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Regional-scale airborne electromagnetic surveying of the Yucatan
karst aquifer (Mexico): geological and hydrogeological interpretation

Bibi R. N. Gondwe & David Ottowitz & Robert Supper &

Klaus Motschka & Gonzalo Merediz-Alonso &

Peter Bauer-Gottwein

Abstract Geometry and connectivity of high-permeabili-
ty zones determine groundwater flow in karst aquifers.
Efficient management of karst aquifers requires regional
mapping of preferential flow paths. Remote-sensing
technology provides tools to efficiently map the subsur-
face at such scales. Multi-spectral remote sensing imagery,
shuttle radar topography data and frequency-domain
airborne electromagnetic (AEM) survey data were used
to map karst-aquifer structure on the Yucatan Peninsula,
Mexico. Anomalous AEM responses correlated with
topographic features and anomalous spectral reflectance
of the terrain. One known preferential flow path, the
Holbox fracture zone, showed lower bulk electrical

resistivity than its surroundings in the AEM surveys.
Anomalous structures delineated inland were sealed above
by a low-resistivity layer (resistivity: 1–5 Ωm, thickness:
5–6m). This layer was interpreted as ejecta from the
Chicxulub impact (Cretaceous/Paleogene boundary),
based on similar resistivity signatures found in borehole
logs. Due to limited sensitivity of the AEM survey, the
subsurface configuration beneath the low-resistivity layer
could not be unambiguously determined. AEM measure-
ments combined with remote-sensing data analysis pro-
vide a potentially powerful multi-scale methodology for
structural mapping in karst aquifers on the Yucatan
Peninsula and beyond.

Keywords Remote sensing . Frequency-domain EM .
Karst . Yucatan . Mexico

Introduction

Karst aquifers are extremely vulnerable to pollution.
The high permeabilities of karst geology cause rapid
infiltration, fast water flow through caves and limited
retention of contaminants. Contaminant sequestration
from caves to the matrix and subsequent slow release
makes recovery from pollution events particularly slow
for karst aquifers (Li et al. 2008). Karst aquifers
provide the main source of water for about 20–25 %
of the world’s population (Ford and Williams 2007).
The problem of karst groundwater protection is therefore
globally relevant.

Delineating capture zones of well fields and ground-
water-dependent ecosystems is a fundamental task in
groundwater management. In karst aquifers, this task is
particularly challenging because groundwater flow is
heavily influenced by the geometry and connectivity of
subsurface high-permeability structures such as caves and
fracture zones. It is generally difficult to obtain informa-
tion about such underground preferential flow paths, and
to produce detailed descriptions of the complex heteroge-
neous subsurface of karst aquifers. Most karst aquifers
may be conceptualized as double-continuum conduit-
matrix media, with water exchange between the two
domains (e.g. Peterson and Wicks 2005; Cornaton and
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Perrochet 2002). Water storage and transport take place in
both domains, but typically conduit flow dominates over
matrix flow, while water storage is larger in the matrix
than in the conduits (Atkinson 1977; Worthington 2003).

Remote-sensing data and geophysical methods have been
successfully used to locate preferential flow paths and
structures in karst aquifers; however, success of the various
methods always depends on local site conditions (Benson
and Yuhr 1993). Remote-sensing studies typically utilize
optical imagery for creating lineament maps, either by visual
inspection or using computer algorithms. Surface lineaments
are commonly correlated with subsurface faults, fractures or
conduits (e.g. Tam et al. 2005; Hung and Batelaan 2003;
Süzen and Toprak 1998; Kresic 1995; Degirmenci and
Günay 1992). Digital elevation models (DEM) have also
been used to infer the location of subsurface karst features,
because anomalies in geomorphology are often associated
with karst structures (Masoud and Koike 2006).

In contrast to the terrain surface anomalies investigated
with remote-sensing methods, geophysical exploration
methods can detect subsurface anomalies. A wide variety
of ground-based geophysical methods have been applied to
locate subsurface karst features. The methods include
microgravity (e.g. Mochales et al. 2008), magnetic reso-
nance sounding (e.g. Vouillamoz et al. 2003), multielectrode
resistivity imaging (e.g. Nyquist et al. 2007), seismics (e.g.
Guérin et al. 2009), ground penetrating radar (e.g. Henson et
al. 1997), very-low-frequency EM gradient surveys (e.g.
Bosch and Müller 2005), and electromagnetic methods (e.g.
Vogelsang 1987; Doolittle and Collins 1998; Shah et al.
2008). Geophysics has also been used to detect the main
azimuth angles of subsurface high-permeability structures
(e.g. Steinich and Marin 1997). The ground-based methods
are applicable for local-scale studies. However, regional-
scale studies require greater spatial coverage, and airborne
electromagnetics (AEM) emerges as an attractive option in
this context. The studies by Doll et al. (2000), Gamey et al.
(2001), and Smith et al. (2005) successfully mapped general
karst aquifer structure using AEM, and Supper et al. (2009)
found excellent correlation between AEM anomalies and
known karst conduit locations on the Yucatan Peninsula.

This study uses multi-spectral satellite imagery, digital
elevation models (DEM) and AEM surveys to map
regional-scale preferential flow paths in the Yucatan
Peninsula (YP) karst aquifer. The YP is one of the world’s
largest and most spectacular karst aquifer systems.
However, regional-scale groundwater flow on the YP is
poorly understood, due to limited knowledge on the
aquifer properties and their spatial variation. Bauer-
Gottwein et al. (2011) have recently completed a
comprehensive overview of the state of knowledge on
the Yucatan karst aquifer. The study area is located in the
eastern part of the YP (Fig. 1), and includes the Sian
Ka’an Biosphere Reserve—a protected area with a
groundwater-dependent wetland, which provides impor-
tant ecosystem services and tourism revenue. The wetland
seasonally varies in extent from approximately 1,000 to
2,600 km2 (Gondwe et al. 2010b). The aquifer contains
the world’s longest submerged cave systems (QRSS

2010). Comprehensive coverage of the entire study area
(35,000 km2) with AEM was not feasible in this project.
Therefore, multi-spectral imagery and DEM were used to
locate potential high-permeability zones and structures in
the regional karst aquifer. Some of these structures were
subsequently targeted with AEM surveys. AEM results
are interpreted in terms of their geological and hydro-
geological significance.

Methods and data

A multi-scale approach was used to map karst aquifer
structure on the YP at the regional scale. In a first step,
multi-spectral satellite imagery and a digital elevation
model were used to delineate potential high permeability
zones at the scale of the entire study area (35,000 km2).
Subsequently, targeted AEM surveys were carried out
over selected structures at the kilometer scale in order to
clarify their geological and hydrogeological significance.
This section provides an overview of the study area and
the geological framework. Subsequently, the regional-
scale mapping methods are presented. The section
concludes with a description of the AEM surveys.

