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Abstract. Karstwater resourceplay an important rolén drinking water supplybut are highly vulnerableo even slight
changes in climat&.hus, solid ad spatially dense geological information is neededddeltheresponsef karsthydrological
systemdo such change®dditionally, environmental information archad in lake sedimentsan be usetb understangast
climate effects on karst water systems.In the present study, wearry ait a multimethodologicalgeophysicalsurveyto
investigate the geologicaltuationand sedimentary infilbf two karst lakes (Metzabok and Tzibana) of the Lacandon Forest
in Chiapas, southern MexicBoth lakespresentarge seasonalake-level fluctuations anéxperienced an unusually sudden
and strondake-level declinein the first half 0f2019,leaving Lake Metzabok (maximum depth ~25 eojnpletelydry and
Lake Tzibanadepth~70 m) with a water level decreased by appidmn. Beforethis eventduring alake-level highstand

in March 2018, we collectedaterborneseismic data with a stipottom profiler (SBP) and transient electromagnetic (TEM)
data with anewly-developedloating singleloop configurationin October 2019after the sudden drainage eveng took
advantage of this unigustuationandcarried outcomplementary measurementisectly on the exposed lake floof Lakes
Metzabok and Tziband&uring this second campaign, we collected tooenain induced polarization (TDIR)d seismic
refraction tomography (SRT) datB8y integratingthe multi-methodologicaldata setwe (1) identify 56 m thick, lkely
undisturbed sediment sequenaes the bottom of both lakesvhich aresuitable for futurepaleoenvironmental drilling
campaigns,q) develop aomprehensive geological modelplying astronginterconnectivity between surface water and karst
aquifer, and B) evaluatethe potential of th@pplied geophysical approach ftine reconnaissancef the geologicalsituation

of karst lakesThis methodologicakvaluationreveals thaunder the given circumstancgy SBP and TDIP phase images
consistently resolve the thickness of the fimained lacustrine sediments covering the lake floor, (i) TEM and TDIRivésis
images consistently detect the upper limit of the limestone bedrock and the geometry of fluvial deposits of a rived delta, an
(iii) TDIP and SRT images suggest the existence of a layer that separates the lacustrine sediments from the limaeskone bedr
and consists of collapse debris mixed with lacustrine sedim@uatsiesultsshowthatthe combination of seismic methods
which are most widely used for lak®ttom reconnaissanceith resistivity-based methodsuch asTEM and TDIPcan
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significantlyimprove theinterpretationby resohing geological units or bedrock heterogeneiti@hichare not visible from
seismicdata Only the useof complementary methods provides sufficient information to develop comprehensive geological

modek of suchcomplex karst environments

1 Introduction

About7i12% of the worl dés cont i (e.g nHarariann &trale 2014hdup toane quarterdf they Kk a
earthts population at least p&ally depends on drinking water from karst systéeng., Ford and Williams, 200/ ven though
continued population growth and industrializatiout pressure otheseimportantresources ingrms ofboth water quantity
andquality, the response darst systems texpecteduture climatechanges still not well understood (Hartmann et al., 2014)
Groundwater modelsffer oneopportunity toestimate @iture changes in water availabilityutheavily depenan rdiable and
spatially densgeological information. Wherdirectgeologicalinformation,e.g, from drillings, is not dense enough oot
availableat all, geophysical methodsan be used to providpiasicontinuousndirect information orthe subsurfacegeology

in karst areagBechtel et al.2007)

Another possibility taunderstandlimatic effectson karst water systesmelies on the analysis glleoenvironmentakcords

(e.g., MedinéElizalde and Rohling, 2012/4zquezMolina et al., 2018. In particular,lake sediments are important archives

of freshwater and terrestrial environmental informat&m sediment cores can be used to reconstruct past climate and
ecological changem the lakegCohen, 2003; Schindler, 200Bérez et al., 2030Thus, paleoenvironmentatudiesgive

insight intothe local links between climatariationsandtheavailability (and quality in lakes and the connected karst aquifer
systemTo identify suitable drilling locations providing continuous paleoenvironmental records at a high temporal resolution,
knowledge about sediment thickness and composition, depth to bedrock, and possible heterogeneities within the lake sedimen
is needed (&st and Smol, 2X).

Geophysical methods can efficiently provide such information from the local scale up to tHmdakescaleand can
(principally) be employed orbothland and waterDue to the usually sharp contrast between seismic velocitieslionesat

layers and theinderlying bedrock, (reflectiehseismic methods are often given priority over other geophysical methods for
lake-bottom reconnaissance (Scholz, 2D02 particular, lowfrequency echo sounders (e.g., Dondurur, 2018), also referred
to as sukbottom profilers (SBP), allow to quickly map sediment deposits of several tens of meters based ahaimgie
seismic data. Nevertheless, electrigadistivityimagesprovided by electrical resistivity tomography (e.g., Binley and Kemna,
2005) or electromagnetic soundings (e.g., Kaufman et al., ZifiMplement the mostly geometrical information obtained
from reflectionseismic or sulbottom profiling measurements (Butler, 2009). Under certain conditions such as higfethke
reflectivity and/or low reflectivity of targeted boundaries, seismic methods may, however, provide insufficient results and
therefore alternative methods are needed.

Recent studies using directirrent (DC) electrical resistivity for watéiorne investigations on freshwater bodies include

surveys with floating (e.g., Befus et al., 2012; Orlando, 2013; Colombero et al., 2014) or underwater electrode chains (e.g.
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Toranet al., 2015) and provide evidence for the potential of this method for shatitev applications. Electrical resistivity

can also be assessed by electromagnetic methods, which, compared to DC resistivity measurements, offer a more compe
experimental lgout. Electromagnetic surveys are often carried out as transient electromépBbt)csoundings with floating
magnetic sources and receivers. Hatch et al. (2010), for example, usedbap @onfiguration with a ~7.5 m x 7.5 m
transmitter and a ~2.5 mX5 m receiver to map river bed salinization in an Australian river with an average water depth of
5-10 m. Mollidor et al. (2013) used a similar but slightly larger setup (~18 m x 18 m transmitter, ~6 m x 6 m receiver) to map
a thick conductive sedimentylar below the bottom of a 20 deep maar lake in Germariore recently,Yogeshwar et al.

(2020 used the system developed by Madlicet al. to image &olcanic lake hydrothermal systeom the Azoreswhereas

Lane etal. (202Q introduced a compadipating TEM system, esigned for the rapidlectricalmapping ofthe subsurface of

rivers and estu#es. Some older relevant case studies with shalaater applications of both techniques, DC resistivity and
electromagnetic soundings, were reviewed bt (2009).

In a previous study, we successfully used geoelectrical and electromagnetic methods to investigate the sedimentary infill o
two desiccated lakdn a volcanic are@Bucker et al., 201, 1.ozaneGarcia et al., 20)7To extend our investigatisnin this

study, we evaluatethe potential ofand and wateborneresistivityimagingmethods to complement seismic methods for the
investigation okarstlakesin the Lacandp Forest, southern Mexico. Recériblogical and abiotistudies have highlighted

the great potential of sedimentary sequences fitoerlakes of this remote areas continuous paleoenvironmental and
paleoclimatic records during the late Quaternaryg.(Diaz et al., 201;7EcheverriaGalindo et al., 2019CharquefieCelis et

al., 2020) In this study, we focus on Lakes Metzakakd Tzibanatwo of the largest lakes of thedcandon Forestvhich
experienced audden and catastropHake-level drop in the first half 02019 While large seasonal lakevel variations are

part of the nature dfothlakes it remains uncleawhether suclparticulareventsasthe oneobservedn 2019 which left Lake
Metzabok completely dnare alsaecurren with a frequency of several decades or ralinked to recent climate changgo

better understand possible draining mechanisms and their tridugsisles further paleoenvironmental investigatians,
comprehensive geological picture of the lslkgeologicakituationis essential.

