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RESUMEN
En este estudio se presenta la investigación realizada en el sector sureste del cráter de Chicxulub mediante la aplicación

del método de Sondeo Magnetotelúrico (MT). El perfil MT analizado consta de diez sondeos MT distribuidos a lo largo de 92.5
km en la dirección radial SE-NW, tomando como centro el puerto de Chicxulub. En general, los sondeos MT exponen un medio
uni-dimensional, con magnitudes de Tipper menores de 0.2. Tres sondeos contiguos presentan una ligera anisotropía y los
mayores valores de Tipper para períodos largos. El comportamiento de la resistividad en estos sondeos para períodos mayores
de 16 s define el límite estructural del cráter, implicando para la estructura de impacto de Chicxulub un diámetro aproximado de
200 km. Modelos unidimensionales, utilizando los esquemas de inversión de Bostick y Occam, fueron utilizados para investigar
la estructura del cráter. Resistividades superiores e inferiores a 150 ohm-m caracterizan el medio fuera y dentro del anillo de
cenotes, respectivamente.

PALABRAS CLAVE: Sondeo magnetotelúrico, inversión 1-D, anillo de cenotes, cráter de impacto de Chicxulub.

ABSTRACT
The subsurface structure of the southeastern sector of the Chicxulub impact crater is investigated by ten magnetotelluric

(MT) soundings distributed along a radial 92.5 km profile oriented SE-NW from the approximate center of the crater at Chicxulub
Puerto. In general, MT soundings are one-dimensional, with Tipper magnitudes well below 0.2. Three contiguous soundings
present a slight anisotropy and the largest Tipper values at frequencies lower than 0.06 Hz. This defines the structural rim of the
crater at the cenote ring zone. Resistivities are respectively higher and lower than 150 ohm-m outside and inside the cenote ring.
One-dimensional modeling using Bostick and Occam inversion yields similar geoelectrical models and is justified for most sites
as a first approximation.

KEY WORDS: Magnetotelluric soundings, 1-D inversion, cenote ring, Chicxulub impact crater.

INTRODUCTION

For more than a decade geological and geophysical stud-
ies have been carried out on the subsurface structure of the
Chicxulub impact crater, in the northwestern Yucatán penin-
sula (Figure 1). Penfield and Camargo (1981) proposed the
presence of an impact crater buried beneath a thick cover of
Tertiary carbonate sediments. It took several years to link
the Chicxulub crater with an impact at the Cretaceous/Ter-
tiary (K/T) boundary (Hildebrand et al., 1991; Sharpton et
al., 1992). Following the study by Alvarez et al. (1980), a
world-wide search was launched to locate the impact site.
Several candidate craters were considered before the search
concentrated on the Gulf of Mexico and Caribbean region
(Bourgeois et al., 1988).

Initial studies of the structure based on gravity and mag-

netic data and on core samples from Pemex proposed crater
diameters ranging from 180 to 300 km and complex crater
models with a peak-ring or multi-ring structure (e.g.,
Hildebrand et al., 1991; Sharpton et al., 1993; Pilkington et
al., 1994; Espíndola et al., 1995; Hildebrand et al., 1998).  A
drilling program by UNAM included eight boreholes in the
southern sector of the crater (Urrutia-Fucugauchi et al., 1996).
Nearly complete lithological columns are now available for
this sector of the crater, for detailed geometrical modeling of
the impact breccia distribution (Rebolledo-Vieyra et al.,
2000). Marine seismic reflection profiles and onshore wide-
angle seismic profiles across the crater support a 180-210
km multi-ring impact basin (Morgan et al., 1997). Further
analyses of the seismic data have resulted in refinements of
the crater structure and the size and nature of the crater in-
ner, peak and outer rings (e.g., Morgan and Warner, 1999;
Snyder et al., 1999).
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The Chicxulub Scientific Drilling Project (CSDP) has
selected as initial target zone a sector SE of the Yucatan-6
Pemex well, inside the cenote ring. For this purpose detailed
studies of this sector of the crater including high-resolution
geophysical surveys and shallow drilling are required.

In this paper we present a modeling and initial inter-
pretation of an one-dimensional (1-D) magnetotelluric (MT)
inversion of ten soundings along a SE-NW 92.5 km long
profile (B-B’ profile) normal to the cenote ring (Figure 2).