The study area
The study area is the conjectural groundwater capture
zone of the wetland in the Sian Ka’an Biosphere Reserve,
located in Quintana Roo, Mexico (Fig. 1). Previous
hydrogeologic studies of the area are scarce (Perry et al.
2002, 2009; Beddows 2004). Gondwe et al. (2010a)
present an integrated conceptual hydrogeologic model of
the study area. The capture zone was delineated based on
topographic divides and a few known groundwater flow
divides. The groundwater heads available for the YP are
in agreement with these tentative capture-zone boundaries
(Gondwe et al. 2010a), while geochemical results of Perry
et al. (2002) support the water divide at Lake Chichanka-
nab. Average precipitation ranges from 840 to 1,550 mm/
year, and groundwater recharge equals approximately
15 % of the rainfall (Gondwe et al. 2010a). The rainy
season lasts from May to October. The aquifer hosts a thin
freshwater lens (0–100 m thick) underlain by saltwater.
Overall, the shape of the freshwater lens is in agreement
with the Ghyben-Herzberg principle (Gondwe et al.
2010a; Marin et al. 2004; Steinich and Marin 1996;
Moore et al. 1992). Soil thickness on the YP is limited and
the predominant land cover is a 15–30-m-high semi-
evergreen forest. The study area displays a notable
topographic contrast. The topographic relief is flat in the
northern and coastal part (elevations 0–20 m above mean
sea level (mamsl)), whereas the south–southwestern
portions have an undulating relief with cone-karst land-
forms (elevations up to 340 mamsl). These two geo-
morphologic zones are called the flat and the hilly area,
respectively, in the remainder of this report (see Fig. 2a).
A transition zone with moderately undulating relief (20–
50 mamsl) is located between the flat and the hilly area.
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Topographic depressions with seasonal swamps (‘bajos’,
‘poljes’) are found in the hilly area. Six of these
depressions, were surveyed using AEM in this study,
including the Holbox fracture zone. Seasonal surface
drainage connects some of these swamps. Saline, un-
drained and/or waterlogged soils are found in some of the
swampy areas. The hydrology of Sian Ka’an’s wetlands
was studied by Gondwe et al. (2010b). Further details on
the study area are given in Gondwe et al. (2010a).

Geological framework
The YP consists of limestones, dolomites and evaporites
reaching thicknesses of >1,500 m (Weidie, 1985). The

surficial sedimentary rocks span Upper Cretaceous to
Holocene in age, and are generally nearly horizontally
layered and off-lapping, with gradually younger carbo-
nates deposited towards the peninsula margins (Lopez-
Ramos 1975; SGM 2007; Schönian et al. 2005). Kenkmann
and Schönian (2006) emphasized that the geology of
the southern peninsula is poorly constrained due to few
exposures and difficulties in dating the sediments through
biostratigraphy.

Ejecta associated with the Chicxulub meteorite impact,
at the contact between Cretaceous and Paleogene sedi-
ments, has been found in southern Quintana Roo and
neighboring Belize (Ocampo et al. 1996; Fouke et al.
2002; Pope et al. 2005; Schönian et al. 2005; Kenkmann

Fig. 1 Geology of the Yucatan peninsula, modified from SGM (2007). Topography from shuttle radar topography mission (SRTM; USGS
2006) overlain as grey-scaled transparent. Study area outlined with thick black polygon. Dashed line around Sian Ka’an Biosphere Reserve
indicates boundary of the protected area. Stars indicate populated places. Coordinates are UTM zone 16 N, WGS84 datum and ellipsoid
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and Schönian 2006). The Chicxulub impact occurred in
the northwestern YP (Hildebrand et al. 1991; Pope et al.
1991) at the approximate location of 21.3° N/89.5° W
(NUTM16 (WGS84): 240600 mE, 2357400 mN), and a
distance of about 80–350 km from the study area. Based
on geochemical data, Perry et al. (2009) proposed that the
ejecta blanket extends south and east of Lake Chichanka-
nab. The extent of the possible ejecta blanket in the study
area is not well known as Perry et al. (2009) only report
on three water-sampling points in this region. The ejecta
blanket is believed to be a discontinuous blanket, possibly
due to erosion following its deposition (Pope et al. 2005;
Kenkmann and Schönian 2006). In official geological
maps some ejecta deposits in the hilly region appear to
have been misdated to be Quaternary deposits, as some
locations correlate with locations mapped by Kenkmann
and Schönian (2006) as ejecta (Neuman and Rahbek
2007; Perry et al. 2009). The ejecta is expected to have a
low permeability to water, as it is clay-rich, and has a
sealing or partially sealing effect (Ocampo et al. 1996;
Grajales-Nishimura et al. 2000; F. Schönian, Humboldt-
Universität zu Berlin, pers. comm. 2007; Perry et al.
2009). Ground-based transient electromagnetic measure-
ments and geophysical borehole logs reported in Gondwe
et al. (2010a) show a geological unit with low resistivity
and high natural gamma-radiation in the hilly area and the
transition zone. The unit was generally encountered at
around 0–13 m below surface (mbs) and was about 3–8 m
thick. The unit was proposed to be the ejecta-layer
(Gondwe et al. 2010a).

A series of sub-parallel faults, trending SSW–NNE
exists in the southern part of the study area—The Río
Hondo fault system. These faults have not been mapped in
detail, but surface expressions are the fault-guided lakes in

the study area, of which the largest is the ∼54 km long
Laguna de Bacalar. The fault system has also shaped the
Caribbean coastline in the study area, and sub-parallel
horst and graben systems are present offshore (Rosencrantz
1990). The Río Hondo fault system started forming in the
late Jurassic, and continued to be active throughout the
Cretaceous and Cenozoic. For this reason the rift structures
are not hidden by sedimentary sequences (Dillon and Vedder
1973). Another fault system is located in the northern part of
the study area—the Holbox fracture zone, also trending
SSW–NNE. Its southern terminus is not well determined but
possibly the Holbox and the Río Hondo fault systems
intersect (Southworth 1985). Tulaczyk et al. (1993)
described swales in the Holbox fractures zone as solution
corridors, and mapped them based on remotely sensed
optical and infrared imagery.