In 2018, roughly one year before tthainage event andhen the lakes were filled, we collected seismic data with a SBP and
carried oufTEM soundings to assess the electrical resistivity of the lake battdmbtain information on the thickness of the
sedimentary infill The suddemrainage of the investigatdakesin 2019 provided us with the unique opportunity to collect
additionaldata directly on the dry lake bed. Seismata waghenrecollected with a seismic refraction tomographic (SRT)
setup in order to provide information on both refractor geometry and seismic velocities of the different geophysical units.
Additional electricalimagingdata was measured with the éromain induced polarization (TDIP) method, which has fewer
limitations regarding the detectability of thin nesarface layers and heterogeneities than the transient electromagnetic method.
Furthermore, the polarization properties of the subsurface ialatassessed by TDIP measurements provide additional
information and can improve the interpretation of TEMITDIP resistivityresults.

Based on thaboveconsideratiog ou study hasthree main objectiveq1) Identify suitable drilling locations tmbtain

undisturbedand farreaching sedimentary sequences for paleoenvironmegtahstructs(2) provide basic knowledge on the
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geological guationof the studied lakes (sediment cover, limestoegock andpossible conectivity with the karst aquifer),
and (3) develop andpplya multrmethodological geophysical approasith a special focus on thevaluatiorof the potential

of waterborneTEM sounding for lake-bottom reconnaissance

2 Study area

The study area is located in the Lacandon Forest (I/68° N; 90.592° W; 500 1500 m.a.s.l.), which ocpies the north

eastern part of the State of Chiapas, Mexico. The region belongs to the Chiapas fold belt with iHsandiig folds and

thrusts Fig. 1), which mainly developed in massive cretaceous limestone (Gailcdad Lugo Hupb, 1992). The orogeofy

the Chiapas fold belt is related to the collision of the Tehuantepec Transform/Ridge on the Cocos plate with the Middle
America Trench during the Middle Miocene (Mandujarelazquez and Keppie, 2009). The resulting anticlines and synclines
dominate thetopography in the study area forming long WNlivected valleys and mountain ranges. The tectonically
fractured limestone geology, in conjunction with the humid subtropical climate, favour an intensive karstification@®arcia

and Lugo Hupb, 1992). In¢hwalleys, lakes formed by bedrock dissolution, such as dolines (or sinkholes), uvalas (formed by
two or more dolines) and poljes (larger karst depressions), are mostly aligned in the main fold direction.

The lake system of Metzabok (17°6™B07° 8'30" N 91°36'30r 91°38'50" W, ~550 m a.s.l.) consists of 21 lakes of different
sizes, the majority of which are interconnected when water levels are high (Lozada Toledo, 2013). The two largestdakes of th
system are Lake Tzibana (area 1.24 km?; max. ddpth)7and Lake Metzabok (0.83 km?; 25 m) (&g 1). The river Naha

is the principal superficial tributary connecting the lake system of Metzabok with the one of Naha (~830 m a.s.l.)ciakuperfi
outlet of the lake system does not exist. Although tldeli{eonal) water supply and discharge through the underlying karst
system is unknown, fast laltevel changes indicatsubstantialgroundwatersurface water connectionlsually, seasonal
lake-level changes amount to ~10 m and can be traced back to prehispanic times (Lozada Toledo, 2013). Between March an
August 2019 an extreme lakevel drop occurred that left Lake Metzabok completely dry and decreased the watef level
Lake Tzibané by-15 m.

3 Data acquisition and processing

With the primary goal of mapping sediment thicknesses below the lake floor of various lakes of the karst lake systems of
Metzabok and Nahda, we carried out a first geophysical campgaigphoying seismic (SBP) and TEM methods, when lake
levels were maximum in March 201Big. 2a). Immediately after the dramatic lakevel decline, we revisited the study site

in October 2019 to collect refraction seismic tomography (SRT) data and peffdRmieasurements directly on the dry lake
bottom ig. 2a, b.
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3.1 Electrical resistivity measurements in the laboratory

In October 2019, a total of six surface sediment samples (top 10 cm) and two water samples were collected at diffement locati
for laboratory analyses (see sampling locationBig 2a, b) On the dry lake bottom, sediment samples were collected using

a small spade, whereas an Ekman grab sampler was used to retrieve sediment samples fomvevnateaareas. Sediment
samples were stodén sealed plastic bags in order to prevent the loss of moisture; water samples were stored in plastic bottles.
All samples were kept cool during transport and storage in order to prevent an increased degradation of organic matter. Th
electrical conductity of the water samples (at 20°C) was measured with a laboratory probe. The fredepangent
complex electrical resistivity of the samples was measured using a Chameleon | measuring device (Radic Research) in th
frequency range from 1 mHz to 240 kHa this end, the unconsolidated sediments were filled intedoint measuring cells

with nonpolarizing potential eleatides as used by Kruschwitz (20G&hd Bairlein et al. (2014). Prior to and during the
measurement, the measuring cell was stored dhingate chamber to keep the sample at a constant temperature of 20°C.
Measurements were repeated over a period of 4 to 5 days after filling the cell and inserting it into the climate chedeber in o

to assure equilibrium conditions in the sample. Meanargs on relatively dry samples (MET2%nd TSI19A) resulted in
comparably high phase values. These samples were removed from the measuring cell, saturated with water of the
corresponding lake (using one of the two water samples), and filled agaiheénteetsuring cell. This procedure led to more
consistent phase measurements compared to the other samples.

3.2 Collection of subbottom profiler (SBP) lines

Low-frequency echaounders, often referred to as saditom profilers (SBP), are single channatsec reflection systems,
which are used to obtain bathymetric profiles and provide adeigblution stratigraphic display of the uppermost sediments
(e.g., Dondurur, 2018). In March 2018, SBP lines were collected with thelA@ransducer StrataBox HI3yQwest) which

has & output power of 300 Wiounted on a motor boat. Data was recorded with a record length of 2&@@dnas1024 Hz
sampling frequency. The SBP device was mountedships in a side mount configuration, with the transducer positioned at
0.4 m below the water surface. Prior to each survey, the acoustic wave velocity profiles of the water columne sfutietiv
lakes were measured with a Digibar S (Odom Hydrographic). SBP lines were laid out in a regalad ES\Voriented grid

with separations of 100 m and 300 m, respectively fsgel). Navigation data was measured with a differential GPS and
storad along with the SBP data.

During processing, the SBP acoustic traces were read in using code provided by Kozola (2020) and visualized using a Matla
script available with this manuscript. The average valune acoustic wave velocity of the water cotu(@486.6 m/s for

both lakes) were used to convert the tway travel time of the acoustic pulse into a depth scale for the seismic profiles.
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3.3 Transient electromagnetic (TEM) soundings

Transient electromagnetic (TEM) soundings were carried out fromdter surface using a singl@op configuration in March

2018. The loop with a diameter of 22.9 m (surface area: ~412 m?) consisted of a single, insulated copper wire attached to
floating ring made of twentjour 1-inch PVC tubes. The ring was toweddryinflatable boagquipped with an ektric motor

which was onlyturned onfor navigation between soundirsifes During the measurements, the loop was separated by 5 m
from the inflatable boatDepending on thespecific wind conditions, theunanchored systerslowly drifted during the
measurements resulting in maximum displacemengppfoximately twaimes the loop diameter (i.e., ~40 rBue to the
comparably low measurement velocity (ca. 3 min per sounding) and the poor maneuverability of the experimental setup, TEM
data was acquired along a lindtaumber of irregularly distributed lines of interest (Fig. 2a).