We use Bostick and Occam (Constable et al., 1987) inver-
sion algorithms for modeling the MT data. The MT sound-
ing profile is located to the east of the CSDP target zone.

MAGNETOTELLURIC SURVEY

Gravity, magnetic and seismic surveys have been used
to study impact structures (Pilkington and Grieve, 1992).
Geoelectrical methods have also been applied to investi-

Fig. 1. Study area. The concentric circle approximately indicate the impact structure. PThe cities of Mérida and Progreso are located in the
circle.
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Fig. 2. Location of the magnetotelluric sounding stations in the study area.

gate impact craters. Electrical resistivity data have proved
useful in mapping the extent of authigenic brecciation
(Henkel, 1992). Electromagnetic methods have been devel-
oped for shallow and deep crustal investigations. A particu-
larly powerful method is the MT sounding method (Cagniard,
1953).

We recorded the three components hx, hy, and hz of
the magnetic field and the horizontal components ex and ey
of the electric field. Here, x points to the geomagnetic north,

y points to the east, and z points vertically downwards. Cross-
spectra are calculated to determine the impedance tensor (Z),
which conveys information about the subsurface (Vozoff,
1989).

The study comprising 22 MT soundings was conducted
in the central and southern region of the impact crater (Cam-
pos-Enríquez et al., 1997). Ten magnetotelluric soundings
were obtained along a SE-NW 92.5 km long profile (B-B’),
normal to cenote ring where the 200-210 km limit of the
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crater structure is assumed to be located (Figure 2). The pro-
file is located to the SE of Merida City.

We used two Phoenix V-5 MT instruments operating
on a remote basis. Observations cover the range between a
frequency of 384 Hz and a period of 1820 s.

The profile is inland to reduce its coast effects on MT
observations. Parkinson (1959) described the coast effect in
electromagnetic observations as a result of the influence of
the high electric conductivity of seawater (Kellet et al., 1991).
The influence of a highly conductive body may affect geo-
magnetic measurements in a way that suggests a spurious
presence of a conductive stratum in the interpretation of re-
sistivity ρ(ω) and phase φ(ω) curves. In addition, it can mask
the real effect of an anomalous conductive body, which could
be possibly associated with the Chicxulub impact crater. A
recent quantitative evaluation of the coast effect in the Yucatán
peninsula suggests that the effect is negligible in the crater
region (Delgado et al., 2001).

The impedance tensor for the MT stations was rotated
-45°, establishing xy as TM mode and yx as TE mode, thus
current flows across and along the crater boundary. Radial
distances are referred to the center of the impact structure at
Chicxulub puerto, about 7 km to the E of Puerto Progreso
(Figure 2). A preliminary evaluation of MT data was pre-
sented in Campos-Enríquez et al. (1997), based on a Bostick
inversion of the xy apparent resistivity and phase curves. High
resistivities were observed beneath the second group of
soundings, south of the cenote ring. Inside the cenote ring,
resistivity decreased smoothly up to sounding 20 and in-
creased again toward the end of the profile. The high values
towards the crater center beneath sounding 22 may be due to
the central structural uplift inferred from gravity and mag-
netic anomalies.

In this study, each pair of resistivity and phase curves
ρ

axy
(ω), φ

xy
(ω) and ρ

ayx
(ω), φ

yx
(ω) is interpreted in order to

calculate two independent geoelectric models. The Bostick
(1977) and Occam (Constable et al., 1987) inversion schemes
have been used in this study.

DATA ANALYSIS

Figure 3 shows the variance of the phase and resistiv-
ity observations. Low variances (SD < 5%) are observed for
the electrical resistivity (Figures 3a and 3b), except at MT
sounding 21, which exceeds 45%.

Figures 3c and 3d show the variance of the observed
phases. Again the peak values are observed around sounding
21. High variances (SD > 45%) are observed for MT sound-
ings 16, 18 and 20, contrasting with electrical resistivity vari-

ance (Figures 3a and 3b). These results suggest that phase
is more sensitive to noise than resistivity, especially at low
frequency.

Because of the high variance values at sounding 21,
observations at this sounding for frequencies below 1 Hz
were discarded. Sounding 21 was only used to study the
shallow part of the area.

Figure 4 shows the apparent resistivity and phase sec-
tions. Good agreement between the values of ρ

axy
(ω) and

ρ
ayx

(ω) (Figures 4a and 4b) was observed at nearly all sta-
tions, except at MT sounding 20 where (for frequencies less
than 0.4 Hz) the increase in ρ

axy
(ω) (Figure 4a) is not present

in ρ
ayx

(ω)  (Figure 4b).

