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| ABSTRACT |

Chicxulub Crater, formed ~66Ma ago by an asteroid impact on the southern Gulf of Mexico, is the best preserved
of the three large multi-ring basins in the terrestrial record. The crater structure is characterized by a semi-circular
concentric ring pattern, marking the crater basin, peak ring, terrace zone and basement uplift. Analysis of a grid of
19 seismic reflection profiles using seismic attributes, marker horizons, contour surfaces and 3-D views is used to
investigate the stratigraphy of the central zone. We used interactive software and routine applications to map the
impact breccias, breccia-carbonate contact and post-impact carbonates. Four horizons marked by high-amplitude
reflectors representing high-impedance contrasts were identified and laterally correlated in the seismic images.
Complex trace attribute analysis was applied for petrophysical characterization. Surface contour maps of base and
top of stratigraphic packages were constructed, which mapped the impactites and post- and pre-impact carbonate
stratigraphy. Basin floor, marked by the contact between the impact breccias and overlying carbonates is shown
by laterally discontinuous high-amplitude reflectors. Discontinuous scattered reflectors interpreted as the upper
breccias beneath the crater floor, have an average thickness of ~300msm. The Paleogene sedimentary units are
characterized by multiple reflectors with lateral continuity, which contrast with the seismic response of underlying
breccias. The basal Paleocene sediments follow the basin floor relief. Upwards in the section, the carbonate
strata are characterized by horizontal reflectors, which are interrupted by a regional unconformity. Onlap/downlap
packages over the unconformity record a period of sea level change.
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INTRODUCTION

The Chicxulub Crater formed by an asteroid impact
on the Yucatdn carbonate Platform in the southern
Gulf of Mexico (Fig. 1) (Hildebrand et al., 1991,
1998; Sharpton et al., 1992). The impact is linked
to the end Cretaceous mass extinction, marking the
Cretaceous/Paleogene (K/Pg) boundary (Alvarez et
al., 1980; Schulte et al., 2010). The crater has a multi-
ring morphology characterized by a peak ring and
central basement uplift, with a diameter of ~200km.
After formation, the crater was covered by carbonate
sediments; there are presently no surface outcrops of
ejecta and crater structures. The buried crater was first
identified in oil exploration surveys, from the semi-
circular concentric gravity and magnetic anomaly
patterns in northern Yucatdn Peninsula (Penfield
and Camargo-Zanoguera, 1981). Studies of impact
dynamics and cratering require data on crater structure,

15°N
101°W 95°W

Seismic attribute analysis of Chicxulub Crater

central uplift, peak ring, crater rim, terraces, fault zones,
melt rocks and breccias. Geophysical surveys have
focused on crater structure, cratering, ejecta deposits,
impact effects and impact dynamics (Hildebrand et al.,
1991, 1998; Sharpton et al., 1993; Morgan et al., 1997,
Gulick et al., 2008, 2013; Schulte et al., 2010; Urrutia-
Fucugauchi et al., 2011). Understanding multi-ring
forming impacts is a major research area in planetary
sciences (Melosh, 1989; Pierazzo and Melosh, 2000;
Urrutia-Fucugauchi and Pérez-Cruz, 2009, 2016).

The Yucatdn Platform extends areally ~300,000km?,
separating the Caribbean Sea from the Gulf of Mexico.
This platform has developed on a continental block of
Pan-African affinity from accumulation of calcareous
material deposited on crystalline basement since the
middle Mesozoic and during the Cenozoic (Lépez
Ramos, 1979; Keppie et al., 2011). The Yucatdn
block evolution is linked to the opening of the Gulf of
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FIGURE 1. Map of Gulf of Mexico showing the location of the Chicxulub impact crater in the Yucatan Peninsula, modified from French and Schenk

(2004).
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Mexico and Caribbean Sea since the middle Jurassic
(Pindell and Dewey, 1982; Molina-Garza et al., 1992;
Marton and Buffler, 1994; Bird et al., 2005) involving
tectonic displacements during the opening of the gulf
and subsequent subsidence/uplift. Absence of outcrops
of Mesozoic and Paleogene strata in northern Yucatdn
Peninsula has limited the completeness of stratigraphic
studies, which are mainly based on borehole data and
geophysical surveys (Lépez Ramos, 1976, 1979).
Carbonate sedimentation and depositional conditions
on the platform have been controlled by tectonics,
climate and sea level changes. In the northwestern
Yucatdn area, platform sedimentation conditions
changed with the formation of Chicxulub Crater Basin,
permitting the accumulation of thick sequences during
the Paleogene (Bell et al., 2004; Whalen et al., 2014).

Seismic attribute analysis is a widely used technique
in oil exploration, providing quantitative and qualitative
petrophysical characterization and stratigraphic and
structural information on sedimentary basins and
hydrocarbon reservoirs (Taner et al., 1979; Chopra and
Marfurt, 2005, 2008). Complex trace attribute analyses
allow mapping of subtle seismic impedance changes,
in turn useful for petrophysical characterization and
structural/stratigraphic mapping of package thickness
and geometry, facies changes and discontinuities due
to faults and fractures. Seismic attribute analysis has
not been used to interprete the seismic data on the
Chicxulub Crater, except for a previous preliminary
analysis (Salguero-Herndndez et al., 2010).

