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The Chicxulub crater was formed by the impact of an asteroid ∼66 Ma ago at the Cretaceous/Paleogene boundary on a carbonate platform in the southern Gulf of Mexico. The impact’s structure is not exposed at the surface, requiring drilling and geophysical surveys to study it. The geophysical and drilling program by Petroleos Mexicanos (PEMEX) provided critical evidence and core samples for petrographic, geochemical and chronostratigraphic studies. The PEMEX boreholes drilled through a sequence of carbonate sediments and igneous-textured rocks, corresponding to the post-impact carbonates and impactite sequence. The Chicxulub-1 (1581.5 m), Sacapuc-1 (1527 m), and Yucatan-6 (1645 m) boreholes reached the impact breccias and melt at ∼1100–1581.5 m, ∼1000–1527 m and 1040/1080–1645 m, respectively. In the Chicxulub-1 and Sacapuc-1 boreholes, post-impact sediments include interbedded marlstones and limestones, and in Yucatan-6, post-impact sediments include limestones, with intercalated layers of marlstones, calcarenites and calcirudists, and a sandy unit between 1040/1080 and 1220/1250 m, interpreted as a carbonate-rich sorted suevite. The impactites are ∼300 m and ∼200 m thick in Sacapuc-1 and Chicxulub-1 boreholes, respectively. Lateral correlations document that the melt sheet/pockets extend across the annular trough and peak ring. Self-potential (SP) logs characterize the carbonate and impactite sections that can be traced across the central zone, with differences in depth and thickness. SP logs record the carbonate and impactite section stratigraphy, with units that can be traced across the central zone. Lithological changes are observed at a depth below ∼900 m in the impactite section. The PEMEX drilling ended within the impactite section, without reaching the target carbonates. The revised borehole columns, logs, micropaleontological reports, and geophysical models provide constraints on post-impact sediments and impactites across the peak ring and annular trough in the central zone.
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1 INTRODUCTION
The Chicxulub structure was formed ∼66 Ma ago by the impact of an asteroid on the Yucatan platform in the southern Gulf of Mexico (Hildebrand et al., 1991; Schulte et al., 2010). After formation, carbonate deposition continued, covering the structure, which is now located part offshore and part on land, with its geometric center on the coastline (Figure 1). The Petroleos Mexicanos (PEMEX) oil exploration program launched in the 1940s documented a regional amplitude gravity anomaly in northwestern Yucatan (Cornejo-Toledo and Hernandez-Osuna, 1950). It was subsequently investigated by drilling, and an igneous-textured unit of andesitic composition was found beneath the carbonate sediments at ∼1 km depth. Aeromagnetic surveys in the late 1970s revealed high-amplitude dipolar magnetic anomalies within the regional gravity anomaly, which were interpreted in terms of a large impact structure by Penfield and Camargo-Zanoguera (1981).
[image: Figure 1]FIGURE 1 | Chicxulub location in the southern Gulf of Mexico (base map after French and Schenk, 2004). Chicxulub has a rim diameter of ∼200 km, located on the northern Yucatan peninsula, with an approximate center along the coastline at Chicxulub Puerto. Inset: Satellite radar interferometry image of the Yucatan peninsula (credit NASA Jet Propulsion Laboratory). The buried structure is marked on the surface by a semicircular ring of cenotes and topographic depression. Shown are past coastlines and Ticul fault (Urrutia-Fucugauchi et al., 2008).
Studies linked the Chicxulub impact to the End-Cretaceous mass extinction at the Cretaceous/Paleogene (K/Pg) boundary (Alvarez et al., 1980; Hildebrand et al., 1991; Schulte et al., 2010). After formation, the structure was covered by carbonate sediments, and at present, there are no outcrops of the structure and ejecta deposits in the nearby areas. Studies depend on geophysical surveys, drilling, and theoretical and numerical models. The PEMEX data proved crucial for characterizing the structure and its stratigraphic positioning based on the impactites and pre- and post-impact carbonate sequences. The boreholes investigated the central zone within the gravity and magnetic anomalies, sampling the impact breccias and melt rocks (Hildebrand et al., 1998; Sharpton et al., 1992). Initial analyses raised questions on the structure and stratigraphy, which included age assignments from lateral correlations and planktic foraminifera biostratigraphy, with the age of the igneous-textured unit assigned to the late Cretaceous (López Ramos, 1975; López Ramos, 1983; Ward et al., 1995). The late Cretaceous era presented problems to associate the impact with the K/Pg boundary impact. Tackling these questions and the validation of the impact theory proposed by Alvarez et al. (1980) was limited by the partial access to PEMEX original reports, logs, and core samples.
Chicxulub impact structure has been explored in drilling programs, resulting in continuous core recovery (Figure 2). The Chicxulub Drilling Program including eight boreholes in the central and southern sectors that drilled into the carbonate and impactite sequences providing continuous core samples is one such example (Urrutia-Fucugauchi et al., 1996). The Chicxulub Scientific Drilling Project by the International Continental Drilling Program (ICDP) and UNAM carried out drilling of the Yaxcopoil-1 borehole in the terrace zone, southern terrace sector (Urrutia-Fucugauchi et al., 2004). The Federal Commission of Electricity (CFE)-UNAM drilled three boreholes in the eastern Valladolid sector (Urrutia-Fucugauchi et al., 2008). The peak ring in the marine central sector was drilled as part of the International Ocean Discovery Program (IODP)-ICDP Expedition 364 M0077A borehole (Morgan et al., 2016; Morgan et al., 2017).
[image: Figure 2]FIGURE 2 | Location of drilling sites in the Yucatan peninsula. (A) PEMEX oil drilling program. (B) Chicxulub drilling program. (C) ICDP-UNAM drilling project and IODP-ICDP Chicxulub Expedition. (D) UNAM-CFE drilling project (modified from Urrutia-Fucugauchi et al., 2011).
In this study, we review and analyze unpublished data, geophysical logs, and core samples of the Chicxulub-1, Sacapuc-1, and Yucatan-6. Analysis provides revised borehole columns, logs, and correlations, which constrain the stratigraphy of post-impact carbonates and impact breccias and melt. It provides an update of the planktic foraminiferal record and the age of impact breccias and post-impact sediments in the PEMEX boreholes.
2 CHICXULUB
The structure, located in northwestern Yucatan, southern Gulf of Mexico, has a rim diameter of ∼200 km with a multiring and peak ring morphology. The rim is expressed at the surface by the ring of cenotes and a topographic depression, associated with differential subsidence of the interior zone and radial fault system.
Following the proposal by Hildebrand et al. (1991) that Chicxulub impact was caused by Cretaceous–Paleogene (K/Pg) events, PEMEX cores were re-analyzed, with radiometric dates confirming the K/Pg age (Sharpton et al., 1992). The impact occurred during the Chron 29r, shown by reverse polarity in the melt and breccia samples and the inverse dipolar magnetic anomaly (Urrutia-Fucugauchi et al., 1994; Pilkington et al., 1994; Rebolledo-Vieyra and Urrutia-Fucugauchi, 2006). Studies showed that the globally distributed distal ejecta deposits correlated with the K/Pg boundary, with distribution of shocked quartz and other mineralogical impact markers indicating a single source, coincident with the Chicxulub impact site (Alvarez et al., 1995; Claeys et al., 2002; Morgan et al., 2006; Molina et al., 2006; Arenillas et al., 2006; Kuiper et al., 2008), and radiometric dates on impact-metamorphosed zircons from K/Pg boundary sections supporting a genetic relationship with the Chicxulub impact (Krogh et al., 1993; Kamo et al., 2011).
Seismic reflection surveys have been carried out by PEMEX and later as part of the 1996 British Institutions Reflection Profiling Syndicate (BIRPS) survey and the 2005 Chicxulub Seismic Experiment (Morgan et al., 1997; Gulick et al., 2008). The BIRPS survey included regional profiles trending E–W across the platform, while the Chicxulub Seismic Experiment focused on the central sector. Joint analyses of the seismic surveys, borehole information, and geophysical logs characterize the structure, stratigraphy, and petrophysics (Hildebrand et al., 1998; Bell et al., 2004; Urrutia-Fucugauchi et al., 2011; Urrutia-Fucugauchi et al., 2025; Gulick et al., 2013).
Geophysical surveys image the basin, terrace zone, rim, target carbonate sequence and deep crustal basement (Figure 3). Post-impact carbonate sediments fill the basin and surrounding area in the carbonate platform, with the basin floor marked by high-energy reflectors with the contact between the basal Paleocene sediments and impact breccias. Impact produced a major disturbance in the Gulf of Mexico–Caribbean Sea and surrounding areas, generating tsunamis and high energy flows (Goto et al., 2004). The basin floor reflectors delineate the bathymetric peak ring structure. Dipping inward reflectors mark the terrace zone, with normal faulted blocks. The asymmetries are also shown in the potential field models, which have been related to the impact angle and trajectory or to pre-existing characteristics in the target zone (Hildebrand et al., 1998; Pilkington and Hildebrand, 2000; Gulick et al., 2008; Collins et al., 2008; Collins et al., 2020; Urrutia-Fucugauchi et al., 2022).
[image: Figure 3]FIGURE 3 | Chicxulub gravity and magnetic anomalies. (A) Bouguer gravity anomaly (Sharpton et al., 1993; Gulick et al., 2013, 2017). (B) Aeromagnetic anomaly (Pilkington and Hildebrand, 2000). (C) Horizontal gradient of the gravity field (Connors et al., 1996).