A simple echesounder (Garmin Fishfinder series) was used to measure the water depth at each soundingsitEAST48
(manufactured by Applied Electromagnetic Reseavedd useddr the acquisition of TEM sounding daferansients were
recordedusinga transmitter current of 1 &And32t me gates bet ween 3.6 ¢ =ff Rontthis 102 4
transient length, the measuring devieeords 64 transients, which are analogously averaged by the hardware. For one
sounding measurement, this basic measuring cycle is regeateddimes. Fore 1, which we usedor our measurements,

this results in 52 repetitions of the basic cycle and a total of 3328 effective stacks, which are used to compute the impulse
response by digital averaging and to determine the measurement errosentizad error of the mean (SENFpr times
around200 ¢s (the latest time gates used for the invergidhe SEM isMu p 1 V/Am2. For exemplary TEMdataand
errors,see Figure ADf the appendix.

During the processing, all transients were truncated to times &brh and1745 ¢ sand inverted using the software
ZondTEM1d A. Kaminsky, personal communication).cénventional 1Bsmoothnessonstrained modelling approach was

used to obtain a ordimensional multilayer mod€R0 layers)or each soundingositionsepaately. ZondTEM1dsupports
arbitraily shaped loopswhosevertices can be defined independently for transmitter and receivensure thecorrect
interpretation of the coincideidop dataThe samesoftwarewas also used to adjustyered models (fayers) In both cases
(smooth and layered modethe water depth measured with the esbander was used ag&ori information by fixing the
thickness of the first |l ayer to this wval ue. THshvalueadsect r
manually adjusted to provide a good overall fit for all soundings. Especially for sites with shallow water depths anhaka resis
lake bed (i.e., bedrock not covered by conductive sediments), constraining the resistivity of the wassgn#ieantly
improved the imaging resultslultidimensional effects, agvestigatedn detail by Mollindor et al. (2013) forEM data from

a lake with steepathymetric slopes, were at consideredn the interpretatiomas the bathymetric variation alongr survey

lines was relately gentle.Following the approach byogeshwar et al. (ZD), which is based on the one by Spies (1968@)

estimate thalepth of investigatio (DOI) of our TEM soundingsbased ortransmitterareaand current,averagesubsurface

resistivity (of the smooth models)andlate-time induced voltage
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3.4 Time-domain induced polarization (TDIP)

Time-domain induced polarization (TDIP) data was acquired with a Syscaiktoh 48 device (IRIS Instruments) using 48
stainlesssteel electrodes separated by 5 m or 10 m depending on the target. The soft and wet mud on the exposed lakebe
provided a good contact between electrodes and ground. Where TDIP profiles crosseddirnastrops, electrodes were
inserted into sedimediiiled fractures in order to keep contact resistances as low as possible. Measurements were carried out
with injection currents between 0.5 A and 1 A, one single stack and a 50% duty cycle with 508entsrmth (i.e., duration

of off time is also 500 ms). After an initial delay of 20 ms after current shut off, the voltage decay was sampled in 20 time
windows with a constant length of 20 ms. We used a digiplele configuration combining short dipolenigths of one
electrode spacinfpr superficial measurements with longer dipole lengths of two and four times the electrode fqracing
moderate and large depths, respectively. To prevent loss of data quality due to renctraxiegi®larizatiorfe.g.,Dahlin et

al., 2002) the measurement protocol avoids potential readings using electrodes that had been used as current electrodes befc
(Flores Orozco et al., 2012; 2088 TDIP lines of varying lengtlvere laid out along (and parallel to) selected 2018 SBP and
TEM lines on both laked={g. 2a, . In order to cover the full length of the nogbuth running SBP line L4 NS, TDIP lines
MET19-1 and MET192 were carried out as a ralong profile with an kectrode spacing of 10 m and an overlap of 12
electrodes.

During the processing, we removed erroneous measurements defined as those associated with negative apparent resistiv
and/or integral chargeability readings (Flores Orozco et al.,[30A&er the removal of erroneous measurements -data

pseudo sections were inspected and additional outliers were defined as those readings with integral chargeability @alues abo
8 mV/V. Based on an exemplary data shis tprocessing approach is further dssedthe appadix. Integral chargeability

values werethenlinearly converted to frequenajomain phase shifts assuming a constant phase angle response (i.e., no
frequency dependence) following the approach outlined by Van Voorhis et al. (1973) and intpteloyekKemna et al. (1999).

Finally, 2D complexresistivity sections weresconstructed from the filtered data using the smootho@sstrained least

squares algorithm CRTomo (Kemna, 20@I). sections arenly visualized down toraestimatediepthof investigationby

blanking nodel cellswith cumulatedsensitivity values two orders of magnitude smaller thanntiagimum cumulated
sensitivity (i.e, the sum of absolute, dagaror weightedsensitivities of B considered measurementsg, Weigand ¢ al.,

2017)

3.5 Seismic refraction tomography (SRT)

Seismierefraction tomography (SRT) data was acquired with thethnel seismograph Geode (Geometrics) and twenty
four 28Hz geophones installed along a line at 5 m spacing in October 201§erEvate the seismic signal, a 7.5 kg
sledgehammer hitting a steel plate was used at 25 shot points between the geophone positions as well as at distances of 2.t

from the first and last geophone, respectively. At each shot point, five shots were ttaokave thesignatto-noise ratio
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Due to the limited length (115 m between the first and the last geophone) and investigation depth, SRT data was ashly collecte
in the central parts of Exted TDIP profilesKig. 2a, b.

During the processingye appied a 120 Hz low pass filter on the seismic traogemo\e high frequency noisandallow for

a more accurate picking of first break tratietes. A tomographic inversion schentieendetermines the twdimensional

velocity structure below the SRT profilmsed on the firsarrival travel timege.g., White, 1989). For thiltering of the

seismic traceandpicking of the first arrivals, we used a Python toolbox developed at th&/iEd. The observed travel times
wereinverted with the pyGIMLi framework (Rucker et al., 2017) following a smoothoesstrained schemBased on the

ray paths computed for the resolved velocity mddej., Ronczka et al., 201 %e alsodetermine theo-called ray coverage

which permits taillustrate thedepth of investigatioby blankng models cells that are not covered by any ray.

4 Results and interpretation
4.1 Laboratory measurementd electrical properties of sediment and water samples

The compex-resistivity measurements on the six sediment samples carried out in the laboratory (Figure 3) show that most
resistivity values vary within a relatively narrowW rang
fromtheriverdeh i n Lake Tzi ban8 r eac h dduredbshowstisat phase vales (heigh the a n d
frequency range from 1 to 10 Hz, which is mainly tested by our TDIP measurements, are roughly comprised between 0.5 an
4 mrad Again, the only exception is sample TSIAQvith phase values of up to 6 mrad in the relevant frequency rsivige.
attribute the atypicdbehaviorof the sample TSIL® to its fluvial nature (coarse grains and high orgasovaten}, while the
remaining senples are clearly lacustrine (fine grains dmder organic content)lhe elevated phase values at high (>1 kHz)
frequencieswhich can be observed for all six samphla® typical electromagnetic coupling effects (Pelton et al., 1978), but

do not affecour TDIP measurements, due to the long initial delay before the sampling of the voltage decay starts.

The resistivity of the two water samples from the remaining water bodies used to improve the readings of two dry samples
(MET19-Aand TSI19A) wer en {1 Me9 z@bok) and 26.8 gm (Tzibang), res|
the average water resistivity of ~34.5 gm reported by RLU
during high lakdevel stands in 2016. This redion of electrical resistivity (i.e., increase of conductivity) is probably due to

the larger effect of evaporation on the salinity of small (and shallow) water bodies. Indeed, the remaining water bedy in Lak
Metzabok was much smaller (~50 m?) than the ionLake Tzibana (~5000 m2).