The objectives of this study are to investigate the
structure and stratigraphy of the impact breccias, the
crater floor marked by the contact between the breccia
and basal carbonate sediments and the post-impact
carbonate sequence. The interpretation is based on
seismic images and the attribute analysis on a grid of
19 seismic profiles in the crater marine central sector.

Chicxulub Crater

The Chicxulub Crater Basin, located in the Yucatdn
Platform, southern Gulf of Mexico (Fig. 1), formed as
a result of a large asteroid impact at the K/Pg boundary
(Hildebrand et al., 1991; Schulte et al., 2010). The
impact created a ~200km rim diameter complex crater,
forming a large depositional basin in the platform
(Morgan et al., 1997; Gulick et al., 2008). The crater
multi-ring morphology can be observed in the semi-
circular concentric gravity anomaly pattern with a
central gravity high and in the seismic reflection profiles
(Sharpton et al., 1993; Morgan et al., 1997) (Fig. 2A).
Major structural elements are depicted in a schematic
cross-section (Fig. 2B), with the central basement uplift,
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fault system, terrace zone, displaced/deformed target
rocks, impact melt rocks, peak ring and post-impact
carbonate sediments. The crater is presently located part
on land and part offshore, with its geometric center in
the Yucatdn coastline at Chicxulub Puerto. The crater
has been investigated with an array of geophysical
methods and drilling programs (e.g. Penfield and
Camargo-Zanoguera, 1981; Hildebrand et al., 1991,
1998; Sharpton et al., 1993; Pilkington et al., 1994;
Urrutia-Fucugauchi et al., 1996, 2004, 2008; Morgan et
al., 1997, 2005; Gulick et al., 2008, 2013; Schulte et al.,
2010; Batista et al., 2013).

Penfield and Camargo-Zanoguera (1981) used
combined analysis of gravimetric and aeromagnetic
data and borehole logs to interpret the geophysical
and borehole information, with the occurrence of the
“andesitic igneous zone” as a possible impact crater.
Successive studies confirmed the impact origin and K/
Pg age of Chicxulub (Hildebrand et al., 1991, 1998;
Sharpton et al., 1992, 1993; Urrutia-Fucugauchi et al.,
1996, 2011). Analyses of potential field anomalies and
seismic reflection profiles reveled a central structure
characterized by a peak ring and central uplift with
concentric internal and external rings (Sharpton et
al., 1993; Connors et al., 1996; Morgan et al., 1997;
Hildebrand et al., 1998 ; Vermeesch and Morgan, 2008).
Since the 1990’s, the Chicxulub Crater has received
renewed attention from the scientific community
interested in the mass extinction and K/Pg boundary
events. The effects of the impact on the climate and life
support systems have been considered the major cause
of the end Cretaceous extinction (Alvarez et al., 1980;
Schulte et al., 2010).

Geologic mapping shows that most of the peninsular
northern and eastern sectors are covered by Pliocene
and Quaternary carbonates, with older Eocene and
Paleocene units to the South (Lépez Ramos, 1976,
1979). In the northern Yucatdn Peninsula, the Paleogene
sedimentary sequence has been investigated by drilling
as part of the PeMex exploration program and more
recently by the Universidad Nacional Auténoma de
México (UNAM), International Continental Drilling
Program (ICDP) and International Ocean Discovery
Program (IODP) (Fig. 3). The Pemex drilling program
provided the first direct evidence of the impact breccias
and melt rocks, which were sampled in boreholes at
depths around 900 to 1100m in the central crater zone
(Penfield and Camargo-Zanoguera, 1981; Hildebrand
et al., 1991; Urrutia-Fucugauchi et al., 2011).
Boreholes Chicxulub-1, Sacapuc-1 and Yucatdn-6
penetrated a carbonate sequence and the underlying
igneous-textured unit of andesitic composition (Fig. 3).
The Pemex program incorporated intermittent coring,
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FIGURE 2. A) Bouguer gravity anomaly over the Chicxulub Crater (Sharpton et al., 1993). B) Schematic cross-section of the Chicxulub Crater showing

the major structural elements (Collins et al., 2008).

which provided limited sampling of the different units.
The UNAM drilling program incorporated continuous
core recovery programs, permitting sampling the
carbonate sediments at different sectors inside and
around the crater zone (Urrutia-Fucugauchi er al.,
1996). Three boreholes in the southern zone, Santa
Elena, Tekax and Peto boreholes, were drilled in the
impact breccias of the proximal ejecta blanket. The
central-eastern sector was further sampled in the
Universidad Nacional Auténoma de México-Comision
Federal de Electricidad (UNAM-CFE) program, with
the easternmost borehole reaching the impact breccias
(Urrutia-Fucugauchi et al., 2008). The terrace zone
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was drilled in the southern sector with the ICDP
Yaxcopoil-1 (Yax-1) borehole, which provided a
continuously cored section of post-impact carbonates,
~100m of impact breccias and a thick section of more
than 1km of displaced Cretaceous carbonates (Urrutia-
Fucugauchi et al., 2004).

