0.001 | <0.001 | <0.001 <0.05 TTC
64 64 65 62 65 65 20
-0,23 0.35 0.34 0.43 0.43 0.67 0.69
E. coli 0.06 <0.005 | <0.005 | <0.001 | <0.001 <0.001 | <0.001 | E.coli
64 64 65 62 65 22 20
-0.34 0.75 0.97 0.98 0.79 0.64 0.87
5-10 pm| <0.001 | <0.001 | <0.001 | <0.001 <0.001 | <0.005 | <0.001 |5-10pum
242 242 242 231 22 22 39
-0.30 0.77 0.99 0.98 0.81 0,65 0.87
2-3um| <0.001 | <0.001 | <0.001 <0.001 | <0.001 | <0.005 | <0.001 | 2-3pum
231 231 231 42 22 22 39
-0.31 0.77 0.96 0.91 0.70 0.46 0.82
1-2pm| <0.001 | <0.001 <0.001 | <0.001 | <0.001 <0.05 <0.005 | 1-2pum
242 242 42 42 22 22 39
-0.16 0.94 0.96 0.92 0.81 0.67 0.79
Turbidity | <0.05 <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | Turbidity
245 42 42 42 22 22 39
-0.62 -0.55 -0.64 -0.71 -0.53 -0.30 -0.58
EC <0.001 | <0.001 | <0.001 | <0.001 <0.05 0.18 <0.001 EC
43 42 42 42 22 22 39

Nonetheless, an increase in particle concentraki@ms not necessarily mean degradation in
water quality, because there are various reasonssddiment remobilization. In low
contaminated systems or in better protected groatelwaquifers, PSD might be an
inadequate indicator for poor water quality. Howewehighly polluted catchment areas, an
input or remobilization of particles lead to anrggse irE. coli concentrations and GLUC
activity, as shown in this study. This could be lakped by the persistence of bacteria
attached to particles (Abberton et al. 2016; Maleteral. 2000). During rain events, the
direct bacteria and sediment input from the catatinserface enhance the correlation of
PSD and GLUC activity, including larger particleesiclasses. The combination of PSD and
GLUC activity shows the greatest potential for wageality monitoring, because both
parameters can be monitored automatically, onlhtkia near real-time. The differentiation
of distinct particle size classes allows conclusiof origin and nature of contamination
events. While the rain event has led to a mobibraof particles including larger particle
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classes, anthropogenic activities in the recharge eaused daily fluctuations that are most
distinct in small particle size classes and assediwith higher GLUC activities.

4.3.4 Comparison of f-D-glucuronidase activity and E. coli

The results presented here indicate that GLUC iactnppeared to be a sensitive parameter
during water quality monitoring, but was not usefsl a surrogate for the conventional
cultivation-based method, since a poor correlatietweenE. coli and GLUC activity was
observed, both in normal conditions and for a g€nglin event. In the studies of Tryland
and Fiksdal (1998) and Fiksdal and Tryland (2008{grference from viable, but non-
culturable (VBNC) target bacteria, algae, plantgl dissolved free enzymes, among others,
were discussed. Whilst enumerationEobfcoli is based on the culturability of cells, rapid
enzyme assays including the direct GLUC activityamwements, detect all metabolically
active bacterial cells, including VBNC cells (Petital. 2000). When allochthonous bacteria
enter aquatic environments, they can survive faglperiods, but due to nutrient scarcity,
temperature, sunlight, and predation by protozoay tose their culturability (Baudart et al.
2002; Colwell et al. 1985; Galfi et al. 2016; Galdsider et al. 2006). This is not
necessarily coupled to a loss of enzymatic actigityeven a loss of infectivity, and,
consequently, pathogenic risk can be maintainetowit culturability (Petit et al. 2000).
Our study indicates that the VBNC may play a majote in enzymatic activity
measurements, owing to the complex patterns impetexs directly or indirectly associated
with fecal contamination. Furthermore, contribusoof non-target bacteria and cell-free
substances affecting enzymatic activity measuresnearinot be excluded. However, owing
to the relatively high concentration of target leaiet, such interference may be limited
(Caruso et al. 2002). George et al. (2000) couldfind any contribution of false-positive
bacteria to GLUC activity, even when the total baet abundance was multiplied by 20.
Nonetheless, possible interference might dependifterent systems and should be further
investigated.

Similar results with moderate correlation coeffige for E. coli and GLUC activity were
recently shown by Stadler et al. (2016) and RyarBkier et al. (2014) and were also
ascribed to the proportion of VBNC and cultural@ésc

Due to differentE. coli assays, the obtained results were not identiaal, delivered
valuable, complementary information, especiallyaorevent-scale.

Bacteria attached to the cave sediments could asenprhigher proportion of VBNC cells
compared to culturable cells due to their age, mag also cause an increase of GLUC
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activity, without a corresponding increasekncoli. In contrast, the direct input of bacteria
from the catchment area might result in an incredg8LUC activity andE. coli, since a
larger portion of cells is likely still culturabl&@his observation could allow one to decipher
autochthonous and allochthonous turbidity and bectalthough further investigations
would be necessary to evaluate GLUC activity as amlequate parameter for the
differentiation of autochthonous and allochthonioysit.

Haack et al. (2016) showed that the number and tfppathogen genes are strongly
affected by animal type, human influences and tdweiwence and degree of rainfall events.

In this studyE. coli also originate from different sources at differemte-points with partly
continuous and intermittent input and lead to a mem contamination pattern.
Consequently, the proportion of VBNC and culturaloiells is likely very variable.
Nevertheless, the periodical “event-based” evadnatevealed a clear relationship between
GLUC activity andE. coli. The period analysis in Fig. 4-5 compares mean&ldiC
activity measurements at different times of the datyh corresponding means & coli
measurements.
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Fig. 4-5 Means at different times of the day of GLUC activity measurements (black
line) with its range of values (grey) and the corresponding E. coli. Two
outliers (4 pm: 5,170 MPN/100 ml and 8 pm: >24,200 MPN/100 ml) are not
shown in this graph.
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It illustrates that, in general, highest GLUC aitiédg occurred in the evening between 7 and
9 pm and the highe& coli concentrations at 8 pm. Therefore, it can be asduthat there

is a good accordance between the two methods tcatedmicrobiological contamination
patterns. It is noteworthy, that there are glucidase-negativeée. coli strains, which are
pathogenic, e.gE. coli O157:H7 and which are not detectable with Colisarethe
ColiMinder. Even if the drinking water standarde amet by investigating FIB, e.g. coli,
there is a remaining risk for human health duelteonidase-negative. coli strains, as
shown by Schets et al. (2005).