Morgan et al. (2000) reported tomographic images in the central sector across the peak ring and annular trough, which delineate sub-horizontal and dipping reflectors and low- and high-velocity zones. The low velocities (∼3.8 km/s; Morgan et al., 2000) were associated to an upper impact breccia unit, drilled in the Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes, which suggests it extends across the peak ring into the annular trough. The peak ring appears as a structural discontinuity with distinct lithologies of uplifted deeply shocked basement on top of downthrown weakly shocked collapsed rocks (Morgan et al., 2000; Morgan et al., 2016; Christeson et al., 2018 Chirsteson et al., 2021). Dipping reflectors beneath the peak ring are marked by an abrupt decrease in seismic velocities and the high velocities associated with melt rocks, which are found at ∼1.4 km in the Chicxulub-1 and Sacapuc-1 boreholes, and in the annular trough in the Yucatan-6 borehole.
Gulick et al. (2013) interpreted the coherent melt sheet to the sector, as limited by the peak ring, with discrete melt pockets distributed in the annular trough. By analyzing the seismic reflection profiles, they estimate a depth to the top of the melt sheet of approximately 2 km. The thickness is not well constrained. An upper bound estimate of ∼3 km was made, taking into consideration previous estimates of the melt volume and the areal extent of the central zone inside the peak ring (Barton et al., 2010). This places the bottom of the melt sheet above the central uplift, as modeled using seismic and gravity data (Vermeesch and Morgan, 2008; Vermeesch et al., 2009).
Seismic attributes increasingly applied in the oil industry are useful to enhance selected properties in seismic profiles and seismic cubes (Taner et al., 1979; Chopra and Marfurt, 2005; Chopra and Marfurt, 2008). Salguero-Hernández et al. (2010) and Salguero-Hernández et al. (2020) reported results of an analysis of seismic attributes for the BIRPS seismic lines, providing petrophysical characterization data of the carbonate and impactite units. For this study, further analysis is done with post-stack seismic traces transformed into complex trace attributes for petrophysics and structural/stratigraphic mapping of layer thickness, geometry, facies changes, and discontinuities.
Integration of oil exploration data and recent surveys offers further insights into the structure and stratigraphy, also highlighting uncertainties and challenges associated with modeling and interpretation (Melosh, 1989; Melosh and Ivanov, 1999; Pierazzo and Melosh, 2000; Collins et al., 2008; Collins et al., 2020; Gulick et al., 2013; Duong et al., 2023; Pérez-Cruz and Urrutia-Fucugauchi, 2024). Difficulties include imaging the melt sheet and central basement uplift from the seismic reflection data, defining the extent of melt sheet and breccia units, characterizing the low-velocity zone beneath the peak ring and annular trough, and faulting and structural asymmetries (Barton et al., 2010; Christeson et al., 2021).
3 PEMEX EXPLORATION PROGRAM
The geophysical surveys documented a regional gravity anomaly in the northern sector of the Yucatan peninsula, which was investigated in the Chicxulub-1 borehole. The drilling program continued, with the Ticul-1 and Sacapuc-1 boreholes, and eventually comprised nine boreholes in the area (Figure 2A; Supplementary Appendix A1). The logging program included caliper, resistivity, self-potential, gamma ray, dip, and hydrocarbon logs, which were acquired from the surface to the final depth. The oil exploration borehole data, lateral correlations, and micropaleontological analyses were used for reconstructing the subsurface stratigraphy, assigning the igneous-textured unit to the upper Cretaceous (Turonian?) beneath the sedimentary sequences belonging to the Maastrichtian to Pliocene ages (López Ramos, 1975; López Ramos, 1983).
Contrasting interpretations about impact age and stratigraphy were proposed. Meyerhoff et al. (1994) interpreted the structure as a Late Cretaceous volcanic center. Ward et al. (1995) concluded that the structure was formed by an impact in the Late Cretaceous, considering more than one episode of brecciation and assuming the breccias were overlain by a ∼18-m marl uppermost Maastrichtian unit (Marín et al., 1994). The top of the breccias in the Chicxulub-1 borehole was identified at 938 m, and the top of the Cretaceous at 920 m. Ward et al. (1995) mentioned that the above studies had drawbacks such as follows: except for two breccia samples from Yucatan-6, no samples from Chicxulub-1, Sacapuc-1, Yucatan-6, and Ticul-1 boreholes were analyzed.
Initial interpretations derived from the drilling and gravity and magnetic anomaly models came to different estimates of the size and morphology, with diameters ranging from less than 180 km up to 300 km (Hildebrand et al., 1991; Hildebrand et al., 1998; Sharpton et al., 1993; Pilkington et al., 1994; Ward et al., 1995).
3.1 PEMEX boreholes
The information includes the following: (a) reports on the drilling advance, cuttings and core descriptions, petrography, and logging; (b) reports on the petrography and biostratigraphy for the core samples and cuttings; (c) final reports for each drilling project (Petroleos Mexicanos, 1953; Petroleos Mexicanos, 1955; Petroleos Mexicanos, 1967). For this study, we concentrate on the Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes, which sampled the impactite units in the central zone. Drilling incorporated downhole logging and intermittent core recovery. The descriptions from the reports of the lithological columns and the intervals cored are summarized below (see Supplementary Appendices A1–A4).
3.1.1 Chicxulub-1 borehole
Chicxulub-1 was drilled between June and December 1952. The drilling site was selected to investigate the underground structure beneath a large regional gravity anomaly. The drilling site is located at the Chicxulub Pueblo village, with the following coordinates: 21.125 N, 89.5283 W (Figure 2). The final drilling depth was 1581.5 m.
Descriptions of the lithostratigraphic column for the Chicxulub-1 borehole are summarized as follows (Petroleos Mexicanos, 1953; Limon and Baron, 1954; Pérez-Drago et al., 2008; Supplementary Appendix A2). Units were assigned to the following: undifferentiated (0–253 m), Lower Miocene (253–305 m), Upper Oligocene (305–415 m), Middle Oligocene (415–455 m), Lower Oligocene (455–505 m), Upper Eocene (505–590 m), Middle Eocene (590–680 m), Lower Eocene (680–805 m), Paleocene (805–910 m), Upper Cretaceous (910–1275 m), and the igneous-textured unit (1275–1581.5 m).
Ten intervals were cored from 250 to 1394 m, with low recovery rates observed, except for the deepest interval C1–N10. The section from surface to 910 m is formed by interbedded limestones and marlstones. C1–N1 250–253 m, no recovery; C1–N2 253–256 m, argillaceous marl; C1–N3 275–278 m, argillaceous marl; C1–N4 297–300 m, no recovery; C1–N5 300–303 m, argillaceous marl; C1–N6 1299–1300 m, green-black andesitic glass fragment; C1–N7 1300–1301 m, green-black andesitic glass fragment; C1–N8 1301–1303 m, green-black andesitic glass fragment; C1–N9 1390–1393 m, microcrystalline igneous-textured rock with plagioclase, pyroxene and augite crystals, and andesitic composition; C1–N10 1393–1394 m, microcrystalline igneous-textured rock.
3.1.2 Sacapuc-1 borehole
Sacapuc-1 was drilled between March and June, 1954. The drilling site was determined from analyses of the gravity high and geological data, within the residual anomaly possibly associated with a larger regional structure. The drilling site was located at the Motul village with the following coordinates: 21.1428 N, 89.3397 W (Figure 2A). The final drilling depth was 1527 m. The PEMEX report is summarized below and in Supplementary Appendix A3.
In the initial description, units were as follows: Pleistocene carbonates (0–235 m), Miocene carbonates (235–415 m), Oligocene argillaceous limestones (415–570 m), Eocene fine-grained limestones (570–925 m), and Upper Cretaceous carbonates and igneous-textured unit (925–1430–1527 m). The bottom section was described as a black-to-black gray hard andesitic glassy unit.
The lithological column correlates with the nearby Chicxulub-1 well, located approximately 18 km to the SW. Lithological variations are more notable beneath 900 m, where the PEMEX report describes a 400-m sequence of breccias compared to the 200-m sequence documented in Chicxulub-1. The top of the igneous textured unit was cut at 1430 m, whereas in Chicxulub-1, it was cut at 1270 m.
Petrographic descriptions are available for cuttings and core samples (Supplementary Appendix A3). In this regard, the drilling report mentions that cuttings from 0 to 300 m interval were mixed (contaminated). Intermittent core recovery resulted in 20 intervals sampled distributed downcore from 409 to 1474 m. Core analysis permits to constrain the lithologies for the post-impact sequence (0–925 m) and the impactite units (925–1527 m).