The UNAM exploration wells sampled the post-
impact carbonate sequence and impact breccias.
Boreholes Santa Elena (U5), Peto (U6) and Tekax (U7)
cored the carbonate-breccia contact and the impactites,
an upper breccia unit rich in melt and basement clasts
and a lower breccia unit rich in carbonate clasts (Urrutia-
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Fucugauchi et al., 1996, 2011). The stratigraphy of two
inverted breccia sequence resembles the suevitic and
Bunte breccia units documented in the Ries Crater.

The IODP-ICDP Expedition 364 drilled the Chicx-
03A borehole on top of the peak ring in the marine crater
sector, sampling the post-impact carbonates, impactite
units and peak ring sequence (Morgan et al., 2016). The
drilling program aimed to investigate the low-velocity
zone that characterizes the peak ring and the annular
gravity low. The borehole sampled a thick basement
section of fractured granitic rocks lying at shallow
depths, between ~748m and ~1335m below seafloor,
beneath the peak ring. The occurrence of basement
rocks supported peak ring formation models involving
uplift of lower crustal material. It provided samples of
the thickest basement section so far drilled. Basement
rocks had been sampled earlier from clasts in the melt
and basement rich breccias.

The crater sediment infill stratigraphy has been
investigated in the seismic studies, initially along
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regional profiles across the marine sector of the
structure as part of the 1996 British Institutions
Reflection Profiling Syndicate (BIRPS) project
(Morgan et al., 1997; Snyder and Hobbs, 1999) and
in a seismic grid in the 2005 Chicxulub Seismic
Experiment (Gulick et al., 2008, 2013). The BIRPS
seismic reflection profiles imaged the crater basin and
the deeper structure, with the crater floor morphology,
peak ring, fault sets and underlying basement. The
Chicxulub Seismic Experiment surveyed an area across
the peak ring into the annular trough and the central
zone. The two seismic surveys have provided data to
investigate the shallow and deep structure beneath the
Chicxulub Crater (Morgan et al., 1997; Gulick et al.,
2008).

The BIRPS shallow seismic data have been re-processed
and interpreted in subsequent studies, as the ~lkm-deep
basin with the post-impact sediment fill characterized
by low velocities of around 2 to 3.5km/s (Brittan et al.,
1999). Bell er al. (2004) investigated the stratigraphy
and depositional conditions inside the crater. In their
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FIGURE 3. A) Location of drilling sites in the Chicxulub Crater and Yucatan area (Urrutia-Fucugauchi et al., 2008, 2011; Morgan et al., 2016).
B) Schematic borehole columns for boreholes in the Yucatan Peninsula, across the Chicxulub Crater (adapted from Lépez Ramos, 1979; Ward
et al., 1995; Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004; Urrutia-Fucugauchi et al., 2004; Morgan et al., 2016).
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study, stratigraphic packages were identified and mapped,
reconstructing the gradual filling of the basin. The western
and northwestern sectors were filled earlier than the eastern
sector. The sedimentary packages are separated into a lower
section and an upper section by a crater wide unconformity.
The unconformity marks a major change in the depositional
conditions, mainly in the eastern sector by a prograding shelf
downlapping over the unconformity (Bell et al., 2004). The
clinoforms record a marine regression affecting the Yucatdn
Platform and the Chicxulub Basin (Whalen et al., 2014).

The crater floor is characterized by relief marked by the
elevated peak ring and the top surface of impact breccias
(Gulick et al., 2013). In the last stages of cratering during
the collapse stage, tsunamis and backwash slides resulted
in re-working and re-deposition of the breccias (Schulte et
al.,2010; Whalen et al., 2014). The carbonate sequence was
affected by hydrothermal alteration from the high temperature
fluids and circulating sea water. Their long-lived effects are
shown in geochemical logs of the Paleogene carbonates
(Escobar-Sanchez and Urrutia-Fucugauchi, 2010). Their
effects on the physical and chemical properties are discussed
below in relation to the petrophysical characterization in the
seismic attribute analysis. Heat from the melt maintained
the active hydrothermal system, which lasted for more than
a million years (Kring et al., 2004; Escobar-Sdnchez and
Urrutia-Fucugauchi, 2010).

The Yucatdn Platform has been described as a relatively
undeformed low dipping ramp (Rosencrantz, 1990). The
platform has evolved since the Early Cretaceous (Berriasian)
after the rifting of the Yucatdn tectonic block, with carbonate
sediments deposited in this escarped rimmed platform
(Wilson, 1975). Regional fault zones affect the eastern
platform edge on the Caribbean Margin. The Campeche
escarpment has been recently imaged from high-resolution
multibeam bathymetric surveys, which have identified the
impactite deposits exposed on the northern scarp (Paull et
al., 2014).

In our analyses, we concentrate on the carbonate
sedimentary sequence below the unconformity, the upper
breccias and the crater floor relief, with particular attention
to the basal Paleogene sediments deposited in the basin,
sediment transport and deposition over the peak ring and
annular trough.