4.4 CONCLUSION

A ten-day monitoring was performed at a karst gprin a remote area of Northern
Vietham. During a relatively stable recession p&rimterrupted by smaller rain events,
high-resolution field measurements of enzymatigvagtand particle size fractions were
conducted to characterize contamination patterns.

* This study demonstrates that a near real-time, Inggiolution monitoring of fecal
contamination patterns is possible, even in renmtsas without well-established
monitoring stations.

o Daily water quality fluctuations could be observdadcluding turbidity, particle
concentration, GLUC activity, an. coli, caused by anthropogenic and agricultural
activities within the recharge area. These obsemstindicate the strong relationship
between sediment remobilization and increase inalfdgacteria, even without
precipitation events.

* A diurnal GLUC activity dynamic was similar to tlgynamic of concentrations of
small particle sizes. Nevertheless, a daily pea&litUC activity is not yet explicable
and might be related to an intermediary procesgedrby water temperature. With the
conventional culture-based methodEofcoli determination, the diurnal contamination
dynamic of fecal bacteria in water could be obsgnmit the AC did not demonstrate
daily periodicity, due to a limited number of dataints.

* Precipitation events led to an intensified inputf@tal bacteria. The GLUC activity
responded rapidly to a rain event with an increaséjch occurred nearly
simultaneously with an increase in concentratiorthef 1-2um particles. A double
GLUC activity peak during the event allowed an iiptetation of different origins of
signal variation. We presume that GLUC activitysfidisplayed an autochthonous
signal associated with a high portion of VBNC celtsached to the remobilized cave
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sediments. The second increase in GLUC activityhiwitthe double peak might
originate from allochthonous sediments &daoli from the catchment area, where the
portion of culturable cells is likely greater. Thembination of GLUC activity and
PSD measurement may have a high potential for wptality monitoring, especially
for early warning systems in karst areas and wésramther investigation.

 The highest correlations were found between GLUGiviac and the particle
concentration of the 2—gm size class. Although correlation coefficients ardy
moderate for the whole time series, they are rastiemg on an event based scale
(rs = 0.87). Considering water quality monitorimgthis environment, 2—3m particles
in combination with GLUC activity could be a powdrftool to investigate
contamination patterns of feces.

e It could be shown that there is a significant datien between GLUC activity and
E. coli. However, due to rather moderate correlation factGLUC activity cannot
substitute conventional culture-based determinat@fE. coli. Instead, measurement
of GLUC activity is a complementary assay to idgntnicrobiological contamination,
since GLUC activity measurements include VBNC cellsich may also pose a threat
to human health. The correlation between GLUC #gtandE. coli should not mark a
main concern to assess the direct GLUC activitpyskstead, an evaluation of risk
related to GLUC activities needs further invesigat

» Interference of non-coliform bacteria, algae oreotbubstances is likely negligible due
to the high concentrations of target bacteria. Hewethese contributions to GLUC
activity cannot be excluded and require furtherestigations, especially in low
contaminated systems.

The results presented here demonstrated that Glatig@ity in combination with PSD, is a

valuable tool to monitor and investigate contamoratdynamics in highly variable

environmental systems, such as karst areas. Fomther this study illustrates the
importance of rapid assays for the detection o&lféedicator bacteria, whose extremely
high variability in concentration may pose serittugat to human health.

Supplementary data to this article can be found inenl at
http://dx.doi.org/10.1016/j.scitotenv.2016.12.054.

94



EVALUATION OF B-D-GLUCURONIDASE AND PARTICLE-SIZE DISTRIBUTION FOR WATER QUALITY MONITORING

ACKNOWLEDGEMENT

The project was funded by the German Federal Minisf Education and Research
(BMBF) [grant number 02WCL1291A]. We want to givardhanks to Ha Giang Peoples
Committee, Dong Van Peoples Committee and the ¥mtistitute of Geosciences and
Mineral Resources (Hanoi) for their general valaadhipport during fieldwork. We want to
thank VWM GmbH — Vienna Water Monitoring for thefiendly and comprehensive
support. Special thanks are given to Tobias Za€pestian Weippert, Anh Tran Diep and
Tuan Lai Quang for their help during the on-sitenitmring as well as to Arica Beisaw for
proofreading.

95






CHAPTER 5

5 CONCLUSIONS AND OUTLOOK

5.1 GENERAL OVERVIEW

The sustainable management of karst water resoig@@simmense challenge and requires
a profound understanding of the karst system aadthkvailing conditions. In this thesis,
innovative methods and approaches were appliethdoacterize a subtropical karst system
in Northern Vietnam. In one of the poorest and mestote areas of Vietnam, people suffer
from water scarcity and poor water quality. Thehhigariability of water availability and
water quality makes the management of the karsemnwasources difficult. In order to
develop a sustainable freshwater supply, the KaWaTgroject was initiated and is
continued by KaWaTech Solutions. By the implemeaotabf a hydropower-driven water
supply system, water is pumped from the Seo HorRiwe is distributed to Dong Van City
and the mountainous villages. In this context, mamygrogeological aspects must be
considered, including general water availabilitytie region, discharge variability, water
quality, contaminant and sediment transport andvtieerability of karst aquifers.

To address these issues, extensive field work wased out and the results from three

studies, presented in this thesis, emerged. Ifdlh@ving sections, the main findings are

presented and perspectives are given. Here, thffeeedt levels are considered: (1) from a

scientific point of view, each study is discussedl ghe open research questions are
addressed; (2) for the local scale of Dong Van,pifugect-relevant results are summarised
and the future challenges for the Dong Van regi@moposed; (3) the transferability of

the applied methods and approaches to other lagsins are emphasised.