The post-impact sediments extend from the surface down to 925 m and were sampled at the following: S1–N1 409–413 m, limestones, argillaceous limestone, and marlstones; S1–N2 439.1–440.6 m, limestones and marlstones; S1–N3 564–567 m ochre marlstones; S1–N4 633.7–636.7 m, fine-grained limestones; S1–N5 636.7–640.7 m, limestones; S1–N6 700–703 m, limestones; S1–N7 755.5–758.5 m, limestones; S1–N8 820–823 m, limestones; S1–N9 858–861 m, limestones; S1–N10 900–903 m, grey-greenish limestones and argillaceous limestones. The section from 925 to 1430 m corresponds to reworked sediments and the impact breccias, sampled at S1–N11 999.2–1002 m, carbonate breccias; S1–N12 1002.2–1005.2 m, carbonate breccias with glassy fragments and anhydrite; S1–N13 1016.7–1021.7 m, bentonitic breccias; S1–N14 1021.7–1024.2 m, bentonitic breccias; SN15 1067.2–1070.8 m, green bentonitic breccias with carbonate clasts, S1–N16 1174–1177 m, green breccias with dark gray limestone clasts and glassy melt particles; S1–N17 1246–1249 m, dark gray limestone; S1–N18 1365–1368 m, carbonate breccias. The melt unit extends from 1430 to 1527 m and is sampled at S1–N19 1438–1439.4 m, glassy black igneous-textured rocks, and S1–N20 1472.5–1474.3 m, igneous-textured rock with thin gray-brown intercalated limestones.
3.1.3 Yucatan-6 borehole
Yucatan-6 was drilled between September 23 and 28 December 1966. The drilling site was determined from analyses of previous drilling, geophysical modeling of gravity anomalies, and surface geological data. The Yucatan-6 borehole is located west of the Chicxulub-1 and Sacapuc-1 boreholes, within high gravity anomaly. The drilling site is located 3 km SW of Uman village, with the following coordinates: 20.8572 N, 89.7542 W (Figure 2A). The total depth was 1645 m.
Descriptions of lithostratigraphic column for the Yucatan-6 borehole are summarized in Supplementary Appendix A4, with units assigned to the following: Miocene white limestones (0–90 m), Oligocene carbonates (90–440 m) with limestones, calcarenites, calcareous lutites, and marlstones, Middle Eocene limestones (440–750 m), Paleocene limestones (750–1000 m), Upper Cretaceous sandy unit with limestones, bentonite breccias, and green-gray sandstones (1000–1259 m), and Upper Cretaceous igneous-textured unit (1259–1645 m). The unit is a black-to-black-gray hard andesitic glassy rock with intervals of bentonitic breccias, anhydrites, and limestones.
Twenty-two intervals at different depths were cored, sampling different lithologies: Y6–N1 107–110 m white limestones; Y6–N2 160–163 m calcareous lutites-marls; Y6–N3 220–223 m calcareous lutites-marls; Y6–N4 304–307 m calcareous lutites-marls; Y6–N5 400–403 m limestones; Y6–N6 447–450 m limestones; Y6–N7 502–505 m limestones; Y6–N8 600–603 m white limestones; Y6–N9 700–703 m limestones; Y6–N10 801.35–802.35 m no recovery; Y6–N11 888–891 m no recovery; Y6–N12 1000–1003 m white limestones; Y6–N13 1200–1203 m green gray sandy unit; Y6–N14 1208–1211 m green bentonitic carbonate breccias; Y6–N15 1253–1256 m green bentonitic silicious breccias; Y6–N16 1293–1295 m igneous-textured rock; Y6–N17 1295.5–1299 m igneous-textured rock; Y6–N18 1351–1354 m igneous-textured rock; Y6–N19 1377–1379.5 m igneous-textured rock; Y6–N20 1506.1–1509.1 m igneous-textured rock; Y6–N21 1586–1591 m andesitic bentonitic breccias; and Y6–N22 1642–1645 m andesites and anhydrites.
4 METHODS AND RESULTS
We analyze the lithostratigraphic columns and lateral correlations from the PEMEX drilling reports, digitized borehole logs, core samples, and geophysical models. The self-potential (SP) logs were digitized from the log printouts and correlated to the lithological columns. Analysis of the SP logs permits to characterize the carbonate sediments and the impactites, which present distinct waveforms and downcore patterns. The revised lithological columns and the SP logs for the Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes are shown in Figures 4–6, respectively.
[image: Figure 4]FIGURE 4 | Lithological column and self-potential log for the Chicxulub-1 borehole (see Figure 2A for the location of the drilling site and Supplementary Appendix A2 for information on depths and description of cored intervals). The contact between the post-impact carbonates and impactites is marked by the horizontal line.
[image: Figure 5]FIGURE 5 | Lithological column and self-potential log for the Sacapuc-1 borehole (see Figure 2A for the location of the drilling site and Supplementary Appendix A3 for information on the depths and description of cored intervals). The contact between the post-impact carbonates and impactites is marked by the horizontal line.
[image: Figure 6]FIGURE 6 | Lithological column and self-potential log for the Yucatan-6 borehole (see Figure 2A for the location of the drilling site and Supplementary Appendix A4 for information on depths and description of cored intervals). The contact between the post-impact carbonates and impactites is marked by the horizontal line.
4.1 Petrography and geochemistry
The PEMEX intermittent coring program provided samples for petrographic, chemical, and petrophysical analyses, but only at given intervals spaced down the column. Analyses have focused on the carbonate–impactite contact and melt and melt-rich breccia units, which are characterized by several subunits with intercalated breccias and carbonate layers. Core images for the Chicxulub-1 and Yucatan-6 boreholes are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Core images for the Yucatan-6 borehole Y6–N14 interval and the Chicxulub-1 borehole C1–N10 interval.
For the Chicxulub-1 borehole, contact with the impactite unit lies at approximately 1080 m. The impactite section from 1080 to 1581.5 m is characterized by lower-frequency fluctuations. The upper part from 1080 to 1190 m is characterized by a broad minimum that corresponds to the sorted suevites, with intercalated marlstones (1170–1190 m). At a depth below 1275 m, the SP log shows a step increase forming the second broad minimum, with the interval from 1275 to 1581.5 m corresponding to the melt-rich unit. The SP log shows high-frequency fluctuations superimposed on a low-frequency trend in the upper section of the post-impact carbonates characterized by interbedded limestones and marlstones (Figure 4).
In the Yucatan-6 borehole, analysis for the igneous-textured rocks confirmed the occurrence of shock deformation features and a K/Pg age (Kring and Boynton, 1992; Sharpton et al., 1992). Kring and Boynton (1992) described the augite-bearing rock, characterized by microcrystalline groundmasses of augite, alkali, and plagioclase feldspars with minor contents of magnetite, ulvospinels, and apatite. Augite and feldspar coronas surround quartz xenoliths, which have been reported in impact melt sheets, such as in the Manicouagan crater (Simonds et al., 1978). Anhydrite and quartz veins and cavity fillings point to hydrothermal alterations and associations with the evaporites within the Yucatan target sediments. The augite-bearing melt and Haitian K/Pg glasses show compositions along a mixing trend. Schuraytz et al. (1994) described the Y6–N17 and Y6–N19 intervals as melt-rich matrix suevites with angular to sub-rounded melt clasts. Petrographic and whole-rock and trace geochemical analyses for the Yucatan-6 and Chicxulub-1 cores were reported by Warren et al. (1996), Kettrup et al. (2000) and Claeys et al. (2003).
Dominant clast types resemble the matrix, which shows “subhedral to euhedral pyroxenes and plagioclases in a cryptocrystalline quartz felspathic mesostasis.” Minor minerals are iron oxides and sulfides like magnetite, ilmenite, apatite, zircon, and sphene. Veins and cavity fillings and re-crystallized anhydrite clasts are present. Distinct types of melt clasts that indicate different basement granitic and gneiss protoliths are reported, some of which have planar deformation features. Major oxide chemical data for these impact melt rocks indicate medium- to- high-K calc-alkaline andesites to dacites (Figure 8).
[image: Figure 8]FIGURE 8 | Major oxide chemical diagrams for samples of breccias and melt rocks from the Yucatan-6 borehole (Kettrup et al., 2000; Claeys et al., 2003). Data for the N13 Upper Suevite, N14 Middle Suevite, N15 Lower Suevite, and N14, N17, and N19 melt intervals. The Ca shows an inverse relation with Si contents. The sandy unit shows the highest Ca contents. The reference intervals are marked in the lithological column on the right. Depths and description of coring intervals are listed in Supplementary Appendix A4.
4.2 Lithostratigraphic columns and logs
We revisited the lithostratigraphic columns, referring to the geophysical logs and petrographic and chemical analyses on core samples (Figures 8, 9).
[image: Figure 9]FIGURE 9 | Self-potential (SP) logs for the Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes in the central sector. The proposed post-impact carbonate–impactite contact is indicated by the horizontal lines in the SP logs.
In the Chicxulub-1 revised lithostratigraphic column, the sections from 505 to 805 m and 805 to 910 m are assigned to the Eocene and Paleocene, respectively. The section from 910 to 1080 m of marlstones and shales is in the Lower Paleocene. The sections from 1080 to 1275 m and 1275 to 1581.5 m are part of the impactite section, with the deep melt-rich unit (Figure 4).
The Sacapuc-1 SP log is characterized by high-frequency fluctuations superimposed on a low-frequency trend in the upper section of the post-impact carbonates (Figure 5). The post-impact sediments are formed by interbedded limestones and marlstones, and the contact with the impactite units lies at ∼1000 m. The section below 1000 to 1527 m is characterized by low-frequency fluctuations. The upper part between 1000 and 1200 m is characterized by a broad minimum and is formed by sorted suevites. Marlstone layers are intercalated into the sequence at approximately 1040–1080 m and 1300–1320 m. At approximately 1420 m, a marked change in the SP log designates the contact with the melt-rich unit.