At MT soundings 13, 14 and 15, the joint increase in
apparent resistivity may indicate the presence of the outer
ring south of the cenote ring (Figure 2).

The Bouguer anomaly map shows the location of the
MT soundings (Figure 6). Note three zones along the MT
profile as follows.

Zone I of peak gravity values includes MT soundings
13, 14 and 15. This zone is outside of the cenote ring and
little  fractured or unfractured  carbonated rocks are ex-
pected.

Zone II of low gravity values includes the MT sound-
ings 18, 19, 20, and 21. Highly fractured rocks (breccias),
constituting the main component of the crater filling are
expected.

Between zones I and II we find a steep gravity gradi-
ent. This transition region includes the cenote ring and MT
soundings 16 and 17.

Zone III is associated with the central gravity maxi-
mum suggesting a structural high typical of complex im-
pact craters. The impact melt sheet and melt breccia con-
tribute to higher gravity values. In this zone there are no
MT soundings, but sounding 21 is in the transition zone
(high gravity gradient) between zones II and III.

The phase (Figures 4c and 4d) also present a great
similarity, except in the sections  mentioned above.

Tipper (T) and Skew (S) sections were computed (Fig-
ure 5). Low values of Tipper (T < 0.2) are indicative of a 1-
D structure, while higher values (T ≥ 0.2) suggest effects of
2-D or 3-D structures. High Skew (k ≥ 0.4) indicate the
presence of 3-D structures. In Figure 5a, the highest values
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Fig. 3. Variance sections in %. a) xy apparent resisitivity, b) yx apparent resistivity, c) xy Phase and d) yx Phase.
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Fig. 4. Observed pseudosections. a) xy apparent resistivity, b) yx apparent resistivity, c) xy Phase  and d) yx Phase.
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of Tipper (Tip > 0.4) are observed in soundings 13, 14 and
15 for frequencies below 0.06 Hz.

The increase in Tipper magnitude could indicate the
presence of a local strike related to the outer ring of the im-
pact structure. Figure 5b suggests a 3-D distortion at sound-
ing 16 for frequencies less than 0.3 Hz, and for sounding 20
at frequencies less than 0.01 Hz.

In conclusion, soundings 13, 14 and 15, for periods
larger than 16 s, define a local strike, while sounding 20 at
lower frequencies indicates the existence of a geoelectric
contrast that introduces 3-D distortion.

On the whole, apparent resistivity, phase, Tipper and
Skew sections agree with 1-D modeling, and justify the use
of 1-D inversion algorithms such as those of Bostick and
Occam.

BOSTICK INVERSION

This heuristic inversion scheme generates a continu-
ous or near-continuous resistivity distribution versus depth
(Bostick, 1977). In this study, we estimated the resistivity
by means of the apparent resistivity, and the observed phase
by

ρ ρ ω π
φ ω( ) ( ) ( )z a= −



2 1 , (1)

                z a= 





ρ ω
µω
( )

1
2
, (2)

where z is the nominal depth corresponding to the skin depth
of a half-space of apparent resistivity ρ

a
 and frequency ω.

Fig. 5. Distortion analysis. a) Tipper section, b) Skew section.
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In Figures 7a and 7b, the ρ
xy

 and ρ
yx

 models for the
Bostick inversion are shown. Similar results are found for
both models. Dominant resistivity values ρ(z) > 150 ohm-m
at soundings 13, 14 and 15 (zone I, Figure 6), indicate the
basin limits, while resistivity values of less than 150 ohm-m
set off the filling of the crater from the rest of the MT sound-
ings in zone II (Campos-Enríquez et al., 1997).

The ρ
yx

 section shows the outer ring between MT sound-
ings 15 and 16 more sharply. Note, a zone of minimum val-
ues of ρ

yx
(z) between soundings 16 to 18, that is not clearly

found in the ρ
xy

 model. This zone coincides with the external
ring of minimum gravity values from the Bouguer anoma-
lies map (Figure 6). Our result agrees with a structural fea-

ture around sounding 16, with a maximum diameter for
the crater of about 200 km.

In the ρ
xy

 as well as in the ρ
yx

 model, an increment of
the resistivity with depth is observed near sounding 22.
Keeping in mind the postulated central structural high, this
might contain the denser and less fractured materials.