METHODS

The study area is located in the northern central sector
of the Chicxulub Crater, in the Yucatdn carbonate Platform.
Marine seismic reflection surveys have been conducted for
the oil exploration and for the Chicxulub projects. In this
study, we analyze the seismic lines from the Chicxulub
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Seismic Experiment in the central crater sector (Fig. 4;
Morgan et al., 2005; Gulick et al., 2008). Seismic lines
were acquired in a dense profile grid (Table 1), which
provided increased resolution in the central and annular
sectors across the peak ring zone. Details of the survey
design, acquisition parameters and processing are given in
Gulick et al. (2008). To interpret the seismic lines, high-
energy reflectors with lateral continuity were marked in the
seismic images (Canales, 2013). Interpretation was based
on the Petrel seismic simulation software (Schlumberger,
version 2009) and the application of seismic attributes, 2-D
line visualization, contour surfaces and 3-D oblique views
for selected reflectors. The seismic images are plotted as a
function of two-way travel time in milliseconds (ms).

Seismic attributes are used to investigate petrophysical
properties within a seismic line grid and to infer rock
types, small-scale structures and oil-gas-water interfaces
(Chopra and Marfurt, 2005, 2008; Barnes, 2006; Liu and
Marfurt, 2007). Seismic attributes are designed to enhance
and extract information from measured seismic properties
such as amplitude, frequency and lateral reflector
continuity/discontinuities. We have determined the post-
stack complex trace attributes of envelop amplitude,
instantaneous phase, instantaneous frequency, Root Mean
Square (RMS) amplitude and anelastic attenuation Q
factor. Here we show the results for the cosine of phase
and RMS attributes.

The cosine of phase, which represents a phase value
(-1 to 1) signal associated with a point in time, is used to
emphasize structural features. The phase corresponding
to peaks, valley and zero crossings of the actual trace is
assigned a given color (black or white), marking changes
in the wavefront. The phase information is independent
of the amplitudes of the traces, and although the events
observed are weak, it serves to discriminate geometries
and as indicator of lateral continuity, sample sequence
boundaries and strata configuration.

The RMS attribute is determined as the square root
of the sum of squared amplitudes normalized by the
number of samples within a given {t,—t,} interval. In
the oil exploration seismic surveys, the RMS attribute is
used as an indicator of hydrocarbon presence. The RMS
amplitude is sensitive to random noise and it correlates
with amplitude variance, reflection strength and average
energy (Barnes, 2006).

SEISMIC INTERPRETATION

We analyze 14 seismic lines of the Chicxulub
Seismic Experiment in the central sector (Fig. 4),
three of which are segmented in seven lines, summing
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FIGURE 4. A) Location of the 19 seismic lines in the central sector of the crater. B) Horizontal gravity gradient of Chicxulub crater (Connors et al.,

1996), with the seismic lines.

up to a total of 19 seismic lines. Information on
location, coordinates and length of seismic lines is
summarized in Table 1. A total of 1822km of seismic
reflection lines were acquired, including the central
grid of high resolution profiles, which contains the 19
lines of this study, a semi-circular profile and three
radial profiles (Gulick et al., 2008). The R/V Maurice
Ewing of the University of Columbia, equipped
with a multichannel system with 6km streamer, and
additionally, 28 ocean-bottom seismometers and 87
land seismometers were used for data acquisition in
the project.

In this study, seismic reflections resulting from
subsurface interfaces characterized by strong velocity
and acoustic impedance contrasts were identified and
marked in the profiles (Vail er al., 1991; Christie-
Blick and Driscoll, 1995). We considered that seismic
properties, such as waveform, event amplitude,
sequence patterns, depend on structural details,
nature of interstitial fluids, as well as the absorption
of frequencies of rock units located in the target
strata and surface. The workflow is described below.
Seismic data were loaded in the Petrel software and
each line was accessed with the original data in
separate interpretation windows.
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Composite sections were constructed each one with
two intersecting lines oriented approximately West-
East and North-South (parallel and perpendicular to
the coast line). Examples of the composite sections
are presented in Figure 5A and 5B, corresponding
to lines Chicx_16 and Chicx_10 and Chicx_15 and
Chicx_9, respectively, in the western sector. Thickness
variations are observed between the base of the crater
horizon and the base of the breccias. Interpreted depth
variations show reflectors that correlate across the
grid and deepen South of the structure. These changes
in the position of the proposed limits are reflected in
isopach maps, which correlate with models of gravity
anomalies (Sharpton et al., 1993; Hildebrand er al.,
1998; Vermeesch and Morgan, 2008; Vermeesch et al.,
2009).

Packages with characteristic sets of reflectors are
separated in the composite sections (Fig. 5). They
are bounded by high-energy reflectors marked with
different colors (pink, blue, green and yellow). The
packages correspond to the upper breccia sequence,
the basal sediments filling the basin bottom relief, the
sediment section with basin-wide lateral continuity
and an undifferentiated upper section, which is not
analyzed in this study.
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TABLE 1. Location, coordinates and length of the seismic profiles

Line Latitude N Longitude W Total length (km)