In the Yucatan-6 borehole, units forming the Paleogene post-impact carbonates, breccias and melt-rich breccias, and melt rocks marked in the self-potential logs (Figure 6) are characterized by high-frequency fluctuations superimposed on a low-frequency trend in the upper section of the post-impact carbonates. The section between 100 and 300 m is characterized by marlstones interbedded with calcarenites and calcirudists. This is followed by a thick limestone sequence. Between approximately 850 and 900 m, there are layers of calcarenites and calcirudists. The base of the sedimentary sequence is marked by the sandy unit described in the PEMEX report between 1080 and 1220 m, which shows distinct waveforms and frequency content (Figure 6). This is consistent with a breccia section, with varying characteristics with depth, carbonate contents, basement and melt clasts, apparent stratification and chemical composition, and textures as described above for the suevites (Claeys et al., 2003; Marín et al. (2001)). In the SP log, the top of the unit might extend upward to 1040–1000 m, as indicated by the trend, with a marked change above and below, with the bottom section from 1040–1080 m to 1220 m characterized by low-frequency fluctuations. If the low-fluctuating trend in the SP log corresponds to the sandy unit of sorted suevites, then that unit could extend upward to approximately 1000 m. It seems that the boundary between the sandy unit and the limestones in this lithostratigraphic column (Figure 6) may have been drawn rather arbitrarily as the mid-point between N12 and N13 without consideration of the SP log. The upper carbonate-rich suevite extends downward separated into two sections by a 1220–1240 m depth sorted suevite layer. Sorted breccias are also intercalated at the base from 1250 to 1280 m, marking the contact with the melt rocks.
4.3 Self-potential logs
The SP logs of the three boreholes show two distinct patterns of frequency–amplitude contents, characterizing the post-impact carbonate sequence and impactite units (Figure 9). The carbonate section is characterized by high-frequency components superimposed on a low-frequency signal. The post-impact carbonates in the Chicxulub-1 and Sacapuc-1 boreholes are limestones and marlstones, respectively, whereas in the Yucatan-6 borehole, the sequence is mainly composed of limestones. The Yucatan-6 upper section shows layers of marlstones, calcarenites, and calcirudists interbedded in the limestone sequence. The upper unit of the impact breccia sequence is represented by the carbonate-rich suevites (sandy unit), drilled between 1040 (1080) and 1220 m. The carbonate-rich suevites were not recognized in the Chicxulub-1 and Sacapuc-1 boreholes.
The impactite units are characterized by lower-frequency components with similar waveforms in the three boreholes, characterized by two broad minima. The impactites in the Chicxulub-1 and Sacapuc-1 boreholes are formed by an upper unit of sorted breccias and a lower melt and melt-rich unit, with intercalated marlstone layers. In the Yucatan-6 borehole, impactites are represented by melt and melt-rich breccias, with a limestone layer present toward the base of the melt rocks. The impactite–carbonate contact provides a reference marker for the lateral correlation.
The two broad minimums characterize the impactites and can be correlated in the logs of the three boreholes. The waveforms are better defined in the Chicxulub-1 and Sacapuc-1 boreholes. The relative maximum in-between the impactite section serves as a marker for the lateral correlation, located at 1190–1240 m in Chicxulub-1, at 1180–1230 m in Sacapuc-1, and at 1400–1435 m in Yucatan-6. In Yucatan-6, the log section below the Paleocene sequence from 1040 to 1620 m shows a more complex pattern, marking the presence of the sandy unit, and intercalated breccia layers in the melt and melt-rich units. The sandstone unit is distinguished by a linearly decreasing trend following the high-frequency fluctuations in the Paleogene carbonate sequence. The breccia units are marked by discrete relative maxima, whereas the thin limestone layers at approximately 1560 and 1600 m are marked by discrete relative minima.
Lateral correlations of Chicxulub-1, Sacapuc-1, and Yucatan-6 lithological columns and SP logs constrain the stratigraphy across the central zone, with the carbonate sections and impactites (Figure 9). The carbonate and impactite units can be traced across the annular trough. Lithological variations are more notable below 900 m, where the report describes a 400-m sequence of breccias in Yucatan-6 (?) compared to the 200-m sequence documented in Chicxulub-1. In Yucatan-6, the top of the melt unit was cut at 1260 m, whereas in Chicxulub-1, it was cut at 1275 m. The Sacapuc-1 SP log may indicate the possible presence of a sandy unit in this drill core at a depth of ∼950 to 1000 m, characterized by low-frequency fluctuations (Figure 6).
Further analysis of the SP logs uses spectral and wavelet transforms (Kumar and Foufoula-Georgiou, 1997; Pan et al., 2008), with changes in petrophysical properties determined from the distinct log responses. The logs show non-stationary behavior, and wavelet analyses on the log sections for the post-impact carbonates and for the impactites provide depth estimates for petrophysical property scaling (Figure 10).
[image: Figure 10]FIGURE 10 | Wavelet transforms for the self-potential logs for the Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes in the central sector. Wavelet vertical axis, period in meters. Horizontal axis, SP log depth in meters.
4.4 Carbonate-rich suevites
The carbonate-rich suevites, initially described as green-gray sandstones with late Cretaceous foraminifera (López Ramos, 1983; Ward et al., 1995; Supplementary Appendix A4), lie at the bottom of limestone, bentonitic breccias, and the sandy unit, extending between 1000 and 1259 m in the Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes.
The carbonate clasts are of different types, angular to subangular, with dominant rounded dark micrites resembling intraclasts, mud pebbles, and aggregated grains. Fossil remains include Cretaceous foraminifera, algae, bivalves, gastropods, and sponges. Clasts composed of clay minerals and anhydrite are rare, as are basement fragments. The middle clast-rich suevite has larger contents and clast sizes, with a larger proportion of basement fragments. Clasts are unevenly distributed and composed of altered gneisses, schists, and quartzites, as well as quartz, melt particles, carbonates, anhydrite, and clay minerals. The unit displays several interesting features, including micrite clasts similar to those in the upper suevite and dolomite clasts. Claeys et al. (2003) noted the similarities between dolomite clasts in the Barton Creek Dolomite and those incorporated in the diamictite in Belize (Pope et al., 2005). Other features include dark brownish clasts with fluidal textures resembling rhyolite fragments, as interpreted by López Ramos (1983), presumably derived from rhyolite flows within the Yucatan basement, which might more likely represent altered impact melt fragments. Melt fragments with clay minerals represent 20% of the clasts and display variable degrees of alteration.
The unit is formed by clasts, with the matrix constituting approximately 30% and composed of fine-grained angular to sub-angular calcites, K-feldspars, plagioclases, and quartz. The lower suevite shows a distinct abundance of approximately 15% of shocked, altered basement clasts, silicate melt particles, and anhydrite in a fine-grained matrix of alkali feldspar, plagioclases, pyroxene, and quartz. Clasts are composed of quartz and feldspars, which display shock deformation features, including planar deformation features (PDF) and mosaicism. Gneiss and quartzite relics can be distinguished, with many partly digested in the matrix. Clinopyroxene rims on quartz and feldspars, described in Kring and Boynton (1992) in Y6–N17 melt fragments, are also present. Melt fragments show fluidal textures and occur in an isolated state or form aggregates, constituting 15% to 30% in thin sections.
4.5 Correlation with seismic data
Seismic reflection surveys have been conducted in the marine sector (Figure 11). The revised borehole columns and logs are correlated to the seismic reflection data. The seismic profiles are on the marine sector and boreholes are rotated assuming radial symmetry. The analyses of seismic stratigraphy have identified seismic packages which are correlated to the borehole columns. This has been used for the post-impact carbonates, identifying seismic stratigraphic units (Bell et al., 2004; Gulick et al., 2013; Whalen et al., 2014). For the study, the borehole data are correlated to the seismic images and seismic attributes. Analysis provides information on petrophysical properties for the impactite deposits and target lithologies.
[image: Figure 11]FIGURE 11 | Chicxulub seismic experiments over the marine sector in the Yucatan platform (Morgan et al., 1997; Morgan et al., 2005; Gulick et al., 2008; Gulick et al., 2013). Seismic lines and 3D grid plotted on the gravity anomaly map (Morgan et al., 2017). Location of Chicxulub-1, Sacapuc-1, Yucatan-6, Yaxcopoil-1, Ticul-1, Santa Elena, and M0077A drilling sites and the regional seismic A-A1 line are marked.
Complex trace analyses, with instantaneous frequency, envelope amplitude, anelastic attenuation, and similarity attributes, are performed for the A and A1 lines (Salguero-Hernández et al., 2010; Salguero-Hernández et al., 2020). Seismic attributes enhance given features in seismic reflection data (Taner et al., 1979; Chopra and Marfurt, 2005). The instantaneous frequency attribute represents the average frequency of the amplitude spectrum of seismic traces, providing an estimate of impedance contrast and chaotic (un-coherent) reflections. High frequencies are associated to sharp impedance contrasts, with lower values for thin beds. The instantaneous frequency represents the time derivative of the instantaneous phase. The cosine of phase, represented by phase −1 to 1 signal along the seismic trace, is applied to emphasize the lateral continuity of reflectors and structural features. The phase for peaks, valley, and zero crossings of the seismic trace is followed by marking changes in the wavefront. Phase information is independent of the trace amplitude, and although trace amplitudes are weak, it enhances reflector lateral continuity, sample sequence boundaries, and strata geometry. The anelastic attenuation of seismic waves through a medium is a fraction of the energy lost per cycle (Dasgupta and Clark, 1998). The attenuation depends on the frequency, although it is weakly frequency-dependent in the range for short wavelengths. It relates to the physical properties of the propagating medium, providing information on the porosity, permeability, fluid saturation, pore pressure, and degree of fracturing (Dasgupta and Clark, 1998; Ramirez-Cruz et al., 2005).