The average resistivity of the sediment samples for the frequency range between 1 and 117 Hz (and excluding sample TSI 1!
A) is 12.25 qgqm, whi ch sedimenty(p.g.,dRayholds, aQdMote that due abite eahtribatioraof e y
surface conduction along the charged etaiperal surfaces (Waxman and Smits, 1968), the bulk resistivity of the sediments

is even lower than the average resistivitythef water 25-3 5 duming high lakeevel stands). In our casthis resistivity

contrast between lake water and sediments by a factor of 2 to 3 is of particular relevance as it allows us, in pdetguie, to
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the two materials as separate units. To our best knowledge, this is the first time that the phasef pesitrdakebed

sediments have been measured in the laboratory.

4.2 Field measurements on Lake Metzabok

In October 2019, Lake Metzabok (average depth 15 m) was completely dry, except for some residual ponds. Its sediment
covered bottom is mostly flatith steep walls (>50% slope) and some cliffs along the shoreHiged@). Only some drainage

channels, steep limestone hillocks, and small polRids 4& d) eventually disrupt the smooth lakettom topography.

4.2.1 Profile 11 SBP and TDIPresultsreveal three distinct geological units

The northsouth oriented SBP line L4 N$h Profile 1crosses various of theBmestone hollocksind depressions, which are

well resolved by the first reflector in the seismogrdfig(4e). Within the depressions between the limestone outcrops, a
second reflectoran be resokd the geometry of which shows a certain consistency with the surface of the limestone outcrops
This reflectorcan be interpreted as the lower limit of the sediment cave. SBP datahows that not only the elevations
(outcrops) but also the depressions in the sediment cover are influenced by the topography of the underlying limestone: Botl
depressions, the drainage channel in the northern as well as the smaith poadsouthern part, are associated with local
heights in the limestone surface. Based on the SBP images, the sediment thickness mostly varies between 5 and 7 m alo
Profile 1.

Below the surface of the limestone outcrops and the lower limit od¢ldanent cover, respectively, we observe zones of
diffuse reflectivity. These might be related to the heavily fractured and dissolved limestone. Particularly in the fldteareas
sediment cover might also be underlain by blocks of collapsed limestdmseslitment filling the spaces between blocks and
debris. The lakes of the study area show all characteristics of karst lakes, which are expected to originate from amdtapsed k
cavities, and the collapse debris should still be present below the sedowent

The electrical images obtained from thelocated TDIP line (MET19 and 2) supports this interpretation: The resistivity
image Fig. 4f) shows a gross separation into two main units: The (i) sediments as well as the supposed limestene debris
sedimlent mi xture stand out with | ow resistivity values bet
part of the section are characterized by Fig.dgfhatso shaweas i st i
separation ird units with low and intermediapghasevalues. Here, a much thinner top layer (compared to the conducting layer

in Fig. 4f) stands out with phase values between 0 and 5 mrad, while the limestone bedrock shows phase values >5 mrad. Dt
to the relatively lav data cover after outlieemoval for large dipole separations, we do not interpret the phase values at depths
>50 m.

For the sediment infill, both the resistivity values of2@ gm and the phase values bel ow
laboratoryre asur ements on the sedi ment samples of Lake Metzab
phase values (heré) < 4 mrad. In contrast, resistivity and phase values associated with the limestone bedrock are significantly

higher than thosef the finegrained sediment cover. The intermediate layer, which we interpret as mixture-gfdined
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sediments and the collapse debris, seems to inherit the low resistivity of the supposath atatrix, while the phase or

polarization response iscreased by the limestone debris.

4.2.2 Profile 2i SRT measurements confirmthe presence of three geological unitglentified in the TDIP images

The northsouth oriented Profile 2 runs parallel to the last part of Profile 1 but shifted ~10 m Easeritied at the small

pond Fig. 4d) and has a smaller electrode spacing (5 m instead of 10 m) to better resolve the dadéstmte contact below

the bottom of the pond. The electrical imageg(5a, § show the same characteristics as seen indtresponding part of

Profile 1. Due to the higher resolution, here, we observe an internal layering of the shallow conductive units with a less
conductive 360 gm) top | ayer of ~10 m thickness and amimthe e co
northern and southern parts of the line. The separation into two units becmmesbviousn the phase image, where the
superficial layer is less polarizable (well below 4 mrad) than the deeper part. A few meters East ofitbétberprofile, the
resistive | imestone bedrock crops out, which might expl
(>6 mrad) over the first 20 m of depth below this part of the profile.

The pwave velocity structure in theRS image Fig. 5¢) confirms the presence of these three units: The shallowest layer,
corresponding with the sediment infill characterized by velocities between 200 and 1000 m/s, which is in agreement with
values for unconsolidated firgrained sedimentspeor t ed i n the literature (Uyaneék,
increase to 150@000 m/s, and at depths between 15 and 20 m, a sudden increase to values >2500 m/s is observed. The y
wave velocities of the deepest unit agree with the lower lifrtiggical ranges for limestone (Reynolds, 201 Which can be
explained by the high degree of fracturing and dissolution of the karst bedrock. The seismic velocities of the inteayezdiate |

do not provide any additional information on its nature, butccauell be explained by limestone debris or heavily fractured

and dissolved limestone with sedimditied open spaces.

4.2.3 Profile 31 Comparison of SBP and TDIP coroborates low phase response of lakeediment

The comparison of the SBP line along testeast directed Profile 3 with the corresponding electrical resistivity imaggs (

6) confirms the interpretation of the electrical images: The step in the lower limit of the sediment layer around 490 m along
the SBP profile, is also reflected in ttesistivity structure an is clearly resolved in the phase image. Again, the conductive

unit extends far below the SBP reflector, in particular betweerd@80m along the profilaVe interpret this reflector as the
contact between pure sedimentd #me mixed sedimertdollapse debrisThus,the mixed layer has a lower resistivity than the
superficial finegrained sediment layer. Along this profile, both sediriearing layers are characterized by low phase values.

The sedimentovered limestone bedrock between 440 and 530 m is characterized by high phase values, while phase value:
decrease as this unit approaches the surface and crops out at the end of the profile. The low phase values of the limesto
outcrop do not fit the previsly stated general characteristics of this unit but might be related to variations in composition

and/or degree of fracturing of the limestone bedrock.
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4.2.4 Profile 41 Water-borne TEM and terrestrial TDIP measurements rgeal consistent resisvity models

Fig. 7ashows the electrical resistivity image reconstructed from 12 TEM soundings along the profile crossing Lake Metzabok
from West toEast.Both, smooth and layered models, recaaeonductive layer of varying thickness below theeldloor
indicating the presence of fingrained sediment infill across the entire basin. This layer only disappears close to the shoreline
(i.e., towards the eastern end of the profilehere theesistivelimestonebedrockis in direct contact with thevater body:.
According to thdayered model,ie resistive bedrock itse encountereat depthsof approx. 1520 mbelow the lake bed

and only disappeatselow sounding MET10where a possible fracture zone might be responsibla fowerresistivity at

depth.

At both endof the profile and in particular at stations MET1 and WIE a conductor is indicatdmklow the resistive bedrogck

this could alsgooint toa more fractured bedrock arlithological contact, e.g., with a shaeological unit However, n
absence of complementanformation such as a detailed geologicahpor bore hole datave camalso not discard artefacts

due to distortedatetime transient dataEspecially closdo the shoreline, wherthe lake bottonrises steeply, th& EM
transients might additionally be affected by multidimenalceffects (e.g., Mollidor et al., 2013)hich are not taken into
accountoy the choseopnedimensional inverse modelling approach.