5.2  SCIENTIFIC ASPECTS

The development of a hydrogeological conceptual ehdor the Dong Van region was
performed to provide a basis for further invesimad. To this end, a combination of
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different methods was applied, including mappingjfiaial tracer tests and hydrochemical
analyses. It could be shown, that the differentewaiesources belong to four different
physicochemical groups, classified by their*@dg®* ratio. Furthermore, 72 % of the
physicochemical variance of the different waterotgses could be described by two
factors, as indicated by a principal component yamsl While factor 1 is indicative for
water-rock interactions, factor 2 can be associabgth anthropogenic influences,
demonstrating the high impact of human activiti®&ased on the hydrogeological
conceptual model, it could be shown that the stsokgrstified Bac Son aquifer, which is
the most important aquifer in this region, is pararly vulnerable to contamination. Its
karst springs were most highly contaminated wigcé bacteria, with tendentially higher
concentrations during rainy season. Springs ttetannected to sinking streams exhibited
significantly higher contamination levels, espdgidf they are involved in a polje series,
where the closed depressions are extensively usedgriculture (Fig. 5-1). Tracer tests
revealed high flow velocities and high tracer remgwates, which indicate a fast transport
of contaminants to the springs. Furthermore, coimanon events do not necessarily have
to be bound to precipitation events. In fact, disge of wastewater from households and
agriculture to swallow holes strongly reduces tlaewr quality, although usually for a short
time. In contrast, springs with a more pristinecbatent area in the mountains and/or more
diffuse infiltration are less contaminated.

Sang Ma Sao/ MaU
\ J Dong Van

Seo Ho
River

Fig. 5-1 Schematic cross-section from the Seo Ho River in the west to the Nho Que

River in the east. Spring water quality decreases from west to east due to the
anthropogenic and agricultural impact within the poljes. It is assumed that
there is a confining fault in the Sang Ma Sao valley. Otherwise the hydraulic
gradient to the Seo Ho River would be too steep. Furthermore, the local
occurrence of gabbro gives evidence for a fault zone. Colours correspond to
Fig. 2-1b and Fig. 2-4. The geology east of the Nho Que River is not

considered.
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These observations point to the need of adaptegiron strategies that clearly regulate
the land use in highly vulnerable areas. In thispeet, a long-time monitoring of two
representative springs (one with and one withodirect connection to a swallow hole)
would be interesting to visualize the impact offelént seasons, with their season-
dependent cultivation practices on water qualityadldition to the water quality parameters
that were studied in this thesis, residuals andabwdites of pesticides and fertilizers could
enhance the significance of the study, since theek\&ector Review (2009) emphasised the
large problems related to them. It states that mpesticides used in Vietham were of high
toxicity and while their levels of exposures werenecessarily high, their efficiency was
low. Consequently, many farmers were suffering frovstances of pesticide poisoning
(ADB 2009a). Therefore, monitoring of spring wateith regard to pesticides could be
useful.

Strong water quality fluctuations cannot only bglaied by a variable contaminant input,
but by the extremely high variability of flow andahsport parameters in karst conduit
systems. As shown for the Ma Le cave system in tehaB, the special hydrological
conditions cause highly variable discharge ratek @ 72-1,296 L/s), which result in a
wide range of flow velocities (ML 1 to ML 4: 183-043 m/h). With increasing discharge,
the impact of immobile fluid regions decrease, Whiould reduce the retention potential,
or residence time, of contaminants. The signifigastaller tracer recovery rates under
low flow conditions might indicate the retention tohcer within the system. By using the
innovative MPI approach, it was possible to obtaspatial resolution of flow and transport
parameter. While the dispersivity for the entiresteyn was found to be smallest at
intermediate discharge, the MPI approach enabledditection of a generally higher
dispersivity in the middle cave section (ML 2—-ML Burthermore, a higher proportion of
immobile fluid regions due to pools, siphons arldrger extent of phreatic passages could
be identified by a smaller partition coefficigfifor this section.

So far, no tracer test was conducted with a simattas injection of two different tracers at
different cave segments, which would allow for aedi comparison between Dirac and
multiple pulse injection under identical conditiofi$is comparison would require the use
of two tracers with optimally identical transpodhaviours, which does not exist. However,
at least, these differences have to be taken cdouant.

Furthermore, studies in other karst conduit systemsld be interesting, especially if the
system is well known. For example, the tracer tests the Blue Spring system, described
in Lauber et al. (2014) might be suitable to tést MPI approach, since tracer injections
were also made within the conduit system. Sinceldbation of the Blue Spring system
facilitates field work compared to the cave systarthe remote area of Northern Vietnam,

99



CHAPTER 5

it might be a good alternative test site to perfdhm direct comparison of Dirac injection
and MPI approach. Though, in Germany, the procedorget permission for a tracer
injection is more difficult and time-consuming tharVietnam.

The high variable transport parameters within tl@ecsystem also affect the quality
parameters at the spring. To examine the corralatietween physicochemical parameters,
particles, faecal bacteria concentrations and digghrates, a high-resolution monitoring
was conducted at the karst spring and is presentetlapter 4. With the ColiMinder, an
innovative, mobile device was successfully testedHte first time in a remote area without
available infrastructure and under subtropical @woms. It enabled a near real-time, on-site
monitoring of faecal contamination patterns by digheasurements of the enzymatic
activity of E. coli. Daily water quality fluctuations could be obseaftvehrough
measurements of turbidity, particle concentratidBsUC activity andE. coli. The latter
was determined by using a conventional cultivatased method. These fluctuations were
caused by anthropogenic and agricultural activitvd@ghin the recharge area, which
emphasize the strong relationship between sedineenobilization and increase in faecal
bacteria, even independent of precipitation evesitece the highest correlations were found
between GLUC activity and the particle concentrai@f small size classes (<10 pum),
particularly on an event based scale, the comlonaif GLUC activity and PSD presents a
powerful tool to investigate contamination patteoh$éaeces. However, the measurement of
GLUC activity cannot substitute conventional cuitdrased determinations Bf coli. The
rather moderate correlation factors were ascritedvVBNC cells which exhibit also
enzymatic activity, but are not culturable.

This assumption should be proven in future studigsmonitoring GLUC activity and
E. cali, including an assay to determine the presence BN cells. In addition,
investigations concerning possible interferencesukkh be carried out, especially if the
ColiMinder is applied in less contaminated, natgsatems. In this context, the strong daily
fluctuations in GLUC activity that could be partigcribed to anthropogenic activities have
to be investigated further, since other researclugs also observed similar fluctuations.
Finally, to use GLUC activity as an indicator faetal contamination, a risk evaluation has
to be performed with definitions of quality thre&de

Although, the yielded information represents origcps of a much bigger research puzzle,
they are a valuable contribution to the developnoémt better understanding of subtropical
karst aquifers. In addition, they are of particutaportance on a local scale as they provide
a basis for the development of adapted water mamaigeand groundwater protection
strategies.