Regional-scale mapping using Landsat and Shuttle
Radar Topography Mission (SRTM) data
Visual inspection of Landsat ETM+imagery revealed line-
shaped features, resembling rivers, riverbeds or elongated
structures on the land surface, which sometimes linked
open water bodies. These structures were digitized
manually. A nearly cloud-free true-color composite of
the visual bands—RGB: band 3 (630–690 nm), band 2
(525–605 nm), band 1 (450–515 nm)—of Landsat ETM+
data (NASA Landsat Program 2000; 2001; 2002; please
refer to the reference section for acquisition dates), and
band 4 (near-infrared, 775–900 nm) from the Landsat TM
Tri-Decadal mosaic (NASA Landsat Program 1990) were
used, covering the entire study area. The spatial resolution
of the imagery was 30 m×30 m. Band 4 displayed distinct
very dark elongated structures within the study area west

Fig. 2 a Topography from SRTM (USGS 2006), highlighting the hilly and the flat areas referred to in the text. Structures (green) outlined
from visual inspection of satellite imagery are also shown. b Landsat Tri-Decadal TM mosaic band 4 (NASA 1990) in grey-scale, white
indicating highest brightness. Structures are seen as elongated black and white lines in the southern-central part of the study area (red)
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and southwest of Sian Ka’an. Low reflectance in band 4
typically indicates open water or high soil moisture.
Figure 2b shows the peninsula imaged with band 4. Dark
features can be clearly recognized in the central and
southern part of the study area and around the northern
swales of the Holbox fracture zone, while they are absent
from the remainder of the YP. In the true-color composite,
dark green river-like features (Fig. 2a) were identified in
the central and southern part of the study area. Most of
these features are not indicated on the most recent official
map of perennial and ephemeral rivers (Fig. 1). Features
with anomalous reflectance in either band 4 or in the true-
color composite were manually digitized. Often the
location of anomalous reflectance in band 4 coincided
with the location of anomalous reflectance in the true-
color composite. For display purposes, it was found that
RGB combination of bands 2,3,1 with histogram stretch-
ing would at times enhance the river-like features for
easier manual digitalization. Figure 3a–c display examples
of some of the river-like features in the Landsat visual
band composites and Landsat band 4. The corresponding
land-surface elevation (Fig. 3d) and the structures digi-
tized from the data (Fig. 3e) are also shown. For better
visibility and to enable incorporation into a hydrologic
model with grid size 1 km2 (Gondwe et al. 2011), the

identified structures were outlined with a 1.5–2.5-km-wide
margin around them (Fig. 3e). Often this margin includes
parts or all of the surrounding areas with a spectral
signature that indicates wetlands or high soil moisture.

Topographic elevation data were obtained from the
Shuttle Radar Topography Mission (SRTM, 90 m spatial
resolution; USGS 2006). The SRTM dataset was resampled
to 1 km× 1 km spatial resolution using an averaging filter. To
investigate the spatial correlation between topographic
depressions and the structures delineated from the multi-
spectral imagery, DEM-based river delineation was per-
formed with the software ILWIS 3.3 Academic (ITC 2005;
Maathuis and Wang 2006). The algorithm consists of the
following steps: (1) filling of internal depressions in the
DEM; (2) computation of a flow direction map from the
DEM; (3) computation of a flow accumulation map; (4)
identification of river locations as pixels with flow accumu-
lation values larger than a user-defined threshold. A
threshold of 10,000 was used in this study. To test the
stability of the river locations with respect to random errors
in the DEM, the river delineation was repeated using a
randomly perturbed DEM. A spatially uncorrelated random
field of mean zero and standard deviation 10 m was added to
the original DEM. The locations of the resulting delineated
rivers were essentially unchanged.

Fig. 3 Example of how the structures appear and have been mapped. a Landsat TM band 4, grayscale. Bright indicates high reflectance, b
Landsat ETM+, RGB: band 2, band 3, band 1, histogram stretched, c Landsat ETM+true-color composite of visible bands (RGB=3,2,1),
contrast and brightness enhanced for improved display, d topography from SRTM, e the delineated structures (black areas) displayed on
Landsat ETM+band 4 for orientation, f Location of the mapped area
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Targeted airborne frequency-domain electromagnetic
surveys – AEM
Targeted frequency-domain AEM surveys were flown
over selected structures (Transects A–E, section 3.3) in
the dry seasons of 2007 and 2008. Because of the
relatively mild seasonality of precipitation, changes in
the AEM data due to the season of acquisition are
expected to be minor. The Geological Survey of Austria
frequency-domain AEM system was used, consisting of a
modified Geotech Hummingbird with four frequencies
(340 Hz HCP, 3200 Hz VCX, 7190 Hz HCP and
28850 Hz VCX), four transmitter and four receiver coils
in vertical co-axial (VCX) and horizontal coplanar (HCP)
configuration. Motschka (2001) and Supper et al. (2009)
provide further details on the equipment and data
collection. Drift correction and data processing were
carried out by the Geological Survey of Austria. The
along-track sampling rate of the system is around 3 m,
depending on the flight speed (typically around 80 km/h,
∼44 knots). Frequency-domain AEM transmits a primary
magnetic field at one or several given frequencies. The
primary magnetic field induces eddy currents in the
conductive subsurface. The eddy currents generate a
secondary magnetic field, which is measured at the
receiver (West and Macnae 1991). The skin depth (δ in
meters) is the distance an EM wave will be reduced in
amplitude by a factor of 1/e in a medium and depends on
frequency and resistivity:

d ¼
ffiffiffiffiffiffiffi

2r
mw

s

� 503 �
ffiffiffiffi

r
w

r

ð1Þ

where ρ is the subsurface resistivity [Ω m], μ is the
magnetic permeability, which, in sedimentary rocks, can
be set equal to its free-space value of 4π·10−7 VsA−1 m−1

and ω is the angular frequency [rad/s] (West and Macnae
1991). Because the skin depth is a function of frequency,
multiple-frequency frequency-domain AEM data provide
better depth resolution compared to single frequency
survey data. The subsurface resistivity distribution is
obtained by fitting the simulated secondary magnetic field
to the observed values. Assuming a layered earth structure
(i.e. one-dimensional, 1D), this process is referred to as
1D inversion. Fitting parameters are the thicknesses and
resistivities of the layered subsurface units (e.g. Zhdanov
2002 for 1D inversion, Avdeev 2005 for three-dimension-
al, 3D, inversion).

Subsurface electrical resistivity is correlated with the
hydrogeological properties of the subsurface. One widely
used empirical correlation for sediments and sedimentary
rocks is Archie’s Law (Archie 1942). Archie’s Law reads:

�f ¼ a8�mSnw�w ð2Þ
where ρf is the formation resistivity (or bulk resistivity, i.e.
the property recovered in AEM) [Ωm], ρw is the resistivity
of the porewater [Ωm], 8 is the porosity of the rock or soil
[dimensionless] and Sw is the water-filled fraction of the

pore space [dimensionless], i.e. saturation. The parameters
a, m and n are site specific and are determined empirically.
Archie’s Law is based on empirical observations from
sedimentary rocks and its performance in karstic environ-
ments has not been thoroughly evaluated. However, it can
be used to provide a rough idea of the porosity contrasts
associated with variations in subsurface conductivity.
Archie’s Law implies that fracture zones and conduits
containing fresh water in karst will have a lower formation
resistivity than the surrounding unfractured limestone,
because of their higher porosity. Moreover, saltwater-
saturated media will have lower formation resistivity
because of the reduced resistivity of the porewater
compared to freshwater.