Due to the relatively high average resistivitijthe subsdacealong this profile, he depth of investigatio(DOI) computed
afterSpies (1989) andogeshwar et al. (ZD) is mostly larger than the 80shownhere.Possibly due to the large resistivity

and thickness of th@nestone bedrock, no changes of thedelled resistivity have been observed at dep8tsm

Between stations MET3 and MET7, the TEM image recovers a resistivity distribution similar to the oflecaited TDIP

profile (Fig. 7b). Taking into account that the wateorne TEM survey was aaed out with an average of 15 m water column,

the consistency with the TDIP resistivity results from the ke clearly indicatesgoodqualityand reliabilityof the obtained

TEM imaging results.

As observed before, the phase imdgig.(7c) showsa nonpolarizable top layer, which at a depth of ~10 m is underlain by a
unit with a higher polarization response (absolute phase values around 10 mrad and higher), corresponding with the debris
sediment unit. The SRT tomografig. 7d) shows a sharp inease in pvave velocity at depths between 20 m (in the western
part) and 30 m (in the eastern part). This southéigging surface correlates with a similar structure in the TDIP resistivity

model, which we again interpret as the contact with the limedtedrock.

4.2.5 Geological interpretation of the geophysical survey on Lake Metzabok

The schematic sketch presentedFig. 8a summarizes our geological interpretation of the geophysical profiles of Lake
Metzabok and the observations made on the expasgdthe drained lake. It rests on the assumption that the lakes in the
study area are formed by the coalescence of a number of dolines that resulted from the collapse of karst cavities.sThe remaii

of the collapsed limestone are expected to have fornumbas layer covering the floor of the former caves. Subsequently,
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the fluvial input of finegrained lake sediments has first filled up the interspaces between the blocks and then buried the collapse
remains, forming the two uppermost units observed balbprofiles.

Table 1 summarises the physical properties of the main units of this geological interpretation. The electrical redisévity of
fine-grained sediments and the mixed collapse debris and sediment layer is comprised within a relativetamgerdw the

TEM and TDIP resistivity images, these two units may appear as one conductive unit (see red dotteféidgings Ihis not

clear, why the addition of the more resistive lime stone debris should decrease the resistivity of the micedpanéd to

the pure finegrained sediments. In terms of the phase values, the distinction between these units is clearer and the increase ¢
the phasaesponsean the mixed layer is straightforward (because the limestone is more polarizabldehtamegrained
sedimentdasedon our field measurementsThe clearest indication of the inner structure of the conductive unit comes from

the collocated SBP sections, which show a clear seismic reflector at the corresponding depth. The limesthriebedres
detectable by its high-pave velocity in the SRT images and its high resistivity (TEM and TDIP), while its phase response
varies over a larger range and is, thus not as unambiguous. It is worth mentioning that wherevegrhieddsedimentsre

underlain by the collapse debris layer, the limestone bedrock does not appear as an additional reflector in the SBP sections.

4 .3 Field measurements orLake Tzibana

While the 2019 lakdevel decrease leftake Metzabok (max. depb m) completely draingdhe deeper Lake Tzibana (max.
depth 70 mpalwayspreserved water cover oat least2/3 of itsmaximumsurface arealrhe longN-S orientedSBP section

in Figure9 crossng the entireLake TzibangProfile 5)showsa similar lakebottom architecture ake onederivedfor Lake
Metzabok Steep limestone wallong the shotiame andflat partswith the typical 3layer structure consisting of firgrained
sediment covemollapsedebris and limestone bedrockinlike in the case ofLake Metzabok the flat partsof Lake Tzibana

are fownd at two different levels, whitare separateflom one aotherby a steep limestone clifddditionally, the southern

part of theprofile crosseghe delta of the Naha rivewherewe expect a higher fraction of coarser material (sand/gravel) in
the fluvial depositén conpaiisonto the well sorted sediments, mainly composed of clay anasieringthe flatparts of the

lake bottom In the SBP profile,itese delta deposs stand out by &ighly reflective lake bottom, which results in strong
multiple reflectionsbetweea lake bottom and water surfacéet, such reflectionshibit the recovery ofany informationon

the internal structure of the delta.

The TEM, TDIP, and SRT measurements carried out along Pé&fildrich roughly covers the 1ad60 m of Profile 6 (see
survey layoutn Fig. 2B fill in this missing informatiorT he resistivity images of both TEM and TDIP measurements presented
in Fig. 10a, b congstently show three main unit¢1)t he resi stive (>100 qmj2) alhightyest or
conductive (<10 qgm)3) xldya gf intermgdimate resistivityt(~a8(0,0 aimmrticular betwee 200

and 400 mgorresponding to the sand barstalpossibleinterbedded strata of clay, sand, and gragsbciated witthe delta
depositsAs observedibovealong Profile4, the resistivity model of TEM sounding TZI4#idicates a conduictg unit below

the resistive limestone bedroakhich could be relatedo a lithological contact, a fracture zgrmlistortedlate-time data or

multidimensional effectsThe low average resistivity belogoundings TZI1314 result in a gjnificantly reduced depth of
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investigation &pprox. 5560 m). The lack of borehole data hindexsonclusiventerpretation of ths conductive anomalgt
depth.
380 Probably due to the highly heterogeneous composition of the river delta, these depasiitsvaladeterogeneous distribution
of phase values (Fid.Oc). As observed before, the clay and limestone units below the fluvial deposits show low and high
phase values, respectively. The relatively high phase values in the clay layer below thddjunsits are probably inversion
artefacts caused by the relatively noisy TDIP data along this line.
The SRT imageKig. 10d) shows pwave velocities as low as 100 m/s within the fluvial deposits, which are in agreement
385 with literature values for padlly saturated, unconsolidated sand (e.g., Barriére et al., 2042)v® velocities increase with
depth across the thick (and probably compacted) clay layer. According to the electrical images, the surface of thebedrock li
below the lower limit of th&RT image. Accordingly, the highest velocities of <2000 m/s, seen in the SRT image, do not reach

the high values (>2500 m/g)pical for limestone bedrock.

5. Discussion
390 b5.1ldentification of suitable drilling locations

Our geophysical investiganhs delineate &6 m thick andnearly undisturbedlayer of fine-grained lacustrine sediments
covering the flat parts of Lake Metzabd@uch layer is relevant for the conductiorpafeolimnological perforationSuitable
drilling locationscan bedefinedbetween 450 and 550 m, as well as between 600 and &bénign Profile 1(SBP profile in
Fig. 4e) The large variation of the sediment thicknebservedlongProfile 3 which s perpendicular to Profile, Linderlines

395 the need for @omprehensivere-drilling investigation and aaccuratepositioning of the drilling equipmenthe sediment
layer betweerl00 and 200 m along ProfilerBpresents suitable drilling location fotake Tzibangsediment thickness also
5-6 m). Although thedeeper part of Lake Tzibané is covered by sedimdmasveen 40 and 600 m along Profile 500,
sediment thicknesses in this part of the lake are snfaléy 3-4 m according to the SBPriagg and drillingefforts would be
more considerable, due to tlaegerwater columrat this locatior(approx.30 m duringwaterlevel high standn 2019)

400 With a thickness of 40 m according to our electrical imaging results, the sedimentary cover along Profile 5 of Lake Tzibana
(particularly betwee250 and 400 mis muchthicker than the sedimentsvering the flat parts of both lakedowever, our
results alséndicatethatthesesediments rather correspond to fluvial deposits of the river delta. In this depositional regime, we
expect much higher rates of sedinaitn and thusnot necessarilyn older paleoenvironmentaécord.Additionally, river
deltssaremuch moradynamicsystens, in which sediments adeposited, eroded, and redeposited repeatedly, which decreases

405 the probability to obtain undistorted sedirmhescords as encountered further thié shore.