100



CONCLUSIONS AND OUTLOOK

5.3 PROJECT RELATED ASPECTS

The example of the Dong Van area clearly revediedvtater related problems on a local

scale in remote, subtropical karst areas. Whilendudry season, people are burdened by
water shortage, strong precipitation events duraigy season lead to a mobilization of

sediments and contaminants that deteriorate spraigr quality, posing a threat to human

health.

The KaWaTech project addressed the problem of wa@rcity by implementing the Seo
Ho water supply system. Therefore, the detaile@stigation and characterization of the
upstream located Ma Le cave system was particulampyprtant. The numerous tracer tests
revealed not only a high variability of flow anditisport parameters, but a very dynamic
behaviour concerning inflows, outflows and alteweatflow paths. Strong precipitation
events can lead to an immense redistribution oé cadiments, which can cause openings
and closings of fractures and conduits. During fow conditions, sediments entering the
cave system can be deposited within the cave passsgecially in the section ML 2—
ML 3, where the proportion of immobile fluid reg®ms higher. So, less sediment leaves
the cave system than enter and thus, the systenmasct trap, which is a positive effect for
the downstream located technical facilities of sk@ply system in terms of abrasion risk.
However, strong precipitation events can intendiiy problem, since the deposited
sediments will remobilize and reach the water exiva site very quickly. This can be
problematic, since the KSB AG, which is designing pumping system, defined a patrticle-
size of 0.2 mm and a particle concentration of 2f¥JLmas threshold. Larger particles and
higher concentrations should not enter the pumpesygo avoid abrasion. Therefore, a
reliable and adapted early warning system thatsléada shutdown of the pumps, if the
defined limits are exceeded, is essential.

But, also in respect to water quality, an early mragy system is necessary. The second
project phase KaWaTech Solutions intends to desigmater treatment plant to ensure that
the supplied water is of good quality. To protdet treatment facilities from overloading
and to enhance its resistance, the supply of wetyd raw water should be avoided. The
monitoring at the karst spring ML 4 clearly revehtbe close relationship between particle
concentrations and poor microbial water qualitypessally during rain events. Therefore,
different particle-size classes should be consttlarel threshold values defined for an early
warning system: small size classes (<10 pum) thaghmiindicate also microbial
contamination and a size class of 0.2 mm to prdtectechnical facilities. In addition, the
early warning system can be complemented by aditylprobe. A turbidity limit can be
defined, which corresponds to roughly 20 mg/L. Tinglementation of the early warning
system will be realized within the time frame ofWaTech Solutions. The Seo Ho supply
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system will be completed in the near future andpefaly, the situation in Dong Van
concerning water scarcity will ease.

In order to achieve a sustainable water managersemgral aspects have to be considered
in the future, that are related to the currentastiructure and which are not covered by the
KaWaTech projects so far.

 To ensure the supply of high quality water, grefibress have to be invested in
improving the Dong Van main system. Measurement&.ofoli concentrations in
water taps at different locations within the distition network showed strong water
quality deteriorations within the main network. keges combined with an
intermittent water supply, leads to the entranceasitaminants into the main network,
if the main network is not under pressure.

* This problem is enhanced due to the absence oflaguate wastewater management
strategy. Sewage is partly collected in septic gamkin small ditches, which contribute
to an open channel. Due to leakages or inadequaitgtenance of the sewer systems,
pathways for contaminants to the freshwater mastesy could occur in the worst case
scenario.

* The sewage channel runs to the cave entrance aatstern side of the Dong Van
polje. After the cave passage, the sewage is digetao the Nho Que River, from
which many people in lower-laying areas depend.rdfoee, investments have to be
made to implement a wastewater treatment plantangDVan to treat the accruing
sewage. The amount of wastewater is also likelyntvease, due to the increased
supply of water to Dong Van, but also due to ridengels of tourism.

 With regard to the current water resources in Ddaran, the development of
wastewater management strategies within the reeregps is also an important issue.
For example, by implementing small, decentralizezbt@water treatment plants, the
input of contaminants could be strongly reduced tmsdefore, the raw water quality
significantly increased. This aspect should alsedesidered in the catchment area of
the Seo Ho plant, since several villages are lociat¢he Ma Le valley.

In addition, one main issue in order to improvewster quality situation in the whole area
iIs awareness-raising within the local populatiory. &lightenment about the specific
characteristics of karst with its high vulnerapilipeople might be sensitized to avoid a
contaminant input. For instance, people could cpmsetly stop to use swallow holes and
dolines as wastewater system and dumping siteecésply. In this respect, the handover
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of vulnerability and risk maps, which were produceithin the KaWaTech project, can
support the local government as well as local srgsl

Since an increasing amount of groundwater from kaest aquifer below Dong Van is
extracted, further investigations would be necegssargain information about the aquifer
extent, confining conditions, aquifer levels, oclrarge rates. Although numerous wells
have been drilled in the past years, only littléoimation about the underground is
available. The drilling of many wells was privatedgmmissioned, consequently they are
usually neither registered, nor are there driljmgfiles or construction plans. Therefore, as
a first step, mapping and geodesic measurementheofnumerous wells are highly
recommended. On this base, the exact groundwatedl lean be measured and its
fluctuation observed. By knowing the well locatiptydrochemical sampling campaigns
could be planned. Natural tracers, e.g. stableopsst or CIBr" ratios might be used to
study groundwater mixing within the aquifer or aogogenic impacts on groundwater.
Furthermore, dating of groundwater samples migh¢ gaformation about residence times,
which could be important to understand rechargesrdh addition, salt dilution tests within
the boreholes could be used to study the underdriow conditions and the location of
zones with preferential flow. The application ofdngulic pumping tests could be difficult,
since the groundwater level is most likely distatbey numerous wells that extract
groundwater. So, a static water level as a stapioigt will be unlikely. The resulting
superposition of groundwater subsidence might hartipe interpretation of the pumping
tests.

This information could help to complement the hygrological, conceptual model.