5 DISCUSSION
The early studies on Chicxulub were based on the drilling, logs, cores, and geophysical data from the PEMEX exploration program, which provided data and samples on the impact breccias and melt and on the stratigraphy and structure (Hildebrand et al., 1991; Hildebrand et al., 1998). The drilling reports were not openly available, and access to the drilling, logs, and cores was limited. This revision allows integrating early and recent studies on the Chicxulub structure and stratigraphy. Lateral correlations of lithological columns and geophysical logs are further constrained using geophysical models, seismic images, and attribute analyses.
Questions being addressed relate to the stratigraphy of carbonate and impactite sequences, their extent, distribution and thickness, and lateral continuity/discontinuity across the annular trough, particularly for melt pockets and sheet, and melt-rich and carbonate-rich breccia units.
5.1 Self-potential logs
Wavelet analyses of the SP logs provide constraints on the borehole lateral correlation (Figure 10). Spectral analyses of SP logs constrain the frequency contents of the signals. The units show characteristic frequency bands and trends that allow a lateral correlation between the boreholes across the central zone, peak ring, and annular trough. The SP log wavelets correlate with the lithological variations down column, constraining the frequency contents as a function of depth. The correlation of SP log waveforms is constrained from the frequency contents, using depth and physical property scaling information. The carbonates and impactites show distinct spectral signals, with layered carbonates showing characteristic frequency contents that separate them from the impactite response. The wavelet transforms for the upper and lower sections in Chicxulub-1, Sacapuc-1, and Yucatan-6 show the spectral responses of carbonates dominated by high frequencies in comparison to the impactites.
The extent, thickness, and characteristics of melt-rich units and the coherent melt sheet have been difficult to constrain from modeling of the potential field anomalies and in the seismic images. Kring (1995) estimated the thickness of the melt sheet and breccia units between ∼3 and 7 km across the central zone and ∼100 km in diameter within the transient cavity limits. Barton et al. (2010) reported modeling of the seismic reflection data imaging of the melt sheet in the central zone. The melt and melt-rich breccias appear limited to central magnetic anomalies (Pilkington and Hildebrand, 2000; Ortiz-Aleman and Urrutia-Fucugauchi, 2010). The borehole lateral correlation of melt-rich breccias and melt supports that units extend in the central zone across the peak ring into the Yucatan-6 borehole site (Figure 9). Seismic profiles record low seismic velocities and densities across the peak ring, which could represent rocks that have undergone fractures and hydrothermal alterations (Christeson et al., 2018; Riller et al., 2018).
Petrographic analyses on cuttings and cores show that the top of melt rocks was identified at 1260 m in Chicxulub-1, at 1425 m in Sacapuc-1, and at 1350 m in Yucatan-6. The correlation of the SP logs suggests the top of the melt lies at 1320 m in the Chicxulub-1 borehole, at 1420 m in the Sacapuc-1 borehole, and at 1580 m in the Yucatan-6 borehole. Correlation use of the characteristic frequency and waveform features in the SP logs is marked by two distinct lows separated by a well-defined double peak, which lies at 1190–1240 m in Chicxulub-1, at 1180–1230 m in Sacapuc-1, and at 1380–1420 m in Yucatan-6 (Figure 9).
Depth estimates place the intercalated limestone and anhydrite layers mainly within the melt-rich breccias and melt (particularly in the Yucatan-6 borehole). The melt rocks likely represent melt pockets distributed across the central zone and extended over the peak ring. Furthermore, the high-amplitude magnetic anomalies in the central zone suggest that the melt-rich suevites and melt rocks extend to the Yucatan-6 borehole. The frequency contents of the aeromagnetic anomaly indicate the presence of shallow (indicated by the high-frequency anomalies) and deep (indicated by the low-frequency anomalies with the inverted large dipolar anomaly) sources (Pilkington and Hildebrand, 2000; Ortiz-Aleman and Urrutia-Fucugauchi, 2010; Urrutia-Fucugauchi et al., 2022). Then, the shallow sources might encompass the melt-rich breccias and melt pockets as well as the coherent melt sheet. Barton et al. (2010) considered the melt units drilled in the PEMEX boreholes to represent melt pockets, with the melt sheet located at a depth greater than 3 km. Gulick et al. (2013) interpreted the top of the melt sheet in seismic profiles as lying at approximately 1.5–2 km, beneath the impactite breccias.
5.2 Impactites
The Chicxulub-1, Sacapuc-1, and Yucatan-6 boreholes sample different sectors in the central zone and the annular trough. Lithological and mineralogical studies document differences across the structure. The compositional trends defined in the Yucatan-6 impactite section are different from those in the Yaxcopoil-1 borehole (Claeys et al., 2003). Schmitt et al. (2004) note that the Yucatan-6 middle suevite and the green melt subunit show different Fe2O3 and Al2O3 contents and also different CaO/MgO ratios. The compositional differences could be the result of differential degrees of hydrothermal alterations in the Yucatan-6 and Yaxcopoil-1 boreholes (Claeys et al., 2003; Schmitt et al., 2004; Kring et al., 2004; Stöffler et al., 2004). In the Yaxcopoil-1 borehole, the 861–885 m subunit in the ∼100-m-thick impactite section is formed by green melt rocks. Kring et al. (2004) showed that the subunit is brecciated and altered, composed of microcrystalline Ca-rich pyroxene, plagioclase, and alkali feldspar, with minor concentrations of apatite, magnetite, rutile, calcite, barite, and phyllosilicates. Pyroxene and plagioclase compositions and xenocrysts and xenolith relative contents are similar to those in the Yucatan-6 melt (Kring and Boynton, 1992). Schmitt et al. (2004) note that the Yaxcopoil-1 impactite section, except for the green melt subunit, shows an increase in SiO2, TiO2, Al2O3, MgO, Fe2O3, Rb, Ni, Cr, and Zr contents and a decrease in CaO and Sr contents from the basal subunit to reworked subunit at the top.
The Yucatan-6 breccias are rich in melt and basement clasts, with different compositions and textures. Claeys et al. (2003) studied samples from core intervals Y6–N13, Y6–N14, and Y6–N15, documenting a stratification marked by varying composition, grain sizes, melt contents, and shocked lithic and mineral clast distribution. They distinguish an (a) upper unit described as a carbonate-rich suevite, with dominant, densely packed carbonate clasts and less basement fragments in a ∼10 μm fine-grained matrix with calcite, plagioclase, quartz, K-feldspar, and amphibole; (b) a middle clast-rich suevite, with basement clasts and altered melt fragments with a trend to increase with depth in a more compacted, less porous matrix; (c) a lower thermo-metamorphic suevite formed by basement and evaporite clasts and abundant melt fragments in a recrystallized matrix of euhedral feldspar and pyroxene.
Major oxide and trace element analyses provide additional data, in addition to the drilling reports documenting andesitic to dacitic compositions (Figure 8). Schuraytz et al. (1994) reported petrographic and geochemical analyses for two core intervals in Yucatan-6 and one core interval in Chicxulub-1. The Y6–N17 and Y6–N19 samples described as melt-rich breccias show two textural distinct melt clasts within a matrix of subhedral-to-euhedral pyroxene and plagioclase micro-phenocrysts. The melt clast groups show matrix-like compositions or granitic-to-granodioritic gneiss protoliths. The C1–N10 sample is characterized by pyroxene and plagioclase phenocrysts in a coarse-grained matrix with no recognizable unmelted clasts. The samples from the C1–N10, Y6–N17, and Y6–N19 core intervals show distinct chemical compositions and textures, with differences in the matrix granulometry and porosity and in size and abundance of undigested clasts. The differences also include distinct contents of Ta, Co, Zr, Hf, and Sr and in the rare earth elements.
The SiO2 content ranges from 54.8% to 61.7% in subsamples from the Y6–N17 and Y6–N19 intervals. SiO2 is approximately 64.4% for a C1–N10 subsample. Schuraytz et al. (1994) also concluded that the presence of albite, quartz, K-feldspar, chlorite, epidote, and other phyllosilicates is indicative of hydrothermal alterations affecting the melt samples. Results show compositional variability in the matrix, clasts, and bulk samples, probably associated with varying relative contents of phenocrysts, quartz microxenoliths, and melted and unmelted clasts. Varying degrees of hydrothermal alterations contribute to the bulk compositional variability (Kring et al., 2004; Escobar-Sanchez and Urrutia-Fucugauchi, 2010).