4c 21°35'46.50 89°56'05.70 18.93
21°37°58.70 89°45'25.91

5 21°31'12.61 90°11°43.37 58.87
21°38'13.37 89°38'20.51

6b 21°32'18.45 89°58'57.30 29.93
21°35'51.82 89°41°'54.97

6 21°35'16.89 89°45'05.36 43.60
21°40'22.14 89°20°'22.49

82 21°33'23.82 89°41°15.20 34.40
21°37°34.25 89°21'45.64

8b 21°31°22.26 89°50'43.01 14.89
21°33'08.11 89°42'16.98

8c 21°26'55.17 90°11'20.47 33.52
21°30'59.17 89°52'23.41

9 21°25'06.14 90°14°'16.94 91.81
21°35'59.81 89°22'21.04

10 21°26'01.90 90°02'14.59 49.69
21°31'42.99 89°34°05.17

15 21°39'28.37 90°08'49.47 35.72
21°20°27.01 90°04°49.44

16 21°39'32.54 90°04°11.81 27.9
21°24°41.25 90°01°05.73

17b 21°35'53.72 89°58'55.12 19.34
21°25'37.18 89°56'43.46

18 21°39'14.66 89°55'01.16 18.36
21°29'28.19 89°52'58.50

19 21°36'17.93 89°49'50.09 8.15
21°31°58.43 89°48'54.93

21 21°45'52.62 89°42'41.73 28.85
21°30'47.57 89°39'31.57

22 21°47°03.36 89°38'22.93 25.85
21°33'19.16 89°35'27.76

23a 21°40'58.97 89°32'35.97 18.42
21°31°12.65 89°30°26.20

23 21°45'59.72 89°33'34.01 10.55
21°40°'22.97 89°32'23.10

24 21°50°52.36 89°27°48.05 24.85
21°37°39.02 89°25'04.15

The upper breccia sequence shows lateral variations
in thickness. Its top boundary marked by the blue
reflector delineates the relief of the basin floor, showing
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the topographic uplift of the peak ring. The basal
sediments fill the basin floor relief and show lateral
variations in thickness, with discontinuous reflectors.
The lower limit of the upper breccia unit is less well
defined, masked by the lack of resolution in the
reflectors at those depths. The melt sheet is apparently
restricted to the peak ring, with melt pockets in the
annular trough as described in previous analysis and in
the Yucatdn-6 borehole (Barton et al., 2010).

Results are presented in terms of surface contour
maps for the marker reflectors in Figures 6 and 7. At
travel times ranging between -500ms and -1300ms in
the West-East direction, the pink reflector delimits
the top of a package of discontinuous reflectors,
interpreted as fractured or reworked materials (Fig.
6B). A fractured brecciated unit is a likely explanation
for the pattern of discontinuous reflectors. Working
upwards, a blue reflector is identified, with its travel
times ranging between -450ms and -1000ms in a
West-East direction (Fig. 7B; 6A). This reflector was
chosen as the first relatively continuous present in
every profile. Broken discontinuous reflectors of high
amplitude can be observed below the blue reflector,
but more continuous than those observed at greater
depths in the fractured brecciated unit. Fractures or
sedimentary discontinuities are therefore interpreted in
the package located between the pink and blue horizons
(Fig. 5A; B).

The basal package of reflectors (Chicx_B) is
bounded at its base by a green horizon (Fig. 5A). Its
depth ranges between -150m and -900m in a West-East
direction. Its geometry is smoother than in the deeper
reflectors, indicating that the shallower strata are less
affected by variations in thickness. Upwards in the
section, package Chicx_A is bounded by the colored
green and yellow reflectors (Fig. 7B), and it ranges
between -200m and -700m in a West-East direction.
This package is relatively horizontal and its thickness
increases towards the northeast. Its sediments appear
deposited in low energy environments, allowing
increasingly homogeneous distribution and thickness.
At the basal sequence, relief of crater floor controlled
the deposition of the basal carbonate sediments.
These sediments form a relatively uniform unit with a
seismic response characteristic of platform limestone
sequences. Above the horizon marked in yellow,
continuous high-amplitude reflectors are observed
(Fig. 5). As already noted, reflectors in the section at
approximately 200msm are nearly horizontal. In the
overlying sedimentary unit above the unconformity
(yellow reflector in the seismic profiles), no reflectors
indicating young sequences are marked. This unit was
not included in this study.
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In the analysis, stratigraphic packages are separated
from their seismic response, in strata lateral continuity,
signal amplitude, reflector amplitude and texture (Figs.
6 and 7). These properties are enhanced in the seismic
attributes,  highlighting contrasts in petrophysical
properties. The cosine of phase and RMS attributes are
used to further investigate lateral continuity of reflectors
and reflector amplitudes.

In Figures 8 and 9, the joint analyses of the cosine of
phase and RMS attributes for lines Chicx_5 and Chicx_9
are shown. The lines cross the structure in an E-W direction
and show the geometry and inclination of the reflectors and
package thickness variations from crater rim to the central
zone, and the relief of the crater floor across the central
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zone and outside within the annular trough. The analysis of
cosine of phase shows the distribution of the upper breccia
package and the bathymetric relief of the basin floor
(using the first laterally continuous reflector on top of the
breccias). Chicx_A and Chicx_B packages are separated
by high-energy continuous reflectors, showing the package
lateral thickness variations. Seismic lines across the peak
ring show changes associated with the bathymetry. The
thickness of the breccia units is greater in the NW-SE lines
in the annular through outside the elevated peak ring.