Furthermore, it is essential regarding sustaingbiif the Viethamese water management
strategy includes the use of the karst aquifero@ong Van. Otherwise, there might be a
high risk of overexploitation and water quality eledration of the valuable groundwater
resource.

5.4 REGIONAL TRANSFERABILITY ASPECTS

The Dong Van area is located at the northeasterofithe UNESCO Global Geopark (Fig.
5-2) and consists of favourable geological condg&idor groundwater availability. In
contrast, within the karst plateau south of DonghMihe groundwater level is very deep.
Numerous vertical caves were explored by the Bel§REKUL club and by Viethamese
speleologists from VIGMR. They reached depth oftwp341 m in the Hang Ong cave in
Pho Bang area or more than -247 m in the Lung Cbave, west of Meo Vac (SPEKUL et
al. 2005). At the southern rim of the karst platestuan elevation of around 250 m asl, the
huge Ban Ma Kkarst springs, discharging to the NhRiver, give evidence of a large
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catchment area. This means for most of the citirels\@lages within the karst plateau, the
groundwater table is too deep to extract water wgtir common methods. Therefore,

adapted water supply strategies have to be dewthkapmeet the increasing water demand
that has to be expected due to the increasingstouin the whole Geopark area. But this
requires detailed geological and hydrogeologicakgtigations as they were described in
this study. Especially artificial tracer tests iontination with natural tracers can help to
develop an understanding of the more regional dg@rpattern within the karst plateau. In
combination with investigations of tectonic struesi and speleology surveys, a
hydrogeological conceptual model could be develdpethrger areas of the karst plateau.

nnational border
| [__] district border
/ geopark
@ Ban Ma springs
" o high
E ow

0255 10
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Fig. 5-2 Extent of the Dong Van Karst Plateau Global Geopark (DEM: SRTM, NASA).
The Geopark border corresponds to the external borders of the four districts

Dong Van, Meo Vac, Yen Minh and Quan Ba.

Not only the Ha Giang province is facing the chadle of water management in subtropical
and tropical karst areas, but also other regioisinviVietnam, and neighbouring countries.
The section of the World Karst Aquifer Map (WOKANFig. 5-3) emphasised the high

proportion of carbonate rocks in this part of therld. Especially in South China, wide

areas are dominated by karst with similar charesties to those in Northern Vietnam and
comparable challenges in terms of water supply.
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Fig. 5-3 Distribution of carbonate rocks in Southeast Asia (modified after Chen et al.

2017)

The applied approaches and methods used in thidy,stincluding tracer tests,
hydrochemical studies, on-site monitoring of wajeality by using parameters like GLUC
activity and particle-size distribution, and analysof FIB by using Colilert/Colisure are
valuable tools to study such areas, even in vanpte areas with restricted infrastructure.

In the context of climate change and the increasingd population, the sustainable use
and management of karst aquifers will gain moreartgmce and will require profound
investigations of the specific karst aquifers, &amio those presented in this thesis. The
obtained information are valuable in order to inyarothe karst water resources
management in Dong Van and thus, to enhance ting Istandards of the local population.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY MATERIAL — CHAPTER 2

Suppl. Table 1 Physicochemical parameters for the different sampling points,

which were used for the principal component analysis (Fig. 2-3).

Sampling | Statistical
point Analysis pH EC 0, |Temp| ca® | mMg* | HCoy | K Na* c | so | NOs
[[1 [ [uS/cm] | [mg/L]| [°C] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L]
CsP1 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.26| 292.00| 7.78|18.70| 4512| 820|183.05| 0.15| 018| 042| 172| 1.63
Max 7.81| 321.00| 7.97|1890| 57.22| 9.19[23797| 0.27| 049| 093] 6.17| 6.99
Mean 7.51| 306.20| 7.86|18.80| 50.14| 8.63[208.07| 0.20| 027| 056| 273| 546
Std. deviation |0.18| 11.02| 0.06| 0.09| 3.99| 039| 17.94| 004| 012 019| 1.72| 194
csP2 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.67 | 231.00| 8.10|1820| 3420| 6.48|131.19| 035| 026| 082| 168| 1.52
Max 8.02| 249.00| 8.21|1830| 39.61| 7.79|173.90| o046| 049| 143| 6.62| 847
Mean 7.77| 239.80| 8.16|18.24| 37.01| 6.96|152.66| 039| 035| 097| 282| 6.33
Std. deviation | 0.13 7.30| 0.05| 005| 228| 054| 14.05| 004| 008| 023| 1.91| 247
CsP3 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 8.02| 169.40| 8.03|14.30| 30.80| 2.56|11593| 041| 044| 059| 286| 2.05
Max 8.20| 217.00| 9.30|21.80| 37.20| 3.03|143.39| 090| 1.07| 095| 4.11| 494
Mean 8.14| 193.56| 8.58|18.66| 33.83| 2.75|128.14| 0.58| 0.89| 073| 3.26| 3.73
Std. deviation | 0.07| 16.71| 042| 260| 212| 0.18| 925| 019 0.23| 013| 045| 0.93
CsP4 n 4 4 4 4 4 4 4 4 4 4 4 4
Min 7.96| 187.00| 8.00|14.30| 34.14| 248|112.88| 043| 041| 058| 293| 3.69
Max 8.11| 217.00| 9.24|21.00| 37.00| 3.11|15254| 0.88| 1.86| 212| 4.10| 5.03
Mean 8.06| 199.48| 8.56|17.95| 34.87| 2.86|129.66| 059| 1.06| 1.07| 3.34| 422
Std. deviation |0.06 | 12.64| 044| 239| 123| 0.24| 1439| 0.17| 052| 062| 045| 0.49
CsT1 n 4 4 4 4 4 4 4 4 4 4 4 4
Min 7.92| 169.40| 7.62|13.80| 30.38| 2.52[118.98| 0.37| 054| 059| 293| 1.88
Max 8.18 | 211.00| 9.25|24.30| 36.00| 3.03|140.34| 0.83| 1.02| 078| 4.18| 4.84
Mean 8.07| 190.68| 8.29|19.53| 32.98| 2.71|127.37| 053| 085| 068| 3.54| 3.43
Std. deviation |0.10| 16.28| 0.62| 4.05| 200| 0.21| 789| 0.18| 0.18| 0.07| 055| 1.07
CST2 n 4 4 4 4 4 4 4 4 4 4 4 4
Min 8.02| 169.00| 7.60|18.10| 30.56| 2.53|112.88| 0.34| 050| 063| 291| 2.02
Max 8.21| 216.00| 851|24.30| 37.00| 3.11[137.29| 095| 1.05| 092| 3.94| 4.83
Mean 8.15| 190.00| 8.09|21.25| 32.57| 2.76|121.27| 056| 083| 075| 3.42| 352
Std. deviation [0.07| 16.81| 0.32| 220| 260| 0.23| 997| 023| 021| 010| 039| 1.05
CST3 n 5 5 4 5 5 5 5 5 5 5 5 5
Min 7.23| 290.00| 5.77|18.10| 46.39| 4.02|192.20| 051| 053] 042| 050| 292
Max 7.70| 337.00| 6.67|19.80| 60.83| 5.92[219.66| 1.90| 2.24| 098] 177| 6.44
Mean 7.39| 311.80| 6.21|19.32| 5535| 5.00[203.80| 0.83| 1.70| 079| 1.12| 535
Std. deviation |0.17| 1592| 0.33| 063| 4.82| 0.78| 10.81| 053| 0.62| 019| 040| 1.27
FS1 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.53| 254.00| 7.59|17.70| 47.22| 1.05|149.49| 0.18| 012| 026| 459| 7.02
Max 7.80 | 270.00| 7.88|18.10| 54.20| 1.32[173.90| 049| 045| 067| 9.24| 1037
Mean 7.66| 264.60| 7.75|17.88| 51.45| 1.23|157.42| 040| 020| 039| 6.48| 899
Std. deviation | 0.11 578| 0.10| 0.16| 2.46| 0.10| 897| 011| 012| 0.14| 156| 125
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SUPPLEMENTARY INFORMATION