Analyses of iridium and platinum group elements have been used to characterize the impactites and bolide nature. Koeberl et al. (1994) reported higher variable iridium contents in the impactites. Schuraytz et al. (1996) reported finding nuggets of the iridium metal in samples of Chicxulub-1 and Yucatan-6 impact melt rocks. Gelinas et al. (2004) reported Re-Os isotope analyses on impact melt breccias and lithic clasts from the Yaxcopoil-1 cores. The Os/Os ratios range from 0.19 to 2.3, with no indication of significant bolide contribution. Mixing calculations suggest that any bolide fraction was approximately 0.1% by mass. Tagle et al. (2004) reported low PGE contents in samples from Yucatan-6 and Yaxcopoil-1 cores, concluding that the bolide fraction in the impactites was below 0.05%. Furthermore, Feignon et al. (2022) report HSE analyses of drill cores from M0077A. These authors conclude that there is little evidence for an impactor component in the melt rocks on Chicxulub’s peak ring (∼0.01–0.05% meteoritic component in only one sample). Therefore, though initial studies indicated anomalous iridium contents (Koeberl et al., 1994; Schuraytz et al., 1996), the analyses on samples from Chicxulub-1 and Yucatan-6 cores show concentrations below analytical detection limits, with Ir contents around continental crust averages. Results constrain the bolide fraction incorporated in the melt, supporting little mixing in the impactites (Gelinas et al., 2004; Tagle et al., 2004).
The Santa Elena, Tekax, and Peto boreholes drilled in the southern sector documented the occurrence of two breccia sequences with distinct compositions and inverted stratigraphy (Figure 2) (Urrutia-Fucugauchi et al., 1996). The Santa Elena borehole located 110 km to the south from Chicxulub Puerto cut a thick melt-rich section without reaching its base. The borehole sampled the Paleogene carbonates and impactite section (Urrutia-Fucugauchi and Pérez-Cruz, 2008). The Tekax borehole cut the impactite section formed by an upper unit rich in melt and basement fragments in a melt-rich or carbonate-rich matrix and a lower unit rich in carbonate clasts in a carbonate-rich matrix. The two breccia units show an inverted stratigraphy similar to that documented in the Ries crater with the suevites and Bunte breccias (Horz et al., 1983; Stöffler et al., 2013; Sturm et al., 2013; Rebolledo-Vieyra and Urrutia-Fucugauchi, 2006). The lower carbonate Bunte breccias are cut in the Tekax and the Peto boreholes, which are located at approximately 127 km and 152 km, respectively, from the center. The thickness of Bunte breccias cut in the Tekax and Peto boreholes is 354 m and 418 m, respectively. Models for breccia emplacement involve collapse of the central ejecta plume and lateral ejecta curtains (Wittmann et al., 2007). The ejecta plume contains a mixture of carbonate and silicate target rocks, whereas the ejecta curtains might form by carbonate-rich material (Wittmann et al., 2007; Urrutia-Fucugauchi et al., 2014).
The impact ejecta blankets on the Moon, Mars, or Mercury can extend long distances (Melosh, 1989). Ejecta blankets present significant differences for volatile-rich and volatile-poor targets, which show layered blankets characterized by longer runout deposits and lobe-like ramparts such as in Martian craters (Boyce and Mouginis-Mark, 2006; Sturm et al., 2013). As for the Ries crater, Sturm et al. (2013) have shown that the thickness of Bunte breccias, which are the deposits of a continuous proximal ejecta blanket, vary with distance, decreasing to a few meters at approximately 1.23 crater radii (Rc) forming the depression moat, followed by a steady increase to more than 100 m up to 1.45–2.12 Rc. Away from this concentric rampart ridge, the thickness decreases up to maximum distances of some 3.36 Rc. In the Chicxulub crater, ejecta deposits are not accessible because of the post-impact carbonate cover, which limits the mapping of the ejecta blanket. Farther away, outcrops are present in Albion Island and Rio Hondo at approximately 3.65 crater radii and in southern Mexico up to 4.7–5.2 crater radii at Armenia and Guayal sites (Pope et al., 2005).
The suevites show distinct characteristics from the underlying melt-rich and melt rocks as initially studied in samples from the Y6–N17 interval by Kring and Boynton (1992), Sharpton et al. (1992), and Schuraytz et al. (1994). The apparent complexity, mineralogy, and heterogeneous textures and composition in the clasts and matrix reflect the different sources in the excavated target stratigraphy, fluctuating temperature/pressure conditions, emplacement modes, hydrothermalism, and post-impact alteration (Claeys et al., 2003; Escobar-Sanchez and Urrutia-Fucugauchi, 2010; Gulick et al., 2017; Morgan et al., 2017; Riller et al., 2018).
5.3 Post-impact carbonate deposits—impactite contact
Determining the precise age of the contact between the impactites and the carbonate deposits that filled the basin has been crucial to determine the age of the impact (Smit et al., 2004; Arz et al., 2004; Keller et al., 2004; Whalen et al., 2020). After analyzing planktic foraminifera from well cuttings taken in PEMEX wells Yucatán 1, 2, 4, 5A, and 6, Ward et al. (1995) interpreted that the impact breccia belonged to late Maastrichtian. They identified several Maastrichtian species such as Abathomphalus mayaroensis, Globotruncanita conica, Rosita patelliformis, Pseudoguembelina palpebra, Racemiguembelina fructicosa, and Hedbergella monmouthensis in the breccia matrix, concluding that its presence indicates a late Maastrichtian age for deposition of this unit. The most modern of these species is A. mayaroensis, whose first and last appearances were dated, respectively, in 69.18 Ma and 66.04 Ma (=K/Pg boundary) according to the time scale GTS2012 (Gradstein et al., 2012). So the presence of A. mayaroensis in the breccia matrix, as cited by Ward et al. (1995), only indicates a minimum (not univocal) age of the late Maastrichtian. However, given the hybrid and detrital nature of the impact breccia, these species must be considered reworked (ex situ) as a result of the erosion of older rocks (Arz et al., 2022). The absence of Danian planktic foraminiferal species is compatible with a K/Pg age for the impact breccia inside the Chicxulub structure (Kuiper et al., 2008).
Moreover, Ward et al. (1995) assumed that the impact breccias are overlain in the Chicxulub-1 borehole by a marly unit of ∼18 m containing in situ late Maastrichtian planktic foraminiferal assemblages reported by López Ramos (1975) and López Ramos (1983). These assemblages are composed by Globotruncana rosetta, Globotruncana ventricosa, Globotruncana lapparenti, Globotruncana fornicata, Pseudoguembelina excolata, Heterohelix globocarinata, Pseudotextularia elegans, Planoglobulina carseyae, and Globigerinelloides volutus). It should be noted that the last appearances of G. lapparenti and G. ventricosa have been dated, respectively, in 70.90 Ma and 70.14 Ma, both ages older than the first appearance of Abathomphalus mayaroensis (69.18 Ma), recorded in Ward et al. (1995) in the matrix of the underlying impact breccia. These age inconsistencies can be explained by assuming that all the planktic foraminiferal specimens are reworked (ex situ) and cannot be used to date this unit (Arz et al., 2022).
Ward et al. (1995) only analyzed two breccia samples from Yucatan-6, but none from Chicxulub-1, Sacapuc-1, Yucatan-6, and Ticul-1. In the Yucatan-6 borehole, the impactites are overlain by a greenish gray sandy unit, which is not present in the Chicxulub-1 and Sacapuc-1 boreholes (Figure 7). This unit was described in the PEMEX drilling report as bentonitic carbonate sandstones with Upper Cretaceous microfossil assemblages. The unit includes cores Y6–N13 (1200–1203 m) and Y6–N14 (1208–1211 m), formed by sand-sized grains of carbonates and altered silicates cemented in a calcium carbonate matrix, is considered a carbonate-rich sorted suevite. The silicate clasts show evidence of planar deformation, observed in quartz, plagioclase, and zircons (Sharpton et al., 1992; Krogh et al., 1993).
Marín et al. (2001) examined samples from the intervals Y6–N12 (1000–1003 m), Y6–N13 (1200–1203 m), and Y6–N14 (1208–1211 m). After analyzing the planktic foraminiferal assemblages in thin sections, Marín et al. (2001) proposed that the interval Y6–N12 was of the Damian age. They indicated the presence of the following Danian species (expressed in updated generic nomenclature): Globanomalina compressa, Parasubbotina pseudobulloides, Acarinina trinidadensis? (or possibly Acarinina uncinata), and Subbotina triloculinoides. Although they only illustrated thin section microphotographs of probable specimens of Parasubbotina pseudobulloides and Chiloguembelina sp., the proposed age is compatible with the one determined with greater precision in Yaxcopoil-1 and M0077 boreholes for the equivalent stratigraphic interval (Arz et al., 2022). This interval represents normal post-impact sedimentation and early infill. Samples from the underlying intervals Y6–N13 and Y6–N14 show reworked assemblages of orbitoids (benthic macroforaminifers), mollusk, and algal fragments of a shallow water assemblage. The sandy unit in the PEMEX report extends between 1220 and 1080 m (Supplementary Appendix A4). Based on the SP log, the sandy unit extends upward to 1040 m. The SP log shows a conspicuous linear trend from low to high values toward the top, suggesting a graded upward sequence (Figure 9). The reworked unit could be derived from the peak ring that lies in between the central zone and the annular gravity low. Formation of the peak ring elevated topography could provide depositional conditions for the sandy unit, which could explain why it is not present in other boreholes. We note that in the SP log of the Chicxulub-1 borehole, there is an interval of increasing values that corresponds to a sequence of marlstones and shales, which extends from approximately 1080 to 930 m (Supplementary Appendix A4). This was considered to correspond to the base of the Paleocene section at 930 m documented in the paleontological reports. The nature of the unit and stratigraphic implications are further discussed below in terms of the models of peak ring formation and extent of the melt and melt-rich units.