To minimize the effects of lateral variations of con-
ductivity it is convenient, once analyzed the ρ

xy 
and ρ

yx 
sec-

tions, to carry out an inversion of the effective values of
the apparent resistivity and phase (Berdichevsky and
Dmitriv, 1976). The effective impedance is determined
according to

Fig. 6. Bouguer anomaly map. The values on the map are given in mgals. The location of MT soundings is indicated by encircled
number.
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Fig. 7. Bostick geoelectric models. a) xy mode, b) yx mode and c) effective mode. I, II and III: gravity characteristic zones.
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      Z Z Z Z Zeff xx yy xy yx= −( ) ( )  . (3)

From Z
eff

 we may find ρ
eff

(ω) and φ
eff

(ω). Figure 7c
shows the results of a Bostick inversion for ρ

eff
(ω) and

φ
eff

(ω). A good correspondence with the results obtained in
models 7a and 7b supports the predominant 1-D character
of the studied medium.

OCCAM INVERSION

Application of Occam algorithm (Constable et al.,
1987) leads to a simple model containing the essential prop-
erties of all possible models fitting the field data. A large
number of geoelectric models could match the observed
data, some of which may be very complex. When attempt-
ing to achieve a better fit between small portions of the
calculated and observed curve of ρ(ω), φ(ω), the complex-
ity of the obtained model increases and the results are often
unreliable. The model should be as complex as the medium,
but not more complex. The algorithm departs from a half-
space and produces a stratified medium. The resistivities
vary until an adequate fit between the field and calculated
curves is achieved.

Roughness (or the inverse of softness) is defined in
terms of the first and the second derivatives of the electric
resistivity with respect to the depth as

            R dm dz dz1
2= ∫ ( / ) , or (4)

                          R d m dz dz2
2 2 2= ∫ ( / )  , (5)

where m (z) is the resistivity or log resistivity, Z is the depth,
and  R

1
 and R

2
 are roughness functions.

The strategy is to find a model that minimizes R
1
 or R

2
.

Figure 8 shows the geoelectric sections obtained by
stitching together the 1-D models resulting from Occam
inversion. The models shown in the Figures 8a, 8b and 8c
are very similar to those in Figures 7a, 7b and 7c. This sup-
ports our earlier solutions. Thus, in spite of the 1-D charac-
ter of the studied medium, the differences between the ρ

xy

and ρ
yx 

 models (Figures 7 and 8), as well as the results of
the analysis of Tipper and Skew sections (Figure 5), sug-
gest the need to carry out a 2-D inversion of the MT sound-
ings.

A 2-D model may better define a structural model for
the crater, particularly between soundings 13 and 16 (Fig-

ures 7 and 8), where high values of Tipper and Skew (Fig-
ure 5) indicate a more complex structure. It will help to
improve the model between soundings 20 to 22 (Figures 7
and 8), where we observe an increase of resistivity with
depth.

CONCLUSIONS

One-dimensional inversion of ten MT soundings was
performed in the Yucatán peninsula using the Bostick and
Occam inversion schemes. Agreement between both results
is found. The geoelectric sections define the structural
boundary of the impact structure around sounding 16, with
a diameter of approximately 200 km.

High resistivity values (ρ > 150 ohm-m) outside of
the cenote ring contrasts with lower resistivity values (ρ <
150 ohm-m) inside the cenotes ring. This electric character-
istic corresponds to the prevalence of little or no fractured
rock outside the cenotes ring (beyond 100 km radial dis-
tance) and a considerable thickness of highly fractured and
porous material for the impact structure filling.

The sub-surface electric resistivity correlates with the
Bouguer anomalies. Gravity highs are associated with solid
and resistive rocks, while gravity lows agree with increased
thicknesses of conductive and fractured filling.

The 1-D approach is adequate in the area, as suggested
by similar ρ

axy
(ω), ρ

ayx
(ω),

 
ρ

xy
(z), ρ

yx
(z) and ρ

eff
(z) profiles.

An analysis of the distortion of the magnetotelluric data was
carried out from values calculated for Tipper and Skew. The
results of this analysis indicated that a 2-D inversion might
lead to some significant improvements.
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Fig. 8. Occam geoelectric models. a) xy mode, b) yx mode and c) effective mode. I, II and III: gravity characteristic zones.
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