Continuation of Suppl. Table 1

Sampling | Statistical
point | Analysis pH EC 0, |Temp| ca® | Mg” | HCOs | K' Na* c | S0 | NOs
[-1 | [uS/cm] | [mg/L] | [°C] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L]
FS2 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.56| 298.00| 6.98|16.90| 56.64| 1.44[180.00| 0.15| 0.13| 024| 579| 5.62
Max 7.81| 318.00| 7.80|18.30| 73.53| 1.76|201.36| 0.55| 051| 048] 7.78| 8.49
Mean 7.64| 305.00| 7.41|17.60| 61.59| 1.55|189.76| 0.45| 0.24| 037| 6.68| 7.36
Std. deviation | 0.09 7.38| 028| 057| 639| 011| 7.81| 015| 014| 009| 068 117
FS3 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.30 | 306.00| 7.67|18.80| 57.32| 1.26[183.05| 0.12| 011| 024| 516| 6.29
Max 7.62| 327.00| 7.97|19.10| 62.40| 1.78[198.30| 0.71| 039| 052| 9.95| 13.25
Mean 7.44| 317.00| 7.83|18.94| 60.24| 1.64|190.98| 049| 020| 037| 7.59| 10.40
Std. deviation | 0.15 7.40| 0.12| 014| 1.85| 020| 496| 020| 011| 009| 161| 237
Fs4 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.11| 296.00| 7.46|17.00| 55.07| 1.82[192.20| 0.31| 0.23| 046| 231| 4.62
Max 7.98| 338.00| 8.50|19.30| 66.96| 2.14|20746| 0.65| 046| 057| 9.26| 9.95
Mean 7.52| 313.20| 7.86|18.48| 60.61| 2.02|198.91| 047| 035| 050| 4.77| 859
Std. deviation |0.34| 1599| 0.37| 0.89| 3.89| 0.13| 592| 011 0.09| 004| 238| 200
FS5 n 3 3 3 3 3 3 3 3 3 3 3 3
Min 7.50 | 372.00| 7.85|16.70| 67.80| 1.44[225.76| 0.17| 023| 027| 2.14| 4386
Max 7.83| 377.00| 8.12|18.00| 75.80| 1.79|244.07| 0.33| 033| 040| 10.16| 12.95
Mean 7.71| 374.33| 7.99|17.53| 70.95| 1.56[236.95| 0.24| 028| 035| 668| 814
Std. deviation | 0.15 205| 0.11| 059| 3.48| 0.16| 801| 006| 004| 006| 3.36| 3.48
FS6 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.09| 303.50| 7.22|19.20| 54.06| 3.29(189.15| 0.38| 0.18| 035| 237| 3.43
Max 7.46| 320.00| 7.73|19.30| 61.00| 4.20[207.46| 0.51| 044| 064| 6.02| 7.93
Mean 7.28| 312.70| 7.39|19.28| 57.84| 3.70|197.69| 042| 031| 050| 3.42| 6.42
Std. deviation | 0.13 558| 0.19| 0.04| 263| 038| 7.06| 005| 010| 0.10| 136| 1.59
KS1 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.17 | 360.00| 6.54|18.50| 63.07| 4.27[222.71| 030| 036| 094| 210| 1.35
Max 7.58 | 390.00| 6.99|20.60| 71.38| 4.59[259.32| 146| 1.39| 155| 323| 6.86
Mean 7.42| 368.60| 6.76|19.70| 67.80| 4.40|244.07| 0.66| 096| 111| 253| 477
Std. deviation |0.14| 11.43| 0.6 077| 3.15| 0.14| 13.09| 044| 037| 023| 051| 214
KS2 n 5 4 5 5 5 5 5 5 5 5 5 5
Min 7.40 | 356.00| 6.93|18.90| 60.03| 4.64|21661| 031| 043| 115| 2.03| 1.97
Max 7.81| 377.00| 7.89|2090| 71.16| ©5.39|266.64| 1.28| 2.01| 3.28| 3.08| 6.97
Mean 7.62| 367.00| 7.40|20.06| 66.18| 4.96|240.04| 0.65| 1.38| 1.71| 248| 5.02
Std. deviation | 0.15 957| 033| 072| 4.05| 031| 1871| 038| 058| 080| 043| 1.88
KS3 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.18 | 325.00| 2.65|19.90| 49.25| 7.20[213.56| 047| 047| 177| 131| 153
Max 7.62| 360.00| 5.42|20.60| 56.60| 8.19|228.81| 2.35| 2.63| 269| 466| 7.43
Mean 7.39| 339.00| 4.63|20.18| 52.89| 7.89(219.36| 1.03| 2.07| 214| 227| 4.98
Std. deviation |0.15| 13.62| 1.00| 034| 289| 038| 657| 072| 080| 030| 1.24| 219
KS5 n 4 4 4 4 4 4 4 4 4 4 4 4
Min 7.54| 295.00| 5.53|15.70| 54.50 | 3.44[180.00| 0.08| 0.05| 038| 3.38| 6.04
Max 8.14 | 346.00| 8.35|20.10| 66.00| 4.32[23797| 0.23| 040| 077| 842| 7.93
Mean 7.92| 328.75| 7.22|18.03| 59.80| 3.80|207.46| 0.14| 025| 053| 536| 7.03
Std. deviation |0.23| 2044| 1.04| 1.87| 4.88| 034 2125| 006| 0.13| 0.15| 207| 072
KS6 n 5 5 5 5 5 5 5 5 5 5 5 5
Min 7.11| 353.00| 6.61|19.60| 62.04| 2.99|244.07| 032| 036| 077| 176| 1.93
Max 7.34| 408.00| 9.38|20.10| 77.80| 5.40|286.78| 1.02| 1.62| 117| 538| 7.79
Mean 7.18 | 381.80| 7.54|19.72| 71.17| 4.31[261.76| 0.54| 1.03| 099| 3.01| 549
Std. deviation |0.08| 1856| 1.02| 0.19| 536| 091| 1475| 025| 047| 0.14| 132| 202
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Continuation of Suppl. Table 1