Karst geology with cave structures represents a 3D
geophysical exploration target. Three-dimensional EM
inversion to extract information on cave dimensions and
depths currently was not attempted in this study. Hence
the AEM data were analyzed using a qualitative anomaly
mapping approach, similar to Supper et al. (2009). An
AEM dataset for one space location consists of one ratio
of the secondary to the primary magnetic fields (in [ppm])
for two orthogonal phase angles (referred to as “inphase”
and “quadrature” components) and for each of the
transmitted frequencies. Thus, for each space location,
the AEM survey provides eight individual data points.
Because AEM data are extremely sensitive to altitude, and
because sensor altitude (h [m]) varied during the survey, a
transform was applied to convert the measured signal into
the response parameters Mi and Ni (both parts per million
[ppm]) for each frequency i, which are much less sensitive
to altitude than the untransformed measured signals
(Huang 2008):

Mi ¼ Ii � h

si

� �3

and Ni ¼ Qi � h

si

� �3

ð3Þ

where Ii are the inphase and Qi the quadrature components
of the untransformed signal for frequency i (both [ppm]),
and si is the coil separation ([m]), which is different for
different frequencies i.

For selected locations, 1D layered inversion of the
AEM data was carried out using the 1D inversion software
EM1DFM (UBC-GIF 2000). Twenty-five layers of expo-
nentially increasing thickness to a depth of 30 m gave the
best results. Below this depth, a homogeneous half-space
was assumed.

In addition, forward modeling of the AEM signal over
synthetic 1D and 3D subsurface resistivity models was
performed using GeoTutor IV (PetroRos EiKon 2008).
Prototypical subsurface resistivity models for the YP are
shown in Fig. 4. In all models, the resistivity values of the
geology were taken from Supper et al. (2009). Resistivity
values of the fresh and saline groundwater are from
Beddows (2004). Model A represents the typical back-
ground configuration where caves are not present, i.e. an
unsaturated limestone layer is underlain by a limestone
layer saturated with freshwater. This is underlain by a
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homogeneous halfspace of limestone saturated with
saltwater. Model B represents a case where several caves
are located close to each other. Realistic higher-end cave
sizes from Smart et al. (2006) were used (height: 10 m;
width: 50 m). Model C is a case where a cave is modeled
as a layer, rather than as an anomalous body. This
represents a situation in which the AEM sounding is
affected by an extended, highly fractured limestone layer.
The assumed thickness of the layer is 10 m—a higher-end
cave height according to Smart et al. (2006). Model D has
the same geometry as model C, but the cave layer is filled
with saltwater instead of freshwater. Saltwater-filled caves
are known in YP, but have until now only been found in
the near-coastal zone. This model is thus conceptually
unlikely in the inland areas. It was included in the
evaluation in order to test if a hypothetical saltwater-filled
fracture zone could explain the observed AEM response.
A layer thickness of 30 m was assumed, which represents
the upper limit of expected vertical dimensions of caves
and fracture zones on the YP. Model E is a case where a
low-resistivity layer is present relatively close to the
ground surface, as found in borehole logs by Gondwe et

al. (2010a) and interpreted as the ejecta layer. The
resistivity values of this layer are taken from the borehole
logs. Model F is similar to Model E, but also includes a
freshwater-saturated ‘cave’ layer, starting at the water
table, and extending 10 m down (i.e. a combination of
model E and model C). In the forward calculations, water
level elevations and halocline depths were taken from
Gondwe et al. (2010a), surface elevations from SRTM.
Ejecta thicknesses were estimated through model fitting
and comparison with nearby borehole logs.

Results

This section presents the results of the regional-scale
mapping using Landsat imagery and Shuttle Radar
Topography Mission data and the results of the targeted
AEM surveys over selected structures.

Structures identified on Landsat imagery
Structures identified on the optical satellite imagery
are shown in Fig. 2a. The longest structures were
located in the hilly area and in the transition zone,
and a few of them extended for short distances into
the flat area. In addition, some shorter structures were
identified near the northern part of Sian Ka’an and
one at the Holbox fracture zone. The structures in the
hilly area and the transition zone were 50 km to
>150 km long and transected the hilly area in a
predominantly south–southwest to north—northeast
direction. They were relatively densely spaced towards
the lower parts of the hilly area and the transition
zone and were sub-parallel here. In the area near
Presidente Juarez, the structures had a braided pattern
and intersected each other. Soil maps mainly indicate
gleysols (undrained and/or waterlogged soils) or
vertisols (soils with high content of expansive clays)
in the area of the mapped structures. In some cases,
e.g. near the braided patterns, the soil map indicates
saline soils (INEGI 1997).

The result of the DEM-based river delineation showed
some correspondence with the delineated structures,
mainly in the hilly area and transition zone (Fig. 5). Only
a few of the rivers delineated from the DEM are mapped
as perennial or ephemeral rivers on official maps (Fig. 1).
While most delineated structures corresponded with
topographical depressions, some structures had no distinct
expression in the elevation data. One example is shown in
Fig. 6 where river-like line-shaped features appeared in
Landsat imagery, but no rivers were mapped by the DEM-
based river delineation routine (highlighted with arrows).

The rivers delineated from the DEM terminated
before reaching Sian Ka’an. The termination point was
near the 20 m topographical contour line (Fig. 5).
Possibly this shift in elevation demarks an ancient
coastline (Gondwe et al. 2010a), and no rivers were
delineated beyond this point because of insignificant
topographical relief in this area.

Fig. 4 Possible subsurface configurations modelled. Water levels
and depths to halocline from Gondwe et al. (2010a). *) Not
measured, but estimated from the Ghyben-Herzberg relation and
measured water table elevations. **) Realistic higher-end cave sizes
from Smart et al. (2006). ***) Estimated through fitting and
comparison with nearby borehole logs. Not to scale
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AEM results over the Holbox fracture zone
About 1200 frequency-domain AEM line-kilometers were
flown over the area of the delineated southern extension of

the Holbox fracture zone, spanning an area from the
Caribbean coast to 12 km inland, 10 km wide. AEM flight
line spacing was generally 100 m, but only 200 m in a 2-
km-wide section covering part of the fracture zone.
Figure 7 presents the southern part of the Holbox fracture
zone, which was outlined using SRTM elevation data,
Landsat band 4 and a map of cenote (i.e. sinkhole)
density. In addition the AEM results for frequencies
3200 Hz and 7190 Hz, transformed with Eq. 3, are
shown. The AEM data showed markedly stronger signals
over the Holbox fracture zone, as indicated in Fig. 7 with
large arrows and colored polygons. The area which shows
strong signals in these frequencies corresponds well with
the Holbox fracture zone’s southern extension (Fig. 7e).
The width of the anomalous zone was about 1–2 km. Both
frequencies clearly outlined the open water body Laguna
La Union, and its surroundings which are not covered by
open water, but are known to have high soil moisture
content.