DISCUSSION

The stratigraphy of the crater central zone was investigated
by the analyses of a grid of 19 seismic reflection profiles
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using seismic attributes, marker horizons, contour surfaces
and 3-D views. Seismic units marked by high-energy laterally
continuous reflectors are characterized, corresponding to
the impact breccias and infill basal carbonates. The upper
breccia unit has variable thickness with its top representing
the crater basin floor. This marker horizon is represented by
high-amplitude reflectors of the breccia-carbonate contact
and a laterally continuous bottom reflector. The overlying
basal carbonates with reflectors paralleling the basin floor
relief is relatively thin; this unit is followed by a thicker unit

seismic stratigraphic

The

drilled in the land s
et al., 1999; Snyder
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post-impact
deposited in the crater basin has been investigated in
marine seismic reflection surveys and in the boreholes

Chicx_A
Chicx_B
CraterFloor

Breccia

with reflectors that gradually tending to the horizontal. These

units were further interpreted in the

petrophysical and seismic attribute analysis.

carbonate sediment sequence

ector (Morgan et al., 1997; Brittan
and Hobbs, 1999; Bell et al., 2004;

Urrutia-Fucugauchi et al., 2004; Vermeesch et al., 2009;
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Gulick et al., 2013; Whalen et al., 2014). Bell et al. (2004)
reported a stratigraphic analysis for some regional seismic
reflection profiles from the 1996 Chicxulub seismic survey
(Morgan et al., 1997). Their analysis documents six
different depositional packages characterized by distinct
sets of reflectors separated by high energy reflectors. The
depositional packages defined in Bell ef al. (2004) and
Whalen et al. (2014) were identified in our analysis, and
extended laterally in the seismic profile grid of the central
sector (Fig. 4). The analysis permitted us to document

Geologica Acta, 16(2), 215-235 (2018)
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lateral changes in the thickness and distribution of the
units, defined by the high-energy reflectors in the seismic
profile grid. Results are summarized in terms of surface
contour maps for the base of the breccia package and crater
floor (Fig. 6) and for the Paleogene sediments (Chicx_A
and Chicx_B packages) (Fig. 7).

The impact breccias are characterized as fragmented

materials beneath the crater floor; the upper breccia
package shows lateral variation in thickness with large
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differences between the central and northern sectors. The
reflector interpreted as the base of the breccia package
varies from -500m to -1300m (Fig. 6A). In the seismic
lines, packages of discontinuous reflectors characterize
the fractured breccia unit. The bottom reflector limiting
the upper breccia unit might represent the contact with
top of the melt rock unit, which appears limited to the
peak ring zone (Barton et al., 2010).

The crater basin floor is marked by high-amplitude
reflectors that delineate the contact between the upper
impact breccias and the overlying post-impact carbonates
(Fig. 6B). The Paleogene carbonate sequence is
characterized by two packages of multiple reflectors with
lateral continuity (Chicx_A and Chicx_B) (Fig. 7), which
contrast with the seismic response of the underlying
impact breccias and the pre-impact carbonate units near
the impact crater.

In the profiles, the blue horizon is interpreted as
the crater floor represents the first semi-continuous
reflector at an average depth of -800m (Fig. 6). At the
southern sector, the reflector gets shallower reaching
400msm to 450msm and deepen to the North until
1000msm to 1100msm. Seismic reflectors associated
to the peak ring are also present. In the central sector,
the horizontal gradient gravity anomaly (Connors et al.,
1996; Hildebrand et al., 1998) marks positive anomalies
which mark density contrasts across the peak ring zone.
The peak ring stratigraphy was been investigated in the
IODP-ICDP Expedition 364, that which drilled a thick
granitic basement section beneath the peak ring (Morgan
etal.,2016).

Further characterization of the stratigraphic units was
made from the seismic attributes. The cosine of phase
attribute permits the separation of reflector packages,
showing the characteristic response of the reflectors
in each package. Within the upper breccia package, a
high-amplitude reflector with lateral continuity present
beneath the crater floor reflector in blue, might mark
presence of the melt rocks. The reflectors marked in
green and yellow separate a package of nearly uniform
parallel strata. In the package, the relief follows the
bottom reflectors of basin floor (blue reflector). The
strata on the central zone above the yellow reflector are
characterized by continuous high amplitude reflectors.
The yellow reflector dips towards the northeast. The
green reflector follows the bottom relief of basin floor.
The basal Paleocene package is characterized by high-
amplitude discontinuous reflectors parallel to basin floor
(Fig. 5A; B).

The units below the crater floor formed by the
impact breccias and melt-rich units have been sampled

Geologica Acta, 16(2), 215-235 (2018)
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in the exploration boreholes on land (Hildebrand et al.,
1998; Urrutia-Fucugauchi et al., 2011). Reflectors are
characterized by high amplitudes and restricted lateral
continuity, associated with brecciation, fracturing and
hydrothermal alteration. Lateral variations in the thickness
of the breccia unit are shown in the surface contour
map and 3-D oblique view (Fig. 10). In this section, a
discontinuous reflector marked in pink separates an upper
section from a deeper section with no apparent reflectors.
Morgan et al. (2000) interpreted in the 1996 seismic lines
a low-frequency reflector marked by rapid increase in
velocity up to 5.5km/s as the top of the melt sheet. Barton
et al. (2010) correlated this low-frequency reflector with
the up concave reflectors arising from sills underlain by
a ~2-3km thick layered zone. The top of this reflective
layer seems to correspond to a nearly horizontal thin high
velocity layer, ~0.7km thick at ~1.6—1.8km deep, which
is identified from the refractions in the streamer data.
Gulick et al. (2013) mapped the ~1.9km low-frequency
reflectors and high-velocity zone in the central crater
zone, suggesting that the melt sheet might extend within
the central sector and up to the annular trough (Barton et
al., 2010). The Chicx-03A borehole over the peak ring
drilled a ~130m breccia section with melt fragments that
overlie a thin clast-poor melt rocks (Morgan et al., 2016).