5.2 Geologicakituation of the studied lakesand hydrogeological implicatiors

Our field observations and geophysical imaging results also have important implications for the general understanding of the

geologicalsituationof the two studiedkarstlakes:Large areas dfoth lakesare covered by a layer aflayeysedimentswhich
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have a lowhydraulic permeability Thus, vhere it is thick enough (up to-& m across largearea$, this layeracts as a
410 hydrological barrier between the lakand the underlying karst. However, the remaining heavily fractured and uncovered
limestone outcropée.g.,Fig. 8bd) effectively connect the lakavith the karstwatersystem. This conclusion is underscored
by thehigh velocity at which the two lakes dreed practically simultaneoushetween February and July 202&cordingly,
the sudden drainage of both lakes might be related to thetsatrageological process.
While the interconnectivity between surface water and karst aquifer is well documentett lgb§ervations and further
415 underpinned byhe interpretation of ougeophysical result&ee Fig. 8)thespecific causgs) andmechanisr(s) ofthe sudden
drainageof Lakes Metzabok and Tzibamémain unrevealed. The suddenness of the drairsaggestshat one or more
previously clogged karst conduits were unplugged around these B&asedtime-series analyses of hydrological and
meteorological data in combination with paleoenvironmental studies on sediment cores will possibly providetailect
insight intothe mechanism and its triggers, and thus shed light ogubstion whethesuchcatastrophi@rainageeventsas

420 the one observed during 20&#elinked torecentclimatechangeor another geodynamic process.

5.3 Lessons learned fromimplementing a multi -methodological approachfor lake-bottom reconnaissance

Only the combinationof complementarymethodsemployed inthe present studgllowed us to produce comprehensive
geological models of the lakmottom geology of the studied karst lak&able 2 summarizes theharacteristics of the four
field methods (SRT, TEM, TDIP, and SRT), tmalividual contributiols of each method anttheir respectivelimitations

425 identified in this studylin the following we will discuss some important aspects of this overviemanre detail.

5.3.1 Sub-bottom profiler reflection seismic method

For shallowwater applications, the compact and moleilg@erimental setupf the SBP technique offers clear advantages.
Additionally, the high productivity and resolution in combination with the straigiward interpretation of the SBP
seismogramevidencethat suchreflection seismic methodsre best suitetbr a first reconnaissance tfe lake bottom. In
430 comparisonwaterborne TEM measurementsare by far slower and more labour intens{f@ both datacollection and
processingand the resulting imaging resultsvieaa lowerateralresolution.In our stug, the contact between firgrained
clay sediments and the underlying mixed layer (collapse debris and sediment) was clearl§remilie SBP data, which
permits astraightforward estimation of sediment thicknesses along SBP surveyTiheontacbr transition between mixed
layer and limestone bedrock was atetticeable in the SBP images but the interpretation was not as clear as in the case of the
435 first two layersand mainlybuilt on the availability of complementary TEM and TDIP dathe mainlimitations of the SBP
survey consist in theolv depth of penetration of this method, which hardly reached 10 m below the lake,lzottbmthe
total lack ofsubrbottominformationas soon as the lakebed is covered by coarser sediments as observeelinitheegion
of Lake TzibanaSuchif o paque sei smi c f ac.ioe stufalsaliménts §ave beeh Hiscussedl beore byi v i
Orlando (2013¥or measurements on the river Tiber in central Itelgnce, the combinatiorf evaterbborne TEM and 3B

440 methodscould offer a solution to improve the investigation of deep areas (resolved by TEM data), while lateral information
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can still be gained using SBP. The inclusion of SBP information fontbgpretationof TEM data towards the inversion of

an improved resistivity model, is an open area of research.

5.32 Water-borne transient electromagneticmethod

The waterborne TEM sounding systedevelopedor this study turned out to provide reliable resistivity images for water
depths down to at least 20 m. This conclusion is supported ggteement of the resistivity images obtained from water
borne TEM and lakdloor TDIP measurements along bdtEM profiles Fig. 7 andFig. 10). Previous shallowwater TEM

studies €.g.,Butler, 2009; and references therein; Hatch et al., 2010; Mollidor et al., 2013) empldgeg ronfigurations

with an outer transmitter loop aradsmaller receiver loop or coil in the centre, while we uséigh#-weight singleloop
configuration, which is quicker to assemble and easier to handle while navigating on theisakerth mentioning that in

terms ofnoise level and depth of invesdigon, our simple systegonsisting of ae single circular loogrovides comparable

results as thse obtainedwvith more sophisticated systemensisting of separatécansmitter and receiver square log¢es.,
Yogeshwar et al., 2020).

Besides the use ofsingleloop configuration, the use of small loops as employed in the present study can eventually result in
distorions in the transient dat@he measured curves (truncatedtoP1.4 4. 5 e€s) do not show any
data example in theppendix) and can be adjusted by reasonable resistivity models with an overadiolemveansquare

(RMS) deviation Thus,we discard the presence of such adverse effects in our data set. The good agreement between TEM
and TDIRderived resistivity models @hg collocated survey lines further supgdinis conclusion.

In the present studyf,EM resistivity imageslearly delineate the top of the bedrock and aéttee inner structure of the deltaic
deposits of the river Nah&vhich are notresolved by the SBBeismogramsThe interpretation of the layered resistivity
structure below the flat parts of the lake bottisronly possible by combining TEMesistivity images with complementary
information from other method#n particularthe SBP seismograms (and TDIP phase imaggdy thatthe thickness of the
fine-grained lakebed sediments does not exce@drbin Lake Metzabokwhile conductive units extend down to depths of
20-30 m (below the lake bottom) and moveée resolve this apparent contradiction by postulating an intermedjatenteade

of limestone debris from collapsed karst cavities anddiraéned sediments filling the spaces between the limestone blocks.
This mixed layer seems to be characterized by a much higher seismic velocity compared to the fine sediments bat a similar
slightly lower electrical resistivity. Consequently, the small resistivity contrast between thgrdined lakebed sediments

and the underlying mixed layer hinders an unambiguous estimation of sediment thickness from TEM (and TDIP) resistivity
data.

Our results also show the atages in the interpretation of the sounding data after the incorporation of water depth and
eventually water resistivity into the inversion of TEM data-asiari information. Water depth is readily measured during the
TEM sounding using a standard echo sounder. Further investigations can consider the addition of fluid conductivity and

temperature measurements using conductteitgperaturedepth (CTD) probes to improve the inversion of waterborne
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measurements and, thus, theestigations of the lakebed by electrical methods. Such information can also be obtained from
the analysis of water samples.

We haveadjusted smooth and layersmbdels to the TEM sounding dataothrecoveing similar sub-bottom structurgalong

the two lines discussed heihile the smooth model$acilitate a directcomparison with the (smoot2D TDIP resistivity
imagesthe layered modslaremore appropriate to imag#harpgeological contactsThe averagdit quality (as assessed by

the percentage RMSwhich is slightly better for the layered modet®uld point to rather sharp contadtkwever, it is not

at all straight forward to decide whethsharp resistivity contrasexist between the main lithlogical units(i.e., sediment

cover and limeston&r not. As our interpretation of the Metzabok datggestse.g., within the mixed layethere might be

a smooth transitiomlue toa continuously increasing volume content of limestone with dépth same is true for contacts

betwee different, eventually interbeddeskdimentary unitse(g.,fine-grained lake sediments/sandy delta deppsits

5.3.2 Induced-polarization imaging of the lake floor

Thefact that the studied lakesainedprovided us with the unique opportunity to carry out PDheasurements directly on
thelake floor.The low contact resistances and the easy installation of electrodes on the soft ground represent ideal condition:
for electrical imaging measuremenkurthermore, e evaluation oboth phase datdor sediment saples analysed in the
laboratory andor the insitu measurements on the exposed lake fisamprecedented or at least veaye in geophysical
literature.In the present studyhe TDIP phaseesults permitted to significantly improve the obtaigedlogical model of the
lake-bottom. In particular, th&P imagesshowed dow phase response of the lake sediment®ne hané&nda comparably
high phaseresponse of the limestone bedraaidthe collapsealebris layeron the otler hand The interpretatiorof the field
TDIP phasess sustained byur laboratory measurements on sediment samples agdddeoverall agreement of the shallow
low-phase layer with the corresponding reflector in the SBP images.