Moreover, the dataset showed four other areas of
generally high signal strength. They are marked with
numbered small arrows in Fig. 7 and included: (1) an area
with a line of small cenotes, located in the immediate
upstream extension of the Naranjal cave system; (2) the
town of Tulum (likely caused by anthropogenic noise, e.g.
power lines corrupting the AEM signal); (3) a flooded area
at the coast; and (4) part of the Sac Actun cave system.

Layered 1D-inversions of the Holbox dataset supported
the qualitative findings in the aforementioned. Areas of

Fig. 5 Location of the rivers (black) automatically delineated
based only on topographical relief. Topography shown as back-
ground map. The structures delineated from inspection of satellite
imagery are outlined in white

Fig. 6 Example of how, in some cases, river-like linear features can be seen in Landsat imagery but in other cases the automatic river
delineation does not always put a river atop of such features (a highlighted with green arrows). In b the equivalent image is given without
the automatically delineated rivers overlain, so the structures marked by the automatic river delineation can be seen more clearly.
Background image as in Fig. 3b
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generally lower resistivity corresponded with the location
of the Holbox depression (sounding 170–510) and an
agricultural field, probably irrigated (sounding 100–170;
Fig. 8). In the Holbox depression, the bulk resistivity was
about 50 Ωm, whereas outside the depression it was >130
Ωm. A layer of about 1–4 Ωm near –20 mamsl was
mapped in good correspondence with the expected depth
of the halocline. Around Laguna La Union, the zone of
lower resistivity extended all the way to the surface, and
was 5–15 Ωm; this value is in good correspondence with
the expected resistivity of a surface freshwater body.
Outside the Holbox fracture zone, inverted bulk resistiv-
ities were generally higher than 50 Ωm, except around
cenotes (Fig. 8).

AEM results over the inland structures
Five transects over the mapped structures located inland
were flown with AEM (transects A–E, Fig. 9). Each
transect consisted of 4–6 parallel flight lines, spaced
100 m apart. The measured signals, transformed with Eq.
3, showed high signal strength anomalies over most of the
structures (Fig. 9). Anomalies were especially distinct in
the inphase components of frequencies 3200 Hz and

7190 Hz, but were also present in most of the other signal
components. The 3200 Hz and 7190 Hz are the most
suitable frequencies of the Austrian airborne system to
detect cave systems in this geological environment
because the skin depths associated with these frequencies
coincides with the expected depths of the caves. Gener-
ally, the quadrature components of the Austrian airborne
system drift more than the inphase components. The
widths of the anomalous areas ranged from 1 to 5.5 km.

Spectral gamma ray measurements showed distinct
anomalous composition of natural gamma radiation over
structures (Fig. 10). The anomalous gamma-signal was
predominantly composed of radiation from thorium and
uranium, whereas the background gamma signal mainly
originates from potassium. Anomalous signatures in the
gamma ray measurements and in the AEM data show a
strong spatial correlation (compare Fig. 9 and 10).

In 1D layered inversions, the anomalous zones were
either inverted as a low-resistivity layer (1–2 Ωm) of 5-
7 m thickness located at shallow (e.g. 5–8 m) depth, or as
a low-resistivity layer (1–2 Ωm) extending from about 10
mbs to the bottom of the inverted space (30 mbs).

To further analyze the measured AEM signals, the
AEM responses over synthetic subsurface resistivity

Fig. 7 a–b Response parameters M and N for the 3200 Hz signal components, and c–d for the 7190 Hz signal components over the
southern end of the Holbox fracture zone. Large arrows highlight anomalous areas above the Holbox zone; small numbered arrows
highlight other features mentioned in the text. e Holbox fracture zone outlined as described in text (thick white line). Anomalous areas with
high signal strength in 3200 Hz inphase signal (blue polygons) and 7190 Hz inphase signal (green polygons). The location of the Sac Actun
cave system (curving red lines) is also shown, courtesy of S. Bogaerts, K. Davidson, D. Jones, B. Phillips and R. Schmittner. Naranjal cave
system and Aktun Ha and Tortuga cave systems (location coarsely indicated, straight yellow lines) modified from Smart et al. (2006).
Dashed grey line outlines area surveyed with frequency-domain AEM. Background image: Landsat TriDecadal TM band 4; dark areas
indicate high soil moisture or open water. The circular high conductivity anomaly around 2236000 mN, 444000 mE is Laguna la Union
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models were computed. Possible subsurface configurations
are presented in Fig. 4. Sensor elevations were taken from the
field dataset. The simulated signal over model A was much
lower than the measured data (Fig. 11). Including multiple
large freshwater-filled caves next to each other (model B)
could not bring the signal up to measured levels. These caves,
although large, only increased the AEM signal by 10–15 ppm
compared to model A (Fig. 11). Furthermore, simulated
anomalies over caves were much narrower (only∼150 m
wide) than the measured anomalies. Modelling a freshwater
cave as a full layer instead of separate individual caves (model
C), or using the conceptually unlikely model D of saltwater in
a high permeable zone, also did not result in satisfactory
correspondence between measured and observed signals
(examples shown in Fig. 11). Hence, the AEM anomalies in
the inland areas are most likely not caused by caves or high-
permeable zones. Instead, a proposed ejecta-layer (model E)
was simulated. This gave a good fit to the measured data
(examples shown in Figs. 11, 12 and 13), except for the
28850 Hz inphase and the 340Hz quadrature components, for
which the simulated data are often higher than the measured
data (Figs. 11c, 12c and e, 13c).

Examples of how model E fits to the data are shown in
Fig. 11, 12 and 13 for the transects A, B and D. Transect
C and E are similar to transects B and D, respectively, and
are therefore not shown for the sake of brevity. In the
following, the subsurface models recovered from the
AEM surveys for the various transects are discussed in
detail and are compared with borehole log data obtained
from boreholes located close to the transects.