The depth to the top of the impact breccias in the Chicxulub-1 and Sacapuc-1 boreholes lies at 1100 m and 1000 m, respectively. The depth to the impact breccias in the Yucatan-6 borehole is deeper, at 1220–1250 m, suggesting a discontinuity (Figure 6). The difference in the stratigraphic series is the sandy unit in the Yucatan-6 at 1080 m (PEMEX reports) or at 1040 m (as suggested from the SP log). If the unit represents a carbonate-rich suevite (Claeys et al., 2003), then the top to the impact breccias lies at comparable depths across the peak ring within the central sector. The presence of Danian planktic foraminifera and absence of shock deformation oppose representing re-worked breccias (Marín et al., 2001). From the analysis of the SP log and lateral correlation indicated by similar low-frequency waveforms in the SP logs of the three boreholes (Figures 9, 10), we concur with the interpretation by Claeys et al. (2003) that the unit is carbonate-rich suevites. The unit formed by altered silica-rich sand-size clastic within a clastic matrix is not a Late Cretaceous sedimentary unit, as described in previous reports by Ward et al. (1995) (Supplementary Appendix A4). The unit is marked by a linear increasing trend in the Yucatan-1 SP log, not observed in the Chicxulub-1 and Sacapuc-1 logs. The lateral correlation of borehole logs provides marker horizons that permit assessing stratigraphic completeness within the impactites, post-impact carbonates, and impactite–carbonate contact. Logs also record the relative complexity in the breccias section, with the intercalated layers of carbonates and ash glassy layers. The lateral correlation of the impactite sections has implications for the peak ring models and post-impact modification processes during the collapse and post-impact stages, recorded in the central zone.
5.4 Seismic attributes
Instantaneous attributes were determined for the A and A1 lines across the basin (Figures 11, 12; Salguero-Hernández et al., 2010; Salguero-Hernández et al., 2020). The western line crosses the peak ring from the central sector into the annular trough. We extend the study, using the post-stack complex trace instantaneous phase, instantaneous frequency, envelop amplitude, and similarity attributes.
[image: Figure 12]FIGURE 12 | Seismic sections with complex trace attributes across east–west line A-A1 (Morgan et al., 1997; Salguero-Hernández et al., 2020). Instantaneous frequency, instantaneous phase, instantaneous envelop, and similarity attributes for the Chicxulub seismic line A over the Chicxulub western sector (Salguero-Hernández et al., 2020 and this work). ER, exterior ring; OR, outer ring; IR, inner ring faults; SB, slump blocks. The position of the Yaxcopoil-1 (Yax-1), Chicxulub (C1), Sacapuc-1 (S1), Yucatan-6 (Y6), and Ticul-1 (T1) boreholes in rotated coordinates assuming radial symmetry of the structure. The line crosses the peak-ring, terrace, and rim zones.
The instantaneous frequency and instantaneous phase (Salguero-Hernández et al., 2020) and the similarity and instantaneous envelop attributes for seismic line A are shown in Figure 12. The Yucatan-6 borehole has been rotated to its relative position along the seismic profile, assuming rotational symmetry of the structure, and the bathymetric high of the peak ring is used as a further constraint for the correlation. Joint analyses of marine seismic reflection data and onshore boreholes and logs have used this approximation (Bell et al., 2004). Whalen et al. (2014) in their analysis of the seismic and stratigraphic units in the seismic images and the Yaxcopoil-1 borehole analyzed an alternative correlation in the eastern sector. Here, we adopt a correlation in the western sector proposed by Bell et al. (2004).
Seismic attributes show a sharp contrast in response for the post-impact carbonate sediments that fill the basin and the underlying units. The instantaneous frequency attribute enhances physical property variations for the deep material in the central sector and the western sector. In the instantaneous-phase attribute, infill carbonate sediments are characterized by reflectors with distinct lateral continuity and variable thickness. Stratigraphic packages are distinguished in the instantaneous frequency attributes, with lateral changes across the profile. The similarity attribute shows the coherence and dissimilarity in adjacent seismic reflectors, measuring lateral continuity, useful to identify fractures and faults. The contact between the breccias and the overlying carbonates is marked in the seismic attribute responses, suggesting a thin transitional layer with high-energy reflectors delineating a surface relief over which the sediments were deposited.
The post-impact sediments show weak impedance contrasts and attenuation at most frequencies. High frequencies and attenuation factors mark the sediment packages following the high-energy reflectors that follow the basin floor characterizing the basin sediment fill. The intermediate and basal sediments show high impedance contrast and low frequencies, which mark the contact with the basin floor at depths from 800 to 1100 m. The melt- and basement-rich breccias in the central sector and the terrace zone show high-amplitude impedance contrasts and low frequencies. The peak ring is characterized by high frequencies (between 20 and 30 Hz) and high attenuation factors (between 0.6 and 1). Deeper units show intermediate to high frequencies and high attenuation factors.
5.5 Yucatan basement
The lack of surface exposures has hampered studies on the basement of the Yucatan Block, which has been investigated by conducting deep drilling and geophysical surveys. Paleozoic rocks and granites are exposed in the southeastern part of the Yucatan Block, mainly in the Maya Mountain in Belize. According to the data on the age of detrital zircons and the Nd isotopes, high-grade metamorphic outcrops in Chiapas and Guatemala are mainly of Grenvillian affinity. The basement has Pan-African affinity and is correlated to the Sewanee terrane in Florida. Tectonic reconstructions place the Yucatan Block close to the Ouachita Orogenic Belt during the pre-rift opening of the Gulf of Mexico in the Middle Jurassic (Zhao et al., 2020). The counter-clockwise rotation of the Yucatan block during the opening of the Gulf of Mexico displaced the block to a southern position (Pindell and Dewey, 1982; Molina-Garza et al., 1992).
The zircon ages from Chicxulub drill cores and from K/Pg boundary sections cluster at 545–550 Ma, recording a crystallization age (Kamo et al., 2011). The basement is lithologically heterogeneous, as indicated by basement clasts recovered in Chicxulub suevites with granites, dolerites, gneisses, quarzites, amphibolites, and quartz–mica schists (Kettrup et al., 2000; Keppie et al., 2011; Urrutia-Fucugauchi et al., 2011; Schmieder et al., 2018; Zhao et al., 2020). Melt rocks present wide ranges in chemical composition and strontium and neodymium isotopes, supporting a heterogeneous target (Kettrup et al., 2000). Boreholes drilled in the central zone sampled impactite units, sampled at depths of approximately 900–1000 m extending downward to the maximum drilled depths of 1581 m in Chicxulub-1, 1527 m in Sacapuc-1, and 1645 m in Yucatan-6. The Yaxcopoil-1 borehole in the southern terrace zone drilled a ∼100-m-thick impactite section overlying Cretaceous target sediments, likely representing displaced carbonate blocks of the mega-breccia sequence between 900 m and 1511 m (Urrutia-Fucugauchi et al., 2004). The M0077A borehole reached a depth of 1334 mbsf (meters below seafloor), recovering basement, melt rocks, suevites (breccia with melt fragments), and post–impact sediments (Morgan et al., 2016). The drill section was divided into three main stratigraphic units from top to bottom: (1) Cenozoic sediments (505.7–617.33 mbsf); (2) suevites and impact melt rocks (617.33–747.02 mbsf); (3) granitoids (747.02–1334.69 mbsf) intruded by felsic and mafic dykes such as felsite and dolerite (Zhao et al., 2020). The thickness of impactite is more than 700 m.
Basement rocks were reached in the Yucatan-1 and Yucatan-2 boreholes in the central Yucatan peninsula and the Yucatan-4 borehole in the eastern sector (Figure 2). Metamorphic crystalline rocks were drilled at the bottom of the boreholes, at approximately −3226 m in Yucatan-1, −3488 m in Yucatan-2, and ∼2400–2426 m in Yucatan-4.
The impact excavated a deep transient cavity, with fragmented material ejected from different target depths. The breccias show melt-rich or carbonate-rich matrices. Basement clasts are not only mainly granitic but also include granodiorites, diorites, gneiss, amphibolite, quartzites, and schists with distinct degrees of alteration. Clasts in the breccias provide a sampling of the basement from distinct levels, which have been investigated in mineralogical and geochemical studies. Kettrup et al. (2000) analyzed melt rocks from Chicxulub-1 and Yucatan-6, which show variable contents in Al, Ca, and alkalis, with the SiO2 content ranging from 58 to 63 wt%. The basement clasts in Yucatan-6 come from Y6–N14 and Y6–N16. The Y6–N14 is a high-plagioclase clast with an SiO2 content of 69 wt% and Na2O + K2O of 9.2 wt%, and the “annealed and recrystallized fragment” from Y6–N16 has an SiO2 content of 62 wt% and Na2O + K2O of 7.3 wt%. The Nd isotopic ratios for melt and basement clasts group within a narrow range of 0.5123 to 0.5124 (Kettrup et al., 2000). Kettrup et al. (2000) proposed that the high CaO2 contents can be accounted for by the contribution of target carbonates, whereas intermediate-to-mafic lithologic rocks are needed to account for the relatively high Fe and Mg contents in the melt clasts. The geochemistry and mineralogy of the suevites, including the melt and lithics examined in the Yaxcopoil-1 borehole, provide additional constraints on chemical variations (Kring et al., 2004; Tuchscherer et al., 2004).