Larger \ariationsin the phase response of sediments (espediayincreased phase valugissample TZI19A) arelikely
related to differendepositional regimesPreliminary gochemicalanalyses of the sediment samples imgignificantly
increased total organic carbon (TOC) and castmenitrogen ratio (C/N) of theample TSI19A compared to the other five
samplegP. Hoelzmann, personal communicatjorligh values of TOC and C/Noint to a larger fraction of organic matter
from terrestrial sourceim sample TZI19A, while the smaller amount of organic matter of tileer five sampleprobably
stems from algal plant#\ strong control of TOC otthe phase response has begportedearlierfor other materialge.g,
SchwartzandFurman 2015;Flores Orozco et al., 2020)

Based on thencouraging findingef the present study, the application of TDIP imaging for the-badttom characterization
emerges as an interesting complementary méfrothe characterization of lakbottom sedimentsAlthough promisingor
desiccated or shallow lakethere are somémitations for TDIP measurementto be carriedout on watefilled lakes In
principle, TDIP data could be collected with flivef electrode arrays as used for wdierne directcurrent resistivity surveys.

However, the collection of deep IP datas needed to investigate the sediments below a water column of, e.gi, @fem
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suffers from a low S/N ratio. This limitation callbe overcome by bringing the electrodes closer to the lake hoitbith is

possible but logistically more effortfé¢.g.,Baumgartneand Christenser2006.

5.3.4 Seismic refraction tomography of the lake floor

In the present study, thend SRT measurements carried out on the exposed lake ¢lmafirmed the layeredstructure of the
510 flat parts of the bottom of Lake Metzaba¥erred from theprecedingthree methods. Ithosecaseswhere the depth of
investigation ofthe SRT images was largmough to cover the top of the limestone bedrock (i.e., Profiles 2 arhbist)
geological contact was delineated clearly by a steep increase $Rfheelocity model The main limitatios regarding the
applicability of SRT measurement on the lake flowhich we identified in this study, are related to #pecific surface
conditions Ontheone hand, thgeneration of seismic pulses wasessivelyabour intensiveas the steel plateogged down
515 into the soft lakebottom and had to baug outafter exery singlehit. On the other handhelow signatto-noise(S/N) ratio of
somedata collected on thewuddy lake floor (e.g., alongréfile 2, see appendix renderedhe processing and interpretation
of SRT results challenginiiVe attributethelow S/N to thedifficult coupling of seismic energy into the groundyigh energy
loss of seismic signais soft sedimentsand ahigherlevel of ambient noise (e.gnduced bywind). Althoughthe picking
percentges of noisy SRT profilehere, Profié 2)were much loweand RMS deviations significantly increasedomparison

520 to data collectean firm ground (e.g. Profile 5the depth of investigation only decreasedapprox. 20% gee Figs. 5¢ and
7d).

6. Conclusions

Based orthe combination of different geophysical techniquke present studyrovides important insighito the geological
situationof two hydraulically highly dynamidkarst lakesThe compasgon of wateiborne and land surveysdtried outafter

525 the sudden drainage of the lakes) permits a detailed evaluatib@ pbtential and limitations afifferent seismicelectrical
and electromagnetic geophysical methods foiiriiestigation osuchlakes One principal outcome of this studytigat only
the combination o€omplementarynethods provides sufficient informationdevelop a comprehensive geological model of
complexkarstenvironmeng. In this sensethe presensystematidield study paves the way towards an improgedphysical
characterizatiorwhich is needed to bettenderstandurfacegroundwater interactions karst systems andjore importantly

530 to evaluatelimatechange related effects on karst water resoutndhis regardthe interpretation of our results permitted to
determinesuitable drilling locations fofuture paleoenvironmental drilling campasgmhich are characterized by thick-§5
m), undisturbed fingrained lake sediments covering fte parts of both studied lakeEhe recovery otontinuous and far
reaching sedimentary recordsanother importanelementfor the understanding of the impact of climate change on the
availability and quality of watein karst systems.

535 The evaluation othe different methods derived substantial benefit from the possibility to recollect addititmdireatly on

the exposethke floor after the sudden drainage of Lakes Metzabok and Tzibhedgood agreement of electrical resistivity
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data collected with anew waterborne TEM system, TDIP resistivity dafeom the dry lake botim, and electrical
measurements on sediment samples in the laboratory demonstratesribatThdM systemworks well down to water depths
of at least 20 mE-urthermore, there is no reason to assume that the system should not work as well in evevatE¢p20
540 m)depending on the water conductiviliDIP phase images turned out to provide relevant complementary inforrétéoa,
in particular about thaaner structure of the conductive units covering the lake bottom. Seismic data from-bovateSBP
and a SRT survey on the dry lake floor provided complementary information and allowed to interpret the two conductive units
as a top layer of fingrainal sediments and an intermediate layer of debris from collapsed cavities in the heavily karstified
limestone bedrock. At the same time, the delineation of the upper limit of the buried limestone bedrock was not possible from
545 the seismic data only. Thus, tfieal interpretation was only possible by combining electrical and seismic data sets and by
incorporating geological and geomorphological constraints, showomgce agairi the strength of a mukinethodological

and interdisciplinary approach.

Appendix A: Data quality and filtering

TEM. Figure A.1ashowsthe TEM raw dataof selectedsoundings along Profilé of Lake Tzibanan terms of thenduced
550 voltage (normalized to loop area and transmitter curr@stilescribed in the main tex] sounding curvesrere truncated to
a unit time window betwee?ll.4and1745 ¢ sEarlier times were ignored to minimize the effectiistorted earhtime data
At the latest time windowthe SEMof the induced voltagés approximately p 1 V/Am? for all soundings (except for
TZI44) and about 12 orders magnitude smaller than twgrespondingnduced voltageFigure Alb shows the measured and
calculated apparent resistivity curves the same soundingsAs indicated by the overall smalbotmeansquare error
555 (RMS<5%), the measured curves are all recovered well by thstadjsmooth resistivitmodels whicharevisualised irFig.
10.
TDIP. TDIP datawasfiltered based on the apparent resistivity apgarent chargeabilityata.In a first step, TDIReadings
with apparent resi sti vichaygeabiityw a b s e 90 Wdleremavedas/oatliersiagspcande n t
step,based on the visual assessment of the raw plseudo sections and histograms (see RigoAan exemplary data set),
560 measurements with apparattargeabilityvalues >8 /V wereremoved as further outliers. The selection of the limit of 8
mV/V for the apparenthargeabilityvalues is based on the obsereatiof a narrow distribution of physity meaningful
values in theorrespondindnistograms (see Fid\2 d and h) In the case of thdata set shown in Fig2A which corresponds
to thesecond part of the redllong profile 1 of Lake Metzabok, this filtering results in a reduction to 57teainfiltereddata
set. Thishighloss of data is related tocamparablypoor data quality of thehargeabilitymeasurements along this long line
565 (470 m length, 10 m electrode spacirg)orter profiles withhalf theelectrode spacingb m in the case girofiles 24 and 6
are less affected lnoisy chargeability datas reflectedn a higher percentage of useful data (up to ~88% in the case of Profile
3 of Lake Metzabok
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SRT. Collected with 24 geophones and 25 shot positions, each tomographic datasssts of a total of 600 seismic traces.
Fig. A3 shows exemplary seismic traces for one centralbsitionsand the travetime curves (constructed from the picked
first arrivalsof all 25 shot positiongor onerelativelynoisy (Profile 2) andne relativelyclean (Profile 4) data séfhe picking
percentagedisplayed along with the travime curveseflects the number of tragefor which a first arrival cdd be identified,
and serves as a measofeveralldata qualityThe bw data qualit of Profile 2 data results in a low picking percentage (341
out of a total of 600 traces) and mainly affects lofiget datawhichclearlyreduesthe depth of investigatiof-40 m Fig.