Transect A was located in the lower transition zone,
with elevations between 20 and 35 mamsl. In a borehole

log located 1 km from the AEM transect, the ejecta layer
has been detected at elevations of 5–13 mamsl, with a
resistivity of about 5 Ωm (Fig. 11e and f; Gondwe et al.
2010a). The AEM signal measured over transect A
corresponded well with an ejecta layer of 5 Ωm, located
at approximately 7 to 13 mamsl, i.e. a model E subsurface
configuration. Moderate variability in the thickness of the
ejecta layer or its resistivity could explain variations in
measured anomaly strength.

Transect B was located in the transition zone at
elevations between 30 and 40 mamsl. The most western
end transected a part of the hilly area (elevations >50
mamsl). The ejecta layer has been found in borehole logs
located 2 km (Nuevo Israel), 3 km (Las Panteras), 6 km
(Emiliano Zapata) and 7 km (Presidente Juarez, only
gamma log) from the transect (Gondwe et al. 2010a;
Fig. 12). The measured AEM signals could be reproduced
assuming the subsurface resistivity model E with an ejecta
layer of about 1.25 Ωm, located at approximately 15–20
mamsl. In the hilly portion of transect B, the layer needed
to be located much higher, around 60 mamsl, to match the
measured AEM signal.

Transect C, also located in the transition zone at
elevations between 30 and 40 mamsl, could be modeled
with a similar subsurface configuration as transect B, i.e.
with an ejecta layer around 15–20 mamsl (model E), and
in some cases an additional a low-resistive layer at depth
(model F).

Transects D and E were located in the hilly area
(elevations >50 mamsl). Figure 13 gives an example of
model fits to transect D. An ejecta layer of about 3 Ωm
located at shallow (<12 m) depth, but varying elevation

Fig. 8 Inversion results from profiles over the Holbox fracture zone. a Soundings 170 to∼500 are within the delinated Holbox zone and
appear as more highly conductive than surroundings. Sounding 100–170 likely represents an irrigated field. b The line only crosses a higher
conductive part of the Holbox zone at sounding 0 to∼110. The c symbols indicate location of known cenotes. Location maps at right side
show topographic relief from SRTM (brown: elevations>20 mamsl, green: elevations<0 mamsl. Numbers are the sounding numbers of
each profile. The conductive feature at sounding number∼430 –500 in Laguna La Union (a)
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(50–100 mamsl; model E), could explain the measured
signal well, and corresponds to borehole logging results
4 km from the transect (Fig. 13). In a∼7-km-wide band
around the small river crossing the transect, a deeper low-
resistive layer (5 Ωm; model F) was required in order to
match measured AEM signals.

Discussion

This section discusses the specific geological and hydro-
geological findings for the Holbox fracture zone and the
inland structures. Subsequently, the hydrological signifi-
cance of the mapped structures is discussed, both in terms of
surface and subsurface hydrology. The section concludes
with a discussion of the potential of the presented multi-scale
mapping approach both for the YP and beyond.

The southern extension of the Holbox
is a high-permeability zone
The AEM results indicate that the Holbox zone’s proposed
southern extension has a lower resistivity than its

surroundings. Assuming fully saturated conditions and
typical values (a=1.5, m=2) for the constants in Archie’s
Law (Eq. 2) and assuming a freshwater resistivity (ρw)
between 4 and 10 Ωm (Beddows 2004), the bulk
resistivities found in the inversion of the AEM data
indicate that the porosity inside the Holbox zone is 0.41±
0.13, while outside the Holbox zone, the porosity is 0.25±
0.1. The uncertainty bounds on the porosity estimates
were computed using error propagation assuming an
uncertainty of 20 % for all the inputs into Eq. 2. Due to
the high uncertainties associated with the parameterization
and applicability of Archie’s law in this geological
environment, the porosity difference between the Holbox
structure and its surroundings is not significant. However,
the results suggest a higher porosity inside the Holbox
fracture, which could be related to fracturing. Interesting-
ly, the southern extension of the Holbox fracture zone is
aligned with large lakes in the area (Laguna La Union,
Laguna Ka’an Luum, Laguna Nopalito, Laguna Chuny-
aché), and with the fault suggested by Gondwe et al.
(2010b). The resistivity values of the freshwater-saturated
bulk matrix outside and inside the Holbox zone corre-
spond well with values reported in Supper et al. (2009).

Fig. 9 Frequency-domain AEM signal measured over inland structures, transformed with Eq. 1. 7190 HzM parameter (a,b,c,e) and 3200
HzM parameter (d). Thin yellow lines outline structures. Landsat TriDecadal TM band 4 (background of a–c); SRTM topograph, brown is
high elevation, dark green is low elevation (background of d); Landsat ETM+, RGB: band 2, band 3, band 1 (background of e)
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Two cave systems, Aktun Ha and Tortuga, which are located
in the zone, further support the generally high permeability
of this area (see cave maps in Smart et al. 2006). Dye tracing
in Aktun Ha (Beddows and Hendrickson 2008) and
regional-scale hydrological modelling (Gondwe et al.
2011) indicate south–north-directed flow within the
Holbox zone.

The Holbox dataset also confirms that caves can be
mapped with AEM in the study area, as the Sac Actun
cave system is clearly seen (Fig. 7). This application was
first demonstrated by Supper et al. (2009).

Interpretation of structures located inland
The structures delineated near the Bay of Chetumal (e.g.
the Laguna de Bacalar depression) are known to be part of
the Río Hondo fault system. The other inland structures in
the lower part of the hilly area and in the transition zone
are also likely related to this fault system, given their
proximity and sub-parallel nature. The “S”-shape appear-
ing in the transition zone on many of the mapped
structures is characteristic of en echelon faults, and
supports the association between the structures and faults.
En echelon faults in the study area were described by
Lara (1993).

The inland structures showed high AEM signal
anomalies, just as the Holbox fracture zone did. However,
the nature of the anomalies was different. Likely, the
anomalies measured over the inland structures are caused
by a 5–6 m thick layer of low-resistivity material (1–5
Ωm), located at relatively shallow depths (the model E

case). The data fit achieved with this model is good.
Especially the 3200 Hz and the 7190 Hz components fit
well, but modeled signals are sometimes higher than
measured in the 340 Hz and the 28850 Hz components.
Other subsurface resistivity models can therefore not be
ruled out based on the AEM results. However, model E is
consistent with borehole logs and measured halocline
depths.