Keppie et al. (2011) analyzed zircons from granitic and graniodiorite clasts from the Yaxcopoil-1 borehole. U-Pb dates vary from 546 + 5 Ma to 465 Ma, with three discordant younger ages between 345 and 130 Ma. The 546 Ma date is interpreted as an intrusion age, which is consistent with U-Pb dates on zircons obtained by Krogh et al. (1993), Kamo and Krogh (1995), and Kamo et al. (2011). For the peak ring basement section, Zhao et al. (2020) report U-Pb dates on zircons from a granite sample at 1200 m depth, with a mean age of 340–8 + 9.9 Ma from a concoidal diagram for 24 zircon dates. Zhao et al. (2020) calculated a mean zircon age of 326 ± 5 Ma from 40 concordant zircon grain ages through the whole section. These ages contrast with the 500–545 Ma obtained from zircons from the other boreholes (Kamo et al., 2011). Zhao et al. (2020) proposed that the granites originated from the bottom of the excavation cavity and represented little in the ejecta, collapsing outward to the site of the peak ring. The numerical model from Morgan et al. (2016) was analyzed by Riller et al. (2018) and Rae et al. (2019), and it was indicated that granites come from the transient cavity wall, with a vertical depth of ∼8–10 km and horizontal distances of ∼20 km relative to the impact site, moving outward to the wall of the transient cavity and then collapsing inward to form the peak ring. If granites came from the displaced zone during formation, it explains why there were few zircons with ages of approximately 340 Ma. Keppie et al. (2011) suggested for their three discordant younger ages, 340 to 130 Ma obtained from a granitic clast from the Yaxcopoil-1 breccias that ages reflect impact effects. Krogh et al. (1993) also reported an age of 320 Ma for a zircon grain, suggesting it was affected by shock effects. Shock microstructures on zircons from the Chicxulub peak ring basement section have been analyzed, with studies constraining the melt dynamics and resurge-induced effects and porosity and microfracturing (Wittmann et al., 2021; Timms et al., 2019), and further work will help in evaluating the chronological data. The 550 to 545 Ma igneous rocks have not been reported for the Maya Mountains in Belize and the terranes in southern Mexico. Their tectonic association has been discussed, related to an Ediacaran arc in northern peri-Gondwana (Keppie et al., 2011).
5.6 Central structure
The deep crustal structure investigated using gravity, magnetics, and seismic reflection data shows the impact-induced deformation processes (Hildebrand et al., 1998; Christeson et al., 2001; Batista et al., 2013; Gulick et al., 2013). Large impacts produced a transient excavation cavity deep into the crust, with deformation, fragmentation, and ejection of the crustal material (Melosh, 1989; Melosh and Ivanov, 1999; Pierazzo and Melosh, 2000; Urrutia-Fucugauchi and Pérez-Cruz, 2009). The major structural element is the central uplift, 40–60 km in cross-sectional diameter and 9–20 km in vertical uplift. The uplifted lower crust is characterized by a strong gravity anomaly and an inverted magnetic dipolar anomaly, which have been modeled with contrasting results (Sharpton et al., 1993; Pilkington et al., 1994; Hildebrand et al., 1998; Vermeesch and Morgan, 2008; Ortiz-Aleman and Urrutia-Fucugauchi, 2010; Gulick et al., 2013). Seismic reflection profiles show that the Moho is uplifted by approximately 1 km, associated with the excavation of the transient cavity and its collapse, with crustal faults extending into the lower crust associated with the terrace zone, and down-faulted slump blocks (Christeson et al., 2001).
Inward dipping reflectors cut the zone beneath the peak ring into slump blocks. The peak ring shows distinct lithologies marked in the seismic velocities with a top low-velocity layer 0.6–0.8 km/s lower than in the carbonate sediments and high-velocity zones in the adjacent annular trough with an abrupt decrease in the velocity in the dipping reflector zone. Beneath a depth of ∼0.5–2.5 km, velocities are lower than those toward the central basin units, which correlate with the annular gravity low, indicating lower densities and possibly fractured rocks. The models proposed for peak ring formation involve the interaction of two deformational regimes with the inwardly collapsing transient cavity rim and outwardly collapsing central uplift. The peak ring is formed by overturned fractured and brecciated basement rocks (Collins et al., 2008; Collins et al., 2020; Urrutia-Fucugauchi and Pérez-Cruz, 2009; Morgan et al., 2016; Morgan et al., 2017; Gulick et al., 2013).
In the seismic 3D grid, the velocity model is characterized by an increase of velocity from 4.0 to 5.5 km/s beneath the peak ring (Morgan et al., 2016; Morgan et al., 2017). On the outward zone, inclined sets of reflectors dip beneath the peak ring toward the central zone. Beneath the peak ring top marked by the boundary deposits of basin floor, velocities are lower, delineating a broad zone inclined and extended toward the central zone. In the central zone beneath the impact breccias, a dipping high-energy reflector interpreted as the top of the melt lies at a depth of 1.2 to 1.7 km, correlating with the melt contacts in the Yucatan-6, Chicxulub-1, and Sacapuc-1 boreholes.
The schematic cross-section across the Chicxulub structure shows stratigraphic units and boreholes, with the upper 3-km section constrained from the regional correlation of lithological columns (Figure 13). The cross-section shows the asymmetries in the basin, fault zones, central uplift, and the structure and stratigraphy in the central zone.
[image: Figure 13]FIGURE 13 | (A) Location of drilling sites for Chicxulub-1, Sacapuc-1, Yucatán-6, Yaxcopoil-1, M0077A, Ticul-1, and Yucatan-2 boreholes, plotted on the gravity anomaly (Sharpton et al., 1993). Chicxulub-1 and Sacapuc-1 boreholes are located in the central zone, with the Yucatan-6 located across the annular trough. (B) Schematic cross-section, showing the structure of the post-impact basin, central uplift, peak ring, terrace zone, fault zone, impact breccias, and melt (modified from Hildebrand et al., 1998; Urrutia-Fucugauchi et al., 2025). The target section is formed by carbonate sediments and granitic basement rocks. The characteristics and distribution of melt sheet and breccias are constrained from geophysical models and boreholes (see recent models in Christeson et al., 2021) The structure and stratigraphy of the peak ring is constrained from the M0077A borehole (Morgan et al., 2016; Morgan et al., 2017).
Drilling programs have reached the post-impact carbonates, impact breccias, melt, and basement in different sectors and adjacent areas. The suevites and carbonate-rich Bunte breccias with the inverted stratigraphy were drilled outside the rim in the southern sector (Tekax and Peto boreholes). The target Cretaceous carbonates have been drilled in the megablock unit in the southern terrace zone (Yaxcopoil-1 borehole). The uplifted granitic basement and igneous and impact dykes were drilled in the peak ring. Drilling programs have provided useful constraints; however, further efforts are needed. Integrated analyses and inversion models of geophysical data and drilling will further constrain the stratigraphy and subsurface structure.
6 CONCLUSION
We review and analyze unpublished data, geophysical logs, and lateral correlations for boreholes Chicxulub-1 (1581.5 m), Sacapuc-1 (1527 m), and Yucatan-6 (1645 m) to characterize the central sector structure and stratigraphy. The structure and impactite units are not exposed at the surface, and drilling and coring have been critical in providing data and samples for characterization and laboratory analyses. The boreholes provided the initial evidence on the buried structure, and the cores were critical for the subsequent studies confirming the impact origin and age at the K/Pg boundary.
Inconsistencies in the biostratigraphy of Cretaceous planktic foraminiferal species previously reported in the breccia matrix in Yucatan 1, 2, 4, 5A, and 6 boreholes, and in the marly unit that overlies the impact breccias in Chicxulub-1, are evidence of reworking and cannot be used for dating the Chicxulub impact. The planktic foraminiferal assemblages reported in the interval Y6–N12 (1000–1003 m) of Yucatan-6 borehole underpin a Danian age for the first post-impact carbonates. We conclude that planktic foraminiferal biostratigraphic data reported in the central sector are compatible with a Cretaceous/Paleogene age for the Chicxulub impact.
The PEMEX boreholes remain the deepest drilled in the central sector. The self-potential logs characterize the carbonate and impactite sections, showing that units can be traced across the central zone. The Chicxulub-1 and Sacapuc-1 boreholes reached the impactite units at ∼1100 m and ∼1000 m, respectively. The Yucatan-6 borehole sampled the impactites from ∼1040 to 1080 m considering the re-worked carbonate-rich suevite. The impactite sections in the central area have a thickness greater than 500 m. The PEMEX boreholes ended within the impactite section, without reaching the Cretaceous carbonates.
The borehole and log correlations constrain the stratigraphy, extent, and distribution of melt-rich breccias and melt across the central sector, confirming that melt rocks extend across the annular trough and peak ring. Analysis of the logs and cores shows that the transitional carbonate-rich unit in the Yucatan-6 borehole is a carbonate-rich sorted suevite, which correlates with the carbonate-rich sorted suevite in the M0077A, across the annular trough. The revised columns, core data, and logs provide further insights on the stratigraphy of the post-impact carbonates and impact breccias and melt.
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