5¢). In comparison, SRT data collected along Profile 4 is cle@®&first out of 600first arrivalspicked and, thusresults

in a larger depth of exploratiqe50 m Fig. ).
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Table 1: Ranges of physical properties of the geological units interpreted from our geophysical profiles ardboratory
measurements. Resistivity data based on TEM, TDIP resistivity and laboratory measurements; phase data (absolute value)
according to TDIP images and laboratory data between 1 und 10 Hz-wave velocity from SRT images.

Material / geological unit Resistivity Phase P-wave velocity

( gm) (mrad) (m/s)
Fine-grained sediments 5130 <4 2001 1500
Collapse debris & fingrained sediments 5120 >5i 6 1500 2000
Limestone bedrock >100 >4i 5 >2000
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Table 2: Methods used to image the subottom structure of the studied lakes Summary of physical properties resolved, typical
parameter ranges in the study areas well assetup and characteristics of the measurement3ypical depths of investigationglepend
on the specific instrumental setup used main contributions and limitations mostly refer to the present study and the specific

750 geological situation

Physical Setup and DOI
Method property and b anc Main contribution Main limitations
typical range characteristics (m)
Resolves contact i Penetration depth
VI Water borne; 14kHz between finegrained ?eTm It:)ieloé\{\g?ke bottom
SBP only reflection  transducer300 W 10 sediments and i l.\lgo” gﬁetration iwoarse
patterngesolved output powerpoat underlying mixed layer Pene
(e.9.Fig. 40) delta sediments
-9-H18. (e.g.,Fig. 10a)
Water borne. Delineategop of , i
- unanchoredingleloop bedrock (e.g., Fig. 7a) I Low acquisition
M ms00 i JECTAEIOR S0 andcousaia ceposis teecEIod I
curre:nt, rubber boat (.g-Fig- 109
" ‘) " : Delineates coarse " o
5500 q! lsgc?r‘:‘glai: Ielltgcrt‘rr]odes delta d_eposits ;)el\tl\?vecéialgi:es zgztilr%nents
TDIP dipoledipole, 0.51 A 50i 70 (e.9.Fig. 10b) . . and limestone bedrock if
o« transmitter c[Jrrént, ;f ;ir:g.;\é?:e?je;g;ﬁg:p only” is considered
2i 6 mrad 500 ms pulse (e.g., Fig. 5b) (e.g.,Fig. 4f)
Terestrig 5 m i Eventually low quality
SRT V) spacing, 24 geophones 401 50 Delineates top of of data acquired on mudd

2007 3000 m/s (28 Hz) energy source:

7.5 kg sledge hammer

bedrock(e.g., Fig 7d)

lake floor

Hokk

*p-wave velocity,™ electrical resistivity,™ resistivity phase
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755 Figure 1: Layout of the geophysical survey on lakes Metzabok and Tzibana during higlevel stands in March 2018. Black lines
show the subbottom profiler (SBP) survey grid, bold lines highlight those profiles discussed in detdit this manuscript, white circles
represent individual transient electromagnetic soundings (TEM). The optical satellite image in the background (source: Bingads
data base) shows lake water surface similar to the higlevel stands encountered during March 2018.
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760 Figure 2: Layout of the geophysical survey on lakes tzabok (a) and Tzibana (bin October 2019 (after the sudden lakdevel drop)
including sub-bottom profiler (SBP), transient electromagnetic (TEM), timedomain induced polarization (TDIP), and seismic
refraction tomography (SRT) measurements. The geophysical measurements discussed here are grouped into five profiles; black
triangles next to the profile names indicate the profile orientations. Yellow and blue triangles indicate sampling locatioffer
sediment and water samplesraalysed in the laboratory, respectiely. The dashed black line in (bindicates the dry part of the river

765 delta exposed during October 2019.
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Figure 3: Frequency-dependent complex resistivity of six lakéottom sediment samples retrieved from Lake Metzablo (triangles)
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770 the field.

28



A ,
island rair limestone
' hillock

limestone
outcrop

Topography

South —»

" fine-grained
sediment

collapse debris and M&Q
ﬁne sedlment'?

m v )

Sub-bottom profiler

40 " o, VHE -': M4 52N A T L A A B i ! LW
0 4 50 100 150 200 250 300 350 400 450 500 550 600 650 700

M

p (2m)

Depth (m)

50 100 150 200 250 300 350 400 450 500 550 600 650 700
Distance (m)

o

50

Depth (m)

Flg 5a, b 1

L 2 By ey sy v prosin sporins syl

Time-domain induced polarization

RMS = 32.9%

P BRI PR R R

| IR P B

o =N W bH OO
—¢ (mrad)

50 100 150 200 250 300 350 400 450 500 550 600 650 700
Distance (m)

Figure 4: Topographic features and geophysical sections along Profile 1 of Lake Metzabok. Photographs of topographical features
taken in October 2019: @) lake basin with flat bottom, (b) drainage channel, €) limestone hillock, @) deep fracture and pond next
to shallow limestone outcrop. €) Sub-bottom profiler (SBP)section with dashed lines highlighting the main reflector encountered
775 below the lake floor and dotted lines outlining a zone of high diffuse reflectivity f and (g) electrical resistivity and phase images,
respectively, including electrode positions (black dots along the surface) and dotted lines taken from SBP secfidactrical sections
are shifted by 25 m with respect to the SPBection.Labels in the lower leftcorners of (f) and (g) represent theamount of data points
used for the inversioncompared tothe total measured data(same for resistivity and phase) and the respectiy@ercentage root mean
square deviations (RMS) of the inversion
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Figure 5: Geophysical sections along Profile 2 of Lake Metzabqkame coordnates as in Fig. 4)(a) and (b) electrical resistivity and
phase images, respectively, including electrode positiottdack dots along the surface), sampling locations of sediment samples (red
diamonds at the surface), and the main lithological units interpreted from the SBP image (dotted lined)abels in the lower left
corners represent the amount of data points usedof the inversion compared tothe total measured data (same for resistivity and

785 phase) and the respective percentage root mean square deviations (RMS) of the inversi@h Seismic refraction tomogram with
main lithological units including picking percentage (PP) arl RMS of the inversion
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Figure 6: Geophysical sections along Profile 3 of Lake Metzaboka) sub-bottom profiler section with dashed lines highlighting the
main reflector found below the lake floor, dotted lines outlining a zone of high diffuse reflectivity including main reflects and the
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respective percentage root mean square deviations (RMS) of the inversion
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Figure 7: Geophysical sections along Profile 4 of Lake Metzaboka) Interpolated TEM image based onsmooth 1D modelsleft bar
graphs show layered, right bar graphs smooth models;individual percentageRMS deviations are givenfor layered and smooth
models, repectively. The black solid linein the sectionindicates the watersediment contact, the dtted line the top of the limestone
bedrock inferred from this image. (b) Electrical resistivity and (c) phase images including electrode positions (black dots along the
surface), and the main lithological units as interpreted from the SRT image i(d) (dotted lines) Labels in the lower left corners of
(b) and (c)represent the amount of data points used for the inversion compared the total measured data (same for resistivity and
phase) and the respective percengge RMS of the inversion (d) Seismic refraction tomogram with main lithological units including
picking percentage (PP) and RMS of the inversian
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