The low-resistive∼5-m-thick layer was interpreted by
Gondwe et al. (2010a) as ejecta. The AEM interpretation
indicates that the layer is located at approximately the
same depths, but variable elevations, throughout the hilly
area, while it is located at constant elevation in the
transition zone, with a slight tendency of being buried
deeper at locations further away from the hilly area. The
borehole logging and ground-based transient electromag-
netic measurements from the area (Gondwe et al. 2010a)
support this finding. One possible explanation is that at the
time of the Chicxulub impact, only the hilly area was
exposed at the land surface, while the flat area was
covered by the ocean. The steep drop in elevation between
the hilly area and the transition zone, of more than 10 m
(from 50 to <40 mamsl) in less than a km, suggests the
presence of the ancient coastline here. The late Cretaceous
land surface was heavily karstified (Dillon and Vedder
1973; Pope et al. 2005), with an undulating relief, while
the ocean floor was comparably flat. The ejecta blanket
was deposited on top of the Cretaceous surface; both on
the land surface (hilly area) and in the shallow ocean
(transition zone and flat area). This is a possible
explanation for the fact that the anomalous layer is found

Fig. 10 Spectral gamma-ray across b transect B, c transect C, d transect D and e transect E, displayed as red-green-blue ternary ratio. a
shows how to interpret the colors
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at similar elevations in the flat area and transition zones,
but at varying elevations in the hilly area.

Ejecta has been found in 200–400 m thick sequences in
wells near the impact crater (Rebolledo-Vieyra et al. 2000;
Urrutia-Fucugauchi et al. 1996; 2004; 2008), but elsewhere
thinner sequences have been found. Urrutia-Fucugauchi et
al. (2008) suggested significant erosion of the ejecta blanket
following the finding of a∼34-m-thick ejecta unit near
Valladolid, and Pope et al. (2005) found Cenozoic sediments
atop a weathered ejecta surface at one site. Following the
ejecta deposition, erosion may therefore have taken place,
reducing the thickness of the ejecta layer to the thicknesses
mapped in this study and in Gondwe et al. (2010a). Reported
ejecta thicknesses in southern Quintana Roo vary from the
3–8 m seen in most borehole logs (Gondwe et al. 2010a) and
observed in outcrops by Pope et al. (2005; 4–8 m, bases not

always observed) to 15 m (Reforma-log, Gondwe et al.
2010a) and 16 m (Albion Island, Ocampo et al. 1996),
supporting the idea of erosion of the blanket after deposition.
Subsequently, Cenozoic sediments would have been depos-
ited atop the ejecta in the areas covered by water—which is
in good correspondence with the present geologic map
(Fig. 1).

The inland structures likely produce AEM anomalies
because the Miocene–Pliocene sediment layer on top of the
ejecta layer is thinner here than in the surrounding terrain. At
constant flight height above terrain, the low-resistivity ejecta
layer is thus located closer to the AEM sensor over the
structures, giving a higher measured signal (e.g. Fig. 11d). A
possible process causing reduced sediment thickness and
topographic depressions is fluvial erosion. The structures in
the transition zone are mostly aligned with the preferential

Fig. 11 a–cAEMdata (lines) from a flight line in transect A, along with forwardmodelled signals (symbols). dTopographic relief of the transect
and earth models corresponding to x-symbols (see a). e Nearest borehole log, from Gondwe et al. (2010a). f Location map, displayed on
topographic background (dark green is lower elevation). AEM data legend as in Fig. 9. Black dot: Location of logged borehole. White dot
indicates where water level was measured. Numbers indicate measured water levels in mamsl from Gondwe et al. (2010a)
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surface water flow paths in the hilly area delineated from the
DEM, which supports this hypothesis. Possibly, surface
runoff collected in slight depressions or rifts forming over
the Río Hondo faults, which were still active in the Cenozoic
(Dillon and Vedder 1973).

The anomalous spectral-gamma ray signal may also be
related to the ejecta. Anomalously low potassium radiation
relative to thorium and uranium radiation has been reported
for ejecta from the Cretaceous/Paleogene boundary layer
(Paulsen and Lind 1997). Since the measured spectral-
gamma ray signal originates from the first∼35 cm of the soil,
the anomalous gamma signal observed over the structures
cannot be caused by a buried ejecta layer at ≥5 mbs.
However, the ejecta layer is exposed to erosion in the hilly

area. Erosion of ejecta material in the hilly area and
subsequent deposition of the same material in the structures,
e.g. through seasonal surface-water runoff in the structures,
could possibly explain the anomalous gamma signal over the
structures. Alternatively, the measured gamma-signals may
simply be caused by a different soil type in these seasonally
waterlogged areas. The available data do not support a final
conclusion on this question.

The 340 Hz AEM signal showed high anomalies over
some mapped structures—anomalies which were not
matched by modeling the ejecta layer (model E) alone.
An example is seen in Fig. 12e at coordinate x=326000
and between x-coordinates 327500 and 340000. These
anomalies could be reproduced with an additional low-

Fig. 12 a–c and e AEM data (lines) from a flight line in transect B, along with forward modelled signals (symbols). d Topographic relief of the
transect and earth models corresponding to x-symbols (see a). f–g Nearest borehole log, from Gondwe et al. (2010a). h Location map, displayed
on topographic background (dark green is lower elevation, brown is higher elevation). AEM data legend as in Fig. 9. Black dot is the location of
logged boreholes. White dot shows where water level was measured. Numbers indicate measured water levels in mamsl from Gondwe et al.
(2010a). Small black squares are wells with perched water encountered, levels not shown (from Gondwe et al. 2010a)
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resistivity zone of∼5 Ωm located below the ejecta layer,
starting at the water table (model F). This may indicate
that the delineated structures are spatially correlated with
zones of higher matrix porosity, i.e. preferential flow
paths. However, the quality and coverage of the available
AEM data does not support a robust conclusion on this
issue.

Relevance of the regional-scale structures
for surface water hydrology
The delineated structures collect surface runoff due to
their relatively low topographic elevation and possibly due

to low-permeability soil cover. This is corroborated by the
fact that swamps, poljes, ephemeral streams, waterlogged
soil types and the few lakes existing on the YP are
associated with the delineated structures. The role of
poljes and bajos in the regional hydrology, has not
previously been described in the existing literature on
the Yucatecan inland swamps (e.g. Pope and Dahlin 1989;
Gunn et al. 2002; Tun-Dzul et al. 2008; Beach et al.
2008). Runoff is observed in many structures during parts
of the year, as evidenced by culverts and bridges built
across them.