Sampling | Statistical
point | Analysis pH EC 0, |Temp| ca® | mMg* | HCoy | K Na* cl | S0 | NOs
[-] | [uS/cm] | [mg/L]| [°C] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L]
051 n 4 4 4 4 4 4 4 4 4 4 4 4
Min 7.57| 168.00| 7.71|16.70| 18.56| 8.04|106.78| 0.12| 022| 017| 1.71| 1.78
Max 8.14 | 227.00| 853|21.60| 24.20| 894|128.14| 0.63| 066| 069| 267| 1255
Mean 7.83| 197.05| 8.13|19.08| 22.19| 8.61[112.88| 040| 036| 042| 217| 7.02
Std. deviation [0.23| 2151| 0.29| 1.87| 216| 034| 889| 021 0.18| 018| 037| 4.95
0S2 n 3 3 3 3 3 3 3 3 3 3 3 3
Min 592| 5500| 6.10|1830| 853| 1.08| 33.56| 0.31| 028| 017| 0.00| 035
Max 6.60| 97.40| 7.57|19.60| 16.60| 1.57| 73.22| 0.62| 1.69| 034| 059| 1.37
Mean 6.21| 69.53| 6.80|19.03| 11.64| 1.26| 48.81| 044| 085| 023| 024| 072
Std. deviation [0.29| 19.71| 0.60| 054| 354| 022| 17.44| 0.14| 060| 0.08| 0.25| 0.46
053 n 2 2 2 2 2 2 2 2 2 2 2 2
value 6.55| 85.80| 7.86|18.90| 12.80| 1.27| 67.12| 1.32| 031| 0.19| 061| 024
value 6.44 | 100.00| 7.24|19.50| 13.40| 1.47| 6407| 037| 1.57| 020| 053] 0.19
054 n 2 2 2 2 2 2 2 2 2 2 2 2
value 7.27| 150.60| 5.67|23.00| 17.80| 2.14| 79.32| 0.09| 210| 031| 0.11| 054
value 7.17| 93.30| 7.26|1850| 13.20| 1.54| 61.02| 1.51| 040| 037| 081| 059
0S5 n 1 1 1 1 1 1 1 1 1 1 1 1
value 7.25| 236.00| 7.53|20.10| 16.00| 1.49| 79.32| 298| 035| 022| 062| 026
056 n 4 4 4 4 4 4 4 4 3 4 4 4
Min 7.57| 291.00| 7.22|1830| 58.16| 0.67[183.05| 0.05| 011| 016| 176| 2.49
Max 7.88 | 344.00| 7.78|20.10| 72.80| 0.78|216.61| 0.32| 028| 057| 539| 7.71
Mean 7.78 | 318.75| 7.57|19.05| 64.03| 0.74[199.83| 0.16| 018| 029| 335| 4.67

Standard
deviation 0.12| 18.78| 021| 069| 589| 005| 13.03| 0.10| 007| 016| 131| 2.02
SRDV n 5 4 4 5 5 5 5 5 5 5 5 5
Min 7.94| 246.00| 7.68|18.20| 49.50| 5.99[207.46| 1.19| 220| 3.14| 283| 3.00
Max 8.22| 366.00| 8.30|22.20| 56.00| 7.54[237.97| 2.69| 3.69| 4.26| 7.54| 9.74
Mean 8.02| 316.25| 8.08|20.26| 53.86| 6.98[223.93| 1.66| 2.79| 3.49| 3.97| 6.98
Std. deviation | 0.10| 44.84| 0.25| 1.45| 239| 060| 9.76| 054| 058| 040| 1.81| 226
SSDV n 4 4 4 4 4 4 4 4 4 4 4 4
Min 7.88 | 244.00| 6.80|13.00| 44.98| 4.84[17695| 1.70| 3.20| 3.12| 290| 3.07
Max 8.11| 393.00| 7.97|24.60| 56.00| 8.01[256.27| 3.99| 9.84| 9.82| 500| 820
Mean 7.95| 31525| 7.42|1840| 49.88| 6.94|212.03| 2.85| 587| 6.13| 3.88| 6.22
Std. deviation [0.09| 56.13| 043| 4.15| 4.04| 124| 2850| 083| 279| 240| 0.79| 2.06
SSML n 4 4 4 4 4 4 4 4 4 4 4 4
Min 8.04| 159.50| 7.44|17.80| 27.08| 2.24| 88.47| 040| 046| 050| 238| 225
Max 8.49| 196.00| 8.51|26.30| 32.40| 2.71|128.14| 1.14| 095| 069| 4.48| 4.43
Mean 8.29| 177.15| 8.02|20.85| 30.07| 2.46|108.30| 0.60| 0.81| 060| 3.60| 3.22
Std. deviation |0.16| 14.17| 0.40| 3.49| 222| 0.17| 1439| 031| 020| 008| 079| 092
w1 n 1 1 1 1 1 1 1 1 1 1 1 1
Value 7.42| 368.00| 6.20|20.80| 62.88| 3.14[237.97| 044| 1.10| 1.02| 075| 4.34
w2 n 1 1 1 1 1 1 1 1 1 1 1 1
Value 7.47| 302.00| 7.87|18.80| 49.20| 8.47|20441| 027| 018| 050| 203| 6.36
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Suppl. Table 2

Results of the microbiological analysis for Escherichia coli (E. coli),

thermotolerant coliforms (TTC) and enterococci (ENT). Two

sampling campaigns were carried out during dry season in 2014

(DS1) and in 2015 (DS2) and two further during rainy season in
2014 (RS1) and in 2016 (RS2). One campaign took place at
transient time in October 2015 (TS).