The configuration and lateral variation in thickness
of the carbonate units Chicx_A and Chicx_B are shown
in the 3-D oblique views (Fig. 11). The 3-D model
(Fig. 11) shows that the thickness of the basal Chicx_B
package increases northwards. Above the lower sequence
Chicx_A that forms the basal Paleocene section, the
packages are characterized by sequences of parallel
reflectors with lateral continuity in Chicx_B. Within
the packages, reflectors delineate development of small
basins and topographic highs and smaller abrupt peaks.
The surface contour map for the Chicx_A reflector shows
the differences between the central sector (in green) and
the annular trough (shown in blue and green-yellow),
with depths varying from -150m to -900m (Fig. 7). The
configuration of the Chicx_A surface follows the relief
of the crater floor (Fig. 6). The variations in thickness of
the package correlate with the relief of the crater floor.
The surface contour map for the Chicx_B reflector shows
less relief, with semi-horizontal reflectors varying in
depth between -200m and -700m from West to East. The
surface maps for the sediment packages define the central
zone and the annular trough.

In the analysis of the regional profiles A, A-1, B and
C, Bell et al. (2004) identified five units marked by high-
amplitude reflectors in the post-impact infill carbonates.
The crater floor marking the contact between the breccias
and the basal carbonates was marked by the bottom set
of reflectors with lateral continuity. The lower reflector
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was interpreted as the crater floor; however, as discussed
in Bell et al. (2004) the upper reflector or somewhere in
between could represent the contact of the impactite unit
and basal carbonates. The basal Unit 1 forms the first set
of continuous reflectors, which was divided into subunit
la and 1b by the upper reflector that could represent the
contact horizon. In the western section, reflectors onlap
the higher energy reflector subdividing the subunits
around a local bathymetric high. Unit 2 is characterized
by an infill deposit that onlaps towards the peak ring high
and the western basin end. Unit 3 is characterized by
discontinuous low-amplitude set of reflectors that extends
from reflectors parallel to the crater floor upwards into
eastward 3-4 dipping clinoforms downlapping into a
lateral continuous reflector. Bell et al. (2004) noted
that thickness changes suggest a sediment source to
the West, with slope progradation to the East. Unit 4 is
characterized by high amplitude continuous reflectors
that form eastward dipping clinoforms across the crater
basin. Top of Unit 4 defines a depositional change, which
in the eastern crater sector is marked by steep complex
clinoforms recording a marine regression and which
define a separate unit. Unit 5 defines a prograding slope
with offlap forms controlled by lowering sea level. It is
only present in the eastern sector, thinning to the West
and overlap by a set of clinoform defined by shallow
dipping 1-2 parallel reflectors, which represent the last
depositional unit preserved or deposited in the marine
crater sector (Unit 6).

Bell et al. (2004) discussed the depositional
environments, history and relationships within the Yucatdn
Platform. They note that the regional unconformity
formed during the Late Oligocene-Early Miocene could
be represented the top reflectors marking Unit 4, which
then implies an age around 23Ma for the prograding Unit
5. Alternatively, they note that the unconformities at the
Paleocene-Eocene, Eocene-Oligocene and Middle-Upper
Miocene boundaries might correlate with the lower part
of Unit 5 regression package, then representing a younger
age.

Whalen et al. (2014) analyzed the stratigraphy of the
post-impact sediments cut in the Yaxcopoil-1 borehole.
In the analysis, they distinguished 5 depositional
units down to the contact with the impact breccias
section at about 795m-depth. Based on a correlation
with the P-wave velocity log (Popov et al., 2004;
Mayr et al., 2007), Whalen et al. (2014) correlated
the lithostratigraphic units to the seismic units of Bell
et al. (2004). In their preferred correlation, they relate
the lithostratigraphic units and the seismic units, with
lithostratigraphic units 1 and 2 correlating with seismic
Unit 1, lithostratigraphic units 3, 4 and 5 correlates
with seismic Units 2, 3 and 4. In the lithostratigraphic
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column, Unit 1 is characterized by marly limestones
and re-deposited carbonates. Unit 2 is characterized
by argillaceous carbonates, with the top represented by
re-deposited carbonates. Unit 3 is characterized by a
thick carbonate sequence. Units 4 and 5 are formed by
argillaceous carbonates. Unit 5 representing the marine
regression marked by the complex clinoforms present
in the eastern sector is grouped with the top Unit 6,
defining the topmost depositional unit. The sections in
the annular trough contain the thickest section of infill
carbonate sediments (Bell et al., 2004), which in the
Yaxcopoil-1 borehole is represented by a section 795m
thick. The Yaxcopoil-1 breccia section is ~100m-thick
and is overlain by a carbonate megabreccia section. The
breccia section has been subdivided into six subunits
with distinct emplacement modes, with the upper
subunit formed by reworked less consolidated breccias
(Urrutia-Fucugauchi et al., 2004; Kring et al., 2004;
Stoffler et al., 2004).