Poljes and flat-bottomed valleys can also be identified
on official geologic maps and the DEM in Campeche’s

Fig. 13 a–c and e AEM data (lines) from a flight line in transect D, along with forward modelled signals (symbols). d Topographic relief
of the transect and earth models corresponding to x-symbols (see a). f Nearest borehole log, from Gondwe et al. (2010a). g Location map,
displayed on topographic background (dark green is lower elevation, brown is higher elevation). AEM data legend as in Fig. 9. Black dot is
the location of logged boreholes. White dot shows where water level was measured. Numbers indicate measured water levels in mamsl from
Gondwe et al. (2010a). Small black squares are wells with perched water encountered, levels not shown (from Gondwe et al., 2010a). Black
stars are sites with ejecta according to Schönian et al. (2004) and Kenkmann and Schönian (2006)
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hilly regions on the western YP. However, in Campeche,
only the flat-bottomed polje-features are seen. In Quintana
Roo, the structures are more incised, due to their possible
formation in association with the Río Hondo fault system.
Spectral anomalies in Landsat Band 4 are only observed for
the incised structures and not for the flat-bottomed poljes in
Campeche and in the hilly parts of the study area (Morocoy
and Nuevo Becak poljes). It is interesting to note how the
incised structures of the study area seem to point towards
Sian Ka’an–the only extensive wetland on the peninsula.

Relevance of the regional-scale structures
for groundwater flow
Due to the shielding effect of the ejecta-layer, AEM
surveys over the inland structures cannot unambiguously
determine their subsurface expression. However, faults
elsewhere in the study area are associated with high
permeable zones. Apart from the Holbox zone, also the
fault in which Laguna de Bacalar is located, is associated
with underground water circulation through a connected
karst system (Gischler et al. 2008). This lake has the same
width as most of the delineated structures (1–2 km). It is
up to 15 m deep, and hosts up to 90-m-deep freshwater-
filled cenotes (Gischler et al. 2008). Karstic caves are
generally known to often form along faults and fracture
systems (Ford and Williams 2007). In the study area,
breakdown-features near Ocom (at approximately
19.5° N/88.1° W; NUTM16 (WGS84) 38400 mE,
2152700 mN), on one of the delineated structures,
form seven lakes ‘on-a-string’, known to be fed by
submerged sinkholes. In the hilly area, some sinking
streams (ponors, e.g. Río Escondido), have been
observed. The streams flow into sinkholes and disappear
from the land surface. In neighboring Belize, poljes are
associated with ponors and underground caves (Miller
1996). All these attributes suggest the possibility that
the structures may be underlain by high-permeable zones.

Further indications on the hydrogeological properties
of the structures can be obtained from inverse groundwa-
ter modeling. Multiple model simulation (Refsgaard et al.
2006) was used to compare hydrologic models of the area
with or without assigning a hydraulic conductivity
contrast between the structures and the background
(Gondwe et al. 2011). Automatic calibration (inverse
optimization) of hydraulic conductivities using measured
heads from 59 groundwater wells yielded a hydraulic
conductivity of the structures which was one to two
orders of magnitude higher than the hydraulic conduc-
tivity of the background. Simulated flows in these
structures had the same order of magnitude as those
measured in Quintana Roo conduits (Gondwe et al.
2011). However, Gondwe et al. (2011) showed that
equally good fits to heads could be achieved with a
uniform hydraulic conductivity and a variable coastal
flow resistance. The nature of the structures must
therefore be investigated further in order to conclusively
determine their hydrogeological properties.

Potential of the multi-scale mapping approach
for the YP and beyond
Although it has been demonstrated that frequency-domain
AEM can detect caves and larger-scale high permeability
zones, the performance of the method depends strongly on
the local geological conditions. Forward modeling shows
that the sensitivity of the AEM surveys is insufficient to
detect high porosity zones located below an ejecta layer
(e.g. 5–10 mbs, 1–5 Ωm).

When no low-resistivity layer is present, the ability of
frequency-domain AEM to detect high permeability
zones, including caves, is not fully understood. Forward
modelling of the Ox Bel Ha signal measured by Supper et
al. (2009) shows that using known cave dimensions
cannot bring the modelled anomaly up to the measured
level (Ottowitz 2009). Possibly, the matrix surrounding
the caves has an increased porosity, resulting in a low
resistivity ‘halo’ around the actual cave, and increasing
the magnitude of the anomaly. This topic has received
very little attention in the literature. The limestone
medium surrounding karst conduits has in one case been
described as inhomogeneous, based on geophysical
measurements (Guérin et al. 2009). A higher porosity
surrounding cave conduits may also correspond to the
proposed “annex-to-drain” conceptualization, where stor-
age in the karst aquifer is believed to take place in large
karstic voids connected to conduits (Mangin 1974;
Bakalowicz 2005). In addition to the hypothetical ‘halo’
around caves, the frequency-domain AEM signal ampli-
tude is particularly sensitive to the following cave
parameters: the proportion of saltwater in the cave (for
instance, the Ox Bel Ha caves are filled partly with fresh,
partly with saline water); the size of the cave; the presence
of several caves in the vicinity of each other; the shape
and depth of the cave; the resistivity contrast in the
geology; and the sensor height.

The multi-scale approach used for karst hydrogeologic
investigation in this study can be used to focus costly and
time-consuming AEM measurements over a large study
area, by utilizing spectral and topographical anomalies in
remotely sensed imagery and DEMs. The approach can
detect karstic caves and high-permeable fracture zones under
a range of geological conditions. However, the method is
highly dependent on the local geology. For instance, shallow
low-resistive features may shield underlying caves (e.g.
compare models E and F). The YP karst aquifer is important,
large and practically unexplored. The south-eastern part of
the YP is geomorphologicaly different from the rest and
therefore an interesting exploration target. The YP karst
aquifer can be used as a test bed for karst exploration
methods because of its size, low anthropogenic noise, and its
layered (quasi-2D) geometry.

Conclusions

Remote-sensing data combined with DEM analysis and
AEM measurements can be used to map regional-scale
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karst aquifer structure. Remote sensing can be used to
delineate regional-scale structures, and to link local-scale
AEM results to the catchment scale. Remote sensing and
DEM analysis can guide AEM exploration when total
coverage by AEM measurements is not feasible due to the
size of the groundwater capture zone. The method of
combining local-scale AEM measurements with regional-
scale remote-sensing data analysis is applicable for analysis
of other large and unexplored karst catchments as well.

The ability of frequency-domain AEM to detect
underwater caves is not fully understood but depends
partly on the resistivity contrast between the high-
permeability zone and bulk rock matrix, the size of the
anomalous zone and the proportion of saline water in the
cave. Further studies are required to determine the nature
of the rock matrix immediately surrounding a high-
permeability zone, as this zone may have an important
influence on the measured EM signals.

The delineated structures in the Sian Ka’an capture zone
are possible pathways for rapid groundwater flow to the
wetland, and for seasonal surface-water flow. Regional-scale
karst structures are thus of great importance for the protection
of well fields and groundwater-dependent ecosystems.

In the inland parts of the study area, the AEM
measurements indicate the presence of a low-resistivity
layer, with a resistivity of 1–5 Ωm and a thickness of 5–
6 m, deposited near the surface. This layer is proposed to
be ejecta from the Chicxulub impact (Cretaceous/Paleo-
gene boundary).
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