TTC [MPN/100ml]

E. coli [MPN/100ml]

ENT [MPN/100ml]

Sampling

point DS1 DS2 RS1 RS2 TS DS1 DS2 | RS1 RS2 TS DS1 | DS2 | RS1 RS2 TS
CSP1 411 153 | 2,420 172 74 51 17 6 165 3 | n.d. 46 10 452 9
CSP2 162 5 365 125 250 <1 <1 91 78 91 | n.d. <1 4 130 8
CSP3 1,120 | >2,420 | >2,420 | >2,420 3,440 96 | 206 | >2,420 | >2,420 310 | n.d. | 1,733 | >2,420 | 1,414 | 240
CSP4 770 | >2,420 | >2,420 | >2,420 2,990 78 | 219 435 | >2,420 360 | n.d. | 1,553 89| 1,300| 411
CST3 >2,420 | 1,300 | >2,420 2,420 649 | >2,420 | 517 | 1,986 687 166 | nd.| 416 1,986 173 17
KS1 205| 1,203 |>2,420| >2,420| >2,420 14 7 219 | >2,420 727 | nd.| 320 66 | >2,420 | 178
KS2 2,420 | 11,200 | >2,420 | >2,420 1,553 | 2,420 | 2,360 866 | >2,420| 1,120 | n.d.| 204 | 1,414 |>2,420 1,414
KS3 112 42 225 | >2,420 261 1 <1 19 | >2,420 16 | n.d. <1 14 | >2,420 2
KS4 n.d. n.d. n.d. 1,300 1,986 nd.| n.d. nd. | 1,203 130 | nd.| n.d. n.d. 8| 411
KS5 >2,420 117 n.d. 1,553 2,420 | 1,203 6 n.d. 435 178 | n.d. 2 n.d. 228 | 687
KS6 165 | >2,420 | >2,420 196 1,046 93 <1 727 90 23 | nd. 2 188 <1 81
SRDV 1,733 649 | >2,420 8,160 | 24,200 173 | 155|>2,420| 2,050 | 4,610 |n.d.| n.d. 3| 1,010 3,610
FS1 2,420 16 | >2,420 136 144 501 3 4 16 1|nd. <1 2 41 6
FS2 >2,420 | >2,420 | >2,420 248 | >2,420 <1 49 261 248 122 | nd. | 242 58| 1,413| 770
FS3 1,300 517 | >2,420 1,360 579 58 15 4 579 <1 | n.d. <1 38 | 2,420 <1
FS4 >2,420 | >2,420 | 1,986 687 1,733 866 64 461 387 99 | n.d. 98| 1,986 59| n.d.
FS5 361 107 n.d. 106 60 <1 93 n.d. 1 1| n.d. 16 n.d. <1 2
FS6 51 49 727 1,046 93 <1 37 18 387 15 | n.d. <1 3 59 2
0S1 >2,420 | >2,420 n.d. 1,553 | >2,420 28| 387 n.d. 172 1| n.d. 19 n.d. 41 57
0S2 n.d. n.d. 980 187 70 nd. | n.d. 17 51 16 [ nd.| n.d. 7 980 | n.d.
0S3 n.d. n.d. 435 214 150 nd.| n.d. 23 105 <1|nd.| nd. 31 10 21
0S4 n.d. | >2,420 15 727 2,420 n.d. 20 9 17 2 | nd. 37 13 344 56
0S5 n.d. n.d. | >2,420 921 n.d. n.d. n.d. 2 28 n.d. | n.d. n.d. 13 23 n.d.
0S6 >2,420 157 | >2,420 1,553 | >2,420 61 <1 57 326 921 | n.d. 21 70 250 | 233
SSDV 10,960 | 9,600 n.d. | >48,400 | >48,400 | 2,920 | 530 n.d. | 24,060 | 31,060 | n.d. 70 nd. | 2,880 | 634
SSML >2,420 | >2,420 n.d. 976 | 14,140 517 | 131 n.d. 320| 1,270 | nd.| 104 n.d. 142 | 240
W1 n.d. n.d. n.d. <1 <1 nd. | n.d. n.d. <1 <1|nd.| n.d. n.d. <1| nd.
W2 n.d. n.d. n.d. 205 166 nd. | nd. n.d. 85 18 | nd.| nd. n.d. 28| n.d.
w3 n.d. n.d. n.d. 1| >2,420 n.d. n.d. n.d. <1 62 | n.d. n.d. n.d. <1 n.d.
W4 n.d. n.d. n.d. 1 102 nd. | nd. n.d. <1 2|(nd. | nd. n.d. <1| nd.
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Tracer tests
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Suppl. Figure 1 Tracer tests conducted in the Ma Le system with the different
injections points (IP) and sampling points (SP). Cross section
follows the course of the caves (Fig. 2-1b).

Rainy Season (28 July 2014)
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Suppl. Figure 2 Breakthrough curves for the tracer test under high flow

conditions (test No. 4 in Table 3-1) on 28 July 2014 (Q =
discharge, vm = mean flow velocity, a = dispersivity, R = recovery

rate). The Dirac input function was applied.
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Suppl. Figure 3

discharge [L/s]

Flow and transport parameters as a function of spring discharge
(ML 4), exemplified with the section ML 2-ML 3 obtained by a

multiple pulse injection approach and a Dirac injection.

dispersivity [m]
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Comparison of the daily variations between B-D-Glucuronidase

Suppl. Figure 4

concentration of particle size

the particle

activity and

1<x<2 pm.
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