In our analyses, the on-land boreholes are rotated
to the position along the marine seismic lines assuming
a radial symmetry, which allow to correlate borehole
columns and geophysical logs to the marine seismic
lines (Bell er al., 2004; Whalen et al., 2014). Studies
have however uncovered asymmetries in crater structure
and stratigraphy of impactites and sedimentary units
(Gulick et al., 2008, 2013; Ortiz-Aleman and Urrutia-
Fucugauchi, 2010; Rebolledo-Vieyra et al., 2010). The
seismic stratigraphy analysis by Bell et al. (2004) shows
the contrasts between the western and eastern sectors of
sedimentary units, particularly in their Unit 4 above the
unconformity. Whalen et al. (2014) proposed that the
Yaxcopoil-1 borehole column correlates better with the
sediment sequence on the eastern sector rather than with
the western sector. These analyses emphasize the need for
additional studies and in the case of the seismic data for
mapping the reflectors and packages in surface contour
maps and 3-D cubes.

Integrated 3-D cubes for the marker horizons defining
the seismic units show the packages identified for the
seismic units of the upper breccias, the Chicx_A basal
sediment package and the Chicx_B sediment package
(Fig. 12). The oblique views from the South and from
the North show the variations in thickness and the
configuration of the seismic units. Correlations of onland
boreholes assuming radial symmetry need to be revised
and constrained by additional data. The upper breccias
(shown in red) are characterized by large variation in
thickness. The basal sediments (shown in orange) follow
the crater floor relief and get thinner over the bathymetric
highs forming the crater floor. The overlying sediment
package referred to as Chicx_B represents a thicker unit
of infill sediments characterized by semi-horizontal strata.

|231]



I. Canales-Garcia et al. Seismic attribute analysis of Chicxulub Crater

A X-axis

-324800

Elevation time [ms]
- 78400 -324400 324000 '-: 20
s 78000 323600 333300 E;
-322800 — 600
77600 322800 oo b 0
77200 -321600 _?880
76800 o
-1300
-200 -
! - -400
e
e
-400 —
“I ] --600
e Z-axis
600 = 800
Z-axis — )
-800 -
- -1000
1005 1200
1200 -k-1400
-1400
324800 1400 :
) -324000 "““P-—a._,__h______‘_h 78000
-323600 533200 £ 77600  Y-axis
) -3228m
Xoaxis -322400
-322000
-321600 .
View from south
Elevation time [ms]
X-axis -: §88
-321600 -323000 -322400 -322800 -323200 -323600  -324000 -324400 -324800 B
1 1 1 | o I ] . 1 b

= -800
-900
-1000
-1100
-1200
-1300

_: 600
-700
$~—200

—-1200

~-1400
77000

Y-axis

j . ; ) 78000
-1400 -J, . ; :

T L] F
-321600 322000 .372400  -322800

'|., - T T T T i
-323200 -323600 -324000 -324400 -324800

X-axis ‘
View from north

FIGURE 12. A) 3-D integrated oblique view from the South. B) 3-D integrated oblique view from the North. As already represented in Figures 10 and

11, the upper thicker (yellow) layer corresponds to Chicx_A, the thinner (orange) layer below this corresponds to Chicx_B, and the lower thick (red)
layer are the Breccia.

Geologica Acta, 16(2), 215-235 (2018) [232]
DOI: 10.1344/GeologicaActa2018.16.2.6



I. Canales-Garcia et al.

CONCLUSIONS

A new stratigraphic interpretation of the impact breccia
units and basal post-impact carbonate sediments in the
Chicxulub central sector has been compared with previous
analyses. Interpretation integrates seismic images and
complex trace attribute analyses on a grid of 19 seismic
reflection lines. The crater floor, marked by the contact
between the impact breccias and the basal Paleocene
carbonate sediments, is shown by laterally discontinuous
high-amplitude reflectors at ~800msm. The crater floor,
with the breccia-carbonate contact horizon, presents
an irregular geometry probably associated with crater
collapse and post-collapse action of tsunamis, gravity
flows and faulting. The seismic signature of the breccias
beneath the breccia-carbonate contact is characterized by
laterally discontinuous reflectors. The base is marked by a
high-amplitude reflector, which separates the units below
characterized by a distinct impedance response with few
reflectors. The reflectors above the top reflector of the
breccia package are associated with the basal carbonate
sediments deposited in the relief of the crater floor. The
thickness of the breccia section varies between 570m to
120m, with an average thickness of ~400m.

Data integration in surface maps and 3-D cubes for
the survey grid permitted to follow selected marker
reflectors and to define the stratigraphic packages.
Seismic attribute analysis allowed characterization of the
carbonate sediments and impactites. Use of the cosine
of phase and RMS attributes improved the definition of
lateral continuity and the petrophysical characterization of
seismic packages. The basal carbonates of Chicx_A units
and upper breccia units are marked in the seismic attributes,
showing the contrasts in petrophysical properties between
the impactites and the carbonate sediments. The Chicx_A
basal carbonates showed distinct petrophysical properties
in the RMS attribute, which allowed higher definition in
the stratigraphic analysis.
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